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airborne sound insulation in buildings. The structural performances achieved by these IGs is not
normally considered in detail. In fact, in codes there is no specific mechanical model for structural
IGs under different loadings and boundary conditions, namely to estimate the vertical deflections
when applied horizontally. For this, here a specific model, by combining some existing ap-
proaches, was proposed for two or four side supported IG under distributed/linear loadings. The
main goal is to quantify if an IG follows a monolith or layered behaviour. Several analytical and
numerical analyses using a finite element method (FEM) have been carried out. Then, the results
have been validated against experimental laboratory measurements. Two specific IGs with
different sizes have been used as case studies. Results show that FEM analyses of IGs are in close
agreement with experimental measurements, whereas analytical code models are not as accurate
as the numerical approach, in particular for two side supported IGs under linear loadings. Also,
the effects of the gas and the interactions between superior and bottom glasses for a large IG are
more relevant than for a small IG.

1. Introduction

Insulating glasses (IGs) or insulating glass units (IGUs) are composed by glass plates entrapping a cavity filled with a gas (e.g., air,
argon, krypton, xenon [1,2]) sealed by perimeter spacers. Also, aerogels [2] and phase change materials [3] can be applied inside the
cavity.

The function of the glass plates is to withstand the external loadings (e.g., wind, snow) as shown in [4] but also external blasts or
impacts [5-7], whereas the function of the gas is mainly correlated to a possible reduction of the heat transmittance [2,8-10] or
airborne sound insolation [11,12]. Thus, IGs are used to reduce energy consumptions in buildings and to reduce indoor noise level [2].

Due to the brittle nature of the glass, the safety requirements are necessary to use glass structural solutions in building structures as
treated in [13], e.g., for transparent roofs, facade, doors, skylights [14-16]. In [17,18] it was highlighted that the glass failure heavily
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depends on the distribution of flaws on the surface, which are difficult to predict.

In [19] it is noted that the term “structural glass” can lead to misunderstandings since it can refer to point-fixed glazing systems or
to glass for structural applications as beam or column elements. In many cases, a structural glass is combined with other materials, e.g.,
timber [19], steel [20], or “hybrid” glass where there are polymer interlayers, e.g., polyvinyl butyral (PVB) [21], ethylene vinyl ac-
etate, sentry glass plus [22], between different glass layers [23], usually denoted to as “laminated glass”.

In accordance with the codes [24,25], IGs can be modelled by two basic approaches [26,27]: (i) independent layered model, where
the glass layers are considered independent each other and there is no connection between the glass and the interlayers, being possible
free-sliding between them [23]; or (ii) monolithic model, where the structural glasses work as a unique monolithic structure, in which
a perfect adherence between all layers allows the transmission of the internal stresses.

However, these approaches could poorly model a structural IG neglecting the presence of the gas [2] and perimeter spacers [20,
28-30].

Many authors have focused their studies on simple models mainly for layered glasses by studying the flexural and torsional
behaviour [31], the mechanical performance in terms of bending and shear stresses after and post-racks [22], the influence of the glass
type/size [20], the linear pre-crack behaviour considering with pre-stressed cables [32]. Also, in [33] it is studied the positive effects of
the plastic deformability of the interlayer in absorbing blast energy.

For IGs modelling, in literature there is the simple “thickness cubed” method, proposed in [34,35], and similar methods proposed in
[25,36]. These models basically consider only the glasses geometry. A more refined model, first proposed by [37], accounts for line and
point loads on rectangular IGs. More recently, the more efficient Betti’s analytical method (BAM), that can be readily used for double
IGs of any size and shape, under various boundary and loading conditions, has been proposed in [1,38,39].

To the best of the authors’ knowledge, there are few publications regarding the structural response of IGs as [40], analysing the
vibration modes of the gas-glass structure; [28], evaluating its structural behaviour accounting for the perimeter spacers under wind
pressures; and [35], estimating the load sharing on the glasses accounting for external and internal temperature variations.

More recently, in [2] it was studied the influence of gas on IGs in terms of density and thickness, and in [29] the mechanical
properties of IGs in function of glass and gas thickness.

Also, advanced studies on IG are presented at: [41], where it was numerically evaluated the effect of the load sharing and geometric
non-linearity on the thickness determination of rectangular glass panes used in cruise ships; [42], where analytical and numerical
models were proposed to estimate deflections and stresses for circular and elliptical IGs; and [43], where buckling performances in
compressive and bending have been quantified.

In Web of Science database [44], during the period 2002-2022, from a list of 130 articles dedicated to IGs, only approximately 30
discuss their mechanical behaviour. This is a low number of publications, meaning that the research on this topic can be increased. In
fact, in [29] it is stated that IG “is currently widely used while its relevant research is very scarce”. In this sense as stated in [2], “further
research focused on the insulating glass units and their influence on heat transfer throughout the window” is necessary. Therefore, the
motivations of this study are:

1) Codes to model an IG should be improved. Italian [24] and European [25] codes and guidance [45], and some papers (e.g., [46])
only quantify the load sharing in glass layers due to the gas pressure. This model basically accounts for the direct forces transferred by
the perimeter spacer without considering the real influence of the gas.

2) A flexural model to estimate a maximum vertical deflection for an IG is not considered in international codes. In fact, in [39] it
was stated that European code “covers only simply supported IGs under uniformly-distributed loads™ and it “does not provide formulae
for deflections”.

