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Abstract 

Glass facades are complex systems in which glass panes are required to interact with many other load-
bearing and secondary components. As a matter of fact, they represent a physical barrier expected to 
offer long-term structural safety, functionality and durability. On the other side, many influencing 
parameters make them possibly vulnerable (especially glass) and thus eventually reduce their load-
baring capacity, or functionality. The effect of different mechanical and thermal boundaries and 
loading conditions, ambient and long-term effects, affect especially insulated glass components with 
continuous modifications that can alter the performance of glass components, and also minimize their 
capacity. It is thus of primary importance, in support of an optimal maintenance strategy for facade 
systems, to possibly track their response in time, and prevent major faults or performance losses, or 
even risk for customers. However, key performance indicators (and corresponding sensors) to monitor 
the response of these composite systems should be first properly detected, and supported by a robust 
assessment of tracked registrations towards properly established alert values. In this context, this 
study explores from an analytical and numerical point of view the performance of Double (DGU) and 
Triple (TGU) insulated glass units, when exposed to ordinary loading conditions. The goal of present 
analyses (preliminary to experiments) is to capture some important performance indicators, study 
their modification as a function of boundary / loading conditions, and define possible monitoring 
strategies to support the implementation of an efficient early warning system for smart facades.  
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1. Introduction and Methodology 

Insulated glass units (IGUs) are widely used in modern building construction especially for curtain walls 
and windows, as they provide a level of acoustic and thermal insulation that is far superior to that of a 
single panel. Due to the relatively low tensile strength and inherent brittleness of glass material and 
considering the increasing prevalence of these systems in architectural designs, understanding the 
behaviour of such structures under various loads is crucial to prevent potential damage. Numerous 
research studies in the literature are dedicated to exploring the responses of glass structures, including 
curtain walls, under different loads that a summary of them can be found in (Momeni and Bedon 2023; 
Bedon et al. 2018). 

IGUs consist of multiple glass panes separated by a hermetically sealed cavity to prevent moisture 
intrusion and gas permeation. The most common IGUs are Double (DGUs) and Triple (TGUs) units, 
which are respectively featuring two and three layers of glass, either monolithic or laminated. The 
cavities between panes are filled with a mixture of air and gas (e.g. krypton, argon, xenon) to obtain 
greater thermal insulation. Any residual moisture is absorbed by a desiccant in the spacer along the 
edges. The gas enclosed inside the cavities determines two important aspects. Firstly, the presence of 
the fixed quantity of gas causing actions which are applied to only one pane is known to develop effects 
in the other IGU panes (i.e., load sharing). Secondly, the gas may exert non-negligible pressure on the 
inner surfaces of glass, as weather and altitude conditions change. IGUs, in fact, are usually sealed in 
factory and then moved to the place of final installation, where environmental conditions may be 
strongly different. When they are sealed, IGUs are in a state of equilibrium, as internal and external 
pressure and temperature are identical. In contrast, once installed, external conditions are no longer 
the same as internal conditions and overpressure or depressions may consequently arise inside the 
cavity. This pressure, since not depending on a change in cavity volume, is known as isochoric pressure. 
The effectiveness of load sharing is dependent on both the flexural stiffness of the panes and the 
compressibility of the gas, and thus basically is a primary parameter to assess in the long-term 
maintenance analysis of facades. Another correlated crucial aspect is represented by the effective 
airtightness of the sealant. In fact, environmental and loading conditions can affect the airtightness of 
the sealant, and consequently reduce load sharing phenomena, leading to an overall performance loss 
for the IGU. 

Therefore, monitoring the IGUs performance over time to prevent significant faults, loss of efficiency, 
or potential risks for customers becomes an increasingly crucial concern for these structural systems. 
In the literature, various codes (such as the EN16612 and UNI11463 documents) provide guidelines for 
the analytical analysis of IGU panels, both DGUs and TGUs. With the additional support of Finite 
Element (FE) models (Abaqus), this paper investigates the behaviour of such systems to capture some 
important performance parameters in the long-term period. Initially, the IGU behaviour under wind 
(i.e., as a quasi-static out-of-plane uniform pressure) is verified, using proven analytical methods to 
validate the FE procedure. After that, the FE model is further extended to account for the performance 
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over time of such structural components, by including some further influencing parameters (first of all, 
the effect of non-perfectly airtight cavities). 

