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A trend towards adhesive connections instead of mechanical ones can be observed for transparent facades in recent years. 
Furthermore, research efforts are made to increase the efficiency regarding material use by designing systems with 
composite structural behavior. In this article, experimental and numerical results obtained for linear structural silicone 
joints between glass and stainless steel substrates, investigated separately under tensile and under shear loading, are 
discussed. The two selected adhesives, Dow Corning® 993 and Sikasil® SG-550, are approved for structural sealant 
glazing systems and are planned to be used within a novel concept for façade elements with composite structural behavior, 
consisting of a glass pane and a filigree metal framing. For an adhesive joint with prismatic geometry, the influence of 
different lengths, widths and thicknesses of the joint on its mechanical performance is assessed experimentally under 
tensile loading, while under shear loading only different thicknesses are investigated. Both under tensile and under shear 
loading, a dependency of the failure engineering stresses on the joint thickness is noticed. In a second step, the suitability 
of selected hyperelastic models is assessed for predicting the load versus displacement behavior of the investigated linear 
adhesive joints. The parameters required for these models are determined based on uniaxial tensile tests on dumbbell 
specimens. 

Keywords: Structural silicone, Glass-stainless steel connection, Composite structural behavior, Tensile test, Double-lap 
shear test, Hyperelasticity 

1. Introduction 
In recent years, transparency is a popular characteristic of façade designs, especially for public and office buildings. 
At the same time, the efficiency demands for facades are constantly increasing. Beside the energy efficiency, which 
can be improved for example by using functional glazing types or adaptive shading elements, the performance of 
facades is also influenced by the solutions adopted for connections and the optimized material use. In terms of 
connections, adhesive joints are more and more preferred instead of mechanical fixings for several reasons. Boreholes 
in the glass panes are not required for adhesive connections and, as a consequence, high local stress concentrations as 
well as thermal and acoustic bridges can be avoided. Furthermore, adhesive connections, generally, lead to a more 
aesthetically appealing overall aspect of transparent facades. For linear adhesive joints, the most common applications 
are structural sealant glazing systems (SSGS), which are regulated in ETAG-002 (EOTA 2001) and in ASTM C 1401-
02 (ASTM 2002). For these systems, glass panes are circumferentially bonded to frame profiles made of aluminum, 
stainless steel or timber by elastomeric silicone adhesives with relatively low strength and high flexibility. The 
advantages of this type of adhesives are on the one hand that they are well investigated compared to other adhesive 
types and on the other hand that their properties do not significantly degrade over time. Because of the knowledge 
existing on silicone adhesives, generally at least one such material is included as reference in research projects 
focusing on the selection of adhesives for new applications (Belis et al. 2011; Overend et al. 2011, Nicklisch et al. 
2014). 

In terms of efficient material use, efforts are made to design systems with composite structural behavior which take 
advantage of the properties of the involved materials. For façades, studies to activate the glazing as a bracing element 
by circumferential adhesive bonding have been carried out by Wellershoff (2006) and by Huveners (2009). In these 
two projects, four bars made of steel were connected with hinges at their ends in order to form a squared frame. The 
steel bars, to which a glass pane was circumferentially adhesively bonded, had a large out-of-plane stiffness. However, 
silicone adhesives were considered unsuitable for these applications because of their low strength and stiffness. 
Acrylic adhesives and polyurethanes were preferred within these two research projects. The use of glass panes as 
bracing elements for single-story buildings was investigated by Mocibob (2008). For supporting the glass panes 
spanning from ground to ceiling, a concept which combines silicone adhesive bonding and grouting was used. 

Aiming at developing an innovative façade system which uses the glazing as bracing components and spans over more 
than one story, the glass-metal elements as illustrated in Fig. 1 are introduced in this contribution. These elements 
were developed based on the concept introduced by Mocibob (2008) as well as considering the fact that silicone 
adhesives are the only ones approved by authorities for the use in façade applications. As shown in the conceptual 
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sketch from Fig. 1a), the elements consist of a relatively filigree metal framing and a glass pane which are bonded 
together circumferentially with a structural silicone joint. Because the shear stiffness of the silicone adhesive is too 
low for activating alone the glass pane as a shear panel, grouting or setting blocks are additionally positioned near the 
corners of the glass pane. Investigations on the transfer of compressive loads by setting blocks or grouting at the glass 
edge were previously conducted by Wellershoff (2006) and by Englhardt (2007). The silicone adhesive is planned to 
transfer the out-of-plane loads between framing and glass pane, while in-plane loads are transferred by the grouting 
or by the setting blocks. Beside the combined load transfer mechanism, the introduced elements differ from similar 
systems investigated previously through the fact that the filigree framing (see Fig.1b) does not act as a rigid out-of-
plane support for the glass pane. Elements with monolithic glass panes and with laminated glass panes were 
investigated experimentally and by finite element simulations. Moreover, the simplified developed concept can be 
applied for insulating glazing too. In this contribution, results from investigations at material and connection level for 
two structural silicone adhesives considered for these innovative elements are presented and discussed. 