3) As already mentioned, a very recent BAM model [1] in 2020 year it was introduced, however, although it is very efficient there
are no experimental laboratory tests that can definitively consolidate it.

For these reasons, in this paper, IGs have been fully studied by analytical, numerical, and experimental analysis to try to reduce
some above-mentioned conceptual gaps. In particular, Section 2.1 describes the mechanical models for monolithic and layered. Section
2.3.2 introduces the proposed approach for IGs. In Section 3, five analytical models are developed, as well two numerical analyses by
finite element method (FEM); finally, two experimental laboratory measurements are used to validate the analytical and FEM results.

2. Mechanical models

The mechanical modelling for structural glasses can be carried out by using two basic models [24,26], i.e., independent layered or
monolithic glass. In this study, an IG composed by three glass plates where the “superior interlayer” is formed by gases of height hg
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Fig. 1. Cross-section of an IG with three-layers of glass (i.e., inferior laminated glass + gas + superior single glass) [47].
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sealed by a perimeter spacer, and the inferior interlayer between two glass plates is a PVB (Fig. 1).

This configuration does not strictly follow neither layered nor monolithic model, therefore it should be necessary to modify these
two conventional models to analyse an IG. In Italian code [24] it is indicated that both approaches are valid, however, they could not
well model a structural IG.

The independent layered and monolithic model can be adopted when the whole structure is formed by layers of glass of height h;,
and polymer interlayers of height h;,; with a viscoelastic behaviour [22]. Therefore, by considering the cross-section of a IG with
three-layers of glass with a total height H, shown in Fig. 1, both models could be adopted for an IG only if hy = hj, (other parameters
will be defined later). Both models follow the classical beam theory.

The proposed model consists in defining an equivalent heigh that accounts for the modified flexural stiffness of the IG due to the
presence of the gas and PVB. This is because the increment of the flexural stiffness correlated to inertia of a glass with respect the
neutral axis is not totally transferred through the gas. The adopted general concept is that the applied load goes towards the stiffer
elements thus being correlated to a further modified stiffness partition.

2.1. Basic models

2.1.1. Layered glass

In this approach the glass layers are considered independent to each other and in the laminated glass there is no connection be-
tween the glasses and the interlayer. In this case the transition of stresses is not allowed, and the contribution of the interlayers can be
neglected since Eg >> E;, where E; and E,, is the elastic modulus of the glass and interlayer, respectively (see Section 3) [27,31].
Therefore, the flexural stiffness, Eglg, of the whole cross-section is calculated as the sum of the contribution of each layer with respect
their centroidal axes by [24]:

" bh?
E,l, = E, ZE €h)

i=1
where I, is the inertia moment of the glass, h; is the i-th layer height (here n = 3), and b is the layer width (see Fig. 1).

2.1.2. Monolithic glass

In this approach the glass layers work as a monolithic structure, therefore there is a perfect adherence between all layers, and the
stresses transmission is established by a “shear transfer coefficient” as indicated in [25,34,48]. Thus, the flexural stiffness, Egl,, ac-
counts for Eq. (1) plus the contribution of the layers and interlayers, Egl;, with respect the neutral axis (blue line in Fig. 1) as:

Bl = (EgL) + (EgL) = (EgL) + E, Z(bhi)diz 2

i=1
where d; is the distance between the centroidal axis of the i-th layer and the neutral axis of the whole structure.
2.2. Literature models for three-layered structural glass
The structural glass treated in this study is formed by three layers of glasses (i.e., inferior laminated glass + air cavity + superior

single glass) (Fig. 1). Thus, two consolidated approaches applied for three-layered glasses are explained below. These approaches were
correlate to each other, and they would introduce the proposed model for IGs (Section 2.3.2).
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Fig. 2. Cross-section of a three-layered laminated glass.
Modified from [50].
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2.2.1. Enhanced effective-thickness approach (Galuppi and Royer-Carfagni, 2012 [49])

The enhanced effective-thickness (EET) approach for laminated glass is an efficient method that allow to solve in a practical way
the problems regarding the resistance and deformation of glass structures. This method, defined for glass beams, has been introduced
in [49] and extended for glass plates in [4,50]. Fig. 2 shows the mechanical scheme.

This approach assumes that for monolithic limit (i.e., layered model + interlayers contributions) the shear modulus of the inter-
layer, G, tend to infinity, whereas for the layered limit G tends to 0, as shown in the following Eq. (3). According to the ordinary
bending theory, the equilibrium of the forces is described by [49]:

(ED)w"(x) +q(x) =0 —w(x) = 7% Monolithic model(G—o0)
g
" _ _ 4K
EJL Jw"(x) +qx) =0 -w(x)= EL Layered model(G—0) 3)
g7g
(E 1 ) " _ — 7&()() s - .
L)W (x) +qx) =0 -w(x) = El Layer — interlayer contributions

where w is the pure bending vertical deflection, the superscript () indicates differentiation with respect to space x, q(x) is the external
load applied to the section as shown in Fig. 2 and q(x) is a function that is uniquely determined from the form of q(x) and the geometric
boundary conditions of the beam.

Therefore, the general solution of Eq. (3) in a unique form can be described by:

(0]
W)=~ @)
whit Iy that is an equivalent reduced moment of inertia defined by:
I n 1-n
[ ®)

where 1 is a non-dimensional coefficient that accounts for the level of interaction between the glass layers and the interlayers.

