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ABSTRACT

Due to mainly thermal and energy potentials, Insulated Glass Units (IGUs) are largely used in modern buildings
to realize curtain walls and enclosures. The typical IGU consists of two glass layers, either monolithic and/or
laminated, joined together by enclosing an hermetically-sealed air (or gas) cavity between them. There, max-
imum stresses and deformations derive from external pressures (wind loads, etc.) or environmental/climatic
loads (temperature variations, etc.). While the common IGU application involves 4-side continuous supports,
novel restraint configurations are increasingly used in practice (i.e. 2-side supports, point-fixings, etc.), hence
resulting in additional loading scenarios that could compromise the integrity of these systems. In this paper,
following earlier research contributions, a standardized buckling approach in use for structural glass elements
mainly compressed or under combined compression/bending is assessed, for the specific case of IGUs with 2-side
continuous supports. Analytical and Finite Element (FE) numerical studies are reported, giving evidence of their
actual performance and buckling resistance, including parametric analyses and comparisons towards simplified
design formulations for both external and internal pressures.

1. Introduction

The use of glass components in constructions as an efficient load
bearing solution is relatively recent, compared to consolidated struc-
tural applications of timber, steel, concrete or masonry in buildings.
Major positive arguments of glass facades are related to the thermal,
energy, light and aesthetic advantages. In terms of structural perfor-
mances, however, the low tensile resistance, the high slenderness and
flexibility of glass components represent the major issues in design,
since stress peaks and large deformations should be prevented via ap-
propriate fail-safe criteria (i.e. [1,2]). Special care should be spent
especially to avoid possible buckling phenomena and premature losses
of stability.

In this research study, extended investigations are focused on the
buckling analysis of Insulated Glass Units (IGUs), being of large use in
curtain walls and envelopes in buildings [3,4]. In the current design
practice, the conventional IGU application includes 4-side supported
glass panels, via metal frames acting as continuous bracing systems (see
for example Fig. 1(a)). Novel solutions aimed to replace the metal
framing members with thermo-mechanical efficient systems are under
investigation [5-7]. For design purposes, special care should be spent
especially for innovative boundary conditions (2-side supports, me-
chanical point-fixings, etc.), being increasingly used in buildings for
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IGUs spanning from floor-to-floor.

In this paper, double IGUs composed of two glass panels with a
cavity gap interposed, restrained via linear top/bottom supports and
under a combination of in-plane compressive loads and orthogonal
pressures, are explored. There, linear top/bottom continuous supports
can take the form of metal brackets preventing lateral displacements/
rotations and gaskets/spacers able to avoid local damage and stress
peaks in glass, see Fig. 1(c) and (d). Alternative solutions can involve
aluminium or steel U-channel and “shoe” profiles, with equivalent ef-
fects and designed to withstand reaction forces transferred from the
glass panels [2,8]. Non-structural sealant joints along the vertical edges
ensure the visual continuity to glazing enclosures, but result in a rather
vulnerable boundary condition to properly assess (see also [9,10]).
Major outcomes are derived in this research study from advanced Finite
Element (FE) numerical simulations [11] and past analytical models for
the buckling performance assessment of single glass members under
various loading/boundary conditions (see [12-15]).

Given the actual geometrical features, material properties and ty-
pical high slenderness ratios of glazing systems, the effects of design
loads should be checked with respect to possible buckling phenomena.
So far, research efforts have been spent for stability losses in com-
pressed structural glass members [16-23]. This is not the case of IGUs,
where the actual load bearing performance is strictly related to the
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Fig. 1. IGUs in enclosures and curtain walls: examples of (a) 4-side or (b) 2-side supported panels, with (c) reference mechanical system and (d) typical restraint

detail (cross-section).

additional effect of combined (shared) loads, both in presence of ex-
ternal (wind, crowd, maintenance, etc.) and internal (environmental
loads inclusive of temperature, pressure and altitude variations) design
actions.

Moreover, the structural role of linear spacers along the glass panels
edges (see Fig. 2) represents a further aspect still requiring investiga-
tions. There, a flexible silicon joint and a mostly rigid bar (composed of
metal or fiberglass thin profiles [3]) are in fact aimed only to keep fix
the position of glass layers. When the glass panels are obtained from
laminated glass (LG) sections, finally, the effects of flexible interlayer
foils with mechanical properties depending on time loading/tempera-
ture conditions should be also taken into account (see for example
[1,2,15]).

