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Summary 

The development of cold bent arched glass elements as overhead glazing is shown. The two first 

projects with this kind of elements are described. 
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1 Introduction 

The bow and arrow are known to us all as sports equipment and medieval weapons. The principle of 

such a bow consists of a strut which, by insertion of a shortened string between its ends, is subject 

to compression and bending and is itself considerably deformed through bending. The overall 

system of the bow, consisting of the bow strut and the bow string, is in a pre-stressed status because 

of this. 

This principle can also be transferred to two-dimensional elements, for example of glass. Through 

the support of a rectangular, flat glass pane on the two shorter, opposite edges and two-dimensional 

loading, a bending of the pane is forced. If the two support sides of the pane in this status are 

connected through at least two straight round steel bars, then these round steel bars form chords to 

the arches of the pane. After removal of the external load from the pane, the round steel bars are 

subjected to tensile stress and the pane to compression and bending. A pre-stressed glass element 

results. 

The advantages of this glass element can be summarized in the following points: 

- High load-bearing capacity of the glass in arched shape, with two-dimensionally distributed 

loads (dead weight, snow and wind), since the stresses are taken up, for the major part, 

through normal forces and not through bending (Fig. 1). 

- With a given span width, the thickness of the glass pane can be reduced and thus the costs. 

- Favorable and cost-reduced manufacture of the glass elements, since flat panes are 

employed as planned, which are forced into the shape of an arch in cold condition. 

- Simple installation of the glass elements, since the elements are bent in the works and are 

equipped with the round steel bars. On the construction site, they can simply be placed 

without further expenditure. 

- The unlimited array of elements in arched longitudinal and arched perpendicular direction is 

possible. 
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These pre-stressed glass elements were developed by 

Glasbau Maier a glass construction company in 

Heidenheim and ourselves. In the present article, the 

development of the glass elements is represented for 

application as overhead glazing. A decisive use of this 

development was in the loggia in Aalen-Wasseralfingen 

and the central bus station in Heidenheim. Approval on an 

individual basis was required for both projects. 

2 Approach and Task Definition in the 

Development of the Elements 

For the draft of the loggia in Wasseralfingen, we 

examined different possibilities of a glass roof. Through 

the owner we were made aware of "Bogenglas" a arched 

glass idea of the company Glasbau Maier, which was then 

registered for patent, and we examined it extensively [1, 

2]. This arched glass is basically produced as described 

above. Significant properties of the glass element arched glass are: 

- Due to the pre-stressing, a tensile force results in the round steel bars and in the glass pane a 

tensile and bending stress. Without external loading the glass pane has at the connection to 

the round steel bars no curvature an in the middle of the pane a maximum curvature. 

Geometry of the glass pane corresponds approximately to the form of a sine curve between 

0 and π. 

- Through increasing of the curved pitch of the arch (shortening of the round steel bars) the 

bending stress increases proportionally in the glass pane. 

- In case of constant curved pitch and thus constant curving of the glass pane, the bending 

stress of the glass pane is proportional to its thickness. 

- A pressure load in the glass pane and a tensile stress in the round steel bars mainly result 

from an external, uniformly distributed load. With increasing curved pitch this stress 

decreases. 

- Stability failure of the glass arch under half-sided load and full load, with regard to the 

initial pre-stressing, is decisive for the dimensioning. The stiffness, and thus the stability, of 

the glass pane increases disproportionately with increasing thickness. 

With this, it can basically be identified, in principle, that a larger curved pitch of the glass arch 

increases the stressing from the pre-stressing load case, however it reduces the stress from external 

loading. The objective must therefore be to determine an optimal dimension for the curved pitch of 

the arch. 

It should also be emphasized that it is not absolutely appropriate to select a thick glass pane in order 

to guarantee the buckling stability under full load. It can be absolutely the case that this thick glass 

pane shatters during the pre-stressing, because of the high bending stresses. Therefore an optimum 

is to be looked for in this case as well. 

This last aspect gives rise to a further train of thought: Laminated glass is laminated, among other 

things, with polyvinyl butyral (PVB). PVB is a thermoplastic, whose material behavior (also the 

stiffness among other things) is very strongly influenced by temperature. Above approx. 60° 

centigrade, PVB softens and is plastic-viscous. This behavior can be taken advantage of in a 

purposeful way during the manufacture of the arched glass. Through warming of laminated glass 

 
 

Fig. 1 Comparison of structural 

behaviour, a) bending beam, b) arch 

a) 

b) 
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panes during the pre-stressing procedure, the bonding 

effect can be appropriately reduced. The stresses 

from the pre-stressing of a laminated glass from two 

similarly thick individual panes are halved with this 

procedure (Fig. 2). 