 
a) 

 
b) 

Fig. 1 Proposed glass-metal elements with composite structural behavior: a) conceptual sketch of the corner area and b) large-scale test 
specimen after manufacturing. 

2. Materials and methods 
The two structural silicones included in the investigations which are discussed in this paper show in general similar 
characteristics. Both materials are two-component-silicones which cure by polycondensation and have a density of 
1.30 kg/l after mixing. For Dow Corning® 993, the base component and the catalyst should be mixed in a ratio of 7.8:1 
by volume, while for Sikasil® SG-550 the mixing ratio by volume should be 10:1. Further selected specifications 
required for manufacturing as well as the service temperatures according to the product data sheets (Dow Corning 
2014 and Sika 2016) are provided for the two adhesives in Table 1. Certain strength and stiffness values are given as 
well in the product data sheets, but, since these values are determined according to different standards for the two 
silicones, they are not included here. 

Table 1: Selected specifications for the investigated structural silicones according to Dow Corning (2014) and to Sika (2016). 

Adhesive Working time Tack-free time Availability Service temperature 

Dow Corning® 993 10 to 30 minutes 80 to 100 minutes drum/pail & cartridge -50°C to +150°C 

Sikasil® SG-550 30 minutes 150 minutes drum/pail -40°C to +150°C 

 

Dow Corning® 993 is probably the adhesive for structural glass applications for which the most research results are 
available. Its performance is well investigated under different types of loads and under different environmental 
conditions (Dias et al. 2014; Staudt et al. 2014; Hagl 2016). Moreover, material models, mainly hyperelastic ones, are 
proposed in literature for predicting its structural performance in finite element simulations. Sikasil® SG-550 is a 
silicone adhesive with slightly higher strength according to (Sika 2016) which was developed from the more often 
used silicone adhesive Sikasil® SG-500. The material properties of the latter product were investigated in (Van 
Lancker et al. 2016). Moreover, this adhesive was also included in studies on suitable adhesives for glass-metal joints 
(Belis et al. 2011) and for glass-timber joints (Nicklisch et al. 2014). For Sikasil® SG-550 however, only few research 
results are available (Nardini and Doebbel 2015). 

For the two silicone adhesives mentioned in Table 1, results from uniaxial tensile tests on dumbbell specimens as well 
as from tensile and shear tests on linear glass-stainless steel joints are discussed in this contribution. All these tests 
were performed at ambient conditions of ~23°C and ~50% relative humidity. The test specimens and setups are 
described in the next subsections. For the connection tests, the glass substrates were made of monolithic thermally 
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toughened glass panes with a thickness of 10 mm for all specimens. The stainless steel substrates consisted of the 
material no. 1.4404 and all the bonded surfaces showed grinded finishes with abrasive paper P300. Before the 
application of the silicones, all bonded surfaces were treated as recommended by the adhesive producers: the glass 
surfaces were wiped over with cleaners and the stainless steel surfaces with both cleaners and primers. 

2.1. Uniaxial tensile tests on dumbbell specimens 
For the uniaxial tensile tests on dumbbell specimens different specimen types were used for the two silicones: (i) 
specimens of type C according to ASTM D412 (ASTM 2013) for Dow Corning® 993 and (ii) specimens of type 2 
according to ISO 37 (ISO 2011) for Sikasil® SG-550. The geometry and the nominal dimensions of the two specimen 
types are shown in Fig. 2. Both specimen types have a nominal thickness value of 2.0 mm. All uniaxial tensile tests 
were performed displacement-controlled with a speed of 5 mm/min. For the Dow Corning® 993 specimens a Shimadzu 
testing machine with a 100 kN load cell was used. The deformations were measured with a video-extensometer. The 
Sikasil® SG-550 specimens were tested on a Zwick/Roell testing machine for loads up to 2.5 kN. The deformations 
were measured with a touching extensometer with soft calipers. 

 
a) 

 
b) 

Fig. 2a) Dimensions of the dumbbell specimen of type C according to ASTM D412 (ASTM 2013), used for the silicone Dow Corning® 993 
and b) Dimensions of the dumbbell specimen of type 2 according to ISO 37 (ISO 2011), used for the silicone Sikasil® SG-550. 