In this paper, aiming to provide useful design recommendations for
2-side supported, compressed IGUs according to Fig. 1(c), buckling
design considerations are first briefly summarized (Section 2), giving
evidence of standardized methods in use for (independent) single glass
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members. A refined FE modelling approach implemented in ABAQUS
[11] is presented (Section 3), to explore the typical performance of
IGUs under in-plane compressive loads. Several geometrical config-
urations are considered, by accounting for the gas cavity effects and
giving evidence of the actual ‘coupled’ response of glass layers. Based
on preliminary FE observations, simplified analytical expressions are
also proposed in Section 3, highlighting the limited load bearing ca-
pacity of 2-side restrained IGUs. Section 4 focuses then on the combined
compressive/bending response of the same IGUs, as it is in most of
practical configurations. Simplified analytical formulations for a pos-
sible buckling design standardization are finally assessed and discussed
towards FE predictions.

2. General buckling design considerations and existing analytical
methods

While most of IGU studies have been focused on thermal, durability
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Fig. 2. Examples of spacers in use for double IGUs (schematic drawings reported from [3]).

and sound insulation aspects ([3,4,24-31], etc.) or facade applications
([32-36], etc.), limited research efforts have been dedicated to the
structural performance of IGUs [37-42], including preliminary load
bearing assessment of spacers [43,44]. In most of the cases, 4-side
continuous supports have been only considered (Fig. 1(a)), giving evi-
dence of the so-called load sharing phenomena under out-of-plane de-
formations. There, the actual flexibility and resistance of spacers
(Fig. 2) has been generally disregarded, assuming an ideal, linear rigid
connection along the panels’ edges ([15,45,46], etc.). Design un-
certainties increase — requiring full-scale testing and/or advanced FE
numerical models — for IGUs under different boundary/loading condi-
tions [47,48], including impact and/or explosive events [49-51].

The buckling performance of 2-side supported IGUs as composite
structural systems represents an open issue for design, due to the in-
creasingly use of novel boundary configurations. Critical conditions for
fail-safe design purposes, see Fig. 1(b)—(d), could derive from a com-
bination of multiple aspects, including design actions (internal and/or
external), typical high slendernesses, limited glass thicknesses with
high size-to-thickness ratios, limited tensile resistance of glass [52],
global initial imperfections, lack of robust restraints, etc. As in the
general case of single structural glass elements [12,13,15], appropriate
verification criteria are hence required.

2.1. Glass members under in-plane compression

According to the Limit State design approach for structural members
in compression [1,2], the buckling collapse of glass columns should be
prevented by simultaneously limiting maximum tensile stresses Opax
and out-of-plane deflections wy,,, due to the imposed loads Ngq

From a practical point of view, it was shown in [13] that standar-
dized buckling curves can be used for single ‘independent’ glass mem-
bers, to accomplish for stress, deflection and design action requirements
via a suitable and robust tool for design [15]. Given a pinned glass
column, its design buckling resistance can be expressed as (with
A =t X b the cross-sectional area, og the nominal tensile resistance and
ym1 a partial safety factor):

Ao
Nopra = x- =2
M1

@

where the buckling reduction factor  for the fundamental buckling
mode is given by:

1
x=—"F=——= <),

o4+ Jora?

with:

@
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® = 051 + Aimp(A—ato) + 1] (3)
and:
/T — AUR

N®’ ()]

the shape function and the normalized slenderness respectively, while
N.® is the conventional Euler’s critical load.

In Eq. (3), the imperfection factors ajm, = 0.6 and a = 0.71 can be
used for initial geometrical imperfections up to L/400 the column span
L, see [13,15]. Calibrated aimp, a9 values have been also proposed for
glass panels under various loading and boundary conditions, following
the same standardized design approach (see [53-55]). The mentioned
formulations, however, are currently intended for single (monolithic or
laminated) glass elements only. In addition, given the reference system
of Fig. 1(b)-(d), Eq. (1) can provide reliable estimations as far as
compressive loads only are applied (i.e. glass self weight and/or addi-
tional permanent/accidental loads deriving from the main structure).

2.2. Glass members under combined in-plane compression and bending

In most of the cases of practical interest, design pressures acting on
the glass surface should be also properly accounted, since potentially
responsible of premature collapse mechanisms.

General buckling design rules of design standards for steel members
under in-plane compression (Ngq) and bending (Mgq) could be ac-
counted and adapted for glass systems. According to [56], given a
structural element with end-restraints preventing torsional deforma-
tions (W the elastic sectional modulus), its buckling resistant domain
should be defined so to satisfy the condition:

N; M;
4+ Ed <L
XA oR _ N4
™M1 — W1
M1 Ng:) (5)

While Eq. (5) is primarily intended for single members, careful atten-
tion should be spent for IGUs, whose structural performance is affected
by the ‘coupled’ bending response of multiple glass layers (see Sections
3-5).