2. Geometry description of the examined IGU configurations 

For the analysis herein presented, four different IGU types are considered (two DGUs and two TGUs). 
Table 1 and Fig. 1 summarize the most important features. S1 and S2 are the thicknesses of argon-filled 
cavities, while the thickness of monolithic glass in panes 1, 2, and 3 is respectively defined by h1, h2 and 
h3. For IGU #2 and IGU #4, the first pane is composed of a double PVB-laminated glass section. In these 
cases, the thickness of glass layers is defined as hl1 and hl2, while hPVB is the thickness of PVB. For all the 
examined systems, the spacer connections consist of a Warm Edeg (WE) bar, with butyl primary seal 
and silicone bond serving as secondary seal. 

Table 1: Details of the examined IGU configurations. 

# 

 

 

Type 

 

 

Size 

[mm × mm] 

 

S1  

[mm] 

 

S2  

[mm] 

 

Pane 1 Pane 2 Pane 3 

h1 

[mm] 

hl1 

[mm] 

hPVB 

[mm] 

hl2 

[mm] 

h2 

[mm] 

h3 

[mm] 

1 DGU 1360 × 720 16 - 8 - - - 8 - 

2 DGU 1360 × 720 16 - - 5 0.76 5 8 - 

3 TGU 1000 × 1000 16 16 8 - - - 5 8 

4 TGU 1000 × 1000 16 16 - 5 0.76 5 5 8 
 

  
(a) (b) 

Fig. 1: Example of TGU configuration and edge connection detail: (a) monolithic or (b) combined monolithic/layered panes. 

3. Supporting analytical methods 

In practice, the response of DGUs and TGUs under external and internal loads can be analysed by 
efficient formulations given by codes and regulations. Among others, the UNI 11463 and CNR DT 210 
(2013) codes were used for this study, along with the EN 16612. For layered glass, moreover, the 
Enhanced Effective thickness model was taken into account (Galuppi and Royer-Carfagni 2012). The 
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deflection and maximum principal stress in each glass pane were calculated based on the von Karman 
theory of thin plates (1907): 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑘𝑘1
𝐴𝐴
ℎ2
𝐹𝐹𝑑𝑑 (1) 

𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑘𝑘4
𝐴𝐴2

ℎ3
𝐹𝐹𝑑𝑑
𝐸𝐸

 (2) 

The parameters k1 and k4 are defined as a function of IGU aspect ratio (λ= a/b) and normalised load p*. 
The other relevant formulations for the estimation of these parameters can be found in the EN16612 
2019 and UNI11463 2022 documents, and are not reported herein, for sake of brevity. 

 Load sharing in DGU systems 

In a DGU, when subjected to uniform load, the load sharing effect is known to strictly depend on the 
relationship between the respective stiffness of glass panes (β1 and β2), and on the insulating unit 
factor ϕ: 

𝛽𝛽1 = ℎ13

ℎ13+ℎ23
 (3) 

𝛽𝛽2 = ℎ23

ℎ13+ℎ23
= 1 − 𝛽𝛽1 (4) 

𝜑𝜑 = 1

1+� 𝑎𝑎𝑎𝑎∗�
4 (5) 

where a is the shortest IGU side and a* its characteristic length: 

𝑎𝑎∗ = 28.9 ∙ � 𝑠𝑠∙ℎ13∙ℎ23

�ℎ13+ℎ23�∙𝑘𝑘5
�
0.25

 (6) 

k5 represents the coefficient of volume, which can be also defined as a function of IGU aspect ratio λ, 
see (EN16612 2019, UNI11463 2022). Based on Eqs. (3)-(6), the load shared in each pane for an applied 
external action Fd and/or an internal load pi, can be usually calculated based on Table 2.  

