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Abstract 

Structural interlayer materials that provide high-shear stiffness pave the way toward new 
structural glass designs with connections and joints that go beyond the established concepts 
of purely mechanical connections with glass perforations. A double-curved, frameless modular 
glass shell with stainless steel fittings laminated into the thin interstice of two-ply safety glass 
was developed and built to explore and exhibit the possibilities and challenges of designing with 
a recent structural PVB interlayer material, making efficient use of its properties. This paper 
discusses the background, design development, fabrication, and assembly of the hyperboloid 
glass shell, focusing on the laminated fittings and the related modeling and structural design.  
The results are encouraging for further research and development of full-glass structures 
employing maximum use of structural PVB properties.   
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1 Introduction 

1.1 History of lightweight glass envelopes  
Wide-spanning, lightweight glass envelopes have been used in architecture since 1851, when  
Joseph Paxton used them in London’s Crystal Palace. At that time, painstaking manual fabrication 
methods—such as mouth-blown plate glass—were still being used to fabricate framing and glass 
infills. However, as lightweight glass structures and curtain walling became more popular in the 
20th century, the glass industry made a big step forward in terms of industrialization. In 1940, 
PPG invented rolled plate glass, making glass an industry product that could be mass produced. 
In 1959, Pilkington invented a float-glass process that further improved the quality and efficiency 
of glass production.  

1.2 Modern shell structures 
In the second half of the 20th century, experimental design, construction, and engineering 
became increasingly important. Architects such as Frei Otto developed lightweight tensile 
structures based on hanging chain models; Fritz Leonhardt, Jörg Schlaich, and other engineers 
developed methods to calculate complex structural systems. Finite element modeling became 
a standard in the structural design of shell structures and allowed for a new kind of architecture, 
especially with respect to free-form shells. 

Figure 1-1. Left: Crystal Palace by J. Paxton, 1851 (photo: Philip Henry Delamotte, Negretti and 
Zambra); right: fabrication of hand-blown plate glass (graphic: from a drawing by K.M. Wilson in 
Glass in New England, Old Sturbridge Village booklet)
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Figure 1-3. Examples of various node systems for glazed grid shell structures.  
(Graphic: based on illustrations from Porz [17])

A major objective during the design of traditional grid shell structures is to reduce the amount 
and complexity of the nodes to keep costs in a reasonable range. However, even an economic 
design of a grid shell structure is typically at least two to three times more expensive compared 
to a stick-built facade system.

Figure 1-2. Left: MyZeil Shopping Mall roof, Frankfurt/Main; right: the National Library in Astana  
(photos: Knippers Helbig)

While design and engineering tools became increasingly powerful, the industry had to innovate 
to find the right answers to fabricate and install these complex building envelopes. Recent 
development in material and processing technology for metal, glass, polymers, adhesives, and 
interlayers have allowed for the development of increasingly complex, high-quality building 
envelopes and shells.  

1.3 Limitations of state-of-the-art glazed shell structures
1.3.1 Complexity of steel framing and nodes
There are multiple ways to design and construct the steel framing of glazed grid shell 
structures; all of them have a very high node complexity. Depending on the overall geometry 
(e.g., translational, rotational, or free-form surfaces), the grid needs to consist of a triangular, 
quadrangular, or other mesh pattern with multiple components converging in one point. On a 
typical triangular mesh, six components come together at one node point; a quad mesh basically 
works with four components intersecting at one point. Geometry is often twisted along a glass 
line with offsets at the node. This offset must be accommodated architecturally and structurally 
and in the exterior surface layer that represents—together with the gasket system—the second 
water barrier line.
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1.3.2 Structural potential of glass 
Glass is most often used as a nonstructural infill material between the structural framing, even 
though it was historically used as structural shear members in several wrought iron greenhouses. 
Today, in almost any building envelope applications, the framing system is acting as the 
structural element while the glass acts as a nonstructural infill material. 

Structural glass applications became more popular in the past few decades, e.g., in storefront 
facades with thick glass panes, glass roofs, and facades with glass beams or stiffeners—often 
laminated with ionomer or structural PVB interlayers. However, the typical load-bearing 
behavior of these glass structures is in bending and shear. The structural connection of the 
glass members is another issue for full-glass construction; therefore, the high-compressive, 
membrane-force load capacity of glass is not activated. 

