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Abstract: This paper deals with the application of the semi-probabilistic
design concept (level 1) to structural silicone sealants where a generally
valid verification concept is proposed. The verification concept deals with
the classification of silicone adhesive joints into cavitation-insensitive and
cavitation-sensitive adhesive joints and at the same time advises which
class of material models is necessary for the categorized adhesive joint
systems. Furthermore, the static verification of a finite element based limit
state analysis is shown within the design verification concept. The concept
is elaborated and documented within this paper and illustrated by the help
of an example. In the first part of this paper it was found, that the correct
level | calibration of that partial material safety factors are significantly
lower compared to currently existing estimates and thus allow for a great
optimization of structural sealant design situations with potentially high
economical as well as sustainability benefits.
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Introduction and Current Situation

Modern glass facades are designed with a strong
emphasis on a transparent appearance with minimal
visibility of the supporting structures. In the last fifty
years, a lot of experience has been gained worldwide
with structural silicone adhesive joints in facade design.
Starting with linear adhesive joints, which are used
along a window system to ensure homogeneous load
transfer (Staudt et al., 2018), up to point supported
constructions, where glass panes are only glued locally
with so-called point fixings (Drass et al., 2019a;
Santarsiero and Louter, 2019). Recent developments deal
with so-called laminated joints, where either a puck is
laminated into a Laminated Safety Glass (LSG) or
something is hoof laminated onto a glass (Bedon and
Santarsiero, 2018).

Although the complexity of adhesive joint
applications is increasing, while at the same time there is
a desire for a design verification of the sealant joint by
means of finite element computations, there is still no
generally applicable (and legally formalized) design
concept to provide a static verification. Therefore, this
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paper presents for the first time a generally valid
verification concept for silicone adhesive joints in the
facade area while simultaneously applying the semi-
probabilistic safety concept according to DIN EN 1990
(2010); Drass and Kraus (2019). The aim is to renew the
incomprehensible concept of the ETAG 002 (2012),
which is based on a global safety factor, by disclosing
the mathematical derivation. In order to make the
verification concept comprehensible to engineers in
practice, a simple design example will be presented
within the framework of this paper using the proposed
verification concept.

General Methodology for the Verification of
Silicone Adhesive Joints

This section proposes a general methodology for the
verification of silicone adhesive joints. On the one hand
we limit ourselves to ETAG 002-compliant adhesive
joints and on the other hand the verification is carried out
according to a semi-probabilistic safety concept
presented by (Drass and Kraus, 2019). The restriction on
ETAG 002-compliant adhesive joints has been
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deliberately decided in order to be able to use standard
constitutive models for the silicone. In an additional
paper to be published by the authors, the verification
concept for silicone adhesive joints is extended to any
geometry for reasons of clarity.

In the opinion of the authors, a general design
verification for silicone adhesive joints using the Finite
Element Method (FEM) should be conducted with the
following steps:

1. Classification of the Silicone Adhesive Joints

2. Material- and FE Modelling of the Silicone
Adhesive

3. Limit State Analysis using the FEM

These three topics are briefly presented below to
enable the interested reader to apply the verification
concept in relevant facade projects.

In summary, this section is dedicated to the general
modelling of silicone adhesive joints in facades and
other applications to assist structural engineers in
choosing an adhesive joint geometry that directly affects
the applicability of constitutive models and the
description of failure. First, adhesive joint systems and
adhesive geometries from special applications are
summarized and special features are discussed. For
reasons of clarity, the term "adhesive joint system" will
also be used in the following for the applied geometric
design of an adhesive joint. In order to objectively
categorize the different adhesive joint systems, two
criteria from literature are briefly presented and applied to
different systems. On this basis, assistance is given for the
constitutive description of different systems in order to
create a kind of catalogue with regards to adhesive joint
systems and the application of corresponding material
models. Since the choice of material models is also
directly related to the type of adhesive system or adhesive
in use, a constitutive model is assigned to each of the
various but frequently used adhesives in facade
applications. Finally, an example is presented using the
DIN EN 1990 (2010) compliant semi-probabilistic safety
concept as given by Drass and Kraus (2019), in which
the static verification for a real construction project is
provided using the finite element method.

Classification of Adhesive Joints

In this section, different adhesive systems, that have
already been used in practice, are briefly introduced and
classified into cavitation-sensitive and cavitation-
insensitive systems using mechanically-motivated and
thus objective criteria.

The term ’cavitation-sensitive’ means, that due to the
selected geometry ratio of the adhesive joint, it is
subjected to volumetric stresses under external loading.
This is caused by the obstruction of the lateral
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contraction and the incompressible material behaviour of
the silicone. In order to model this type of deformation
and the structural behavior of the adhesive exactly,
complex material models describing the volumetric
behaviour are necessary (Drass et al. 2019a), which
however are not considered in further detail in this
paper. However, this will be part of an additional paper
to come by the authors. Nevertheless, it is necessary to
have objective criteria with a mathematical basis in
order to be able to decide whether an adhesive joint is
likely to show cavitation, i.e., void growth, or whether
a joint according to ETAG 002 (2012) is under
consideration. This classification means, that in the
case of a cavitation-insensitive adhesive joint,
deformations occur under almost constant volume.
Only cavitation-sensitive adhesive joints will subject the
silicone to volumetric loading. At this point, it is
important to note that if material models are incorrectly
applied to cavitation-sensitive adhesive joints, incorrect
verification of the joint may occur, which is potentially
on the unsafe side.