Table 2: Load sharing of DGU under external and internal load. 

Applied load Loaded pane Load shared by pane 1 Load shared by pane 2 

Fd 
1 (outer) Fd;1= (β1+ϕ∙β2)∙Fd Fd;2= (1-ϕ)∙ β2∙Fd 

2 (inner) Fd;1= (1-ϕ)∙ β1∙Fd Fd;2= (ϕ∙β1+ β2)∙Fd 

pi - -ϕ∙pi ϕ∙pi 

 Load sharing in TGU systems 

For TGU systems, the analytical procedures proposed by standards are more complicated than for DGU, 
and are not reported here for sake of conciseness. However, it is worth of mentioning that the basic 
concept is the same of DGU, in which the force equilibrium for each glass pane should be combined 
with the gas law for each cavity, to find the TGU response in terms of deflection and stress peaks. More 
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in detail, the formulations in UNI 11463 and EN 16612 were used in the present investigation, to 
calculate the TGU response under wind and isochoric pressures. 

4. Finite Element numerical analysis 

 Model assembly and calibration 

The FE-based Abaqus software was used to simulate the behaviour of IGUs under uniform, quasi-static 
wind pressure. To this aim, the typical IGU model was built by assembling glass panes and spacer 
connections (inclusive of WE bar, primary and secondary seals), as it can be seen in the schematic 
section of Fig. 1. The steel section of the WE bar was replaced by a simplified rectangular shape, 
measuring bb=6.5 mm × hb=15.5 mm, with uniform thickness (tb=0.1 mm). The butyl thickness was set 
in hp=0.25 mm. The width of secondary seal parts was assumed as bs=6 mm, with the height equal to 
the cavity thickness.  

More in detail, butyl and secondary seal parts were modelled by using 8-node brick elements (C3D8R 
type in Abaqus library), while the WE steel bar was modelled by shell elements, due to its small 
thickness. To describe the glass panes and PVB layer, various modelling approaches and mesh types, 
including both solid and shell elements, were employed separately. In the first case, 8-node brick 
elements (C3D8R type) were taken into account. When using shell elements, the S4R type was 
employed for monolithic glass layers, while the SC8R type, 8-node quadrilateral in-plane general-
purpose continuum shell elements was used for laminated glass. The mechanical interactions between 
different IGU parts were modelled by means of rigid “Tie” constraints. The material properties for each 
part are listed in Table 3, based on (Kuraray 2023; Kevin et al. 2013; Bedon and Amadio 2020). It is 
important to note that the PVB properties can be influenced by factors such as temperature, load 
duration, strain rate, etc. In the current study, constant values were indeed selected for the mechanical 
characterisation of PVB, disregarding possible variations. This decision was made – under well-defined 
time-loading and temperature configurations – to facilitate a preliminary direct comparison between 
different analysis methods, where consistent parameters were maintained across all cases. 

The IGU was constrained at the nodes along the edges of a glass panel, with only the out-of-plane 
translation being rigidly fixed. This choice aligns with the CNR-DT210 (2013) suggestion for boundary 
conditions. To minimize the computational cost of models, only a quarter IGU was described with 
symmetry conditions (Fig. 2). 

Table 3: Input material properties for the FE model of IGU parts. 

Material 
E 

[MPa] 

ν  

[-] 

fy  

[MPa] 

fu  

[MPa] 

ρ  

[kg/m3] 

Glass 70000 0.23 - - 2490 

Butyl 0.56 0.49 0.25 0.25 600 

Silicone 4.80 0.49 1.50 1.50 1100 

Stainless steel 197000 0.30 360 750 7800 

PVB 1.60 0.49 11 28 1100 
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(a) (b) 

Fig. 2: Present FE models of (a) DGU and (b) TGU systems (Abaqus, ¼th the nominal geometry). 

