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Abstract

Modern free form glass architecture has
become increasingly popular in the structural
sealant glazing application, as demonstrated
by many iconic building projects, such as
Allianz tower in Milan. Among different
technologies to manufacture such glass,

cold bending is one of the most cost efficient
and aesthetically pleasing solutions. In this
process, flat glass panels are elastically
deformed to follow the facade contours by
bonding to a metal frame with a silicone
sealant. This operation imposes a permanent
bending force onto the silicone as the

bent glass strives to return to its initial

flat shape. This can lead to silicone creep

and tear failure if the joint is not properly
dimensioned. Previous research by the
authors has evidenced through a combination
of experimental testing and finite element
analysis how principal strain in the sealant
needs to be limited to ensure durability and
avoid tearing. This current research proposes
an optimized methodology for cold bent glass
and SSG design through a simulation-based
DOE study for different glass and metal
frame form factors as well as silicone sealant
parameters. In addition to the level of cold
bend glass deflection, metal frame and sealant
thickness have the most significant effect on
the peak strain in the sealant in the cold bent
glass operation.
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1. Introduction

Cold-bent glass units in facades have

gained in popularity as architecture in
commercial buildings is showing a trend to
innovative, non-rectangular “organic” shapes.
Structural silicone glazing (SSG) has been
used successfully as retention method of

the bending membrane. The cold bending
operation will impose a permanent bending
force onto the silicone sealant as the bent
glass strives to return to its initial flat shape.
This can lead to silicone sealant creep and tear
failure if the SSG joint design is not properly
dimensioned.

Different evaluation methods for joint
dimensioning exist, using simplified analytical
or semi-numerical calculation methods for
the early design stage, to using Finite Element
Analysis (FEA) for the final concept. Although
FEA should result in more accurate estimates
than more simplistic analytical techniques,
caveats include longer computation times,
need for appropriate material behaviour
models for structural sealants and enough
accuracy in the model. Even FEA will not be
able to model all details of a design and needs

to make some simplifications, so the results
must be carefully discussed and validated.
The goal of the current paper is therefore

to propose an optimized methodology for
cantilever cold bent glass and SSG design,
combining the accuracy of FEA with the
simplicity of an analytical equation. A
simulation-based Design of Experiment (DOE]
study for different glass and metal frame form
factors as well as silicone sealant parameters
was performed.

2. Experimental approach

2.1. Building the FEA model

The numerical simulations were performed
using a commercial Finite Element Analysis
software ABAQUS. The silicone DOWSIL™ 983
Structural Glazing Sealant was assumed to

Material Material Model Modulus Poisson Ratio
Glass Elastic 70 GPa 0.23
Aluminium Elastic 70.3 GPa 0.33
DOWSIL™ 983 Mooney-Rivlin C01= Assume
Structural Glazing Hyperelastic 0.019361MPa, C10 = ncompressible
Sealant 0.23516MPa, D=0 P

Table 1: Summary of Material Properties used in the Simulation.
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Fig. 1 Layout and Bending of a Cold bent Glass Unit.
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be incompressible and fully integrated Hybrid
hexahedral elements (C3D8H) were used to
prevent element locking, i.e. exhibiting an
unphysically stiff response to deformation.
When relevant, glass, aluminum and structural
sealant were modeled in the simulation

based on their typical material behaviour, as
summarized in Table 1. For the bi-component
structural sealant, the design stress in tension
is 0.14MPa, in dynamic shear 0.11MPa and

in static shear 0.011MPa. The structural
sealant hyperelastic material model was fully
characterized through uniaxial tension, biaxial
tension and planar tension testing (Dow 2023).

2.2. DOE model

A cold bent glass unit usually consists of a
glass panel, a metal frame [mostly aluminum)
and a silicone bonding layer, as shown in
Figure 1. The glass panel is first bonded

onto the metal frame by the silicone sealant.
Then, the whole unit is bent in one direction

to form the curved glass unit in a cantilever
beam layout, which will induce strain in the
sealant. For this study, in the baseline design, a
914.4mm x 1524mm x 6mm glass was bonded
ona 25mm x 25mm Aluminum frame using a
6mm x 20mm silicone joint.

These parameters were consequently

varied in a simulation based DOE through

Full Factorial Design, as listed in Table 2.