2.2. Tensile tests on linear glass-stainless steel joints 
The geometry of the specimens used for these tests is illustrated in Fig. 3a). A stainless steel sheet is bonded 
perpendicularly to a monolithic glass pane by a prismatic silicone joint. Starting from a joint with the dimensions 
length (l) x width (w) x thickness (t) of 100 mm x 20 mm x 12 mm, which is considered as a reference, all three 
dimensions are varied. Two additional lengths of 50 mm and 200 mm, two additional widths of 10 mm and 30 mm 
and two additional thicknesses of 6 mm and 18 mm are investigated. The stainless steel sheets have different lengths 
and widths depending on the size of the adhesive joints. Only one dimension of the joint is changed at a time. Six 
specimens were produced and tested for the reference series and three specimens for each other joint size. Therefore 
a total of 24 specimens are included in these investigations for each of the two silicones. After manufacturing, the test 
specimens are stored in a climatic chamber at 23°C and 50% relative humidity for 28 days in accordance to ETAG-
002 (EOTA 2001). 

 
a) 

 
b) 

Fig. 3a) Test specimen geometry for the tensile tests on glass-stainless steel connections and b) Test setup for these tensile tests. 

An electromechanical testing machine BETA1000 equipped with a 100 kN load cell is used for these tests. The tensile 
load is applied displacement-controlled on the stainless steel sheets with clamping jaws as illustrated in Fig. 3b). A 
displacement rate of 5 mm/min is used. The glass panes are restrained to the machine table with two square hollow 
section bars. Elastomeric layers are positioned between the glass panes and the metal components to avoid glass failure 
due to local stress peaks. In order to measure only the displacements occurring in the silicone adhesive as well as an 
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eventual rotation of the joint, one inductive displacement transducer (LVDT - linear variable differential transformer) 
is positioned on each front side of the stainless steel sheets. 

2.3. Double-lap shear tests on linear glass-stainless steel joints 
In the case of the specimens used for the double-lap shear tests, one stainless steel sheet was bonded on each side of 
a glass pane. The geometry of the specimens along with the dimensions of the glass pane and the stainless steel sheets 
are illustrated in Fig. 4a). Starting from adhesive joints with the same size as in the case of the tensile tests 
(100 mm x 20 mm x 12 mm), only the thickness was varied under shear loading. Two additional thicknesses of 6 mm 
and 18 mm were investigated. Six specimens were produced for the reference series and three specimens for each 
other thickness. The specimens were stored before testing under the same conditions as in the case of the tensile tests. 

The double-lap shear tests were performed on the same machine as the tensile tests. The test setup is shown in Fig. 4b). 
Two square hollow section bars were used to hold down the glass panes in a standing position. Furthermore, two steel 
sheets were fixed on the machine table at the bottom of the glass panes to restrain them laterally. The load was applied 
displacement-controlled with clamping jaws on a metal adapter part which was connected between the two stainless 
steel sheets. A displacement rate of 5 mm/min was used to pull the stainless steel sheets upwards, parallel to the glass 
pane. Since elastomeric layers were used again to avoid direct contact between the metal components and the glass 
panes, the relative movement between the stainless steel sheets and the glass panes was measured with one inductive 
displacement transducer in each of the two laps. 

 
a) 

 
b) 

Fig. 4a) Test specimen geometry for the double-lap shear tests on glass-stainless steel connections and b) Test setup for the double-lap shear 
tests. 

3. Experimental and numerical results 
The results from the uniaxial tensile tests and from the two different test types on silicone joints are discussed in the 
following subsections separately. First, the mechanical behavior of the two silicones under uniaxial tension is 
characterized and coefficients for selected hyperelastic material laws are determined. Afterwards, the mechanical 
performance of the linear silicone joints under tensile and under shear loading is discussed. Furthermore, results from 
finite element simulations are compared to the experimental results for the linear silicone joints. The two adhesives 
are modelled with linear-elastic material laws in a first step and with one selected hyperelastic material law based on 
the previously determined parameters in a second step. 