The coefficient n depends on the geometry of the beam, its boundary conditions and loading conditions (in [24,51] n was defined by
specific relations). For monolithic model n =1 (i.e., Iz = I), whereas for layered model n = 0 (i.e., I = I).

One goal of this study is to quantify a value of n, ranging between 0 and 1.0 (i.e., 0 < n < 1.0), for IGs to estimate the combined real
contributions of the PVB interlayer and the gas on the whole IG structure.

Given that w(x) is proportional to Iz (Eq. (4)) thus to the cubed of the thickness i.e., h?, the EET provides a deflection-effective

thickness, hy, to estimate w(x). From Eq. (5), in an analogue way for a three-layered glass, hy is defined as [4,49]:

1
3
(7) = i | Y ©
b/ SR Y ke SR W+ 12 hd R
i=1 i=1 i=1 =1 i= i=1

i=1

i=

which is valid with two viscoelastic inter-layers hiye and hg jne (Fig. 2).
Eq. (6) substantially transforms a three-layer glass in an equivalent monolithic glass; in this sense, the vertical deflection, w, regards
the pure bending case whit G — oo as shown also in [31].
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Fig. 3. Pure bending and shear deflection for laminated glass beams.
Modified from [31].
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2.2.2. Equivalent flexural model (Machado-e-Costa et al., 2016 [31])

In [31] the cases of multi-layers laminated glasses (from 2 to 5) have been studied. In particular, the case of the three-layered
glasses has been considered where the total vertical deflection w(x) accounts for the pure bending deflection w(x), already defined
in Eq. (4), and the pure shear deflection wy(x) as shown in Fig. 3; the associated shear forces are Vi, V and Vj, respectively.

The used scheme in this approach (Fig. 3) is like Fig. 2 but considering a concentrated load applied at the middle of the beam (i.e.,
Vi(x) = V(x) + Vs(x) = q(x) x b/2). The shear deflection wg can be divided in two components: transverse shear and warping shear
deflection (here neglected since the loading is considered symmetric).

Given that contribution of the interlayer for the flexural stiffness is small, the shear stress in the interlayer Ti,«(x) can be taken
constant across its thickness hj,; = hg jnr. The shear stress 7j,(x) can be written as:

Vi(x)

Tim(X) = m )
The shear force V(x) associated with the pure bending (i.e., Vs = 0) displacement w(x) can be expressed as:
V(x) = bl(di+ds)im (x) — (Egly )W (x) ®

Actually, an interlayer has a finite G value (i.e., G { 0), thus tj,(x) should be also associated to the pure shear displacement wg by
Yint(X) = Tint(x)/G. This indicates that the interlayers contribute with their flexural stiffness by Vs on the total shear force V;. Therefore,
the limit condition regarding Eq. (3) is no longer valid and the system passes from G = 0 to G } 0, and w(x) plays an important role.

For this, the total shear force Vi(x) in Eq. (8) can be rewritten as:

Vi(x) = [b(di+ds) T (x) — (Eglg)w’”(x)] - (Eglg)ws”’(x) )
The slope of wg (i.e., wy’) can be expressed by:
2hinl
=, 10
W =Yg o) 1o
thus
di+ds) .,
T = 7 = (ET;)GWS a1
By substituting Eq. (11) in Eq. (8) it is obtained:
_ (d1 +d3) ’ _ " _ b(dl +d3)2 ’ _ "
V(x) = |:b(d1+d3)( o Gw, (Eglg)w (x) = BT Gw, (Eglg)w (x) 12)

Finally, by explicating wy’ form Eq. (12) and considering Eq. (3), which also account for the pure bending contribution of w(x), i.e.,
V() = - (Eg ) w’(x) with q(x) = V(x), wy’ can be written as:

W V(x) + (Eglg)“ "(x) = V(x) N (Eglg> (7 V(x)) V() (1 7%) 13)
s T b(d4ds) v T b(di+dy)? b(d; +d3)° T b(di+dy)?
"G e e CANL LM AE ~esl CA

which can be integrated to provide an expression representative of the total deflection wy:

A E,l,
w(x) ~ /7b(d‘+d3>2G (1 “EL dx 14

int

Eq. (13) thus Eq. (14) provide solutions that would combine both approaches [31,49].

2.3. Insulating glass model

As mentioned, a structural IG could be modelled by abovementioned models. The substantially difference regards the presence of
the gas between glass layer 2 and 3 thus hg § hiy (Fig. 1). For a structural IG the current approach usually applied (Section 2.4.1)
consists only in quantifying the load sharing in glass layers due to the gas pressure [24,25,45,46].

2.3.1. Load sharing

The under-pressure gas model to estimate the load sharing for each glass layer is usually defined for only one air space between two
layers [24,46]. To apply this model to the studied three-layered IGs, here it was considered the inferior glass as a unique block formed
by (glass 1 + PVB + glass 2), which can be called “inferior glass” (this is possible by using the abovementioned EET approach).
Therefore, other glass (i.e., glass 3) is here called “superior glass”.

By considering a uniform distribute load, q, on the external glass surface, the load can be divided in superior glass, qsup, and inferior

5
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glass, qinr. Depending on where q is applied there are some different cases, i.e., when q is applied on superior glass (i.e., superscript s)
and when applied on inferior glass (i.e., superscript i), respectively [25,35,45]:

S = q(Bsup + PBin
qzup q(Bsup + PBinr) 1s)
Qe = q(1 — @)Binr
= 1- 6<u
qsiup q(1 — @)dwp 16)
Qine = q((Pssup + 6inf)
where §; is the stiffness partition regarding the i-th glass, and ¢ is the insulating unit factor defined as, respectively:
_ b3
sup o3 3
hd + (hy +hy)
T 17)
(hy +hy)
inf = T3 — .3~ 1 765up
h; + (h; +hy)’
1
¢ = (18)

where a* is a characteristic width that mainly depends on h;, a, b, and the Poisson’ ratio of the glass, o.