The selected range for each parameter is
assumed to be representative of a majority of
cold bending projects, based on the authors’
expertise. The sealant thickness of 6mm is
the minimum required per SSG standards
such as ASTM C1401 (ASTM 2014), ETAG002
(EQTA 2012) and a higher thickness of 12mm
is normally required in case of cold bending

to accommodate the higher deformation, but
rarely exceeds this value. The sealant width is
typically larger than in conventional (flat) SSG
(evaluated range is between 20mm and 40mm),
to compensate for the high loading during cold
bending. The frame thickness ranges between
25 and 150mm. Similarly, the glass deflection
in the cantilever is limited to 25mm and
50mm, as the authors have rarely encountered
successful projects with higher values of
bending. The focus is on the evaluation of the
SSG. Therefore, in terms of glass build up,

a single glass layer is evaluated instead of a
multi pane insulating glass unit. It is assumed
that the IGU can be transformed into an
equivalent thickness using ASTM E1300 (ASTM
2016) or similar standards. The glass length

is set between 1524 and 1981mm whereas the
glass width is varied between 914.4mm and
1188.72mm. These values are relatively small
compared to the industry average but as will
be seen in the results, results in a relationship
which can be extrapolated to larger values. In
this study, peak maximum principal strain was

Parameter Range

Sealant thickness [mm] 6,12

Sealant width [mm] 20, 40

Frame thickness [mm] 25,150

Frame gauge thickness [mm] 2-4

Extra frame width in comparison to sealant width [mm] 10, 20

Glass deflection [mm] 25, 50

Glass Length [mm] 1524- 1981.2 (100-130%)
Glass width [mm] 914.4- 1188.72 (100-130%)
Glass thickness [mm] 6,12

Table 2: Cold Bent Glass Design Range Used in Design Formula Development.

Max Principal
Strain at 50mm
Deflection

LE, Max. Principal

(Avg: 75%)
+8.000e-01
+7.333e-01
+6.667e-01
+6.000e-01
+5.333e-01
+4.667e-01
+4.000e-01
+3.333e-01
+2.667e-01
+2.000e-01
+1.333e-01
+6.667e-02

+0.000e+00 Peak Strain 21.4%

|

[~ ¢ 25mm ‘ m

Peak Strain 73.7%

L

Fig. 2 Strain Distribution in the Cold Bent Glass Unit [sealant] with different Frame Design.

calculated at each integration point for the
SSG sealant and output as the response for
the DOE study. With the 2-level Full Factorial
design, this DOE study intends to determine
the critical design materials to guide the SSG
sealant joint design for the cold bent glass.

3. Results

From numerical modeling for the cold bent
glass bonded by SSG sealant, it is found that
peak maximum principal strain in the SSG
sealant can be significantly affected by several
key design parameters. As shown in Figure

2, with same glass geometry (914.4mm x
1524mm x 6mm), SSG sealant design (20mm x
6 mm) and glass deflection (50mm), the peak
strain in the SSG sealant can increase by 3X
as Frame thickness increases from 25mm to
150mm.

The effect of the cold bent glass design is
further explored by modeling all possible
design parameter combinations in Table 2
under two levels of cold bent deflection [25mm
and 50mm). The peak maximum principal
strain is calculated for the SSG sealant, as
plotted in Figure 3.

It is found that within the range of cold bent
glass design parameters in Table 2, increasing
frame thickness and glass thickness will lead
to higher strain in the sealant. By contrast,

glass length and SSG thickness increase

can significantly reduce the strain in the

SSG sealant. It is expected that glass length
increase will make the whole SSG system more
flexible, and this will reduce the loading on the
SSG sealant. As sealant thickness increases, it
will have more capability to accommodate cold
bent loading from the glass with reduced strain
development.

The effect of the different cold bent glass
design parameters is further ranked by a
Pareto Plot, as shown in Figure 4. The Pareto
plot exhibits the absolute values of the
standardized effects from the largest effect to
the smallest effect based on the calculated t
ratio (significance level of a given parameter
estimate). The effect of glass width is very
small for cantilever bending, while frame
thickness and SSG thickness have the most
significant effect in this DOE study.

This study allowed determining an optimized
design formula for glass, frame and silicone
sealant joint for cold bent glass application.
As the Glass width, Extra frame width and
Frame gauge thickness have very small effect
in this DOE design, they are not considered in
the design formula for the cold bent glass, as
shown in Figure 5 and Equation (1). Without
considering higher order effect from the
interaction of the design parameters, the R2
for the fitted equation is 0.89, which is close
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ik Peak Max Principal Strain=
22.763%+0.772%xDeflection [mm]-
0.021%xGlass Lenght [mm]+0.675%xGlass
Thickness [mm]+0.265%xFrame Thickness
[mm]-1.795% Sealant Thicknes[mm]+0.119%
xSealant Width [mm] Equation (1]
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i
f
i _I'r\J for cold bent glass using Equation (1) and SSG

" ! sealant durability prediction equation based
|| | on peak strain (see Equation (2] and Figure
| ! 5), it is possible to perform a quick and early-
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stage assessment for a SSG sealant joint
design for a cold bent glass without performing
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Fig. 3 SSG Simulation based DOE Study and Effect of Cold Bent Glass and Sealant Joint Design sophisticated numerical modeling by FEA
for hollow frame. simulation.