 Cavity configurations 

In order to perform the parametric analysis, the implicit solver with quasi-static application was 
adopted. Geometrical nonlinearities were also taken into account. The cavity space was modelled by 
using three different strategies: 

1. The “fluid cavity interaction” of Abaqus library was used to simulate the pneumatic 
behaviour of gas and its compressibility. In this case, the ideal gas molecular weight was 
defined as 39.948 g/mole. This first model was adopted to simulate the ideal case in which 
the cavity is perfectly airtight.  

2. The “fluid exchange interaction” of Abaqus library was added to the previous model (with 
the Explicit solver) to implement the possible outflow of gas from the cavity. The latter was 
defined as a function of cavity pressure due to the applied external load, to simulates a cavity 
that is not perfectly airtight.  

3. A third model assembly without “fluid cavity” and “fluid exchange” interactions was also 
taken into account, in order to consider an ideal lower performance limit for glass panes 
(load sharing disregarded). 

5. Discussion of preliminary analytical and numerical results 

All IGUs configurations presented in Table 1 were analysed by both analytical and numerical methods, 
to compare deflection and maximum principal tensile stress estimates. For each IGU configuration, 
various internal load scenarios (ILS) were considered by choosing different values for isochoric 
pressures for the cavities (Table 4). The values in Table 4, more in detail, were selected to simulate a 
similar behaviour for winter and summer climate loads. 

Table 4: Selected internal load scenarios (ILS). 

ILS IGU type Pressure [kPa] - Cavity 1 Pressure [kPa] - Cavity 2 

D1 DGU -2 - 

D2 DGU 0 - 

D3 DGU 2 - 

T1 TGU 0 0 

T2 TGU 2 2 

T3 TGU -2 2 
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 IGU #1 

Fig. 3 presents the analytical and numerical results for IGU #1. As shown, when all glass panes are 
monolithic, there is a very good agreement for deflections of panes 1 and 2 (δ1 and δ2) based on 
analytical and numerical methods (both solid and shell element types), with only a maximum scatter 
up to ≈3%. Furthermore, the results show that considering a negative isochoric pressure leads to a 
negative and positive deflection respectively in panes 1 and 2. In case of positive isochoric pressure, 
the initial deflections caused in panes 1 and 2 are positive and negative, respectively. In terms of 
maximum principal stresses in panes 1 and 2 (σmax1 and σmax2), a similar trend between numerical 
models and analytical methods is observed. As the magnitude of wind pressure increases, there is a 
corresponding increase in stress values.  

  
(a) (b) 

  
(c) (d) 

Fig. 3: Comparison of (a)-(b) deflection and (c)-(d) maximum principal stress values in glass, as obtained from analytical and 
numerical methods for IGU #1 under uniform wind pressure, with different isochoric pressures. 
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The performed numerical analyses, employing solid elements (C3D8R), involve segmenting the glass 
into four layers along its thickness. In this case, in IGU #1, the maximum disparity between numerical 
and analytical methods is approximately ≈20% when four mesh layers are considered. The error 
diminishes to about ≈11%, ≈6% and ≈5% as the number of layers is adjusted to 8, 16 and 28 respectively. 
However, by implementing solid elements C3D20R instead of C3D8R, the results are improved when 
using 4 mesh layers through the thickness, with maximum scatter up to ≈1.1%. 

Considering that the numerical response of IGUs (when using solid elements) strongly depends on the 
number of FE elements in the thickness of glass, as well as on the type of solid element, but a rise in 
computational cost should be taken into account, additional comparative analyses were performed 
with shell elements (S4R type with 7 integration points along the thickness). The obtained deflection 
results for panes 1 and 2 were quantified in -2.38 mm and -1.69 mm respectively, with a ≈1.24% and 
≈1.18% deviation from the analytical results (Fig. 3). In terms of stress peaks, the maximum value for 
panes 1 and 2 was measured in 13.69 MPa and 9.44 MPa respectively, showing a ≈0.7% and ≈1% scatter 
from the analytical results. It is noteworthy that increasing the number of integration points along the 
thickness further reduces this error, indicating that results from shell elements not only closely 
approximate more refined numerical analyses, but also significantly decrease the computational 
efforts.  
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 IGU #2 