Eq. (18) probably is calibrated for IG glasses with common dimensions (e.g., a < 2.0 m [4]), therefore it could underestimate the
load sharing for large glass layers. For example, by considering the studied IGs (see Section 3), @g2 is on average greater than
15.0 x @1, for hg < 50.0 mm, whereas the ¢i62/¢161 ratio, thus gas influence, reduces for hg > 50.0 mm. For IG1, in general, the
values of ¢ are very low. This could indicate that the approach provided by codes [24,25] needs to more studies to be applied to any IG.

2.3.2. Proposed flexural approach

In this work, a new approach for modelling IGs is proposed, which should be valid under the following hypotheses:

1. The glass has a linear-elastic brittle behaviour up to the first cracking and it carries both bending and shear stress. The structural
glass is homogeneous, and it follows the classical Euler-Bernoulli assumption where the entire section remain plane and no relative
slippage occurs between all layers [23,49]. This is possible if a > > h;, therefore the shear deformations are constrained resulting in a
plane strain response [22]. Possible detachments at the contact surfaces are also neglected [26].

2. The PVB interlayer, between the glass 1 and glass 2, has a viscoelastic behaviour and allow the transmission of the loadings. The
height of the interlayer is small with respect the glass height; therefore, it does not affect the global flexural stiffness (i.e., hjnt << h;; the
hint/hj ratio, in this work, range between 0.063 and 0.126 [20]). It is assumed linear in-plane stress distributions through laminated
glass thickness [5] and for small deflections (< 10.0 mm [52]) [27]. Also, it does not change their mechanical properties during
dynamic actions and temperature variations as explained in [23,27,53,54]. However, in this paper, for the inferior glass the EET
approach has been adopted under the assumptions shown in [4,24,49].

3. The gas layer can be considered as an ideal gas (inviscid and irrotational [40]) to allow an interaction and transmission of forces
between the glass layers (see Fig. 4) [24,35]. However, a real gas does not respect these conditions thus it only partially transmits the
forces [1]. In fact, the whole transfer of forces is mainly allowed by stiff perimeter spacers. In this paper, the gas can be considered as
homogeneous since IG1 is filled by 90.0% of argon, whereas IG2 by 100.0% of air. The gas pressure is considered uniform, and its

Three-lavered Three-lavered insulating
structural glass structural glass

PVB Direct transfer of Partial transfer
forces by spacer of forces by gas

Fig. 4. Conceptualization of the conversion from three-layered laminated glasses to a new three-layered IG (i.e., laminated glass + air cavity +
single glass).
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variation is small with respect the variation of the external pressures [39]. However, this condition is not always valid since the height
hg can affect this interaction [40].

Therefore, these 3 hypotheses should allow to introduce an equivalent heigh d; * that accounts for the modified flexural stiffness of
the structure due to the presence of the gas. This could be possible by modifying the height d; in I, defined in Eq. (2), by accounting for
Egs. (17)-(18). This is because the increment of the flexural stiffness correlated to L is not totally transferred with respect the neutral
axis.

The adopted general concept is that the load q goes towards the stiffer elements, therefore it is possible to consider that the uniform

distributed load for any combination, i.e., q;{l; Jint? is correlated to a modified stiffness partition, i.e., ql{l ; Jint di * = dj X Ssupyinf-
In this sense, the adapted relations of Eq. (2) and Eq. (6) are proposed:

E, I: =E, Z(bhi)(dr)z
i1

- 19
Tl n (I—m)

3 3
Sh 123 h(d) SR
i=1 i=1 i=

where 1, introduced in Eq. (5), in this paper is estimated a-posteriori and its quantification should represent an innovative aspect.

Eq. (19) indicates that the equivalent system follows a monolithic scheme having the equivalent inertial properties of a real IG since
n quantifies the role of the PVB and gas in a unique way on the total elastic deflections wy.

In literature there are similar approach where a unique equivalent monolithic glass was created [6,26]. In [6] a unique relation
(also discussed Section 3.3) to define an “equivalent thickness” for an IG was shown, where substantially the contribution of a whole IG
depends on only a single glass + gas (i.e., the interaction between the glasses is neglected). In [26] an equivalent monolithic section has
also been created to simulate a three-layered glass. In [55] they are shown American and French codes where a unique equivalent
thickness is estimated in function of the stiffness and geometry of each glass.

Fig. 4 shows the conceptualization of the conversion from three-layered structural glass to a new three-layered insulating structural
glass (i.e., hjny — hg).

Fig. 5 shows the trend of the equivalent heigh, H;, (Fig. 5a)), and the total deflection, w; (Fig. 5b)), of the IG in function of the
stiffness partition 8syp and i expressed by d; * in Eq. (19). Both parameters are complementary each other thus when one increases,
other parameter decreases. Also, the weight of the | parameters is shown, which, as already mentioned for Eq. (5), defines the tendency
of the IG to behave like a monolithic or layered model.