SSG Durability [year]= 89.504xexp(-7.903xPeak
Maximum Principal Strain in Sealant)

Pareto Plot of Estimates

Term t Ratio Equation (2]
FrameThickness [mm] 51.82244 :\\

Deflection [mm] 30.13823 The effectiveness of this simplified early-stage
SSG Thickness [mm] -16.82808 || design assessment for a SSG sealant joint
Glass Length [mm] -1493683 || design used in a cold bent glass is shown in
Glass Thickness [mm] 633032 7] Figure 6, Tables 3 and 4. For a selected cold
SSG Width [mm] 3.73162 [ bent glass design, different design parameters,
Frame Gauge Thickness [mm]  -2.80276 || such as Frame thickness and SSG sealant (see
ExtraFrameWidth [mm] 0.28645 Table 3), can be quickly evaluated by the Design
Glass Width [mm] 0.05622 formula in Equation (1) and the calculated peak

strain is very close to the strain predicted by
FEA modeling, as shown in Table 4.

Moreover, it is observed that Frame / SSG
sealant thickness ratio has a significant effect
on the Peak maximum principal strain in the

Fig. 4 Effect Analysis of Cold Bent Glass Design on Peak Maximum Principal Strain in S5G by
Pareto Plot.

Parameter Estimates

3 08
Term Estimate StdError tRatio Prob>|t| g SSG sealant. Overall the SSG sealant durability
Intercept 02276345 0031797  7.16 <.0001* 5 is expected to increase with a reduced Frame
Deflection [mm] 0.0077169 0.000257 2999 <.0001* é s /556 sealant thickness ratio. as shown in
Glass Length [mm] -0.000209 0.000014 -14.86 <.0001* H 4 ) '
Glass Thickness [mm] 00067537 0001072 630 <0001 § o #4“‘ Figure 6.
FrameThickness [mm] 0.0026538 5.146e-5 5157 <.0001* [ate A few cold bent glass designs with 2400mm
SSG Thickness [mm]  -0.017953 0.001072 -1675 <.0001* M:m“c;‘j e e e | glass length and 60 mm glass deflection,
55G Width [mm] 00011944 0000322  3.71  0.0002* En0es Yihien s OO both parameters being outside the DOE study
Fig. 5 Estimation of Parameters for Cold Bent Glass Design Equation. range, are also evaluated for their suitability
using the Fitted Design Formula, as shown
100 in Table 5. Even when the glass size and
cold bent deflection exceed the range of the
10 - DOE study, the predicted peak strain by the
design formula (Equation 1) remains close to
= * Lab Cold Bent Test the peak strain predicted by the FEA based
£ 1 numerical modeling, as shown in Table 6 and
2 0p 2 ALl 150% Customer Case (no Figure 7. This confirms the usefulness of
E 0.1 : failure yet after 13 yrs) the Design formula for early-stage SSG joint
a o e e e e Expon. (Lab Cold Bent design evaluation before performing extensive
Test) numerical modeling.
0.01 y = 89.504¢ 7903«
2 — v,
e 1= 4. Conclusion/Design Guidelines
0.001
Peak Strain in 5SG The approach presented in this paper
Fig. 5 SSG Cold Bent Durability Prediction by Combining Lab Scale test with Application Case for joint dimensioning in cantilever cold
[Kimberlain 2019]. bent units, is intended as a compromise,
combining the accuracy of a full FEA to the
to 1, suggesting the fitted design formula is speed of resolution of an analytical equation.
reasonably accurate for the design parameters Limitations exist due to the range selected
evaluated in the DOE study. for each parameter. Furthermore, the
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method assumes multi pane glazed units

can be reduced to an equivalent single pane
thickness, this transformation also remains an
approximation. However, this approach is a first
step towards using complicated FEA to derive
simplified design methods which are better
than analytical as they incorporate additional
complexity such as frame geometry, glass
thickness. This type of approach, combining
FEA and DOE to obtain design guidelines, could
be used for other types of applications, such as
corner cold bending.