3. Finite element numerical modelling of IGUs
3.1. General Finite Element working assumptions
A first set of FE simulations was carried out in ABAQUS [11] on

numerical models able to account for the gas cavity effects between the
glass layers, for IGUs according to Fig. 1(b)-(d). Due to the high
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Fig. 3. Reference numerical model for the buckling analysis of 2-side supported IGUs (ABAQUS, mesh hidden from view). (a) Assembly and loading, with (b)
reference mechanical model and details of (c) boundaries or (d) fluid cavity gap.

sensitivity of typically slender glass panels to out-of-plane deforma-
tions, their in-plane compressive buckling response was first in-
vestigated, neglecting possible external/internal pressures.

Given two monolithic glass layers, several geometrical configura-
tions of practical interest were explored, including IGUs with different
aspect ratios (o = L/b, with L > b, see Fig. 1(c)), glass thicknesses (t;,
t;), gas cavity thickness (s), imperfection amplitudes (Wg (). The re-
ference IGU was simply supported along the top/bottom edges, with
vertical edges fully unrestrained, see Fig. 1(c). Possible rotational re-
straints due to supporting devices (see Fig. 1(d)) were fully disregarded.

3.2. FE model assembly

The typical FE model consisted of solid brick elements re-
presentative of glass panels (C3D8R element types from ABAQUS li-
brary [5]). Mesh size and pattern were set in the form of 8-node regular
scheme, with 4 elements in the thickness of each glass layer. Given a
double IGU, only half geometry was numerically described with sym-
metry boundary conditions (see Fig. 3(a)).
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A set of master ‘RP’ nodes was defined, for loads, boundaries and
interactions (Fig. 3(a)-(d)). On the top/bottom IGU surfaces, two RP
nodes were created to assign linear supports and in-plane compressive
loads, hence reproducing the mechanical system of Fig. 3(b). The
structural interaction between the IGU and each RP node was estab-
lished in the form of kinematic coupling constraints able to restrain
relative displacements/rotations of the involved nodes (see Fig. 3(c)).

In terms of mechanical properties of glass, a linear elastic material
was defined, with E; = 70GPa, v, = 0.23 the nominal modulus of
elasticity and Poisson’ ratio [52]. Through the incremental simulations
reported in the paper, the distribution of maximum tensile stresses
Omax,; in each glass panel was hence continuously monitored, and
compared with the nominal resistance (0g = 45 MPa for annealed glass
[52], as in the examples here discussed).

A key role was given to the description of fluid cavity effects.
Following Fig. 2, the presence of continuous sealant spacers was ac-
counted in the form of a silicon layer (C3D8R solid brick elements) and
a set of mechanical connectors (“axial” type of ABAQUS library) able to
reproduce a continuous rigid frame along the panels’ edges (see
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Figs. 2and 3(a)). For the silicon layer (10 mm X s its cross-sectional
dimensions), an equivalent elasto-plastic material was considered
(Es = 3MPa, v5 = 0.3 and 05, = 05, = 0.15MPa [57,58]). For the axial
connectors, fully rigid compressive stiffness/resistance features were
taken into account. Special care was indeed spent for their tensile
mechanical behaviour, via a brittle elastic constitutive law. In this
manner, the possible separation of glass panels’ edges due to pro-
gressive tensile damage of spacers was taken into account during the
out-of-plane deformations of the examined IGUs. Unrealistic deformed
shapes were prevented especially along the unrestrained vertical edges
of glass panels. Major numerical benefits due to the so defined axial
connectors were in fact observed through the post-processing phase,
close to mid-span sections of vertical edges, due to the attainment of
large deformations and a combination of multiple effects deriving from
possible combined design loads, gas cavity variations, different flex-
ibility of glass panes, etc. In accordance with Fig. 3(d), finally, the
possible transmission of loads from one glass panel to the other (i.e.
load sharing effects — see also Section 5) was considered via the gas
cavity. Following [59], a mechanical “fluid cavity interaction” was used
(with Mg; = 28.97 kg/kmol and py; = latm the molecular weight and
atmospheric pressure). To this aim, a further master RP node re-
presentative of the infill features was described at the center of the
cavity volume (see Fig. 3(d)).

3.3. Solving approach for IGUs under in-plane compression

For each FE model, the typical buckling analysis consisted in two
sub-steps.