The w; values were estimated by the relation provided by codes [24,25]: w; = k; (‘Kb)zz Eig, where k; is a coefficient that depend on

geometry and material of the glass, applied loadings, and boundary conditions. The values of k; vary from 0.015 to 0.046 as listed in
[24,25] (in Fig. 5b), k; = 0.04). Other parameters have been already explained.

It is important to highlight that w; follows the Kirchhoff theory for plates [11,38,40], whereas all Section 2.1 was based on
Euler-Bernoulli theory for beams. However, Eq. (19) is valid for both theories as stated in [24], and only the n parameter changes,
which, in this study, was estimated a-posteriori, therefore the influence of the boundary conditions and geometry are intrinsically
considered. In [26] differences between 2D beam and 3D plate model were discussed.

Fig. 6 shows the internal stress o, strain € and shear t diagrams of an IG subjected to a flexural moment M and axial tensile N (in this

1p 00 1p 00

W =0, Layered model | 7=0.5 | n=1. Monolithic model M =0, Layered mode! |l 7=0.5 |l n=1, Monolithic model

a) b)

Fig. 5. Trend of a) ﬁ; and b) w, values in function of 8;,f/syp and n (estimated values under q ~ 2.0 kN/m? for IG1).
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paper N = 0). By the Navier’s relation, stresses ¢ have been estimated at the indicated points. The trend of the stress and shear dia-
grams can vary in function of the geometrical parameters and elastic section modulus, W, as shown also in [22] (Wg,, = Elastic
section modulus of the superior glass; W = Elastic section modulus of the perimeter spacer; W, = Elastic section modulus of the PVB

interlayer; W\W_inf = Elastic section modulus regarding the deflection-effective thickness Hw‘inf. The nomenclature for other parameters
is equivalent).

The strain diagram maintains a continuous trend due to the constitutive laws. For this diagram, only the parameters are indicated
without showing the relation.

Two sections (section A and B) were considered since, as shown in Fig. 4, the transferring of the forces thus stresses follow two
different ways. The increasing or decreasing of the ¢ and t diagrams is purely indicative as well as all diagram trend, in this sense, this
configuration could represent a general case.

As already mentioned, the gas partially transfers the forces thus o, € and 7, however a real gas could strongly damp these trans-
ferring; therefore, the diagrams in section B at hy can be considered null. For this reason, N is divided in Ngy, and Njy¢ like Eq. (15).

3. Experimental, numerical and analytical results

The analyses have been carried out considering a large IG1 and a small IG2. These two different case studies have been selected to
try to quantify the influence of the geometry parameters and the cavity thickness hy. Values of hg, with a range of 12.0 — 20.0 mm, are
usually adopted for IGs as shown in [2]. Both IGs have the same cross-section (see Fig. 1) with the geometrical and mechanical
properties shown in Table 1.

Fig. 7 shows the real two prototype provided by Silva & Ventura Lda company, Portugal (https://s-vitech.com/).

3.1. Numerical FEM analyses

Here the numerical modelling by FEMs of both IGs is described.

Both glass and gas are modelled by 3D 8-node solid continuum elements [5]. The glass follows a linear elastic material model (with
the Eg and v shown in Table 1), whereas the gas is a considered as adherent “added mass” to the glass following the Westergaard
approach [40].

For the laminated inferior glass, the EET approach has been used in accordance with [4,24,49] to obtain a unique

deflection-effective thickness Hw‘inf: for IG1 and IG2, we obtain 21.88 mm (< 25.52 mm) and 6.62 mm (< 8.38 mm), respectively. By
neglecting the PVB mass, since for IGI 1.52 x 103 m x 9.50 kN/m? [20] ~ 0, the total mass of the bottom two-layered glass cor-
responds to the two glasses.

These thicknesses estimated by EET method mainly depend on the contribution of each glass plate in terms of flexural stiffness,
shear deformation of PVB, loadings and boundary conditions. For this, the n parameter, estimated analytically a-priori, shown in Eq.
(5) has been estimated as 0.846 and 0.715 for IG1 and IG2, respectively [50]. Both values indicate that the bottom two-layered glass
behave as a monolithic plate glass for an 84.60% (for IG1) and 71.50% (for 1G2).

Regarding the gas modelling, the Westergaard approach was used as shown in [40] for IGs, and more in general, in [57-60] for
fluid-structure interactions. For this, an equivalent solid mass has been defined where the bulk modulus, k, has been converted in an
equivalent elastic modulus, Eeq, as Eeq = 3K[1 - (20¢q)] [57] where veq is the equivalent Poisson’s ratio. This relation can assume two
limit conditions: (i) fully compressible case (i.e., eq = 0 thus Eeq = 3k) where the gas density changes due to pressure variations, thus
the effects of the glass deformability are considered [60]; (ii) fully incompressible case (i.e., veq ~ 0.50, thus E¢q ~ 0) where the gas
pressure variations are null, thus the Westergaard approach is valid and the glass is assumed to be rigid [58,59].

The boundary conditions and the applied external loads are different for the two cases: IG1 is considered as a simple supported plate
at all sides under a distributed uniform load of 1.20 kN/m? (Section 3.2.1); and IG2 is a simple supported plate only in two minor sides
under a concentrate load of 1.741 kN (linearly distributed along the minor side 0.77 m, i.e., 2.26 kN/m) at the plate centre (Section
3.2.2).