3.1. Material properties and models based on uniaxial tensile tests 
For the uniaxial tensile tests, the results are evaluated in the form of stress vs. strain curves based on engineering 
values. This means that the stresses are determined by dividing the measured forces, F, through the initial cross section 
area, A0 = b0 x t0, where b0 and t0 are the initial measured width and thickness, respectively, along the measurement 
length, L0 (see Fig. 2). The strains are determined by dividing the extension of the measurement length in load 
direction, ΔL, through the initial measurement length, L0. The results from the experimental tests are plotted as light 
grey continuous curves in Fig. 5a) for Dow Corning® 993 and in Fig. 5b) for Sikasil® SG-550. The curves obtained 
for different specimens of the same adhesive show a good agreement to each other. However, it can be noticed that 
the results for Dow Corning® 993 show a stronger noise, since the used load cell for up to 100 kN is not well for the 
small forces recorded during these tests. Mean values for the failure stresses and the corresponding strains are provided 
in Table 2 for the two silicones. Furthermore, two Young’s modulus values determined between 0.5% and 5.0% strain 
and between 0.5% and 50.0% strain are given in Table 2. Higher values are reached for the silicone Sikasil® SG-550 
in the case of both failure stress and stiffness. 
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a) 

 
b) 

Fig. 5 Engineering stress vs. engineering strain results from the uniaxial tensile tests compared to results obtained with hyperelastic material 
laws for a) Dow Corning® 993 and b) Sikasil® SG-550. 

Table 2: Mean values for mechanical properties obtained from the uniaxial tensile tests for the two silicone adhesives. 

Adhesive Failure stress σmax,eng 
[MPa] 

Failure strain εmax,eng  
[-] 

Young’s modulus E1 a  
[MPa] 

Young’s modulus E2 b 
[MPa] 

Dow Corning® 993 2.25 2.21 3.05 1.34 

Sikasil® SG-550 2.84 2.77 3.12 1.46 
a Young’s modulus E1 was determined as secant modulus between 0.5% and 5.0% strain 
b Young’s modulus E2 was determined as secant modulus between 0.5% and 50.0% strain 

 

Additionally to the experimentally determined data, results from finite element simulations are included in the 
diagrams from Fig. 5. For both silicones a linear-elastic model is first analyzed (results are shown as dark grey dashed 
curves). For the Young’s moduli, a value of 2.4 MPa is used in the case of Dow Corning® 993 based on (Mocibob 
2008), while for Sikasil® SG-550 a value of 2.6 MPa is assumed based on recommendations from the producer. These 
values lie between the two Young’s modulus values determined in Table 2 for each of the two adhesives. In the case 
of both silicones, it can be noticed that, compared to the experimental results, the curves obtained with these Young’s 
moduli show a slightly lower stiffness for low strains and lead to a significantly increasing overestimation of the 
stresses for strains larger than ~0.20. To better reproduce the stress-strain relationships of the two silicones, four 
hyperelastic models based on strain energy potentials are selected and analyzed: Neo-Hooke, Mooney-Rivlin, Arruda-
Boyce and Ogden of 1st order (see (Abaqus 2013) for a description of these material laws). Since silicones are 
considered to be nearly incompressible, only the deviatoric part of the strain energy formulations, which describes an 
isochoric deformation, is considered, while the volumetric part, which describes the change in volume of the body, is 
neglected. Following the objective of keeping the material laws rather simple, only hyperelastic models with a 
maximum of two parameters were selected. The parameters for the selected models were determined with the curve 
fitting tool provided in the engineering software package Abaqus and are given in Table 3 for the two silicones. 
Compared to the results obtained with the linear-elastic material laws, a significantly better agreement with the curves 
from the uniaxial tensile tests is reached with all hyperelastic laws. However, all the obtained curves underestimate 
the experimentally determined stresses for low strains of up to ~0.25, which is the more significant strain range for 
applications in the façade area. 

Table 3: Parameters determined for different hyperelastic material models for the two investigated silicone adhesives. 