First, (i) an eigenvalue modal simulation was carried out, so to
numerically derive the Euler’s critical load and the corresponding
buckling shape. The same geometry was used as initial deformation for
the second sub-step, namely consisting of (ii) a non-linear geometrical,
static incremental analysis. In accordance with [12], each IGU was in
fact subjected to an initial global imperfection derived from its funda-
mental buckling shape, with wg o, = L/400 the mid-span amplitude.
The geometrically deformed IGUs were then subjected to linear in-
creasing, compressive loads N acting on the panel top face.

3.4. Discussion of FE results

Preliminary FE results were used to assess the theoretical buckling
resistance N, of 2-side supported IGUs in compression, and the ac-
curacy of the standardized curve recalled in Section 2.1 (Eq. (2)), see
Fig. 4.

In terms of actual Euler’s critical load, the FE investigations em-
phasized a rather negligible gas cavity structural effect, on the obtained
N® values. A mostly independent bending performance was observed
for the glass panels, as in the case of double laminated sections with
weak mechanical connection [13]. In other words, simplified but ac-
curate estimations for N, could be obtained as:

2
) _ T Elps
Ne™ == ©
where
Ely. = Eb( + 13)
s 12 )]

is the equivalent IGU bending stiffness, see Fig. 4(a).

In Fig. 4(a), a rather close agreement can be perceived for the col-
lected results, where FE dots refer to IGUs with L = 3, 3.5, 4m, b =1,
1.5, 2m, s =12, 18, 24mm, and multiple combinations of glass
thicknesses t;, t, (with t; = 6-20 mm). Following the N,® estimations
given by Eq. (6), it is hence expected that the IGU buckling verification
could be carried out by means Egs.(1)-(4), with ajyp, = 0.6 and
0o = 0.71 (see Section 2.1 and [13]), even neglecting the gas cavity
contributions. The FE simulations, in this regard, emphasized a
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fundamental buckling shape for the examined IGUs in close correlation
with a simply supported member in compression, also in presence of
different t; = t, thicknesses, see the example of Fig. 4(b) — t; = 15 mm,
t, =10mm, b =2m, L = 3.5m.

As far as N, ® represents a poor information only, however, further
FE assessment of the IGUs compressive performance was carried out by
means of static incremental simulations, including comparisons with
the standardized curve of Eq. (2). Rather close correlation was observed
between analytical and FE predictions (Wq¢oc = L/400, b = 2m,
L =3.5m, s = 24 mm and various combinations of t;-t, thicknesses),
see Fig. 4(c). In the figure, labels in brackets are used to give evidence
of the FE t,-t, values, while red numbers denote the first panel expected
to crack, under the imposed compressive load N.

The collapse load N, for each “weakest” glass layer was in fact se-
parately collected, so that the numerical coefficient yrg could be esti-
mated as:

u

Xeg =X = N

®
with Ng = Aot X0r = (A7 + Ay) X oy the IGU total tensile resistance.
Accordingly, the corresponding slenderness was calculated by means of
Eq. (4), with No™ = (N ™).

From Fig. 4(c), it is first possible to perceive the typical high slen-
derness ratio of IGU geometries. The same results also emphasize the
limited IGUs load bearing capacity, with buckling reduction factors in
the range of 0.05-0.1. Moreover, the rather good agreement between
FE predictions and the standardized curve of Eq. (2) confirms the ac-
curacy of the analytical approach, as far as the examined loading/
boundary condition is predominant for the IGUs to verify.

From Fig. 4(c), finally, the actual ‘coupled’ response of IGU layers
can be also perceived (when t; = t;). Apparently, while Fig. 4(a)
highlights that the gas cavity does not affect the N, value of a given
IGU geometry, a certain effect on the glass panels’ behaviour can be
indeed observed in Fig. 4(c), with the thickest glass layer sustaining the
weakest one and leading to a partial increase/decrease of the corre-
sponding resistance. In other words, the single IGU layers cannot be
analyzed as fully independent members (Section 2), but require specific
methods to account for the composite assembly they belong.

3.5. General buckling performance observations and analytical
investigation

In order to account for load sharing effects in IGUs in compression,

the actual load bearing performance of each glass layer could be ra-
tionally derived from Egs. (6), (7), that is:
A
E) _ E) _ E) ;_
St = Z;Nc(r) =RyuNE i=12 ©
Assuming that a single layer sustains part of the total compressive load
N (with Ra; = 0.5 for the limit, symmetrical condition t; = t;), the
corresponding load—displacement response can be in fact estimated via
an equivalent thickness tes; given by:

12t ;
Lefri = 5

with:

(10)

Cl

m’E

Lo = N(fgff,iLz
eftd an
As a result, pre-design considerations for IGUs in compression could be
obtained from simple analytical estimations, leading to optimal com-
binations of glass thicknesses. In the current design practice, IGUs are in
fact generally obtained by assembling different thicknesses, due to
thermal and safety motivations, hence resulting in un-symmetrycal
composite sections.

