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Abstract

Fluids in the cavity can be used to integrate additional functions into insulating glazing. However, the
high permanent load exerted by the fluid on the glazing and surrounding components is problematic.
Conventional design methods result in large adhesive joints, which are not desirable from an aesthetic
point of view. ETAG 002-1 is typically used for the design of structural adhesive bonds for use in
structural glazing facades. However, the calculation is considered to be conservative. In particular, it is
criticised for its deterministic safety concept. Therefore, in recent years, a number of researchers have
looked at different methods for the design of adhesive joints. Such methods are presented by the
Fachverband Konstruktiver Glasbau e.V. in the Technical Note FKG 01/2021. A further approach is
presented by Drass & Kraus (2020, 2021a, 2021b), who proposes an approximation to the semi-
probabilistic safety concept and thus to the current Eurocode O design standard by determining a
material safety factor. This paper is concerned with the design of a load-bearing adhesive joint for use
in a fluid-filled insulating glass unit. A specific fagade element is used as an example for the calculations.
Three dimensioning methods are compared: the analytical method according to ETAG 002-1, a
numerical method according to Technical Note FKG 01/2021 and the approximation of a semi-
probabilistic safety concept according to Drass & Kraus (2020, 2021a, 2021b). The results show
significant differences between the design methods in terms of utilisation.
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1. Introduction and current situation

Adaptability to environmental conditions and external influences is a key to further energy
optimisation of the building envelope. Current glass facades with fixed characteristics cannot respond
adequately to changes in solar radiation or temperature during the day and over the seasons. Dynamic
glazing and adaptive solutions are therefore becoming increasingly important in facade construction.
In addition to established solutions such as electrochromic glazing, research and development
activities are currently investigating various concepts for adaptive, multifunctional building envelopes.
One innovative approach is the use of fluids in the pane cavity of insulating glass units. The fluid can
be thermally regulated (InDeWaG 2023), mixed with functional particles (Fluidglass 2024) or even used
to cultivate algae (Energie Zukunft 2020). This paves the way for the design of ultra-low energy
buildings. In parallel with the building physics and automation issues, there is a particular need for
research into the joining techniques for the individual panes due to the direct contact with a fluid.

In the first completed pilot projects (Fig. 1), the high hydrostatic pressure acting on the glazing, and
therefore on the edge seal, is taken up by means of attached clamping bars. These external mechanical
clamps ensure that the edge seal is able to fulfil its function permanently. However, external
mechanical clamps interfere with the desire for smooth external surfaces that define the visual
appearance of slim glass facades. This high design requirement can only be met by a structurally
bonded edge seal system designed for use in a fluid medium.

Fig. 1: Pilot projects. Left) Demonstration pavilion with a thermally regulated fluid in the pane cavity (InDeWaG 2023)
Right) BIQ with photobioreactor fagade (Energie Zukunft 2020).

The aim of the research project fluidIGU was therefore to develop a structural glazing system for fluid-
filled facade elements. The adhesives used are exposed to high mechanical and chemical stresses due
to the fluid in the pane cavity. Chemical resistance has been experimentally proven (Joachim et al.
2022a, Joachim et al. 2023). Resistance to mechanical stress must be demonstrated both
experimentally and by calculation. For structurally bonded glass fagades, ETAG 002-1 is the current
standard. The proof of the adhesive joint is provided by limiting the adhesive joint stress.

The strength of the adhesive joint is highly dependent on the duration of exposure. This is because the
polymeric structure of adhesives has a strong creep tendency. As a result, a permanent load is usually
the more critical load for adhesive joints and additional safety factors must be applied. In the following,
two other dimensioning methods are compared with the ETAG 002-1 method in order to gain a better
understanding of the use of the bond.
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2.1.

2.2.

2.3.

Methods for Dimensioning an Adhesive Joint

ETAG 002-1

The conventional dimensioning and verification of a structural adhesive joint in glass construction is
based on a deterministic safety concept. ETAG 002-1 from 2012 is still the technical standard to be
used for this (ETAG 002-1). It provides an analytical approach to the calculation. Here, the load-bearing
capacity of the adhesive joint is reduced by a global safety factor yiot = 6 for short-term loads. The check
is carried out in the area of the adhesive joint under maximum stress at the unfactored load level. For
permanent loading an additional global creep factor y. > 10 has to be applied. (ETAG 002-1, Annex 2)

The design according to ETAG 002-1 is heavily criticised in view of the current state of knowledge on
load-bearing silicone bonds (ABmus 2019 p. 191 pp, Fildhuth et al. 2021 p. 10, Maniatis et al. 2015).
The resulting adhesive joint dimensions are considered uneconomical due to the excessive safety
factors, and the actual utilisation of the adhesive joint is uncertain due to the great simplification. As
a result, there are other alternative approaches to adhesive joint design.