Material 
Neo-Hooke Mooney-Rivlin Arruda-Boyce Ogden (1st order) 

C10 [MPa] C10 [MPa] C01 [MPa] μ [MPa] λm [-] μ1 [MPa] α1 [-] 

Dow Corning® 993 0.342307 0.333349 0.010943 0.618800 4.054000 0.730986 1.811519 

Sikasil® SG-550 0.386578 0.412161 -0.060069 0.754770 7.332971 0.771461 2.005514 

 

3.2. Linear glass-stainless steel joints under tensile loading 
The results from the tensile tests on linear silicone joints are plotted in the diagrams from Fig. 6-8 in the form of load 
vs. displacement curves as follows: Fig. 6 shows the results from series with different lengths, Fig. 7 shows the results 
from series with different widths and Fig. 8 shows results from series with different thicknesses. The diagrams on the 
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left include the curves obtained for the specimens with Dow Corning® 993, while the results obtained for the specimens 
with Sikasil® SG-550 are depicted in the diagrams on the right. 

 
a) 

 
b) 

Fig. 6 Load vs. displacement results from the tensile tests on linear adhesive joints with different lengths compared to results obtained by 
finite element simulations for a) joints with Dow Corning® 993 and b) joints with Sikasil® SG-550. 

 
a) 

 
b) 

Fig. 7 Load vs. displacement results from the tensile tests on linear adhesive joints with different widths compared to results obtained by finite 
element simulations for a) joints with Dow Corning® 993 and b) joints with Sikasil® SG-550. 

 
a) 

 
b) 

Fig. 8 Load vs. displacement results from the tensile tests on linear adhesive joints with different thicknesses compared to results obtained by 
finite element simulations for a) joints with Dow Corning® 993 and b) joints with Sikasil® SG-550. 

For the reference series, the experimentally obtained curves are plotted only for four specimens, since two specimens 
from each reference series were considered pilot tests either from a manufacturing point of view or from a testing 
point of view and were excluded from the evaluation. For a small number of the other series only two curves are 
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plotted instead of three (e.g. 100x20x6 [mm] for Dow Corning® 993), since either the test specimen was damaged 
before running the test or the measurement instrumentation failed to record data. 

At the beginning of each test three load cycles were run until strains of 10%, 20% and 30%, respectively, to capture 
the influence of the Mullins effect. These results are not further evaluated in this contribution. The data for specimens 
with the same geometry and the same silicone show generally a good agreement to each other, especially in terms of 
stiffness, indicated by the inclination of the curves. Only the series with Sikasil® SG-550 and a joint length of 200 mm 
shows a more pronounced discrepancy from this point of view. In terms of maximum reached loads however, the 
deviation within the series is slightly larger. Nevertheless, all specimens failed cohesively within the silicone joint. 

Additionally to the experimental results, which are plotted with colored continuous curves, Fig. 6 to Fig. 8 also contain 
for each series curves determined by finite element simulations with a linear-elastic material law (grey dashed curves) 
and a hyperelastic material law (black continuous curves) for each of the two silicones. The aim of the finite element 
simulations was to reproduce the initial loading curve, without considering the unloading and reloading curves from 
the load cycles. Second order solid elements of type C3D20H according to Abaqus were used in the finite element 
simulations for the silicones, since this hybrid formulation is recommended for nearly incompressible materials. The 
glass and the stainless steel were modelled with standard second order solid elements of type C3D20. For the contact 
between the adhesive and the substrates, tie constraints were used. The substrate materials were assumed as linear-
elastic with a Young’s modulus of 70 GPa and a Poisson’s ratio of 0.23 for the glass and a Young’s modulus of 
200 GPa and a Poisson’s ratio of 0.30 for the stainless steel. 

For the linear-elastic material laws, the same Young’s moduli as in subsection 3.1 were used for the silicones (2.4 MPa 
for Dow Corning® 993 and 2.6 MPa for Sikasil® SG-550). In the case of all joints with a thickness of 12 mm (see 
Fig. 6 and Fig. 7), it can be noticed that the models with linear-elastic material laws underestimate the experimentally 
recorded loads up to displacements of around 1.2 mm for specimens with Dow Corning® 993 (corresponds to 
engineering strains of ~10%) and up to displacements of around 2.0-2.5 mm for specimens with Sikasil® SG-550 
(corresponds to engineering strains of ~20%). Above these displacements, the results obtained with linear-elastic 
models for the silicones increasingly overestimate the experimental results. A similar agreement of the finite element 
results obtained with linear-elastic material laws to the experimental ones can be observed as well for joints with 
different thicknesses (see Fig. 8). 