Given an IGU with t; > t,, it is hence expected from Eq. (9) that:
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Fig. 4. Buckling performance assessment of IGUs in compression. (a) Analytical and numerical comparisons of Euler’s critical loads, with (b) typical buckling shape.
(c) Numerical validation of the standardized curve for single glass members (Eq. (2)).

— the total Euler’s critical load N, ® of the IGU is given by Eq. (6):
- teff1 < 4, that is:

2 2
E 7°Elesiy g _ TEL
N = —3 — <Nai="73 (12a)
- teif2 > tp, hence:
(E) _ ﬂZEIeff’z N(E) _ 77.'2E12 .
creff2 — 12 > cr2 — 12 5 (12b)

Given the i-th glass pane under N; compressive load (Eq. (9)), moreover,
its bucking analysis should account for possible geometrical imperfec-
tions wq . The actual load-displacement response of each glass layer,
in this sense, could be predicted as [13]:

cr.eff,i

1
Wett,i = Wo, ot (1—N,/N(E)] 13)

with maximum stresses given by [13]:
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N; NiWegr;
amax,i =+ —)

A Wi a4
and W; = bt%/6.

In order to validate the here proposed analytical approach for IGUs,
comparative calculations are collected in Fig. 5(a), as obtained from
Egs. (13), (14) and FE simulations. The case study reported in Fig. 5(a)
isan IGU with t; = 20mm, t, = 10mm, b = 1 m, L = 3m (s = 24 mm).
Given the theoretical IGU resistance N, = 57.6 kN (see Eq. (11)), the
single glass layers are expected to offer — as independent layers — an
ideal critical load equal to No,;® = 51.2kN and N, 2™ = 6.4 kN, re-
spectively (i.e. the asymptotic value of load-displacement curves [13]).
Based on Egs. (12a), (12b), however, the ‘coupled’ buckling response of
the same panels can be described via the effective IGU thicknesses given
by Eq. (10), that is teg,; = 18.1 mm and teg» = 14.4 mm, hence leading
to marked variations in the corresponding load-displacement responses.

For the t; and t, independent panels, it can be shown that the
proposed load-displacement curves tend asymptotically to their critical
loads Ncr,l(E) and Ncr)z(E). However, most of the total compression is
sustained by the thickest layer (t;) and its mechanical response is
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Fig. 5. Effect of thickness variations on the buckling response of IGUs in
compression. Analytical (Eq. (13)) and numerical (ABAQUS) load-displacement
response of IGU layers (tef; and teg2), compared to independent t; and t, pa-
nels; (b) expected buckling reduction coefficient yep for tesr; and tegro glass
layers (Eq. (8)), by varying t;.

affected by the adjacent panel (t; < te>), that conversely takes ad-
vantage from the first one (ter1 < t1). As such, the ‘effective’ theoretical
resistance  values are Ncr!eff’l(E) = 38.38kN < Ncr,l(E) and
Nerer2™ = 19.19kN > N,.,™ (see Eqgs. (12a), (12b), or the asymp-
totic values of tegq and teg> curves in Fig. 5(a)).

In other words, the buckling analysis of t;-t, ‘independent’ glass
panels would lead to poor and non-conservative predictions for their
actual load bearing capacity, as a part of an IGU, with up to 25% the
scatter in the actual Euler’s loads. In Fig. 5(a), the close correlation
between analytical and numerical estimations for effective glass
thicknesses can be also noticed, hence suggesting the accuracy of the
simplified analytical assumptions here discussed.

Practical qualitative findings are also emphasized in Fig. 5(b),
where the same IGU of Fig. 5(a) is investigated. There, the t; thickness
is parametrically modified, in the range from 1 mm to 3 X t; = 30 mm
(with t, = 10mm, b = 1 m, L = 3m, s = 24 mm). Analytical results are
obtained from Egs. (13), (14), then normalized via Eq.(8) and proposed
as a function of the t;/t, ratio, in the form of an ‘effective’ buckling
reduction coefficient ¢ for each glass layer. The maximum envelope
of analytical data is also emphasized (see the “max(tess 1, tesr,2)” curve),
being representative of the actual reduction coefficient for the full IGU.
The red curve, finally, represents the x reduction factor analytically
derived for an ‘independent’ thickness t;, by fully disregarding the fluid
cavity interaction effects with the adjacent panel.
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t, s t

(2)

Fig. 6. Cavity volume variations in an IGU system (a) due to possible (b) ex-
ternal or (c) internal (environmental) pressures, in accordance with [45].