On the other hand, the snow load case mostly 

represents the full load in case of overhead glazing. 

With arched glasses, the resulting bending stresses 

from this load case are not a decisive factor. A 

sufficient stiffness for achieving buckling stability is 

a decisive factor however. This stiffness can be 

achieved only if a sufficient bonding effect can be 

integrated into the laminated glass pane. Thus, in this 

load case, a certain amount of shear stiffness of the 

PVB film is necessary for the buckling stability of 

the glass pane. 

For overhead glazing, the residual load-bearing 

capacity is to be verified. After breakage of the glass pane, this must not fall down. It is clear that 

the pane, with utilization of a laminated glass pane with PVB intermediate layer, will rest on the 

round steel bars after its destruction. It is presumably unimportant in this case whether the 

individual panes consist of float glass, partially pre-stressed glass or fully pre-stressed glass. Also, 

combinations are possible. The round steel bars must then transfer the load of the pane and the 

additional load as a tensile element to the supports of the glass element. The support of the glass 

elements must therefore be implemented statically determined with respect to the utilization status, 

however, horizontally fixed on both sides with respect to the residual load-bearing capacity. 

For the first applications of the arched glass element described in Chapter 4, laminated glass from 

fully pre-stressed glass was selected. In the case of fully pre-stressed glass, the permissible bending 

stress is highest and, with that, the possible curved pitch from the pre-stressing is the largest. After 

its breakage, laminated glass from two fully pre-stressed glass panes, because of the fine granular 

structure of the glasses and the tensile capacity of the PVB film, will rest on the round steel bars 

very flexibly. A lateral falling down or a sliding between the round steel bars appears very unlikely. 

With the development of the glass support bracket, different points are to be considered. The 

occurring stresses, both during the pre-stressing of the glass, as well as later from initial stress and 

external loading, are to be securely taken up. The detail must avoid stress peaks in the glass and 

enable a material-orientated handling with glass. A good handling capability of the detail, both 

during the pre-stressing of the glass and during the installation of the glass on the construction site, 

is to be considered. Ultimately the details must also be economical. 

 
 

Fig. 2 Bending stiffness and stress of 

laminated glass with a) full shear 

stiffness b) no shear stiffness 

a) 

b) 
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3 Investigations carried out  

The questions addressed have made necessary the most different types of investigations. These 

investigations and their results are represented. 

3.1 Behavior of the PVB Film during the Bending of the Panes 

Even at a very early stage in our 

planning, investigations were 

carried out which examined the 

deformability and the support 

characteristic of the PVB film with 

increased temperatures, as well as 

the support characteristic after 

cooling [3]. Specimens of 

laminated glass with an 

intermediate layer of PVB film 

with 1.9 mm thickness were 

deformed, with variously high 

temperatures, up to a shear angle of  

γ = 1.25 in the film and left with 

this deformation for up to 16 hours. 

The characteristic of the shear 

stress over time is represented in 

Fig. 3 for the three temperature 

ranges examined. It indicates that, 

at 57°C, the shear stress is only 

another 0.047 N/mm² after 

application of the deformation and 

a cooling-down phase of 5 hours. After 16 h, the residual shear stress is only 0.031 N/mm². A shear 

stiffness of 0.025 N/mm² results from this. The subsequent shear investigations on the remaining 

deformed bodies investigated indicated that no significant differences of the support characteristic 

exist in comparison to the untreated reference samples. 

It is clear that the shear stiffness of the PVB film is negligibly small with a temperature of 60°C. If 

60°C is the temperature during the manufacturing of the arched glass, the bending resistance of the 

laminated glass pane from two panes is therefore not significantly larger than the resistance of two 

panes loosely combined with each other. The behavior is analogous to the bending stresses. The 

support characteristic of this pane after the cooling is no different from a pane which has not 

undergone this procedure. 

3.2 Static Calculations 

Subject to the following assumptions, the optimal measure of the arch curved pitch was determined: 

- The shear stiffness of the PVB film with the pre-stressing load case is negligible (see 3.1). 