The results for IGU #2 subjected to uniform wind pressure and varying isochoric pressures, are 
systematically presented in a Table 5 (maximum deflection and principal stress under an imposed wind 
pressure of 5 kPa). As shown, the deflection estimates from FE model based on shell elements are 
close to the analytical ones, and the scatter between them is up to ≈2.2%. In case of FE model based 
on solid elements, the difference reaches up to ≈11% with C3D20R element type, and up to ≈25% with 
C3D8R type. In terms of maximum principal stresses in pane 1, the peaks in each glass layer (σmax1_Layer1 
and σmax1_Layer2) from the analytical method differ with FE estimates with both solid and shell elements, 
but there is a good agreement between numerical methods together. For pane 2, the analytical stress 
(σmax2) is in good agreement with FE estimates, with up to ≈1.3% scatter for the shell model, but up to 
≈10% for the solid model.  

Overall, the results from both analytical and numerical approaches demonstrate a very good 
consistency in terms of maximum displacement. Despite the analytical method does not provide 
accurate results in terms of stress peaks for laminated IGUs, it can be used to effectively assess the 
deflection and (in most cases) stress peak trends with reasonable accuracy, and thus offers high 
benefits during the preliminary design stage. 

Table 5: Results for IGU #2, as obtained from analytical and numerical methods. 

ILS 

 

Analysis method 

 

δ1 

[mm] 

δ2 

[mm] 

σmax1,Layer1 

[MPa] 

σmax1,Layer2 

[MPa] 

σmax2 

[MPa] 

D1 

Analytical -3.21 -1.75 16.56 16.56 9.97 

FE (Solid) -3.44 -1.98 11.65 13.42 11.17 

FE (Shell) -3.16 -1.79 9.62 13.13 10.10 

D2 

Analytical -2.87 -2.01 14.77 14.77 11.44 

FE (Solid) -3.13 -2.22 10.54 12.10 12.61 

FE (Shell) -2.83 -2.03 8.58 11.70 11.56 

D3 

Analytical -2.53 -2.26 12.97 12.97 12.90 

FE (Solid) -2.74 -2.43 9.17 10.51 13.85 

FE (Shell) -2.51 -2.28 7.54 10.25 12.99 
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 IGU #3 and IGU #4 

The comparative results for IGU #3 and IGU #4 are briefly presented in Table 6. There is a notable 
agreement between the analytical and numerical methods, especially concerning deflection peaks. In 
terms of stress analysis, a major improvement in the accuracy of results is achievable by incorporating 
additional mesh discretization for glass in thickness, or replacing the C3D8R element type with the 
C3D20R one.  

Table 6: Results for IGU #3 and IGU #4, as obtained from analytical and numerical methods. 

ILS IGU Analysis method δ1 δ2 δ3 σmax1 σmax1,Layer1 σmax1,Layer2 σmax2 σmax3 

[mm] [mm] [mm] [MPa] [MPa] [MPa] [MPa] [MPa] 