The criteria for distinguishing between the two
cases are briefly presented below and evaluated for
their applicability on typical adhesive bonding systems
in the fagade sector. The proposed classification makes
sense insofar as, for example, the ETAG 002 (2012)
concept can be used for cavitation-insensitive adhesive
bonding systems as long as the adhesive is linear in its
geometry and has only two flanks for bonding.
Deviations from ETAG 002 (2012) concept (with its
regulated silicone geometries) can only be verified with
a significant experimental effort, expert opinions and
decision-making boards. In Germany for example, in
case of differing from the geometric specifications of
adhesive joints according to ETAG 002 (2012), it is
possible to verify the ultimate limit state of the
adhesive joint using a concept developed at the German
Institute for Building Technology (DIBt). This concept
is called the DIBt Concept (2012) and requires a wide
range of experimental investigations which even
exceed the requirements of ETAG 002 (2012). In cases,
where neither concept applies, which is the case for
flat-sealed point fixings, there still exists no concept for
a sensible mechanically and reliability-theoretically
correct design verification.

Returning to the classification of silicone adhesive
joints, a schematic representation of the classification of
typical adhesive bonding systems in facade design is
shown in Fig. 1. First of all, a distinction is made
between cavitation-sensitive and cavitation-insensitive
adhesive joints, while in the last case an additional
distinction is made between adhesive joints, which
correspond to ETAG 002 (2012) and adhesive joints,
which show slight deviations concerning the geometry
and requirements according to ETAG 002 (2012).
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Fig. 1: Schematic classification of adhesive joints for facade applications into cavitation-sensitive and cavitation-insensitive adhesive
joints, where the last are subdivided again into adhesive joints according to ETAG 002 (2012) and joints with slight

deviations

Criteria for Classification

As already presented by Drass and Kraus (2019),
slight geometric deviations of adhesive joints in
comparison to the geometry defined in ETAG 002
(2012) require considerable effort in order to provide the
proof of structural integrity and safety according to DIBt
Concept (2012). To create a clear differentiation between
adhesive joints according to ETAG 002 (2012), adhesive
joints with slight geometric adjustments or adhesive
joints which cannot be verified with any of the
mentioned concepts, objective criteria are required to
categorise adhesive joints according to their application,
external loads and mechanical stresses within the
adhesive. The aim is to create a better understanding for
structural engineers in order to better design and verify
adhesive joints in fagade construction.

Accordingly, a criterion must first be found which
is capable of clearly distinguish between cavitation-
insensitive and cavitation-sensitive adhesive joints.
Hamdi et al. (2014) have made a suggestion, which is
based on the ratio between the diameter d divided by
four times the height h of a cylindrical adhesive joint
under axial loading. Based on a large test series on so-
called pancake tension tests under variation of the
shape factor:
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1
cavitation failure was investigated and a critical limit for
a cavitation-insensitive geometry of S < 1.0 (no
cavitation) was determined. Since the criterion can only
be applied on cylindrical adhesive joint geometries, it
will be extended to any geometries in the following. The
basic idea of the criterion is to determine the ratio of the
surface under tensile stresses to the free surface.
Accordingly, it can simply be transferred to the
following general form:
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s=—,
h

)
where, A is the surface area under tensile stress, U
represents the perimeter of the adhesive joint and h was
already introduced as bondline thickness. Since this
geometry factor is a good first approximation to
distinguish ~ between  cavitation-insensitive  and
cavitation-sensitive adhesive joints, it is essential to
clearly define its limits here as well. Assuming that this
criterion was developed from the experimental results of
axially loaded pancake tensile tests, it can only be
applied to axially loaded adhesive joints. If, for example,
one has a very flat adhesive joint that can only be
subjected to shear stress due to structural boundary
conditions, it is questionable that this type of loading can
lead to cavitation failure.

In order to have an improved criterion that can show
whether cavitation is relevant for any structure and stress
situation of the adhesive joint, the triaxiality is
introduced. It is a measure to describe the multi-axiality
of stresses in any component under any load scenario.
Based on the work of Sikora (2014), the triaxiality is
defined as the magnitude of the ratio of hydrostatic
pressure p = trace(o) to the von Mises equivalent stress

O :‘fs‘l;,a. For reasons of comprehensibility, this

criterion is scaled in a manner to ensure the discrete
value of 7mes = 1 in case of uniaxial tensile loading.
Thus, the modified triaxiality reads:

p .

vM

©)

TTnod = -3

Sikora (2014) recommends to extend the discrete,
theoretical values of triaxiality to a bandwidth, since
single scalar values without upper and lower limits are
not realistic boundaries with regards to prevailing
stresses and strains in any structural components.
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Therefore,  Sikora  (2014) analysed  arbitrary
combinations of principal stresses, ¢” = ¢” + 1/10c”",
where the variation of the Cauchy stress was applied in
one or more principal stress directions. With the help of
this parameter study, threshold values for uniaxial, biaxial,
triaxial and shear deformations could be evaluated (Table
1). At this point it should be noted that these ranges can be
individually adapted in case one is interested in stronger
or weaker delimitations of deformation processes. In order
to decide whether any adhesive joint system is
independent of cavitation failure, it is necessary that the
triaxiality evaluation does not exceed the critical value of
Nmod < 20. This means that there is no pronounced
volumetric deformation in the material, which excludes
excessive void growth and stress softening.