(b)

4. IGUs under combined compression and bending

Following Section 3, further IGU configurations were numerically
investigated under the effects of combined compressive/bending loads,
so to assess the load sharing effects on their overall stability, see Fig. 6
and [45].

4.1. Discussion of FE methods, results and reference analytical models

Given an IGU system according to Section 3, FE simulations con-
sisting of three sub-steps were carried out, including:

(i) an eigenvalue analysis for the IGU in compression (to estimate its
Euler’s critical load and fundamental buckling shape), and

(ii) a static incremental simulation, consisting of two loading stages
(ii-A, ii-B) and inclusive of an initial global imperfection (Wg (ot = L/
400)

In accordance with Fig. 6(b) and (c), the effects of both external
pressures q or environmental loads were separately assessed. As such,
the reference incremental simulation included:

(ii-A) the application of an external distributed pressure g according
to Fig. 6(b) - (or a temperature gradient within the cavity),
(ii-B) and a subsequent, linear increasing compressive load N.

Parametric FE estimations were hence assessed towards analytical
methods of literature, see Sections 4.1.1 and 4.1.2.

4.1.1. External pressures

Globally, the assigned pressures q manifested in the form of addi-
tional initial imperfections for the examined IGUs, that is in a deformed
shape still in accordance with Fig. 4(b), but in a further marked increase
of bending deformations/stress peaks. Such an outcome is in close
correlation with the analytical findings reported in [13] for ‘in-
dependent’ glass members. As shown in Fig. 7(b), as far as the ampli-
tude of q pressures increases, large out-of-plane deformations are first
attained, for a given geometry. A direct effect is a reduction of the
global load bearing capacity, due to premature tensile stress peaks.
Such an effect, however, cannot be perceived from Euler’s critical load
values only.

To this aim, further FE incremental results are reported in Fig. 7(c),
to assess the accuracy of Eq. (5) when applied to composite IGU sec-
tions. In particular, Fig. 7(c) is representative of the (N, M) resisting
domain for the full IGU to verify, being affected by the tensile failure of
the weakest glass layer. FE data are proposed for an IGU with b = 2m,
L=3,t; =20mm, t, = 10mm (s = 24 mm). The ‘collapse’ configura-
tion for a general (N, M) combination of loads was detected as the first
Omax,i = O attainment in glass layers, by monitoring the stress
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Fig. 7. IGUs under combined compression/bending (examples referred to external pressures q). (a) reference analytical model, with (b) g effects on the load-
displacement response of t; IGU panel and (c) numerical derivation of the (N, M) resisting domain.

evolution. Given an assigned pressure g, the corresponding bending
moment was estimated as Mpq = M, = qL?/8, while linearly in-
creasing the compressive load N up to the first tensile failure. Taking
advantage of FE modelling assumptions summarized in Section 3, the
total compressive load N was taken up in the ratio N; (Eq. (9)) by each
glass layer. The external pressure q was indeed shared between the two
glass panels, thanks to the gas cavity.

The limit N =0 and M = 0 conditions were first numerically in-
vestigated, including additional normalized FE results for various (N,
M) configurations. The so collected ultimate (N,, M,) numerical dots
were then normalized in accordance with Eq. (5), with yyy =1,
or = 45MPa, ¥ and N.,‘® given by Egs. (2) and (6) respectively. Ac-
cording to Eq. (5), careful consideration was finally spent for the ana-
lytical estimation of the IGU sectional modulus W. Rationally, this term
was analytically derived by accounting for the conventional bending
resistance definition, as well as for the IGU intrinsic features (i.e.
composite section with weak mechanical connection between the glass
layers, see also Eq. (7)), that is:
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b t .
Mg = og-Wyps = UR-g(tlz + titzz) (with, > t,)

5) (15)
hence leading to Mg = 9kNm, with W, = 2 X 10° mm? denoting the
IGU elastic sectional modulus for the reported case study.

For all the FE dots in Fig. 7(c), the thickest layer (t; = 20 mm) was
generally observed to first attain the tensile resistance of glass, hence
representing the IGU weakest component.

A good correlation was found between FE and analytical results of
Fig. 7(c), and mainly for the limit compressive/bending conditions.