T1 

#3 

Analytical -3.44 -2.60 -2.11 11.64 ‒ ‒ 5.57 6.95 

FE (Solid) -3.59 -2.83 -2.24 9.71 ‒ ‒ 4.92 5.81 

FE (Shell) -3.43 -2.67 -2.09 12.09 ‒ ‒ 6.02 7.1 

#4 

Analytical -3.96 -3.01 -2.48 ‒ 12.28 12.28 6.55 8.22 

FE (Solid) -3.84 -3.05 -2.40 ‒ 4.64 8.35 5.37 6.91 

FE (Shell) -3.86 -3.05 -2.39 ‒ 6.87 10.07 6.93 8.17 

T2 

#3 

Analytical -2.92 -2.60 -2.65 9.78 ‒ ‒ 5.57 8.84 

FE (Solid) -3.06 -2.84 -2.80 8.10 ‒ ‒ 4.91 7.41 

FE (Shell) -2.9 -2.68 -2.65 10.07 ‒ ‒ 6.02 9.13 

4 

Analytical -3.38 -2.94 -2.96 ‒ 10.34 10.34 6.39 9.90 

FE (Solid) -3.27 -3.01 -2.91 ‒ 3.85 6.94 5.27 8.52 

FE (Shell) -3.28 -3 -2.89 ‒ 5.74 8.39 6.79 10.02 

T3 

3 

Analytical -3.51 -2.03 -2.18 11.89 ‒ ‒ 4.28 7.21 

FE (Solid) -3.67 -2.22 -2.33 9.97 ‒ ‒ 3.70 6.07 

FE (Shell) -3.51 -2.06 -2.18 12.41 ‒ ‒ 4.46 7.43 

4 

Analytical -3.96 -3.01 -2.48 ‒ 11.59 11.59 5.50 6.87 

FE (Solid) -3.92 -2.45 -2.49 ‒ 4.77 8.59 4.15 7.21 

FE (Shell) -3.95 -2.46 -2.48 ‒ 7.05 10.35 5.42 8.54 

6. Sensitivity of performance indicators 

 Cavity effects 

Over time, due to gradual failures occurring in connections (particularly in primary and secondary 
seals) the cavity may be affected by progressively reduced functionality, which is not optimal as for a 
perfect airtight cavity. In such cases, a partial load sharing can still occur, but not as effectively as in a 
perfect airtight cavity. To capture this intermediate behaviour and mechanical response, the “fluid 
exchange interaction” was thus employed in Abaqus to account for the possible outflow of gas from 
the cavity. This was defined as a function of cavity pressure due to the applied external load. 
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Figs. 4 (a)-(c) present the comparison of deflection values as a function of time for panes 1 (loaded), 2 
and 3 (unloaded). The selected results are obtained for cases with perfect fluid cavity (“Yes Cavity”), 
without fluid cavity (“No Cavity”) and with the fluid exchange interaction (“Exchange Cavity”) for IGU 
#3 under the effect of 5 kPa wind pressure. According to Fig. 4, in the “No Cavity” case, the values of 
δ1, δ2 and δ3 at the end of analysis are estimated in -5.64 mm, -0.50 mm and -0.31 mm respectively. In 
this case, a substantial portion of the applied load is transmitted through pane 1, while panes 2 and 3 
bear a very small amount of the applied load. It's noteworthy that the load transfer occurs through 
spacer connections, rather than relying on cavity performance. For the “Yes Cavity” case, the obtained 
values δ1, δ2 and δ3 are -3.64 mm, -2.89 mm and -2.30 mm respectively. Considering the performance 
of the fluid cavity, the applied load is distributed among the three panes, and each of them bears an 
acceptable part. For the “Exchange Cavity” case, finally, δ1, δ2 and δ3 are quantified in -5.38 mm, -1.98 
mm and -0.36 mm. The obtained results indicate that the actual deflections lie between the “No Cavity” 
and “Yes Cavity” scenarios. As such, through the “fluid exchange interaction”, it is possible to replicate 
the long-term behaviour of an IGU, which is characterised by a non-perfectly airtight cavity and a 
reduced load sharing mechanism. To note that similar results were obtained also for IGU #1, as shown 
in Fig. 4 (d).  

  
(a) (b) 

  
(c) (d) 

Fig. 4: Comparison of deflection trends, as obtained by numerical method for (a-c) IGU #3 and (d) IGU #1 with different 
cavity conditions. 

 Deflection and stress analysis 

Based on earlier investigations, it is evident that long performance of a panel, over time, may be 
affected by transition from an ideal airtight cavity to a not perfectly airtight one, which consequently 
affects its overall performance. In real-world structures, assessing the response of each panel 
necessitates practical diagnostic tools capable of monitoring their structural behaviour. Through the 
integration of low-cost sensors, supported by preliminary existing findings, it becomes feasible to 
achieve this goal to investigate the condition and performance of the structure. 
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Fig. 5 presents a schematic drawing of possible monitoring system, which can be further supported by 
simple analytical considerations. Drawing upon the principles of shell and plate theory, the deflection 
of a member with defined boundary conditions under an applied load can be generally expressed 
based on the shape function, which relies on geometry, boundary conditions, and material properties.  