Technical Note FKG 01/2021

In 2021, the FKG (Fachverband Konstruktiver Glasbau) published the Technical Note FKG 01/2021. It
describes the verification and dimensioning of the adhesive joint using a numerical equivalent model
(spring model). The calculation method represents a compromise between manageable calculation
effort and higher calculation accuracy. For sizing and verification purposes, the silicone joint is
modelled using a series of linear force-displacement springs with appropriate material properties. The
spacing of the springs depends on the discount selected and determines the bond area assigned to the

spring.

The verification is also based on the deterministic safety concept. Based on the more accurate
calculation method, the global safety factor for short-term stresses yit can be reduced from 6 to 4
compared to ETAG 002-1 in consultation with the adhesive manufacturers and the relevant building
authority. The determined spring tension forces are converted into an adhesive joint stress over the
assigned area. The check must always be carried out on the spring subjected to the maximum load.

Drass & Kraus

Current Eurocodes are based on semi-probabilistic design and verification. In several publications,
Drass & Kraus describe the approximation of a semi-probabilistic safety concept for the design of
structurally adhesive joints. (Drass and Kraus 2020, Drass and Kraus 2021a, Drass and Kraus 2021b) For
this purpose, a material-specific partial safety factor was determined and calibrated using
experimental data. This procedure is currently not regulated for adhesive joints. The verification is
carried out at the design load level in accordance with the safety concept. The type of calculation
(analytical/numerical) is not specified.
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3.1.

3.2.

Dimensioning an Adhesive Joint for Use in Fluid-Filled Facade Element

Facade element

The fagade element used for the design is based on a floor-to-ceiling glazing with a height of
h =3000 mm and a width of b = 1350 mm (Fig. 2, left). The pane cavity filled with fluid is d =23 mm.
The fluid consists of water and ethylene glycol (mixing ratio 7:3). This allows the facade element to be
actively heated and cooled. The glazing unit can be extended with a second gas-filled pane cavity, but
only one pane cavity is assumed for the calculation.

A new high-performance system is to be used for the edge seal. It uses a two-stage principle based on
conventional gas-filled insulating glazing (Fig. 2, right). By combining two adhesive joints, the main
functions of the edge seal, namely sealing and load transfer, are divided between suitable adhesives.
The joint dimensions have been approximated based on ETAG 002-1 design under short term loading.

For the purposes of dimensioning and verification in this article, only the load bearing adhesive joint
((3) in Fig. 2) is considered as the load-bearing functional layer. Experimental tests have shown that
Sikasil® SG-550 is the preferred adhesive for this purpose (Katzera 2023, p. 113).
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Fig. 2: View and horizontal section of the fagade element:
1) stainless steel hollow section spacer, 2) sealing adhesive joint, 3) load bearing adhesive joint.

Load assumptions

Facade elements are subject to a variety of stresses, which are categorised into different types for this
investigation. Table 1 gives an overview of the types of stresses, which are divided into physical,
mechanical and chemical stresses. Mechanical stress is actually part of physical stress, but is listed
separately here because of its importance.

Table 1: Overview of stress types.

Physical Mechanical Chemical
Temperature Hydrostatic pressure Water
Solar radiation Wind load Ethylene glycol
Live load
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For the mathematical verification, the expected mechanical stresses are decisive.

The fluid exerts high pressure on the front and rear windows and surrounding components in the pane
cavity. The water-ethylene glycol behaves like water at room temperature. For this reason, the
pressure that builds up is also known as hydrostatic pressure. The pressure increases as the panel
height increases, resulting in a triangular load pattern.

At 20 °C this gives a mixed density of pm 20:c = 1.03 g/cm?3, from which the hydrostatic pressure at the
base of the h =3 m high glazing and the gravity of g = 9,81 m/s? gives pn (3 m) =p x g x h = 30 kN/m?
(Fig. 3a). By connecting a specific vacuum system, the level of hydrostatic pressure at the base point is
reduced to ph (3 m) = 15 kN/m? (Fig. 3b). The system technology for creating a negative pressure in the
pane cavity is described in more detail in (Joachim 2022b) and (Katzera 2023).

The wind loads are calculated according to Eurocode 1. For a generic example building, a size of 40 m
x 20 m x 35 m in wind load zone 1, inland, and a load application area of 4 m? is assumed. This gives a
calculated wind pressure of wy = 0.76 kN/m? and wind suction of ws =-1.14 kN/m? (EN 1991-1-4, DIN
EN 1991-1-4/NA). In addition to the amount of the load, the direction of the load is also important:
wind suction is the dominant load combination (Fig. 3c).
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Fig. 3: Exploded views of front and rear glazing under different load cases:
a) natural hydrostatic pressure in the space between the panes,
b) hydrostatic pressure with connected system technology to create a vacuum in the pane cavity,
c) load case b and wind suction load.