Since this criterion is able to describe the
predominant stress state in the sense of multi-axiality for
arbitrary adhesive situations and loadings, it is obvious
to evaluate and visualize it in the finite element model.
Since ANSYS Finite Element (FE) code was used in the
course of this work, the procedure for evaluating and
visualizing the triaxiality is briefly explained in the
following. For this classification of adhesive joints in
facade application purpose, a user-defined result must be
created in the post-processing after a successful three-
dimensional calculation of an adhesive joint has been
carried out. The evaluation takes place via principal
stresses to which the variables S1, S2 and S3 are
assigned in ANSY'S FE code. The input file for the user-
defined result to evaluate the triaxiality is given by:

SUBROUTINE Triaxiality (S1, S2, S3)
eta_mod = abs (2*(S1+S2+S3)

& /(6*((S1)**2 - S1*S2 -S1*S3

& +(S2)**2 - S2*S3+S3 **2)**(.5))*3
END SUBROUTINE

Furthermore, a user-defined colour scheme has to be
added, where the threshold values are equal to those
defined in Table 1.

Examples for Classification

In the previous section, two criteria were presented
for classification into cavitation-insensitive and
cavitation-sensitive adhesive joint systems. The first
criterion is only suitable for axially loaded adhesive
joint systems and can be evaluated analytically, cf.
(Hamdi et al., 2014). The second criterion evaluates
the multi-axiality of the three-dimensional stress state
in an FE model and thus analyses which deformation
states occur in the adhesive as result of external loads
(Drass et al., 2018a). Now that two criteria are now
available for categorizing typical adhesive joint
systems used in facades are evaluated below to verify
the quality of both criteria.

13

Table 1: Theoretical and threshold values for modified triaxiality

Modified

Stress state Theoretical value triaxiality £ 10%

Triaxial Tmod = o0 0 > 7mod = 20
Biaxial Mmod = 2 23> mod = 1.7
Uniaxial Mmod = 1 13> mod = 0.72
Shear Tmod = 0 0.17 > 7mod > 0

First of all, the ETAG H-shaped test sample is
evaluated because it corresponds to the geometrical
boundary conditions according to ETAG 002 (2012) and
secondly because it is used to experimentally determine
the structural behaviour and (yield) strength for tensile
and shear loading. Calculating the shape factor
according to Hamdi et al. (2014) results in a value of S
= 0.4 < 1.0, which means that this joint geometry is
cavitation-insensitive. The numerical evaluation of the
triaxiality of the ETAG H-shaped sample under pure
shear loading shows that large areas of the specimen
are actually subjected to pure shear loading since 7mod <
0.17. Furthermore, it can be seen from Fig. 2a that no
defined deformation state prevails in the marginal areas,
since stress superposition occurs here. Finally, it should
be noted that according to the criterion of triaxiality, no
triaxial stress results, which can also be confirmed by
the evaluation of the shape factor according to
Hamdi et al. (2014). This is proven by the fact that S is
significantly smaller than one. Therefore, the strict
geometrical requirements for adhesive joints according
to ETAG 002 (2012) could be made comprehensible on
the basis of the presented criteria for distinguishing
between cavitation-insensitive and cavitation-sensitive
by evaluating the ETAG H-probe.

In the second example, a cantilevered, flat-bonded
glass railing system from the Glas Trésch Group is
examined with the aforementioned criteria with regards
to its susceptibility to cavitation or triaxial stresses. As
can be seen in Fig. 2b, it is a cantilevered glass pane,
which is flat-bonded in the lower area and functions as a
cantilever beam with regard to the fall protection of
people. The evaluation of the shape factor S of Hamdi et al.
(2014) results in a value of approx. 4.5, so that this
system can be classified as cavitation-sensitive. This can
be further proven by the numerical evaluation of the
triaxiality, where a triaxial deformation in the centre of
the adhesive is clearly visible. Consequently, the
standardized design approach according to ETAG 002
(2012) is not applicable for such a system. A prime
example of cavitation-sensitive adhesive joints are so-
called point fixings, in which large glass panes are
connected to the secondary building structure at certain
points via thin adhesive joints. As shown as an example
in Fig. 2c, the shape factor is S = 12.5, which indicates a
high risk of cavitation failure. Furthermore, if triaxiality
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is evaluated for different stress scenarios, the visual
representation quickly shows that large areas in the flat
adhesive joint undergo triaxial deformations, so that the
cavitation effect is likely to occur. In the last example, a
complicated adhesive joint detail is presented, where a
U-shaped adhesive joint was formed in a U-steel profile
in order to connect glass beams (Hagl, 2016). The

evaluation of the shape factor results in a value of 2.5
under axial load, so that cavitation failure is probable. If
one continues to evaluate the visual criterion of
triaxiality, it becomes clear that large areas also
experience triaxial deformations here. As a result, the
effect of cavitation is also present in this adhesive joint
geometry (cf. Fig. 2d).