In the (M =0) limit case, a FE collapse load N, = 106.45kN
tending to N,® = 115.15kN (Eq. (6)) was predicted, with
Nereg1® =76.76 kN and  Neregr2™ = 38.38kN  respectively
(Ra1 = 0.66 and te; = 18.17 mm, that is =0.9 X t;). The tensile re-
sistance of annealed glass was first attained in the t; panel, for
Ny1 = Raq X Ny = 70.9KkN (with 0yax 2 = 40 MPa in the t, layer). The
analytical calculations from Egs. (13), (14) suggested a first cracking
occurrence in the t; panel, at N, ; = 70.28 kN (with N, = 105.52kN),
hence resulting in close correlation with the FE predictions. Given the
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analytical N, ; value, a maximum stress of Omax> = 38 MPa was cal-
culated in the ¢, layer, in accordance with FE observations.

For the same IGU in bending (N = 0), a total ultimate moment
M, = 8.5kNm was numerically calculated (with q, = 7.56 kN/m? the
corresponding pressure, see Fig. 7(c)), hence in close agreement with
Eq. (15).

In conclusion, given a general (N, M) configuration, Eq. (5) proved
to represent a conservative and practical resisting domain for the ex-
amined IGU, hence offering a suitable tool for design. The simplified
assumptions of Eq. (5), see Fig. 7(c), typically resulted in an upward
concavity of the (N, M) domain, leading to safe predictions for mostly
linear (N, M) non-dimensional FE estimations.

Given the general FE observations partly discussed in this paper,
simplified analytical models should be assessed for practical use in
design. Under a (N, M) loading condition, the structural performance of
a 2-side supported IGU could be rationally referred to Fig. 7(a) and
properly described via a combination of analytical methods in use for
single glass members and IGUs in put-of-plane bending (see
[12,13,15,45]). According to Fig. 7(a), each t; panel is in fact expected
to sustain a N; ratio of the total compression N (see Eq. (9)) and part (g;)
of the assigned pressure, due to lad sharing effects. Given a g amplitude,
its overall effects are conventionally assumed to share between the IGU
glass plies, as recalled in Appendix A [45].

Following [13] — once the t.g; thicknesses and the N;, g; loading
terms are calculated via Egs. (9), (10) and Appendix A - the load-stress
response of each IGU glass layer can be assessed as a function of its
effective deformation:

_ L2(g;L* + 8N;wo o)

Wetti =
T 8(BLym?-NI?) 16)
and maximum stresses in glass:
_ M IViWeff,i qiLz
o'max,i =—-——= s
A 44 8W an

Fig. 8 presents a selection of analytical calculations, giving evidence of
the marked reduction in the expected compressive buckling resistance
for an IGU under (N, M) loads. The maximum stresses Omax,; in each
panel are estimated following Egs. (16), (17) and Appendix A. The
corresponding reduction coefficient ¢ is still derived from Eq. (8),
while comparative results are proposed as a function of the geometrical
slenderness:

a=L__L

P Iabs ’
Al +A
with I given by Eq. (7).
For the examined geometrical configurations, the cavity thickness s

18)

0.06
B 4,=,=10mm, s=24mm | g [kN/m2]
b=1m, L=var — ()
0.05 —\ Wy o =L/400 4
- \\ -—--2
0.04 — \\ —3
\
- \
x% 003 | A ® FE
0.02 —
0.01 —
0.00 T
400 600 800 1000 1200
A
(a)
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has negligible effects, compared to the marked reduction of buckling
resistance due to external pressures g, see Fig. 8(a) and (b). In the same
figures, additional FE dots are proposed, giving evidence of the close
correlation between numerical predictions and simplified analytical
estimations.

4.1.2. Temperature gradients

Finally, the effects of additional environmental loads were sepa-
rately assessed, in accordance with the FE approach of Section 4.1.

Given a set of IGU geometries and the reference production tem-
perature Tp = 20 °C, a temperature gradient AT > 0 was imposed to
the air infill of the cavity. In accordance with Fig. 6(c), such an increase
of temperature typically manifested in a cavity volume increase, hence
in further imperfections to account with the assigned initial deforma-
tions wo ot

In this context, while the initial geometrical imperfections were
assumed to have the same direction for both the glass plies (i.e.
Fig. 4(b)), both safe and unsafe effects were observed due to the cavity
volume increase.

Following Egs. (16), (17) and [45], possible environmental phe-
nomena inclusive of temperature (AT, in [K]), pressure (Ap, in [atm])
and altitude (Ah, in [m]) variations should be in fact considered in the
form of an internal pressure g; = = @ po acting on both the glass layers,
with ¢ given in Appendix A and:
Py = Pho + Pco = CnAh + AT, 19
where ¢;, = 0.012kPa/m and ¢t = 0.34 kPa/K.