A horizontal line load is used as the equivalent live load for safety glazing in accordance with
DIN 18008-4. The glazing assumed in the example design is of category A. Accordingly, the full load
must be transmitted through the glazing. Therefore, a linear compression load of gx = 1.0 kN/m at a
height of 1 m above the top of the floor (DIN 18008-4) must be assumed. As it can be assumed that a
compressive load will relieve the tensile load on the edge bond, and the load height is also relatively
small, the live load is considered negligible.
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3.3.

6/11 Article 10.47982/cgc.9.475

Load cases and load combinations

The mathematical verification is carried out for different load cases and combinations of load cases.
The load cases essentially correspond to the load assumptions described above (Section 3.2):
hydrostatic pressure and wind suction. The hydrostatic pressure load case refers to the condition with
intact system technology for generating negative pressure. As a third load case, an increase in pressure
due to failure of the negative pressure technology is recognised as an exceptional load case.

The simultaneous occurrence of several mechanical loads is represented by load combinations.
Essentially, a distinction must be made between the basic combination and the exceptional load
combination. The basic combination combines the hydrostatic pressure and wind suction load cases.
In the exceptional load combination, a failure of the connected vacuum technology is added. To be on
the safe side, a simultaneous occurrence of wind suction is also assumed.

Mathematical verification of the bond must be carried out under both, short term and long term
loading. The hydrostatic pressure load case with intact vacuum generation system technology forms
the permanent load (Fig. 4a). The critical load combination for the short term check is the exceptional
load combination of a failure of the vacuum system with a simultaneous wind suction load (Fig. 4b).

by

Fig. 4: Exploded views of front and rear glazing with different load cases:
a) Long-term load case: hydrostatic pressure with system technology to create a vacuum in the pane cavity,
b) Unusual short-term load combination: failure of vacuum technology and simultaneous wind suction.
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3.4. Stress analysis

The three calculation methods mentioned in section 2 are used. Table 2 summarises the main
assumptions made for the stress analysis.

Table 2: Stress analysis assumptions.

ETAG 002-1 Technical Note FKG 01/2021 Drass & Kraus
. Analytical: Numerical: Numerical:
Type of calculation o
Load application areas Member model Member model
Security concept deterministic deterministic semi-probabilistic
Safety factor (short-term) Yiot = 6 Yiot = 4 ym=2.9
=10 =10 =10
Safety factor (long-term) Ye ve ve
Yc,ges = 60 Yc,ges = 40 Yc,ges = 29

A member model is used for the numerical calculation, which differs from the Technical Note FKG
01/2021, which suggests a spring model. However, this makes no difference for a bond subject to
tensile stress. In the deterministic safety concept, a characteristic load level (Ex) is calculated on the
loading side. For the semi-probabilistic safety concept, a partial safety factor of ys = 1,35 is applied for
permanent loads and yq = 1,5 for variable loads according to EN 1990. This results in stresses at the
design loading level (E4). For the ETAG 002-1 global creep factor, there is no known alternative
approach for verification under permanent loading. Therefore, the creep factor is used in all three
calculation methods.

According to ETAG 002-1

For stress analysis in accordance with ETAG 002-1, the bond stress is calculated in the maximally
stressed bond area at a unfactored load level. This is determined by the load application areas. Figure
4 shows the load assumptions made and the distribution of the load application areas.

The mathematical verification gives Ex = 0.15 N/mm? < Rges = 0.20 N/mm? for short-term loading and
Ex=0.21 N/mm? > Ryes = 0.02 N/mm? for permanent loading under hydrostatic pressure.
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Fig. 5: Calculation assumptions and load application regions for the verification of structural bonding
in accordance with ETAG 002-1
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According to Technical Note FKG 01/2021

A member model is used as a more accurate calculation method for stress analysis in accordance with
the Technical Note FKG 01/2021. The calculations are performed using the finite element software
RFEM 5.15.01 from Dlubal Software. The laminated glass panes are modelled using surface elements
with an equivalent glass thickness d* without effective shear bond (DIN 18008-2, A.6). The distance
between the surface elements is equal to the distance between the panes (bszz = 23 mm). The bond is
modelled using members perpendicular to the glass surface. The length of the rods corresponds to the
thickness of the bond. The rods are assigned the mechanical properties of the adhesive material and a
cross section corresponding to the rod spacing and the size of the joint. The material properties of the
adhesive are defined as isotropic non-linear elastic material models based on experimental
investigations. A square cross-section is aimed for. Figure 6 shows the modelled facade element with
two detailed sections.

The load is applied under unfactored load levels for the two load scenarios. For verification, the
maximum stresses are determined via the normal member forces in the load-bearing connection. The
mathematical verification for the design relevant short term load combination gives
Ex=0.18 N/mm? < Ryes = 0.30 N/mm?2. The verification for a permanent load under hydrostatic
pressure gives Ex = 0.08 N/mm? > Rges = 0.03 N/mm?.