1.4 Reducing the embodied energy in building envelopes
In response to global warming and carbon neutrality goals that most countries have agreed to, 
building code requirements for envelope thermal performance are becoming stricter.  

For nations committed to accepted carbon neutrality goals, it can be assumed that the share 
of CO2 in the electric mix will decrease to theoretically reach 0% by 2050. So efficient use of 
material will come even more into focus for high performance facades as the industry turns  
to new forms of green energy. The construction industry’s primary objective should be to 
increase the efficiency of structural systems while using building materials’ structural potential 
and load-bearing behavior, as well as avoiding material and structural members where not 
absolutely needed. 

2 Motivation and global objectives 

2.1 Full-glass shell structures and structural joints  
Minimizing metal primary structures in the grid shells that support glass envelopes is key to 
increasing transparency—a goal of modern architecture. The structural advantages of shell 
assemblies and their load-bearing behavior mainly via membrane force have been highlighted 
previously. In addition, compression-only shells such as domes and calottes, vaulted structures, 
or free-form shapes (Block et al. [1], Oval et al. [2]) advantageously reduce tensile forces in glass 
or in joints to a maximum and are, therefore, of particular interest for glass structures.  

The limited dimensions, weight, assembly issues, and safety concepts of glass elements for 
structural use, however, require constructing glass shell structures from modules that need to 
be structurally connected. Such modular glass shell structures have been addressed by Blandini 
[3], Bagger [4] and Fildhuth et al. [5,6] for various aspects of joining, joint patterns, glass 
module shapes, and load-bearing behavior. The principal problem of structural connections and 
their resistance has been examined, to name some examples, by Blandini [3] for adhesive butt 
joints, Puller [7] and Kassnel-Henneberg [8] for laminated point-type fittings, and Marinitsch 
[9] regarding linear laminated edge connections. The ongoing research in the field of modular 
shells, geometrical optimization, and structural glass connections highlights their importance 
and challenges. This paper contributes to the aforementioned topics by showing the design, 
fabrication, and assembly process of a demonstrator frameless, modular glass shell structure 
(FGS) using structural PVB interlayer and laminated fittings.
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Figure 2-1. The assembled frameless glass structure (photo: Eastman)   

The continuous demand for high transparency in combination with glass strength led to the 
decision to build a unique public demonstrator. In a brainstorming process, several solutions 
were considered. As structural PVB interlayers like Saflex® Structural allow for a higher load on 
glass envelopes either by maintaining the glass thickness or reducing the glass thickness for a 
given load level, the use of the shear modulus properties in the design is a key parameter for 
structural glass laminates. Apart from the glass laminate stiffness itself, the potential of glass 
connections using the structural PVB interlayer for bonding fittings inside of the laminate should 
also be considered. To maximize  transparency and expose the necessary glass connections, a 
frameless shell structure with laminated fittings was identified as the most appropriate solution 
(Figure 2-1). To work with a light, two-ply laminate, the fitting was laminated into the 3-mm 
thick interlayer interstice between the glass panes. To show the variety of aesthetic design 
options, translucent, milky Vanceva® Color PVB interlayer was used with the structural PVB in 
the laminate (compare Figure 3-7).  

2.3 Fabrication and installation  
A unique demonstrator requires unique technologies, specialized processes, and suitable vendors. 
The process to identify the right project partners for the laminated safety glass production, the 
stainless steel fitting production, and the installation took several weeks. 

2.3.1 Structural connections, fittings 
One of the first choices was the design of the laminated steel fittings. Next, a vendor capable of 
fabricating 144 individual, high-precision fittings was identified. Due to aesthetic and structural 
requirements, a welding process was excluded and the fittings were finally milled out of a 
stainless steel block (Figure 2-2). Knippers Helbig created the fabrication (milling) geometry 
model of the fittings in cooperation with Imagine Computation GmbH, and it was directly provided 
to the manufacturer via 3D production files. 