- The shear stiffness of the PVB film with full load (dead weight and snow) results in 

0.74 N/mm² in case of an action duration of one month and a temperature of 10°C [4]. 

Based on a series of investigations with a spatial FE model and the boundary conditions just 

mentioned, the optimal amount of the pitch f was determined at l/18 for a given span l. 
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The actual static calculation was carried out with the same spatial FE model. The pre-deformation 

for the decisive stability failure (asymmetric bending) was applied in accordance with DIN 18800, 

Part 2. The verification was implemented following the partial security concept. A sufficient 

security results, both in case of stress failure as well as stability failure. 

3.3 Development of the Glass Support Bracket 

At the base of the glass arch, the arch pressure compression force is 

taken up and the horizontal force content transferred into the round 

steel bars. The vertical content of the external load is transferred 

into the under-structure. The system lines of the glass, the round 

steel bars and the vertical support, result (Fig 4). 

In view of the peaked angle between glass and round steel, a recess 

of the glass pane and an anchoring of the round steel in this area 

should be implemented. The vertical support point could then also 

be at the intersection of the system lines. However, this procedure 

is viewed as not being material-orientated with respect to the glass 

and as being too extensive with respect to the design. 

Instead of this, a surrounding of the glass with a steel part is 

proposed. In this way, a special preparation of the glass edge is unnecessary. As a consequence, the 

vertical support point must be placed deeper. Since, however, no planned horizontal stresses can 

occur in the vertical support point (the glass element is supported as determined statically) this is 

not a requirement. The glass stressing in the contact surface can be influenced by the width of the 

glass support detail. The compression force contact between steel and glass, with simultaneous 

compensation of possible irregularities, is realized through a shaped and non-positive grouting with 

Hilti-Hit HY 50. Fig. 5 indicates different stations of the development of the glass support. 

3.4 Manufacture of the Arch Glass Elements 

For the evaluation of the support characteristic of the glass elements, the quantitative observation of 

the manufacturing procedure is also important. The elements employed later for investigations into 

load-bearing capacity and residual load-bearing capacity were therefore initially equipped with 

strain gauges. During the production process, the stresses in the panes were measured at two 

measurement points and the ambient temperature measured. 

The bending process for the glass elements of the Wasseralfingen loggia progressed as follows 

(Fig. 6): 

 

Fig. 4 System lines 

 

 

 

 

 

 

 

 

Fig. 5 Development of the glass support bracket 
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- Flat laminated glass panes were placed into 

wood under-structures, with optimal arched 

shape. The round steel bars (two glass 

supports are fixed attached to a round steel 

bar with prespecified length) were also in 

the manufacturing space. In this way, 

different temperature expansions of the 

glass and steel elements were avoided. The 

room temperature was increased to 60°C. 

- Upon reaching 60°C, the reduction of the 

bonding effect was clearly visible. The 

panes had been deformed under their own 

dead weight load almost up to the specified 

pitch. The missing residual deformation was 

generated through additional load. 

- The arch shape corresponded exactly to the 

shape of the wooden template in the loaded 

status. In this way, it could be ensured that 

the chordal lengths of the arches were 

almost identical. The round steel bars were 

mounted and the space between glass front side and glass support was grouted with Hilti-Hit 

HY50. 

- Cooling-off of the glass element 

The evaluation of the measured data confirms the prior assumptions. First of all, a compound effect 

can be measured in the case of the flat pane, i.e. the edge stresses at the upper and lower side of the 

individual panes are not equal in amount. Approx. 7 hours after application of the additional load, 

i.e. the within the time to be expected according to Fig. 3, the creep process of the film is almost 

concluded and a bond is difficult to verify any longer. 

3.5 Load-Bearing Capacity Investigations 

For the computational verification of the 

load-bearing capacity, a shear bonding is 

required between the two fully pre-stressed 

panes, as represented in 3.2. Load-bearing 

capacity investigations were subsequently 

required, both for the loggia in 

Wasseralfingen as well as for the central bus 

station in Heidenheim (two investigated 

bodies for both projects). As in the building 

construction, the glass elements were 

supported on one side with sliding restricted 

and, on the other side, with longitudinal 

sliding with limit of travel (Fig. 7). 