In the FEM model the perimeter spacers are considered (~ 20.0 x 20.0 mm for both cases [28]) since the gas volume has been
modelled with the real dimensions. In this analysis only the deflections in the middle of the glasses are consider, therefore their in-
fluence, studied in other papers [20,26,28-30,43], can be neglected.

Fig. 8 shows the FEM model of the two case studies and their results in terms of vertical deflection carried out by Ansys software
[61]. In Fig. 8a) the three solid elements (i.e., top monolithic glass, gas, bottom layered glasses by EET) that constitute the IGs are
indicated. IG1 is formed by 576.0 mesh of 250.0 mm and 4461.0 nodes, whereas IG2 is formed by 513.0 mesh of 80.0 mm and 4010.0
nodes. The registered maximum vertical deflection is 4.72 mm and 11.61 mm for IG1 and IG2, respectively, as shown in Fig. 8b).

3.2. Experimental laboratory tests
Two experimental tests have been carried out in the laboratory facilities of Itecons institute, Portugal (https://www.itecons.uc.pt/).

The goal of both tests was to measure the maximum vertical deflections of the structural glass. In particular, IG1 was tested under
distributed wind actions, whereas IG2 was tested under liner loadings.
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Table 1
Geometrical and mechanical parameters (at 20 °C [27]).
Parameter Value for IG1 Value for IG2
Glass
Width, a 3.0m 0.77 m
Length, b 4.0 m 1.41m
Layer height, h; = hy" 12.0 mm 4.0 mm
Layer height, hs” 12.0 mm 6.0 mm
Total mass, m 900.0 N/m? 335.0 N/m?
Total height, H 57.52 mm 26.38 mm
Elastic modulus, Eg 73.0 GPa[53]
Poisson’s ratio, v 0.22[2]
Density, p ~25.0 kN/m>[33]
PVB interlayer
PVB height, hj, " 1.52 mm 0.38 mm
Elastic modulus, E, 0.30 GPa[20]
Shear modulus, G 1.50 MPa[22]
Gas interlayer
Height gas, hy 20.0 mm 12.0 mm

Density, pg

1.640 kg/m3 (90.0% argon)[56]
1.189 kg/m?® (10.0% air)[56]

1.189 kg/m® (100.0% air)[56]

& Tempered glass (IG1 = Cool-lite SKN 183 II. IG2 = Sunguard HP neutral 60/40).

b Semi-tempered glass (IG1 = Planiclear. IG2 = Colorless laminated).
¢ Standard PVB (4 films for IG1, and 1 film for IG1 of 0.38 mm [5,26]).

3.2.1. Deflections of IG1 under wind loads

The wind test has been carried out in accordance with EN 12211 [62] and EN 12210 [52] codes. Before the testing, the IG1 glass
was subjected for ~4.0 h under standard conditions of temperature between 10.0 and 30.0 °C and relative humidity between 25.0%

and 75.0%.

For the testing, the IG1 was placed in a test chamber of 5.0 m x 4.0 m, which has sufficient strength and rigidity to withstand the
pressures exerted during the tests in accordance with [62].
Fig. 9 shows the IG1 prototype inserted in the test chamber. The function of the superior and inferior metal box is to contain the IG1

glass and to measure the pressures, respectively.

Several positive (+y) and negative (-y) pressures up to 1.20 kN/m? were applied on the IG1 where 3 linear variable differential
transformers (LVDTs), previously calibrated, measured the vertical deflections of the superior glass (see A, B and C point) as shown in

Fig. 10a).
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Fig. 7. Analysed prototypes: a) large IG1 and b) small IG2.

Fig. 10b) shows the vertical deflections of the superior glass in function of the wind pressures. As expected, but not obviously due to
the spacer stiffnesses as explained in [63], the maximum deflection occurs perfectly in the middle of the glass (i.e., point B) reaching a
value of 8.75 mm for 1.20 kN/m?2. In other points the maximum deflection reaches a value of ~1.50 mm.

3.2.2. Deflections of IG2 under liner loads

This test was performed by a Instron hydraulic dynamic actuator model DYNSM1745, with a load cell of 50.0 kN from HBK model
C2/5 T. Similar to the previous wind test, the vertical deflections were acquired by a LVDT sensor (see point A in Fig. 11a)) from HBK
model K-WA in the middle of the glasses (upper and bottom side). The concentrated loads were applied in the point A and then
distributed in a central line of 0.77 m. The span between two lateral supports was 1.0 m. The test velocity was 5.0 mm/min of vertical
displacement until rupture.

Fig. 11b) shows the vertical deflections for the superior monolithic glass and inferior two-layered glass. The maximum values are
11.18 mm and 9.38 mm for 1.74 kN, then cracks occur. As expected, the two-layered glass has a resistance greater than the monolithic
glass of 1.19 (= 11.18/9.38).

3.3. Discussion of the results

The results have been plotted by analytic, numerical, and experimental curves to obtain a more complete response for IGs. They are
explained as follows:

1) Five analytical results have been plotted, which should provide the exact solutions. These analyses estimate the deflection of the
IG glass in a direct way. They are:

¢ Monolithic superior. It represents the deflection w¢ of the only superior glass plate, hs, under action q distributed by q;,, defined in
Eq. (15) by codes [24,25].

e Layered inferior. It represents the deflection wy of the two-layered inferior glass, ﬁw,inf, under action q distributed by q; ; defined in
Eq. (15) by codes [24,25].

e BAM method. It was proposed in [1,38] to define the deflection w; of the superior and inferior glass. Currently, it is the most
efficient method accounting for the geometry and material characteristics of the glass, loadings, boundary conditions, and internal

gas pressures.
3
w,inf

e Equivalent monolithic. In [6] it was proposed a unique equivalent thickness of the whole IG (i.e., 0.95 (h3 + h... )/?). Here it is
obtained 21.87 mm and 7.57 mm for IG1 and IG2, respectively.

e Proposed method in the present paper defined by Eq. (19).