2.2 Demonstrator structure and building materials
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Figure 2-2. Fitting fabrication, milled from a monolithic block (photo: Kurt Hüttinger  
GmbH & Co. KG)

2.3.2 Laminated safety glass
The next challenge was to identify a laminator capable of producing 38 unique laminates with 
embedded stainless steel fittings with a very tight tolerance. Laminated glass manufacturers are 
accustomed to receiving execution drawings from facade construction companies. In this case, 
the typical workflow and responsibility chain was not followed. Therefore, the glass laminator 
took over responsibilities usually covered by the facade constructors. This led to new practi-
cal and legal challenges that started with the data transfer and ended with the packaging and 
shipping of the finished modules; hardware and software applied in design engineering and 
manufacturing environments are often different. Packaging and shipping methods used by facade 
contractors and in the glass manufacturing industry may also vary (e.g., L-frame racks are ap-
propriate to transport glass but not appropriate to transport glass with embedded steel fittings 
[Figure 2-3]).

Figure 2-3. Stacking and shipping racks provided for the modules (photos: Thiele Glas, Thiele AG)
 
The main manufacturing complexity was the correct positioning of fittings in the stacked 
laminate components. Keeping tight tolerances is essential to the success of the frameless  
glass structure installation.      
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2.4 Installation 
The installation of the frameless glass structure had its own requirements and ventured into 
somewhat uncharted territory for everybody involved. A mock-up was made in advance to 
explore and verify the assembly requirements (Figure 2-4). The project partners (engineers 
Knippers Helbig GmbH, glass fabricator Thiele AG, Kurt Hüttinger GmbH & Co. KG for assembly 
and interactive exhibitions, and PVB manufacturer Eastman) worked hand in hand to ensure a 
smooth installation procedure.

Figure 2-4. Example of a prototype fitting laminated between two glass panes  
(photos: Eastman) 

A mold-like support scaffolding was used to guide and facilitate the assembly process and to 
avoid permanent stress or constraints on the glass modules during installation (Figure 2-5). 
As the installation of the frameless glass structure was made inside a building, no additional 
requirements were given for assembly. 

Figure 2-5. Assembly process (photos: Kurt Hüttinger GmbH & Co. KG) 

Precision in the installation sequence and adjustment of the glass modules was of major 
importance for the shell project, as minor deviations in the first row of modules would have led 
to misalignments in the last row. The entire procedure revealed the importance of the design 
phase as well as the delivery and implementation of precise fabrication data to keep tolerance 
minimal. An elaborate method statement and preparation well ahead of the installation proved 
to be key factors in the rapid and smooth assembly of the entire shell.
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2.5 Saflex® Structural PVB structural design parameters  
To correctly model the conceptual structure, the project required basic interlayer design data. In 
particular, the team needed interlayer shear relaxation modulus to determine the extent of load 
transfer from the fittings to the glass as well as the overall stiffness of the laminated glass pane. 
In addition, the project called for data to quantify the adhesion between the (metal) fitting and 
the interlayer.

Reliable interlayer shear modulus data were developed for Saflex Structural as outlined by 
Stevels and D’Haene [10]. A Prony series model for the viscoelastic properties of the interlayer 
was developed by dynamic mechanical analysis of the interlayer film. This model was then 
validated by comparison to experimental data on laminated glass specimen in temperature-
dependent, creep-mode, four-point bending experiments for selected load scenarios. It should be 
generally noted that, for structural design of laminated glass with Saflex Structural in Germany, 
a different set of design data is published in German approval aBG Z-70.3-254 [11]. This approval 
does not cover laminated load bearing fittings. For the current project, the generically validated 
modulus values were used in combination with an eventual project-based approval.

For adhesion and delamination limits, information was taken from Louter and Santarsiero [12]. 
Data in “pullout geometry” were used for the design, as they partially resemble the laminated 
fittings used in this project. The test specimen of this study comprise stainless steel strips 
laminated in to a Saflex Structural/glass assembly, which were loaded to failure in tensile mode. 
These data were used as a base for parameter studies by Yersin [13], including detail FE analyses, 
and for the design procedure described in section 3.