Further research is needed to understand the
impact of test variability relative to a statistical
relevance for failure prediction modeling

which should include sample replicates and
impact of ageing as well as further decreased
percentages of loading. It is important to note
that the provided laws are only applicable to
the evaluated sealant. Further investigations
are needed to ensure these laws can or not be
extrapolated for other sealant types.

To conclude, as with any unique design, it is
best practice to build a performance mock-up
to validate the output of any FEA to ensure

that there are no unintended interactions

that would be detrimental to the durability

of a design. All elements can impact the
behaviour of the other elements such as glass
thickness, sealant bite or frame rigidity. A
mockup, for instance of part of a facade or at
least for one facade element will allow to study
deformations under real conditions and can be
also used to prove safety and durability under
accelerated ageing or long term weathering.
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Cold Bent Glass Design Parameters

Parameter Range to be Evaluated by
Design Formular

Deflection [mm]

30 [not used in DOE model Fitting)

Glass Length [mm] 1524

Glass Width [mm] 914.4

Glass Thickness [mm] 6-12

Frame Gauge Thickness [mm] 3

Extra Frame Width [mm] 10

Frame Thickness [mm] 25-100

Sealant Thickness [mm] 10 (not used in DOE model Fitting)
Sealant Width [mm] 10 - 20

Table 3: Cold Bent Glass Design to be Evaluated by the Fitted Design Formula [Within DOE Study

Range).
SSG Glass Frame SSG DOE
Design | Frame | Width | Thickness | Thickness FEA Formula

# [mm] | [mm] [mm] Ratio Predicted | Prediction | Error
1 25 10 6 2.5 11.69% 7.8% -3.9%
2 25 20 12 2.5 17.47% 13.1% -4.4%
3 50 10 6 5 16.49% 14.5% -2.0%
A 50 20 12 5 21.38% 19.7% -1.7%
5 75 10 6 7.5 21.33% 21.1% -0.2%
6 75 20 12 7.5 25.95% 26.3% 0.4%
7 100 10 6 10 26.05% 27.7% 1.7%
8 100 20 12 10 30.49% 32.9% 2.5%

Table 4: Comparison of Peak Strain Prediction by FEA Model and DOE Based Design Formular for

Parameters within the DOE Study.

—®— 55G Width: 10 mm Glass Thickness: emm
—8— 555G Width: 20 mm Glass Thickness: 12mm

35.0%
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0.0%
0 5 10

Frame / S5G Sealant Thickness Ratio

Peak Max Principal Strain
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—@— 55G Width: 10 mm Glass Thickness: 6mm
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Fig. 6 Effect of Frame / SSG Sealant Thickness Ratio (a] Peak Maximum Principal Strain by
Equation (1) and (b] Predicted Durability Based on Equation (2].

Cold Bent Glass Design Parameters

Parameter Range to be Evaluated by
Design Formular

Deflection [mm]

60 (Outside DOE Design)

Glass Length [mm]

2400 (Outside DOE Design for
Equation Fitting)

Glass Width [mm] 914.4

Glass Thickness [mm] 6-12

Frame Gauge Thickness [mm] 3

Extra Frame Width [mm] 10

Frame Thickness [mm] 25-100

Sealant Thickness [mm] 10 [not used in DOE model Fitting)
Sealant Width [mm] 20

Table 5: Cold Bent Glass Design to be Evaluated by the Fitted Design Formula (Outside DOE Study

Range).
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% Frame Glass Glass Frame SSG DOE

E Design | Thickness | Length | Thickness | Thickness FEA Formula

& # [mm] [mm] [mm] Ratio Predicted | Prediction | Error

% 1 25 2400 b 25 12.7% 13.8% 1.1%

§ 2 25 2400 12 25 16.6% 17.8% 1.2%
3 50 2400 6 5 19.3% 20.4% 1.1%
4 50 2400 12 5 22.6% 24.5% 1.9%
5 75 2400 6 7.5 25.8% 27.0% 1.3%
6 75 2400 12 7.5 28.8% 31.1% 2.2%
7 100 2400 6 10 32.1% 33.7% 1.5%
8 100 2400 12 10 35.0% 37.7% 2.7%

Table 6: Comparison of Peak Strain Prediction by FEA Model and DOE Fitted Design Equation for

Design Outside the DOE Study.

Design Case 1

Max Principal Strain
at 60mm Deflection
Peak Strain 12.7%

!

LE, Max. Principal

(Avg: 75%)
+4.000e-01
+3.667e-01
+3.333-01

Design Case 8

+0.000e+00

Pealk Strain 35.0%

Fig. 7 Peak Strain Location for Cold Bent Glass unit with 2400mm x 914.4mm design under
60mm Deflection outside the DOE Study Range .
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