(a) ETAG H-shaped test sample under shear loading

due to self-weight of glass pane

S=04<1.0

(b) Flat glued railing system: SwissRailing©Glass Trosch Group

/

80 mm

Silicone t =8 mm

S.A

S=45>10

(c) Point fixing in axial and axial and shear loading

N
H temsanans =
‘ : Slllconet-lmm
Point fixing
+ TSR §$=125>>10
(d) Bonded u-profile under axial loading ]
T &3 8 I 20
=
- M3
]
3
SA 3§ l 17
s 13
k|
N 5072
Silicone
0.17

Adhesive

Shear

§$=25>10

Fig. 2: Numerical evaluation of triaxiality #mod for (a) ETAG H-shaped test sample under shear loading, (b) cantilevered flat-bonded
glass railing system under handrail load, (c) point fixing under axial and mixed mode loading and (d) U-shaped bondline for

glass beams under axial loading (Hagl 2016)
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This descriptive analysis should clearly explain to
structural engineers in practice, that the topic of
cavitation is an important point when designing adhesive
joints in facade applications. Not only in the field of
material modelling but also in dimensioning and
verification of failure and structural integrity.
Considering the stress-based dimensioning of cavitation-
sensitive silicone adhesive joints using FE calculations,
which are commonly used in facade applications, the
calculations lead to large stresses as a result of the
triaxial deformation in the core of the material. However,
in order to dimension the adhesive joint in accordance
with the established technical rules, either the load level
is greatly reduced or the global safety factor is adapted to
meet the design requirements (Hagl, 2016). Although
this procedure leads to the desired result, i.e., the static
verification is met, this procedure is mechanically not
appropriate and sound since, according to ETAG 002
(2012), a purely isochoric failure is assumed. However,
since cavitation-sensitive adhesive joints undergo a
triaxial deformation, which is caused in particular by the
bulk modulus K and not the shear modulus G for stress
calculations, it is not surprising, that high stresses occur
in the material even at small external loads and
deformations. This can be explained by the fact that in
rubber-like materials the bulk modulus K is several
orders of magnitudes larger than the shear modulus G
due to the silicones being thermomechanically in the
entropy-elastic and thus (nearly) incompressible state.
Attempting to calculate the structural behaviour
cavitation-sensitive adhesive joints and to evaluate the
isochoric failure criterion according to ETAG 002 (2012)
for volumetric deformations, it is obvious, that the
design verification makes no sense on the one hand and
is quickly exceeded on the other hand. Therefore, it
seems reasonable to categorize the material models for
cavitation-insensitive and cavitation-sensitive adhesive
joints and to define a separate failure criterion for
isochoric and volumetric failure.

Within the scope of this work, however, only
cavitation-insensitive joints will be analyzed, as the
novel concept for the verification of adhesive joints
will be brought closer to the reader step by step. An
extension of the concept to cavitation-sensitive
adhesive joints becomes part of an additional paper by
the authors in near future.

Classification of Material Models

From the categorization of different adhesive
connection systems established in practice into
cavitation-insensitive and cavitation-sensitive adhesive
connections, the influence of the lateral contraction
restriction, which can lead to cavitation, has a direct
influence on the computation of stresses. Working with
wrong assumptions regarding the constitutive model
with respect to three-dimensional FE analysis leads to

15

wrong results and incorrect designs of bonded
components. Therefore, a recommendation regarding the
choice of material models is made in the following in
accordance with the categorisation shown in Fig. 1.

Considering first cavitation-insensitive adhesive joint
systems, only isochoric, i.e. volume-constant
deformations, occur in the material, so that material
models implemented in commercially available FE codes
can be easily used for stress calculations. Since for
typical structural silicones with respect to the fagade
application, the initial stiffness has to be approximated
well in order to perform a robust and physically correct
calculation of the occurring stresses (Dispersyn et al.,
2017), it is recommended to use hyperelastic material
models such as the models proposed by Marlow (2003),
Dias et al. (2014) and Drass et al. (2018b). With these
material models it has already been shown that the
structural response of silicone adhesives can be very well
approximated over the entire deformation range.
Furthermore, it is recommended to avoid an
incompressible material formulation, since on the one
hand silicones also allow a slight increase in volume even
under isochoric deformations and on the other hand the
assumption of incompressibility in numerical calculations
may lead to numerical problems and convergence issues
during the stress calculation. If, for example, the process
of a FE calculation is considered, the condition of J = 1
must be enforced via the element technology used (h-p
elements). In this context, J = det(F) means the relative
volume change of one finite element. However, this
cannot necessarily be guaranteed in all structural
situations and calculations. Thus, if the solver allows a
supposedly very small increase in volume, the so-called
penalty term takes effect, by which the small increase in
volume is multiplied by the infinitely large bulk
modulus. This may artificially punish the results of the
stress computation, as in addition to the stresses from
isochoric deformations, stresses are also arising as a result
of the penalty term. This may lead to the situation of the
static verification is being exceeded when dimensioning
an adhesive joint in terms of stresses. If the structural
engineer has no experimental data available regarding the
bulk modulus, a bulk modulus of approximately K ~ 1000
MPa can be assumed as a first approximation for silicone
adhesive joints. This results in a deviation between
incompressible to compressible material formulations of
less than 1% for nearly isochoric deformations while
avoiding problem arising from the penalty method.

In contrast, cavitation-sensitive adhesive joint
systems must take into account the compressibility due
to void growth. As already described by Drass et al.
(2018c), void growth caused by a triaxial deformation of
the material leads to effective stress softening and to
large volume changes in the material. Since especially in
cavitation-sensitive adhesive joints a triaxial loading of
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the material occurs, it is proposed to use the pseudo-
elastic cavitation model presented by Drass et al. (2019a).
This model is characterized by a high quality of adaptation
to volumetric experimental data and physically motivated
material parameters. The volumetric material parameters
for the pseudo-elastic cavitation model to describe the
cavitation effect in rubber-like material, here in silicone
adhesives, can be determined on the basis of pancake
tensile tests and their inverse recalibration. In order to
obtain a clear representation for the choice of the
material model depending on the adhesive joint
geometries to be investigated, reference is made to Fig.
3, in which material models are proposed according to
the classification of cavitation-insensitive and cavitation-
sensitive adhesive joints.