3 Structural design of the frameless glass structure 

3.1 Structural concept
The frameless glass structure is conceived as a full-glass, double-curved, modular shell. Thus the 
load-bearing behavior is mainly governed by membrane forces. The shell’s global geometrical 
shape and joint pattern are designed to reduce long-term tensile membrane forces in favor 
of compressive membrane forces, mostly due to dead load. However, limited bending occurs 
because of the discontinuity zones along the gaps of the joints and from short-term, asymmetric 
or symmetric horizontal loads. As the shell is intended for indoor use, such loads are mainly 
barrier and impact loads.      

The quadrangular or triangular, planar laminated safety glass elements of the shell are jointed 
via two local point connections per edge (Figure 3-1). These structural connections transfer 
all translation forces in local x-y-z directions and provide a limited bending stiffness along the 
axis parallel to the edge of the glass panels. The latter is helpful for assembly, stabilizes the 
shell against potential short-term asymmetric loads, and increases overall buckling stability. 
Further, the glass elements along the unsupported edges of the shell are stabilized by the flexural 
stiffness of the respective joints.
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Figure 3-1. Elevations of the modular shell and angular orientation of the connections  
(graphic: Knippers Helbig) 

The stainless steel fittings consist of a thin trapezoidal blade laminated to the interior surfaces of 
the heat-strengthened glass panes via the structural PVB, so no pockets or other modifications of 
the glass are necessary. The decision to use a two-ply, laminated, heat-strengthened glass with the 
fitting laminated in the interlayer interstice was bolstered by a study comparing this solution to 
a three-ply laminate with a pocket-like reservation including a fitting blade corresponding to the 
thickness of the center glass layer. For the loads encountered with the present design, the latter 
solution did not provide significant advantage compared to the two-ply solution (Yersin, [13]). 

While normal tensile forces and in-plane shear are transferred by the shear compound between 
glass and metal blade, bending is supported by force couples activated between the blade 
(tension) and the exterior T-crossbar levering against the glass edge (compression; see Figure 
3-7). The protruding parts of the fittings overlap and are connected via two bolts per connection 
(Figure 3-2). Tolerance adjustment is provided in the holes of the two overlapping fittings. The 
interior, laminated parts of the fittings—including the T-crossbar—are always identical; the angle 
between two connected glass panes is defined by the given angle between the exterior part with 
the holes and the T-crossbar of the fitting. Thus exact design and prefabrication of the fittings is 
necessary to obtain the correct shell shape from the jointing of the glass elements.

Figure 3-2. Bolted connection of two fittings laminated into the glass compound (photo: 
Knippers Helbig)
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For the ground support, the glass modules are linearly bonded into a steel channel along their 
bottom edges with structural 2K silicone. This factory-made bond establishes translation  
support in x-y-z direction and provides partial bending stiffness about the glass edge. The 
channels are bolted to a steel frame that serves both as a support/bracing structure for the  
shell and as a floor base.  

3.2 Redundancy, safety concept
The safety concept is built on three interacting pillars:

1.  The shell structure is conceived to support permanent loads, mainly via  
     compressive membrane forces. So creep effects in the bond between  
     interlayer and fittings due to tensile load are avoided.
2. Local ductile fitting behavior is achieved by the fitting’s load-deformation  
     characteristics and its bond. Prior to failure by rupture of the metal blade of the  
     fitting, cohesive interlayer failure, or full delamination, the deformation exhibits  
     strong nonlinear deformation increase without actually failing entirely (Figure  
     3-3). This process is accompanied by visible blistering in the interlayer  
     surrounding the fitting bond zone. The safety factor for the allowable tensile load  
     in the fitting (causing shear in the bond) is fixed as a fraction of the limit point  
     (1) in the load-deformation diagram (Figure 3-3) where strong, nonlinear  
     behavior starts. This point (1) is also the limit of validity of the viscoelastic  
     FE-material model applied. The bonded surface area of the fitting and the cross  
     section of the blade are parameters that can be chosen to govern ductility either  
     by metal plasticization or PVB interlayer nonlinear behavior. 
3. Global redundancy is provided by the fact that a large deformation (e.g.,  
     delamination) in the bond of single joints causes the respective joint to elude  
     further loading. In such a case, alternative load paths are established in the  
     structure due to the shell behavior and a sufficient number of intact connections.  
     This can be simulated in the FE-model by removing chosen single connections.  
     Use of heat strengthened (or annealed) laminated safety glass provides  
     additional post-breakage load bearing capacity in case of glass failure. 