= " member

Inl member with assigned
I—J] cross-section

{  spring bearing

tension member force

== compression member force

detail: bearing

Fig. 6: Schematic drawing of the member model for numerical calculation
with detail sections and member normal force distribution.

According to Drass & Kraus

Drass & Kraus determined an adhesive-specific material partial safety factor by approximating a semi-
probabilistic safety concept. The procedure described in Drass & Kraus 2020 was applied to the silicone
adhesive Sikasil® SG-550 used as a structural adhesive; the calculation is listed in Katzera 2023 (Katzera
2023, p. 233 pp). Based on experimental tests, the material safety factor is ym =1.94. A numerical
member model is used for the check, analogous to the approach described in the Technical Note FKG
01/2021. The load is applied at the design load level. The mathematical verification results for the
exceptional load combination as a short-term load at £g=0.19 N/mm? < R4 =0.36 N/mm?. For the
permanent load at E4 = 0.11 N/mm? > Ry = 0.06 N/mm?,
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3.5. Comparison of the results
Table 3 summarises the results for the three calculation methods in terms of percentage utilisation.

According to all three calculation methods, the verification for the exceptional load case combination
of increased hydrostatic pressure and simultaneous occurrence of wind suction as a short-term load is
achieved. For hydrostatic pressure with intact system technology to generate negative pressure as a
permanent load, the verification cannot be achieved.

The differences between the calculation methods are reflected in the stress levels. The ETAG 002-1
stress verification shows a more than tenfold overload of the adhesive joint. Conversely, the ETAG 002-
1 design would require the adhesive joint to be more than ten times wider. In contrast, the semi-
probabilistic approximation verification results in less than twice the adhesive joint overload. However,
this method is currently not in use and is not part of the standard.

Table 3: Comparison of results in percentage load factors.

ETAG 002-1 Technical Note FKG 01/2021 Drass & Kraus
Short term 75% 60 % 53%
Long-term 1050 % 267 % 183 %

4. Discussion and conclusions

This article looks at different methods of dimensioning an adhesive joint for use in fluid-filled facade
element glazing. Conventional dimensioning in accordance with ETAG 002-1 has been compared with
the method described in the Technical Note FKG 01/2021, which is already used in practice. The design
was also carried out using a semi-probabilistic approximation for adhesive joints, which is not currently
an application-oriented procedure.

The verification was carried out for the exceptional load combination of increased hydrostatic pressure
and simultaneous wind suction as a short-term load. For the assumptions made for the element
dimensions and the adhesive joint geometry, the verification for the short-term load can be achieved
according to all three calculation methods. The differences between the design methods can be seen
in the degree of utilisation. The questions remains which model represents reality closest with
sufficient degree of safety? To answer this question, further experimental studies on the planned
original scale are required. Results from scaled tests cannot be adequately transferred due to the
influence of the load application areas (Katzera 2023, p. 240 p).

For the verification under permanent loads, the hydrostatic pressure with intact system technology to
generate a negative pressure is the decisive load. An additional safety factor of y. = 10 was selected
for the verification in all three calculation methods. Taking this into account, it was not possible to
achieve the verification using any of the three methods, despite the lower load level. The hydrostatic
pressure is therefore the design relevant load as a permanent load.

Adhesive joint design according to ETAG 002-1 has been heavily criticised for its conservative approach
and uneconomical use of adhesives. Whilst alternative approaches are known for verification under
short-term loading, there are no such approaches for design under permanent load effects. However,
it can be deduced from the following various experimental studies that the load carrying capacity of
the adhesive bond is actually higher than the reduction of the additional safety factor of y.> 10
according to ETAG 002-1.
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e A creep factor equivalent to y. < 2 has been investigated in small creep tests and a service life of
almost 40 years has been predicted for Sikasil® SG-550 with a bond thickness of 23 mm (Katzera
2023, p. 144 pp).

e The calculated stresses were realistically verified in component tests. None of the specimens cracked
or leaked throughout the test programme. Again, the calculated stress on the bond was many times
greater (390-167 %) than the load carrying capacity. (Katzera 2023, p. 171 pp).

Therefore, it remains to be discussed whether the creep factor y. > 10 to be applied according to
ETAG 002-1 is justified. The authors see an urgent need for research into the resistance of silicone
joints to permanent loading.

Further design measures must be taken in order to meet the design requirements using the calculation
methods and safety factors listed. Possible measures include reducing the panel width to minimise the
load application area, reducing the panel height to reduce the hydrostatic pressure and increasing the
width of the adhesive joint to reduce the engineering stress. Other measures include choosing a
stronger panel structure to reduce deformation and increasing the negative pressure in the pane cavity
to reduce tensile stresses in the adhesive joint.
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