2) Numerical FEM results, as explained in Section 3.1.

3) Experimental results (detailed in Section 3.2), which provided more real results since they account for the behaviour of the
material, possible imperfections of the glass, load deviations, real geometry, and boundary conditions. These results serve to validate
the analytical and FEM results.

Fig. 12 shows the results by using all described models for the IG1 glass. Fig. 12a) shows the vertical deflections trend in function of
the applied load (from O to 1.20 kN/mz), whereas Fig. 12b) shows the maximum vertical deflection, Wi max (from 4.72 to 9.50 mm),

10
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Fig. 10. Wind testing for IG1: a) prototype and LVDT positions; b) results.

and their difference with respect the range (pink band in Fig. 12a)) provided by the proposed model. In this sense, Fig. 12b) should
provide the goodness of the estimated n values considering a possible standard deviation + c.

The range to estimate n values is included between the BAM and FEM model (dashed lines in Fig. 12a)). This is because for a simple
supported IG1 at all sides, under distributed uniform load, both models provide very reliable results as shown in [1,38]. The choice to
consider the inferior BAM as upper limit is in favour of the safety and, being a more adequate model, this limit should be in any case
considered.

However, as already mentioned, the FEM model is sensible to the gas modelling, which here has been made by the simplify, but
efficient, Westergaard approach. Also, BAM model accounts for the gas compressibility (here non considered).

In Fig. 12, results for the layered model provided by codes [24,25] and equivalent monolithic provided by [6] gave high values. The
former model refers to the bottom glass therefore strictly is not consistent to the IG1 case since it was measured in the superior glass. In

12
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Fig. 11. Linear load testing for IG2: a) prototype and LVDT position; b) load-deflection results.

fact, the difference between layered model and experimental test is 1.94 mm. However, as expected, the layered model represents the
upper limit providing the greater deflection as shown in [4,49]. The latter model overestimates the deflection indicating a poor quality
of the model; in fact, it is derived based on the assumption of the equal deflection of the upper and lower layers of the insulated glass by
quasi-completely neglecting (i.e., 95.0%) the presence of the gas.

Other models show good results since they range between BAM (inferior) and FEM results with a maximum defection difference of
2.51 mm. In Fig. 12b) all differences are highlighted indicating a good agreement of the proposed model for n = 0.74 + 0.057 with
BAM (superior), monolithic (superior) and experimental. Experimental results, with respect the other ones, account for the real
behaviour of the material.

Another difference among the models, only of IG1, regards the influence of the argon pg, since the models usually are calibrated by
air pg. However, this influence can be neglected (here their ratio is 1.37) and in general it is very small as shown in [40].

Fig. 13 shows the results by using all models for the IG2 glass. Here, the range to estimate n values was included between the FEM
model and experimental (inferior) (dashed lines in Fig. 13a)). The difference between FEM and experimental (superior) results is 4.0%
(in [23,29] it can reach up to ~10.0%).

IG2 is simple supported in two minor sides under a liner load, therefore the BAM model, rigorously, could not be applied; for this
reason, in this case, it has not been considered as a valid limit (note that the results from BAM have been amplified of 5.0 by authors to
allow some general comparisons ).

Differently to IG1, for IG2 the deflections w; have been obtained by using k; = 0.148 [24,25] (introduced for Fig. 5) since the
boundary conditions are different. Notice that k; = 0.148 corresponds to a simple 2-side supported rectangular plate under a uniform
loading, thus different to this case. Currently, an analytical solution for simple 2-side supported IG under a linear loading do not exist,

1 From code [24], and in general from classical mechanical theories, it is possible to consider an amplification of 5.0 between a vertical deflection
under a uniform loading for 4-side and for 2-side supported glass plate. This value is used only to plot BAM results in Fig. 13, which, for this case,
would not represent reliable results.

13



E. Zacchei et al. Case Studies in Construction Materials 18 (2023) e02129

100 Experimental superior
Proposed (n = 0.74+0.057)
L Monolithic superior (n = 1)
Layered inferior (1 =0)
~ 80 }|=— =FEM
E —BAM su%)eum (Galuppi, 2020)
g | | == =BAM inferior (Galuppi, 2020)
. Equivalent monolithic (Zhang et al.. 2020)
® 60 |
=]
8 L
=
bt
= 40 r
15}
<
= L
2
5 20
> -
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1

0.0 200.0 400.0 600.0 800.0 1000.0  1200.0  1400.0
Load (N/m?)
a)

11.0 T I I
L B wt.max
r | wt.max - [wt.max (forn-c)]
9.0 B wt.max - [wt.max (forn)]
’é‘ 3 S wt.max - [wt.max (for n+c)
£ 70t
g L
g S0
o L
3 - N
< 30
= L N
2 F
5 10¢ S
=
-1.0
-3.0
Experimental Monolithic ~ Layered inferior BAM superior BAM inferior FEM Equivalent
superior superior (1 =1) m=0) (Galuppi. 2020) (Galuppi.2020) monolithic
(Zhang et al..
2020)
b)

Fig. 12. Results for IG1: a) vertical deflection vs. applied loadings; b) differences between models with respect the proposed model.

therefore here an equivalent q value has been used (q = 1.741/(0.77 x 1.41) = 1.60 kN/m?). For this reason, in this case there are
many results that are distant to the experimental results and the proposed result produces a narrower band.