Figure 3-3. Left: load-displacement diagram of the structural PVB interlayer; blue: test  
results from Louter et al. [1]; red: viscoelastic material law applied in ANSYS FEA (diagram: A. 
Yersin [13]). Right: large tensile deformation results showing local delamination/bubbles  
(photo: Knippers Helbig).
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3.3 Design criteria and load cases 
The frameless glass structure is designed as a modular, temporary demonstrator glass shell 
structure for indoor use during trade fairs and exhibitions. The structure is basically designed 
according to the glass codes DIN 18008-1, 18008-2, and 18008-3 and ETAG 002-1 (silicone 
joints). Furthermore, abG Z-70.3-254 for glass laminates with the structural PVB interlayer 
Saflex Structural [11] and the works by Louter et al. [12] and Yersin [13] have been used together 
with interlayer data by Eastman [14] to characterize the interlayer and laminate. Loads have 
been applied according to DIN EN 1990 and the Dusseldorf trade fair guide [15]. The glass 
shell structure and fitting connection are considered nonregulated constructions with respect 
to German building regulations and are subject to a project-related approval for installation 
(“Einbau-Freigabe im Einzelfall”), according to the design criteria catalogue of the Dusseldorf 
trade fair. 

Apart from self-weight and temperature variation, the structure is subjected to a low air-current 
surface load and a linear barrier load. Both loads are applied in various directions and symmetric 
or asymmetric configurations. Load distributions in affinity to the relevant eigenforms are 
also applied for stability analysis. In addition, one single-point load is conservatively applied in 
various, potentially governing locations.

The structural PVB interlayer is characterized in the detail FEM of the fittings using viscoelastic 
material laws [16], based on the relaxation moduli (G´, E´) as given in Figure 3-4. In addition, the 
moduli from the abG [11] are used for verification in the global model to conservatively comply 
to codification.

Figure 3-4. Time-dependent relaxation shear modulus G´ [N/mm2] of structural PVB interlayer for 
various temperature levels (based on data provided by the manufacturer) (diagram: Knippers Helbig)
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3.4 Structural model
Both global and detail models were established during the structural design process. Local 
models of the fitting lamination zone in ANSYS (Figure 3-5), employing 20-node volume 
elements with viscoelastic interlayer properties (implemented via Prony-series), were used to 
calibrate and numerically validate the material model with respect to published test results 
(Figure 3-3) and to design the fittings.   

Figure 3-5. Example of a maximum principal stress analysis of the interlayer in the fitting 
lamination zone in ANSYS (graphic: A. Yersin [13]).

The results from the detail models and from interlayer property data were used to establish the 
safety concept and a simplified spring model representing the connections. On this base, the 
global 3D model from four-node shell elements (QUADs), nonlinear springs for the silicone bond 
at the bottom supports and linear springs for the fitting connections with parametric spring 
stiffness for translation x-y-z (local), and rotation about the edge was established in SOFiSTiK 
(Figure 3-6) and applied for the study of the global shell behavior. 

12

Local spring connections 
(fittings)

P:P3_Teil 1_My gegen Sym
Maximale Hauptspannung_interlayer
Typ: Maximale Hauptspannung
Einheit: MPa 
Zeit:1 
22.05.2020 18:42

4.7934 Max
4.3239
3.8544
3.3848
2.9153
2.4458
1.9762
1.5067
1.0372
0.56762
0.098079
-0.37146
-0.84099 Min

Linear spring connections 
(silicone joint glass—U beam)

Local vertical support springs 
(compression-only)

Figure 3-6.  Global FE-model (Sofistik) and spring orientation definitions  
(graphic: Knippers Helbig)

The model was analyzed applying geometrical, nonlinear, third-order theory. For the laminated 
safety glass elements, an equivalent thickness including shear compound according to the abG 
Z-70.3-254 [14] was used in the global model.



The fittings were verified by using a simplified manual model (Figure 3-7) loaded with the 
spring forces gained form the global model. Bending applied to the fitting was transformed into 
a force couple; other in-plane loads were combined with the couple. This approach allows the 
determination of the approximate shear in the interlayer used to laminate the fitting and the stress 
in the thinnest metallic cross section of the fitting blade. This conservative hypothesis neglects  
the additional effect of the T-crossbar bonded to the glass edges (also with structural PVB).   