Limit State Analyses and Safety Concept

In order to verify the adhesive joints in a static design by
means of the finite element analysis, a limit state analysis
under consideration of a safety concept is necessary. Since
we limit ourselves in this paper to ETAG-compliant
adhesive joints, we will present generally how the
verification concept of ETAG 002 (2012) can be transferred
using FEM and further how the semi-probabilistic safety
concept according to EC 0 presented in Drass and Kraus
(2019) can be applied to the design process. As silicone
adhesive the material DOWSIL 993 is examined as an
example within this paper.

According to the European Technical Approval
(ETA) for DOWSIL 993, the material is allowed a
nominal (i.e., engineering stress measure) tensile
strength of 0.14 MPa and a nominal shear strength of
0.11 MPa. These nominal design strengths must now be
transferred into the context of Finite Element Analysis
(FEA). For this purpose, the following two assumptions
have to be made or selected in order to be able to
perform a verification at all:

e  Selection of a suitable material model

e  Specification of a predefined FE mesh with a fixed
edge length in order to master the problem of stress
singularities

To obtain an ETAG 002-compliant failure criterion,
the stated design strengths of the investigated structural
silicone must be transferred into the context of the FEM.
This can be easily done by applying the design failure
forces to the ETAG-H specimens in an FE model with a
predefined element edge length. When the critical limit
force is reached, for example, the true (i.e., Cauchy)
principal stress can be obtained. This method is used to
transfer the nominal stress according to the ETA of the
structural silicone to a true principal stress using FEM

(o5 — ot ) - It is important that the defined mesh size

of the H-specimen corresponds exactly to the mesh size
of the structural component. This is necessary to
overcome the problem of stress singularities present in
any FE solution and influences of the mesh on the
magnitude of the obtained stress results. Furthermore, it
is important to use a validated constitutive model for this
procedure in order to adequately represent the structural
behavior of the silicone. The level | approximation of
characteristic values for yield tensile and shear stresses
with associated partial material safety factors was
presented for the DOWSIL 993 in part | of this paper
Drass and Kraus (2019).

An exemplary calculation for presentation purposes of
the procedure is presented in the example chapter.
However, at this point it should be mentioned that any
sensible failure criterion can be used and associated with
respective partial material safety factors and characteristic
values. An important thing thereby is, that failure can
adequately be represented by the criterion in comparison
to obtained experimental data. However, if one does not
want to apply complex failure criteria (as e.g., given in
(Drass, 2019; Drass et al., 2019b)), one can always access
ETAG 002 and apply the criterion presented there.

[ Silicone bonding in facade applications ]
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Cavitation-insensitive
adhesive joints
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¥

Cavitation-sensitive
adhesive joints

» Compresible hyperelastic material model
necessary for 3D calculation of stresses

« Attention in the choice of isochoric model to
approximate the initial stiffness correctly

+ If no volumetric experimental data available,
choose K = 1000 MPa

» Pseudo-elastic cavitation model necessary to
account for strong volume changes due to
void growth

« Physically correct representation of the
material behaviour independent of the choice
of adhesive, adhesive joint geometry or load

Fig. 3: Engineering toolbox for the schematic classification of adhesive joints for facade applications into cavitation-sensitive and
cavitation-insensitive adhesive joints and the recommendation of material models for their modelling or calculation
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Verification Example

In this section, a simple example of a glass pane with
structural bonding on all sides is calculated and the
structural silicone is verified by FEM. The aim of the
study is twofold: On the one hand to show how to apply
the verification concept in its general form and on the
other hand to conduct a comparison of various safety
concepts for dimensioning the joint in terms of efficiency
and economy. The benchmark problem is described by
how much wind load this rectangular plane with silicone
adhesive joint support can absorb using different safety
concepts. The geometry of the glass pane and the glued
joint is therefore defined in advance and the wind load is
increased until the ultimate limit state is reached.

Classification

As mentioned above, a glass pane supported by
silicone adhesives on all four sides under wind load is
to be verified using FEM. The glass pane has a width of
a = 1500 mm and a height of b = 3000 mm. The
thickness of the glass pane is 10 mm. The adhesive
joint is fixed to the edge of the glass pane on all sides.
The joint has a width of he = 12 mm and a height of e =
6 mm so that the requirements of ETAG 002 (2012) are
met, which in detail are:

e<h <3e (4)
and:
e>6mm 5)

A representation of the system as well as the
boundary conditions is shown in Fig. 4. In order to
save computational time, only a quarter model was

m DOWSIL 993
7 Glass

Fixed supported ——

modelled. Accordingly, symmetry conditions were
applied to the cut edges. The wind load was defined as
external pressure applied to the glass pane. The
silicone and the glass were modelled with three-
dimensional, higher-order volume elements, whereby
the contact between glass and silicone was realized by
a so-called internal multipoint constraint (MPC)
contact formulation (ANSYS Inc. 2019). The glass
was assumed linear elastically with a Young’s
modulus of E = 70, 000 MPa and a Poisson’s ratio of
v = 0.23. The silicone, on the other hand, was initially
equipped with a standard compressible Neo-Hookean
material model, where the initial shear modulus was
chosen to 4 = 0.67 MPa and the bulk modulus reads K
=1, 000 MPa. This corresponds to the manufacturer’s
specifications and allows one to classify the present
adhesive joint. At this point where only the
classification of the adhesive joint into cavitation-
sensitive or insensitive takes place, it is absolutely
sufficient to use the compressible Neo-Hooke material
model. When performing the structural verification
analysis. However, a more accurate constitutive model
is used that reproduces the structural behavior of
DOWSIL 993 very well. Since a hyperelastic material
model is used here a geometrically non-linear
calculation was also carried out.