In the case of the finite element simulations with hyperelastic material laws for the silicones, the Mooney-Rivlin model 
is chosen for Dow Corning® 993 based on previous research (Hagl 2016). For Sikasil® SG-550, the Arruda-Boyce 
model is selected based on recommendations from the manufacturer. For the specimens with Dow Corning® 993 a 
significant improvement of the overall agreement can be observed compared to the results obtained with the linear-
elastic material law, especially for joint thicknesses of 12 mm and larger. However, at small displacements the 
experimental results are still underestimated. For the smallest joint thickness of 6 mm, the used hyperelastic model 
for Dow Corning® 993 leads to a pronounced overestimation of the experimentally reached loads at displacements 
larger than 1 mm. For the specimens with Sikasil® SG-550, the hyperelastic model with the Arruda-Boyce coefficients 
determined based on the uniaxial tensile tests leads to a good qualitative approximation of the experimental curves, 
but from a quantitative point of view, the experimental results are underestimated for all investigated joint dimensions. 
Further investigations at material level are recommended in this case. 

Table 4: Mean values for failure engineering stress and corresponding engineering strain from the tensile tests on glass-stainless steel joints. 

Joint dimensions 

Dow Corning® 993 Sikasil® SG-550 

No. of test 
specimens 

Failure stress 
σmax,eng  

[MPa] 

Failure strain 
εmax,eng  

[-] 

No. of test 
specimens 

Failure stress 
σmax,eng  

[MPa] 

Failure strain 
εmax,eng  

[-] 

100 mm x 20 mm x 12 mm 4 0.98 0.51 4 1.19 0.36 

100 mm x 20 mm x 6 mm 2 1.06 0.50 3 1.53 0.37 

100 mm x 20 mm x 18 mm 2 0.67 0.37 3 1.00 0.36 

50 mm x 20 mm x 12 mm 3 0.81 0.43 3 1.25 0.41 

200 mm x 20 mm x12 mm 3 0.90 0.47 3 1.15 0.38 

100 mm x 10 mm x 12 mm 3 1.05 0.67 3 1.30 0.52 

100 mm x 30 mm x 12 mm 3 1.12 0.58 3 1.26 0.29 

 

For a better quantitative evaluation of the findings from the tensile tests on linear silicone joints, mean values for 
failure engineering stress and corresponding engineering strain are provided in Table 4 for each series. The maximum 
stresses are higher for larger length and width values of the joints, as expected, since the adhesion area gets larger. 
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However, it can also be observed, that higher engineering stresses can be transferred over a joint with the same 
adhesion surface, when the joint thickness is reduced. 

3.3. Linear glass-stainless steel joints under shear loading 
As in the case of the tensile tests on linear silicone joints, the results from the double-lap shear tests are first evaluated 
in the form of load vs. displacement curves. The results for the specimens with Dow Corning® 993 are plotted in 
Fig. 9a), while those for specimens with Sikasil® SG-550 are provided in Fig. 9b). Excluding the load cycles, an almost 
linear development of the experimental curves can be observed for both silicones. A good agreement between the 
curves obtained for specimens with the same adhesive and the same joint thickness can be noticed. In the case of the 
finite element simulations for the specimens with Dow Corning® 993, the curves determined with the hyperelastic 
material law show a better overall fit. However, for small displacements a slightly better agreement can be achieved 
with the linear-elastic material law. In reality, generally, a combined loading by tension or compression and shear is 
given. Therefore, a non-linear material law as the hyperelastic Mooney-Rivlin model should be used, especially when 
the deformation behavior of the connection as well as of the system including the connection is of primary interest. 
For the specimens with Sikasil® SG-550, the results obtained with the linear-elastic material law slightly underestimate 
the experimental curves up to ~50% shear displacement (displacement in loading direction divided by the initial joint 
thickness), but above this value they show a good fit. The curves determined with the hyperelastic material law for 
the silicone, lead to a slightly underestimation of the experimentally reached loads over the entire displacement range. 

 
a) 

 
b) 

Fig. 9 Load vs. displacement results from the double-lap shear tests on linear adhesive joints with different thicknesses compared to results 
obtained by finite element simulations for a) joints with Dow Corning® 993 and b) joints with Sikasil® SG-550. 