Figure 3-7. Simplified analytical model of the laminated fitting; the green arrows represent the 
forces couple in the metal blade and the glass to transfer bending. (graphic: Knippers Helbig)

3.5 Results and behavior
The shell structure exhibits a high stiffness behavior with respect to short-term loads such 
as barrier load both in the FE studies and in the built reality. The principal tensile glass stress 
determined in the global model for dead load results in values < 4 N/mm2 (Figure 3-8, left). 
However, linear barrier loads or concentrated point loads cause increased local principal tensile 
glass stress between 14 and 29 N/mm2 at the load application line or point, especially when 
applied close to the free boundary of the shell (Figure 3-8, right). Submodel analysis, however,  
is required to exactly determine the stress at the fitting zones, where necessary.

Figure 3-8. Maximum principal tensile stress [N/mm2] from dead load (left); and due to an 
asymmetric linear barrier load (right) (graphics: Knippers Helbig)

The shell exhibits its first eigenform in bending at 5.7 Hz (Figure 3-9, left); subsequent higher 
eigenvalues are similar lateral bending shapes with higher frequencies. Linear buckling analyses 
of the shell results in a critical buckling factor >50 for the first buckling eigenform (Figure 3-9, 
right), which shows local buckling of panels subjected to maximum compression. Higher modes 
usually also involve a similar local buckling pattern of some panels.
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Figure 3-9. First eigenform at 5.7Hz (left); first linear buckling eigenform (factor >50) (right) 
(graphics: Knippers Helbig)

4 Summary and outlook

The demonstrator and all analyses and processes necessary for its successful completion show 
the potential of using structural PVB for load-bearing connections and for lamination in full-
glass shell structures. Furthermore, it has been shown that multilayer laminates with different 
PVB types are applicable. The demonstrator also revealed the importance of precise 3D design 
conception, including data exchange for fabrication, and of low tolerances applicable for the 
fitting. As for structural design, a shell-like structural behavior is achieved globally, particularly 
with respect to the load paths created in the double-curved, geometrically rigid structure. 
With respect to safety and redundancy, alternative load paths can be activated in the case of 
local connection failure or local connection stiffness reduction. Metal plasticization and local 
delamination help to achieve a certain ductility behavior without causing total failure (rupture) 
of the fitting/connection. 

Potential application fields include load-bearing glass structures, especially compression-
only shells, folded-glass plate structures, and glass facades. Further tests are currently being 
undertaken to characterize the laminated fitting load bearing and failure behavior in detail. 
Future research and development studies and projects will be undertaken for an application 
in thermal envelopes with IGU and for optimizing the shell structures, joints, and feasible 
geometrical shapes. 
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or formulation in conflict with any patent, and we make no representations or warranties, express or implied, 
that the use thereof will not infringe any patent. NO REPRESENTATIONS OR WARRANTIES, EITHER EXPRESS 
OR IMPLIED, OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, OR OF ANY OTHER NATURE ARE 
MADE HEREUNDER WITH RESPECT TO INFORMATION OR THE PRODUCT TO WHICH INFORMATION REFERS 
AND NOTHING HEREIN WAIVES ANY OF THE SELLER’S CONDITIONS OF SALE. 

Safety Data Sheets providing safety precautions that should be observed when handling and storing our products 
are available online or by request. You should obtain and review available material safety information before 
handling our products. If any materials mentioned are not our products, appropriate industrial hygiene and other 
safety precautions recommended by their manufacturers should be observed.

© 2021 Eastman. Eastman brands referenced herein are trademarks of Eastman or one of its subsidiaries or are 
being used under license. The ® symbol denotes registered trademark status in the U.S.; marks may also be 
registered internationally. Non-Eastman brands referenced herein are trademarks of their respective owners.

Eastman Corporate Headquarters
P.O. Box 431
Kingsport, TN 37662-5280 U.S.A.

U.S.A. and Canada, 800-EASTMAN (800-327-8626)
Other Locations, +(1) 423-229-2000

www.eastman.com/locations