As we have already presented in the section for
classification criteria, there are two approaches for the
classification of adhesive joints - an analytical approach
and a numerical approach. Both are presented in the
following example. Evaluating the analytical approach
for the present example, one gets a first indication that it
is a cavitation-sensitive adhesive joint. So putting the
adhesive joint dimensions in Equation (2) results in S =
1.99 > 1.0, so that this criterion says that cavitation may
occur in the joint.

DOWSIL 993 with
he=12 mm|e =6 mm

Y

A

Fig. 4: Glass pane with four-side silicone bonding support under wind load
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Fig. 5: Evaluation of the triaxiality criterion for the glass pane with four-side silicone bonding support under wind load

In order to study this fact in more detail or to decide
whether complex material models have to be applied, the
triaxiality proposed in Equation (3) is additionally
evaluated numerically in the following in order to better
understand the prevailing deformation state of the
adhesive joint. Thus, if one carries out this study and
evaluates the triaxiality for the silicone, one recognizes
that the adhesive joint is mainly utilized by uniaxial or
biaxial tension (cf. Fig 5). Triaxial deformations do not
occur in the adhesive joint, so that it could be shown that
a cavitation-insensitive adhesive joint is present. This
means that a standard formulation can be used for the
volumetric part of the hyperelastic material model. Since
the evaluation of the triaxiality examines the actual
deformation condition of the joint much more precisely,
this criterion is preferable to the simple manual
calculation from Equation (2).

Since the calculation has shown, that a cavitation-
insensitive joint is present, the isochoric, i.e. volume
constant, part of the hyperelastic material law should be
chosen in such a way that it can reproduce the material
behaviour of DOWSIL 993 well under any volume
constant deformations. This will be shown in the next
section. As the volumetric structural behavior is of minor
interest, since no triaxial deformation occurs, a standard
formulation can be used.

Material- and FE Modelling

In this section, the material modelling for
DOWSIL 993 is presented in detail. A novel
hyperelastic material model is used, which is ideally
suited to represent the strongly non-linear, isochoric
material behaviour. Since a cavitation-insensitive
adhesive joint is present, the volumetric hyperelastic
material model is just equipped with a standard
formulation, which will be shown later.
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Verification of Material Model

The novel rational Helmholtz free energy function
based on the Nelder function (Nelder 1966; Drass, 2019)
is applied in the following studies, which is applicable
for different types of elastomers and engineering
applications. The Helmholtz free energy function
consists of four material parameters (a0, o1, fo and fr)
and all isochoric deformations are described by the first
and second isochoric principal invariants:

L3 . (.9

“ara(1,-3) B +A(1,-3)

Y (6)

iso

As stated above, the volumetric part of the
hyperelastic material model is described by a standard
linear formulation, which reads:

Lonl :g(‘] _1)2' (7)

where, K represents the bulk modulus of the silicone and J
is the relative volume change. Consequently, the complete
constitutive law for DOWSIL 993 is as follows:

Y= \Fiso + \onl
K

(1. -3) (1. -3) = (3-1)

Tara (1 -3) A+h(,-3) 2

(8)

As can be seen from Equation (8), five material
parameters must be identified for the silicone DOWSIL
993. Without going into detail here, the material
parameters are summarized in Table 2 for the structural
silicone under consideration, cf. (Drass, 2019).
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Fig. 6: Fitting results of DOWSIL 993 under Uniaxial Tension loading (UT) and Shear Test (ST)

Table 2: Material parameters of the Helmholtz free energy

function ¥
Model Parameters
Isochoric o= 3.0127 a1 =0.0705
Po=3.172 S =30.129
Volumetric K =2954

The fitting results for a Uniaxial Tensile test (UT)
on dogbone test samples and shear tests (ST) for H-
shaped test samples are shown in Fig. 6. As it is
obvious, the fitting results of DOWSIL 993 under
tensile and shear loading while using the novel
Helmholtz free energy function presented in 6 show a
very good approximation. The structural behavior
could thus be very well analytically approximated
over the entire deformation range.

Validation of Material Model

Despite the calibration of the material model has
shown good fitting result, it is also necessary to validate
the material model against experimental data.

To show the quality of the selected material model,
the ETAG H-specimen is simulated under tensile
loading and compared with experimental data. The
classical H-shaped test specimen is commonly used to
investigate the structural behavior and failure of
silicone adhesives in facade joints. It is made up of
steel or glass plates which are connected to each other
with a so-called linear adhesive joint (cf. Fig. 7a). In
this context, linear means that the adhesive joint is
applied linearly along the edges of two components to
be joined. The adhesive joint has the dimensions
12x12x50 mm according to ETAG 002 (2012) and is
loading uniaxially. In contrast to conventional
dumbbell-shaped tensile test specimens, the ETAG
test sample exhibits an inhomogeneous stress and
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strain state, making it ideally suited for the validation
of hyperelastic material models.