 

Fig. 5: Schematic drawing of monitoring approach. 

For example, in the case of a rectangular panel with pinned boundary conditions on all four sides, the 
displacement function at any point (x, y) on the panel and the maximum mid-span displacement at the 
panel centre (x=a/2, y=b/2) can be mathematically described by Eqs. (7) and (8), see (Timoshenko and 
Woinowsky-Krieger 1959): 
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with m=1,3,5,… and n=1,3,5,…, while p is the uniform load intensity; a and b are the panel dimensions 
(a < b), and D is the flexural stiffness of the plate.  

Assuming that the IGU panel is monitored as schematized in Fig. 5, the possible strategy is described 
in Section 6.3.  
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 Practical example 

Let’s consider IGU #1 and the scenario with a perfectly airtight cavity (ILS D2). The numerical analysis 
results in a maximum displacement of pane 2 (unloaded) of -1.70 mm. A selection of numerical results 
can be used – in combination with Eqs. (7) and (8) – to determine the maximum out-of-plane 
displacement. 

We can assume that there is a sensor positioned as in Fig. 5 on pane 2 (x=360 mm, y=24.5 mm), to 
capture the displacement over time. From the numerical analysis, the deflection at this point is 
expected in -0.159 mm (5 kPa wind pressure). 

Based on the known parameters, Eq. (7) can be used to express the flexural stiffness of the examined 
IGU, that in the present calculation example is D=7.42∙1012 Pa∙mm3. Once this parameter is known, Eq. 
(8) can estimate the mid-span displacement. In this example, the proposed approach results in a 
displacement of 1.76 mm, which has a ≈3.4% scatter from the numerical one. The mentioned steps are 
also summarized in the flowchart of Fig. 6. 

Whilst still preliminary, this practical example demonstrates the high accuracy of the proposed 
approach when applied to an IGU with a perfectly airtight cavity. However, future studies may further 
increase its accuracy for general applications. Furthermore, the applicability of the method to real 
cases (i.e., IGUs with non-airtight cavities) will be also addressed through experimental tests on full-
scale samples. 

 

Fig. 6: Flowchart of a possible monitoring approach for IGUs. 

7. Conclusions 

In this paper, the behaviour of various Insulating Glass Units (IGUs) was comprehensively examined 
under the influence of quasi-static uniform wind pressure and weather actions. To this aim, a 
combination of analytical methods and numerical Finite Element simulations using Abaqus software 
was employed. The discussed findings indicate that the analytical approach is efficient for determining 
the response of IGUs with a high degree of precision, with results exhibiting a favourable alignment 
with those obtained from numerical simulations.  

Particularly, numerical results obtained through solid and shell elements closely approximate the 
analytical method in scenarios where there are no layered glass sections. A major improvement in solid 
element results was observed when adopting C3D20R elements in place of C3D8R, albeit with an 
associated increase in computational cost. Conversely, continuum shell elements emerged as an 
efficient approach, offering not only time saving but also reliable mechanical estimations. Most 
importantly, numerical simulations were extended to analyse IGUs with non-ideal cavity configurations, 
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exhibiting a mechanical behaviour between the two idealized cases of IGUs with and without cavity 
and load sharing effects. While the analytical method is not able to capture the response of IGUs in 
such scenarios, the numerical simulations were found capable of investigating these complex cases, 
that are of primary interest for real IGUs in buildings. 

Furthermore, leveraging reverse engineering techniques and supported by the classical theory of shells 
and plates, a simple methodology was proposed to predict and monitor the response of real IGUs, 
based on recorded data by sensors. The preliminary assessment of this methodology demonstrates 
promising accuracy, and thus a possible applicability as early warning system for real smart facade 
components and systems. However, further investigation are required to explore its efficiency in 
different realistic scenarios. 
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