As for IG1 results (Fig. 12a)), also for IG2 layered and equivalent monolithic model overestimate the vertical deflections. In
particular, the layered model is 23.93 mm higher than the experimental (inferior) result, clearly indicating that the model present in
the codes [24,25] are not adequate to estimate the behaviour of IGs for linear loadings.

The monolithic model in this case poor estimates the vertical deflection; this is probably due to the fact that load sharing mech-
anism works bad amplifying g, (Eq. (17)) thus qgup (Eq. (15)). The difference between both experimental results is not very large since

the “participating™ hight is similar, i.e., hg ~ ﬁw,inf.

In Fig. 13b) all differences are highlighted indicating a good agreement of the proposed model for n = 0.88 + 0.012 with FEM and
experimental results.

From the obtained n results, it is possible to affirm that the global behaviour of the IG1 is 74.0% monolithic, therefore the partially
behaviour of its bottom layered glass (84.60% monolithic estimated in Section 3.1) could be overestimated by considering the
contribution of the gas and the superior glass (i.e., 84.60% — 74.0%). For IG2 this percentage becomes 71.50% — 88.0%. In general,
this could indicate that the effect of the gas and the superior-inferior glass interactions is more unfavourable for a large IG providing
more high vertical deflections.

Finally, Table 2 shows a comparison of the results in the present paper with some studies published in literature. Due to the lack of
results in terms of vertical deflections for IGs, two similar studies for layered glasses have been also considered. A good ratio, which
would represent the IG linear stiffness, could range between 0.14 and 0.19 indicating, as expected, a high resistance for layered glasses
and an overestimation for other cases.

14
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Fig. 13. Results for IG2: a) vertical deflection vs. applied loadings; b) differences between models with respect the proposed model.

Table 2

Comparison with the literature.
Study a/b hg (mm) h; (mm) Load (kN/m?) Deflection (mm) Ratio”
Insulating glasses
Zhang et al. (2021)[29] 0.55 9.0 4.0 3.0 10.55 0.28
Galuppi and Royer-Carfagni (2020)[39] 0.65 12.0 10.0 1.0 4.0 0.25
Galuppi (2020)[1] 0.65 16.0 10.0 1.0 7.0 0.14
Heiskari et al. (2022)[41] 1.0 20.0 10.0 5.0 10.0 0.50
Respondek et al. (2022)[42] 1.0 16.0 4.0 0.09 0.99 0.10
Mean 0.77 14.60 7.60 2.08 6.51 0.25
IG1 (This study) 0.75 20.0 12.0 1.20 6.48 (Fig. 10b)) 0.19
1G2 (This study) 0.55 12.0 4.0 1.60 9.38 (Fig. 11b)) 0.17
Layered glasses
Overend et al. (2014)[22] 0.33 N/AP 6.0 3.70 10.0 0.37
van Duser et al. (1999)[27] 1.0 N/A 9.52 2.0 7.50 0.27
Mean 0.67 - 7.76 2.85 8.75 0.32

2 It would represent the IG linear stiffness calculated as: Load/deflection.’Not available (N/A) since it refers to a layered glass.

4. Conclusions

In this paper the vertical deflections for 2 and 4 side supported IGs under uniform and linear loadings have been studied. Analytical,
numerical, and experimental analyses have been carried out to provide more complete results. Two specific IGs (a large IG1 and a small
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IG2) have been used as case studies.

The main conclusions are:

1) Combining the existing EET approach [49] with the stiffness partition model provided by codes [24,25], a new model is pro-
posed to estimate the mechanical behaviour for IGs. The concept consists in reducing the distance between the centroidal axis of the
i-th layer, d;, by considering the role of the PVB and gas in a unique way on the total elastic deflection. The proposed model follows a
monolithic scheme having the equivalent inertial properties of a real IG with a parameter n estimated a-posteriori. The isolated
quantification of PVB and gas represents a limit of this model, also it could be difficult to use it a-priori. In this sense, this study
represents a qualitative analysis of the mechanical behaviour for IGs.

2) Nine analyses (five analytical, two numerical and two experimental) have been carried out. For both IGs, FEM analyses provide
good results, whereas BAM model is valid only for 4-side supported IG1 under uniform loadings. In general, layer and equivalent
monolithic models overestimate the vertical deflections. Actually, the former model represents the upper limit providing usually the
greater deflection, whereas the latter assumes the equal deflection of the upper and lower layers by quasi-completely neglecting (i.e.,
95.0%) the presence of the gas. For two side supported IG2 under linear loadings, it was clear that codes are inadequate.

3) Results show that the bottom two-layered glass of IG1, with a monolithic behaviour of 84.60%, reduces its monolithic behaviour
up to 74.0% accounting for the contribution of the gas and the superior glass. IG2 case passes from 71.50% to 88.0%. In general, this
could indicate that the effects of the gas and the interactions between superior and bottom glasses for a large IG are more relevant.

Future work can be focused on the experimental validation of the modern BAM model and must provide further analytical solutions
for different boundary and loadings conditions, as well in order to understand the real role of the spacers.
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