For validation, the H-sample is numerically analysed
in tension, where the material parameters proposed in
Table 2 are used as input. A three-dimensional model
with higher order element exhibiting quadratic shape
functions was set up to avoid numerical locking effects.
The numerical model and the results of the validation in
the form of force-displacement diagrams are shown in
Fig. 7b. Analysing the results of the proposed model, one
can conclude that it is capable of accurately reproducing
the high initial stiffness. Hence, the new material model
allows a good approximation of the global structural
behavior of the H-shaped test sample under tensile
loading. The high initial stiffness followed by moderate
softening can be reproduced very well with the new
model. As a result, the validation with the new proposed
hyperelastic material model has been successful.

At this point an interesting connection to part | of this
paper can be established. In (Drass and Kraus, 2019), the
coefficient of variation for the material model Vv was
assumed to be 0.10 which can now be quantified for this
specific design situation. Within the context of this
paper, we follow annex D of ECO (DIN EN 1990, 2010)
to obtain the quality of the resistance model as well as an
estimate for the coefficient of variation for the model Vu
for predicting the failure load. Taking the data form Fig.
7b, the resistance correction factor can be computed to
b = 0.95, which means, that the proposed constitutive
model on average overestimates experimentally obtained
results by 5% (which the resistance model in the
following will not be corrected for). Further evaluation
of the data result in Vy = 0.05 and thus the partial
material safety factor yw as computed by Drass and
Kraus (2019) is a conservative estimation and suitable
for the further verification procedure.
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analysing the proposed isochoric hyperelastic material model

Limit State Analyses

In this section the limit state analysis is now carried
out using the example of the four-sided supported glass
pane under wind load. The support is achieved by
linear adhesive joints made of the structural silicone
DOWSIL 993. Since the aim is to compare different
safety concepts, starting with a global safety concept in
accordance with ETAG 002 via a semi-probabilistic
partial safety concept in accordance with DIN EN 1990
(2010) (cf. (Drass and Kraus, 2019)), the example is
prepared in such a way that the result is the maximum
wind load that can be carried in each case, where the
higher the design wind load, the more efficient the
adhesive joint was dimensioned.

Failure Criterion for DOWSIL 993

To define a failure criterion for DOWSIL 993, first of
all a numerical analysis on an ETAG H-specimen with a
defined mesh size of 2 mm must be carried out. Since the
example analysis a glass pane under wind load, it is
sufficient to analyse only the H-sample under tensile
load, since the adhesive joint of the structural component
is also subjected to tensile load due to the wind load
acting on the glass pane. If the component situation
nevertheless introduces shear forces into the adhesive
joint, this case must also be analysed. However, this is
not taken into account in this example.

For this purpose, the ETAG H-specimen must first be
simulated under tension using a validated material
model. In order to have a direct relationship between
FEM and ETAG 002, the H-sample must be loaded with
a tensile force defined as:

Fow =0% 7 - A=0.14.6-12-50 = 504N.

tens nol

©)
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Displacement [mm]

(a) FE-model of ETAG H-shaped specimen; (b) validation of ETAG H-shaped test sample under uniaxial tensile loading

Since we now have a characteristic load (without
any safety level), the results from Equation (9) must be
divided by the required safety factor. Applying the
semi-probabilistic safety concept according to EC 0,
the following loads are specified according to the
calculated ym from Drass and Kraus (2019), with which
the simulations must be carried out. Since in the
following example we also apply the concept proposed
by ETAG 002 (2012) for reasons of comparison, this
load is also defined for the classical global safety
concept. A reduced global safety factor of yw: = 4 acc.
to DIBt Concept (2012) is often used in practice when
silicone adhesive joints are verified (in Germany) using
FEM, however a mathematical background or
derivation for this factor is still missing. As this reflects
the state of the art, we use in the following the reduced
global safety factor of 4.

Looking at Table 3, the FE calculations result in three
different true principal stresses, which on the one hand
correspond to the reduced ETAG 002 level. On the other
hand, the partial safety factor concept according to EC 0
was used to calculate two principal stress values which
were computed using the partial material safety factors
determined from Drass and Kraus (2019).

Based on the calculated loads, the numerical ETAG
H-shaped model is individually loaded with a fixed
element size of 2 mm. This size was chosen
gratuitously and can be adjusted individually. It is
important that the mesh size between ETAG specimen
and component is the same in order to circumvent
issues related to stress singularities. From the
computations, the value of the true principal stress can
now be obtained, corresponding to a new true design
stress. However, it is important to note that these stress
values cannot be directly compared as the ETAG
concept as it utilizes a global safety concept to the



Michael A. Kraus and Michael Drass / International Journal of Structural Glass and Advanced Materials Research 2020, Volume 4: 10.23

DOI: 10.3844/sgamrsp.2020.10.23

resistance side and the EC 0 uses a partial safety
concept where safety factors are applied to the action as
well as the resistance side. Nevertheless, the following
example shows how much wind load this structure can
resist given the adhesive joint dimensions.

In order to be able to compute that maximum wind
load, the maximum principal stresses in the adhesive
joint must be calculated in the FEA and compared with
the values of o, in Table 3. The limit state:

O-lFE - fofue = O (10)

then provides the maximum wind load that can be
carried by the system.

The choice of the principal stress criterion as the limit
state function has been deliberately chosen at this point
so that the general procedure for the adhesive joint
verification is first understood and a direct link to ETAG
002 is provided. In a further paper by the authors it will
be shown that instead of Equation (10) any failure
criterion can be used as long as it is able to describe the
material failure, for example, by a strain or stretch
measure (Rosendahl et al., 2019).