In this regard, Fig. 9(a) presents non-dimensional analytical and FE
results (AT > 0, Tp = 20 °C) for an IGU with t; = t, = 10mm, b = 1 m,
L variable, s = 24 mm, wg o, = L/400. As shown, rather close correla-
tion can be generally observed between the collected data. The major
outcome of Fig. 9(a), however, is represented by the marked reduction
of the actual g coefficient for the examined IGU, as far as AT in-
creases. Environmental phenomena should be properly considered,
especially when a combination of multiple design actions and/or im-
perfections or eccentricities is expected during the life time of a given
IGU. As proposed in Fig. 9(a), for slender IGUs (.. > 500, in the pro-
posed case study) the theoretical buckling resistance could in fact also
vanish (i.e. e —0) due to temperature variations, hence requiring
careful consideration at the design stage.

In Fig. 9(b) and (c), temperature gradients effects are further re-
ported in combination with IGU geometrical variations, like the initial
imperfection amplitude (Wo o) or the cavity thickness (s). There, the
IGUs high susceptibility to possible stability losses is again emphasized,
suggesting the use of specific methods for their analysis and verifica-
tion.

0.06
i t,=t,=10mm, s=var s [mm]
b=1m, L=var 12
0.05 — Wy, =L1400 or
7 --- 36
0.04 —
. e FE
K
>3 003 — s=24mm, q=0
0.02 —
0.01
g=3kN/m?
O e
400 600 800 1000 1200
A
(b)

Fig. 8. Effect of external pressures g on the buckling resistance of a given IGU in compression, including variations in: (a) ¢ amplitude or (b) cavity thickness.
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Fig. 9. Effect of environmental loads on the buckling resistance of a given IGU in compression, including variations in: (a) temperature; (b) initial imperfection or (c)

cavity thickness.

5. Conclusions

In this paper, the buckling performance of IGUs in use for facades
and envelopes was investigated via Finite Element (FE) numerical and
analytical models.

Special care, in accordance with recent design trends and the typi-
cally high buckling vulnerability of glass systems, was spent for 2-side
supported IGUs, with top/bottom continuous restraints and vertical
edges unrestrained.

Differing from single glass members — whose buckling analysis can
be rationally carried out under several boundary/loading conditions,
based on analytical formulations and standardized approaches of lit-
erature - the buckling performance of IGUs should be properly assessed.
IGUs are in fact characterized by additional load sharing effects, hence
requiring specific studies and design methods.

To this aim, refined FE models were first presented in the paper, to
emphasize the actual load bearing performance of the IGUs in com-
pression by accounting for gas cavity effects. The FE simulations partly
discussed in the paper generally highlighted that:

— simplified analytical methods can accurately estimate the Euler’s
critical load of 2-side supported IGUs

— the fundamental buckling shape is in close correlation with simply
supported composite columns, hence revealing mostly negligible

32

structural effects due to the gas cavity

the actual load bearing capacity and compressive buckling re-
sistance of IGUs is limited, due to high slenderness ratios and sen-
sitivity to geometrical imperfections and glass thicknesses

due to the gas cavity infill, accurate load-displacement analytical
calculations and buckling estimations can be obtained as far as
“effective” glass thicknesses are accounted, as in the case of com-
posite sections with weak connection. The analysis of single ‘in-
dependent’ glass members would result in unsafe predictions (with
up to 25% the scatter for the reported case studies)

Subsequently, the IGUs buckling performance under combined
compression/bending (N, M) was also explored, including both external
pressures and internal (environmental) loads. The additional bending
loads generally proved to have marked effects on the observed buckling
responses, since leading to premature large deflections and collapse. A
suitable tool for buckling purposes was found in the conventional (N,
M) domain in use for single structural members, with careful con-
sideration for IGUs features. Simplified analytical models proved to
offer reliable predictions, compared to advanced FE estimations. In
conclusion, both the FE and analytical studies highlighted the high
sensitivity of the examined IGUs to even moderate temperature varia-
tions, requiring careful consideration at the design stage.
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Load sharing approach for IGUs under external pressures g, in accordance with [45].

Loaded panel

Load sharing effect

4

ta

t; (outside)
t, (inside)

q = (k + pka)q
q = A-p)kg

0 = (1-p)kg
0 = (k1 + k2)g

Appendix A

e
k= 3. .3 ! s
g+t
kb =1-k,
1

¢=

_—
1+ (i)
a

a* = 28.94 ﬂ
(& + ks’

with a = min(L,b) and ks given in [45] as a function of the IGU aspect ratio.
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