The thickness variation of the linear silicone joints under shear loading has a similar influence on the occurring 
engineering stresses as in the case of tensile loading. The thinner the joint is, the higher loads can be transferred and 
implicitly higher failure stresses can be reached. However, it should be considered that thinner joints lead as well to 
less possible relative displacement between the substrates, which could be necessary for facades when dealing with 
temperature loads. 

Table 5: Mean values for failure engineering stress and corresponding engineering shear displacement from the double-lap shear tests on glass-
stainless steel joints. 

Joint dimensions 

Dow Corning® 993 Sikasil® SG-550 

No. of test 
specimens 

Failure stress 
τmax,eng  

[MPa] 

Failure shear  
displacement  
dmax,eng  [-] 

No. of test 
specimens 

Failure stress  
τmax,eng  

[MPa] 

Failure shear  
displacement  
dmax,eng  [-] 

100 mm x 20 mm x 12 mm 4 0.70 1.18 4 0.87 1.15 

100 mm x 20 mm x 6 mm 3 0.81 1.28 3 1.23 1.39 

100 mm x 20 mm x 18 mm 3 0.61 1.16 3 0.68 0.88 

 

4. Conclusions and Outlook 
Results from experimental and numerical investigations at material level under uniaxial tensile loading and at 
connection level under tensile loading as well as under shear loading were presented in this research paper for two 
structural silicones. These two adhesives are considered as potentially suitable candidates for connecting glass panes 
to a filigree metal framing in a novel concept for glass-metal elements with composite structural behavior. The 
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objectives of the presented investigations were to analyze the influence of different joint dimensions on the structural 
performance of linear prismatic joints and to assess the suitability of linear-elastic material laws and especially of 
selected hyperelastic material laws for predicting the structural behavior of such joints. The experimental results from 
the tests at connection level show for both silicones that the variation of the joint thickness has the biggest influence 
on the resulting failure engineering stresses. Both under tensile and under shear loading, higher engineering stresses 
can be transferred with thinner joints. 

The stress vs. strain curves obtained from the uniaxial tensile tests show for both silicones a discreet S-shaped 
development with a higher stiffness at low strains, which decreases after strains of around 10-15% and increases again 
slightly at strains above around 75%. The simulations with linear-elastic material laws are not able to reproduce this 
development. Therefore this type of material law proves to be unsuitable to model the structural behavior of the two 
silicones under tension. This is also shown by the simulations of the linear joints under tensile loading, where the 
results obtained with linear-elastic material laws underestimate the experimentally recorded loads at small 
displacements and increasingly overestimate them at larger displacements. The load vs. displacement curves from the 
shear tests on linear silicone joints show an almost linear development. Therefore, a linear-elastic material law might 
be sufficient for simulating such a joint. However, it should be considered that in practice, generally, a combined 
loading is occurring. 

The selected hyperelastic material laws with a maximum of two parameters seem to fit well the overall shape of the 
experimental curves from the uniaxial tests. However, they are also not able to reproduce the S-shaped development, 
which results in an underestimation of the stresses at low strains. For a better fit, material laws with more parameters 
are required. Nevertheless, the simulations of the linear joints with Dow Corning® 993 by using the Mooney-Rivlin 
model for the silicone show a good overall fit for both tensile and shear loading, in most cases. Only for small 
displacements, the loads are underestimated, especially under tensile loading. However, such a model might be 
sufficient for most situations. For the joints with a thickness of 6 mm, the simulation significantly overestimates the 
experimental results. Due to the thin joint, the resistance of the stiffer substrates has a bigger influence on the joint 
deformation and therefore the volumetric part of the strain energy formulations might be required to be considered for 
thin joints. The simulations of the joints with Sikasil® SG-550 by using the Arruda-Boyce model for the silicone show 
a good qualitative fit for both tensile and shear loading, but in both load cases and for all the different joint sizes the 
loads reached in the simulations are lower than those determined experimentally. Additional investigations at material 
level and eventually at connection level as well are required in this case. 

For a better prediction of the structural behavior of linear silicone joints, additional experimental tests on bulk material 
specimens would be reasonable. The determination of the coefficients for the hyperelastic material laws based on 
results from compressive tests and planar shear tests in addition to those from the uniaxial tensile tests is recommended. 
The investigations in this contribution were performed at ambient conditions of approximately 23°C and 50% relative 
humidity. An extension of the experimental part in order to assess the influence of different temperatures and ageing 
conditions on the structural behavior of the silicones should be carried out in a next step, especially for Sikasil® SG-
550. 
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