ETAG 002 - Analytical Approach

Starting with the analytical calculation of the
problem, ETAG 002 gives us a hand calculation formula
to obtain the maximum design wind load, which acc. to
ETAG 002 is computed via:

classic __ 2 Oles * hc
pETAG

a 1500

_ 200812 150224 (12)
m

This simple manual calculation represents the current
state of the art. However, it should also be noted that the
simple verification requires a high global safety factor of
6, since the actual load-bearing behaviour is not
represented, nominal stresses are used here and effects
due to ageing are not taken into account. Nevertheless,
this approach provides an adequately high wind load that

the adhesive joint can withstand. Now it has to be shown
that with more precise methods it is possible to further
increase the wind load that can be carried with that very
system in order to justify the additional effort through
the FE computation.

Finite Element Computations

This section presents the results of finite element
calculations on the four-sided silicone-sealant supported
glass pane under wind loading. The mechanical model as
well as the material model for the silicone were already
presented in the prior sections.

In the computations carried out, the wind load was
thus increased until the respective failure criterion was
reached. The failure criterion, which must be evaluated
in the FEA is already defined in Equation (10). The
corresponding principal failure stresses in accordance
with the particularly chosen safety concept are given in
Table 3. At this point it is important to note that these
design stresses are tied to the FE mesh with an edge
length of 2 mm. Therefore, the calculations of the
silicone adhesive joint of the glass pane with an edge
length of 2 mm must also be performed. As a reminder,
the ETAG 002 concept was transferred to the FEM using
different global safety factors and the semi-probabilistic
safety concept according to EC 0 for the DOWSIL 993
was developed and applied.

After successful calculation, the silicone is checked
to see if the critical, true principal stress has been
reached. The corresponding wind load is then obtained.
For better illustration, a deformation plot of the quarter
model is shown in Fig. 8. The maximum wind loads for
the different safety concepts are summarized in Table 4.
In order to have comparability between global and semi-
probabilistic safety concepts, the wind loads determined
for the semi-probabilistic safety concept must be divided
by the partial safety factor from the action side. Since we
only consider wind loads in this example, the determined
wind load is divided by yeq = 1.5. The adjusted values
are shown directly in Table 4, so that the levels of the
calculated wind loads can be directly compared on their
characteristic level.

Table 3: Critical, true principal stress for DOWSIL 993 for different safety concepts

ETAG 002 (2012)-red PSF-A PSF-B
Safety Factor Yot = 4 ym, 5% = 1.63 ym,10% = 2.02
Force [N] Fetac,red = 126 Frsr-a = 309 Frsr-8 = 250
ot [MPa] 0.64 1.43 1.16

Table 4: Maximum characteristic wind load of the system for different safety concepts

ETAG-Manual ETAG-FEM PSF-A PSF-B
Safety Factor Yot = 6 Yot = 4 M, 5% = 1.63 M, 10% =2.02
pk [KN/m?] 2.24 1.51 3.59 2.59
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Discussion

Comparing the results from Table 4, it is interesting,
that the FE simulation with safety factor of 4 delivers a
33% lower wind load than the analytical solution acc.
to ETAG 002. This can be justified by the fact that in
the FE simulation the state of deformation within the
adhesive joint is described much more precisely and no
’smeared’ nominal stresses are evaluated. Despite the
adjustment of the global safety factor from 6 to 4 as a
result of the exact calculation, this method nevertheless
provides a conservative result compared to the
analytical solution. Furthermore, one can also argue the
opposite way and claim that the assumptions made in
the manual calculation according to ETAG 002
represent the actual structural behavior very
inaccurately. Although one tries to counteract these
inaccuracies with the global safety factor of 6, it was
shown here, that one cannot say with certainty whether
this level is sufficient at all. From the literature, many
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sources are known that trust the safety level of 6, but an
exact derivation of the safety factor was never published.

Comparing the results from the semi-probabilistic
with the global safety concept, the wind load could be
significantly increased compared to the manual
calculation (Fig. 9) by an exact FEM simulation together
with specifically and consistently derived partial material
safety factors. For the assumed case of having model and
geometry coefficients of variation of 10%, resulting in a
ym = 2.02 as proposed by Drass and Kraus (2019), a load
increase of 16% is seen. If these variabilities could be
reduced to 5%, the wind load can further be increased by
61% compared to manual calculation. This represents a
significant progress, since not only loads could be
increased, but also a mathematical basis for determining
a partial material safety factor was presented and
applied to the structural silicone DOWSIL 993 for a
stress based failure criterion. Finally, within this paper
it was shown how a verification concept can be
methodically carried out using FEM.

To this end, the two parts of this publication have
high significance for both, scientific as well as practical
aspects of a Eurocode-conform and state-of-the-art
design and verification process for structural silicones.

Conclusion

In this paper a mechanistic and thus generally valid
verification concept for the dimensioning of silicone
adhesive joints with the FEM was presented. With the
help of this concept, it is now possible to numerically
accurately  verify complex adhesive structures.
Furthermore, the Eurocode-compliant semi-probabilistic
safety concept for a silicone (DOWSIL 993) was
presented and applied for the first time in the
verification concept. Here, it could be shown in a very
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simple example that load bearing reserves can be
exhausted without saving on safety. It could also be
shown that with the mathematically founded basis of
the partial safety factor for silicone, adhesive joints can
for the first time be calculated and evaluated on the
basis of the Eurocode. This is a novelty and has not yet
been carried out. Furthermore, by deriving a partial
safety factor for silicone, the discussion about the
global partial safety factor according to ETAG 002 can
finally be silenced, as a comprehensible derivation has
now been given for the first time.
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