The investigations were implemented for each 

case over a duration of four weeks in winter 

with temperatures of max. 10° centigrade. The loading was applied differently over the time of the 

experiment for every pane investigated and varied between the 1.0 times and 2.4 times the usage 

load. Single-sided load characteristics were also selected. The deformations of the glass elements 

Fig. 6 Prefabrication of the glass elements 

 
 

Fig. 7 Load bearing test of the glass elements 
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were measured at the arch middle and at the quarter points. Stresses were additionally measured 

with the aid of strain gauges on all surfaces of the ESG panes. 

The load-bearing capacity of all glass panes was indicated. The stiffness of the arches under snow 

loading, with corresponding temperature, is sufficiently high and permanent. Based on the 

deformation and stress measurements, it could be verified that the deformations, which resulted 

under single-sided loads, returned again after removal of the load. Also, a successive creeping of the 

arch into an imperfect geometry can thus be excluded. 

3.6 Residual Load-Bearing Capacity Investigations 

Up to now, three residual load-bearing capacity 

investigations were carried out (two for the loggia in 

Wasseralfingen and one for the Central Bus Station in 

Heidenheim). In all cases, the support conditions in the 

investigation were selected in analogous form to the 

installed situation. 

The loading was varied between 50 and 100% of the full 

snow load. Also, after destruction of the lower or the 

upper pane, the test specimens were still completely load-

bearing (Fig. 8). The upper pane was destroyed first, so a 

higher curving resulted due to the volume expansion of 

the splintered upper glass and with that a larger curve 

pitch of the glass element. The tensile force in the round 

steel bar decreased. If the lower pane was destroyed first, 

then a smaller curve resulted and, with that, a smaller curve pitch of the glass element. The tensile 

force in the round steel bar increased. 

After destruction of the second pane, there resulted the total failure of the arch in each case. The 

fully pre-stressed glass panes, which were broken into small pieces, settled on the steel ties. The 

projecting areas still initially project relatively horizontally beyond the round steel bars (Fig. 9), 

however, with the passage of time, increasingly bend downwards.  

  

Fig. 9 Glass element after destruction of both 

panes 

Fig. 10 Glass element 12 hours after 

destruction of both panes 

After a 12 hours, the broken glass element looks like a towel hanging on two clothes-lines (Fig. 10). 

A cracking of the film in the edge zones or at the glass support was not determined. The required 

duration of residual load-bearing capacity of 48 hours was adhered to. 

 
 

Fig. 8 Glass element after 

destruction of one pane 
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4 Project Examples 

4.1 Loggia in Aalen-Wasseralfingen, Germany 

The loggia in Wasseralfingen was 

constructed in the course of the 

restructuring of the area center. It is 

located in Stefansplatz, parallel to 

the parish church of St. Stefanus and 

diagonally opposite the city hall. The 

city park is located behind the 

loggia. The square was recessed 

from the street space by steps. A 

free-standing pavilion was desired, 

which, on the one hand defines a 

recreation space for  versatile use, on 

the other hand, by means of 

maximum transparency, should 

restrict the view of the church as 

little as possible (Fig. 11),. 

Two parallel lines of pipe clamps of 

stainless steel, clamped in strip 

footings, are connected at a height of approx. 5 m in each case through a horizontal high-grade 

sheet steel trough. Placed on this, the glass elements, which are clamped from support row to 

support row, are suspended. 

7 arched glasses with a span of 5.4 m and a width of 2 m were installed. Their curved pitch is 30 

cm. Both fully pre-stressed panes have a thickness of 12 mm and a PVB intermediate layer with 1.9 

mm thickness. Every glass element is forced into the arched shape with two stainless round steel 

bars of diameter 14 mm. 

The glass supports of stainless steel were shaped on the basis of a 3D drawing model, with the aid 

of a CNC machine (Fig. 12). The round steel bars were fixed-welded to both glass supports. The 

compression forces are transferred from the glass into an aluminum half cylinder via an injected 

Hilti-Hit HY 50 intermediate layer. This half cylinder guarantees the twisting capability of the glass 

at the contact surface to the stainless steel with its cylindrical hollow shape. The glass is protected 

against contact with the surrounding steel surfaces by inserted elastic plates of low Shore hardness 

(50). 

 

 

 

Fig. 12 Glass support detail of the Loggia in 

Aalen-Wasseralfingen 

Fig. 13 Sliding support of the glass 

elements 

 
 

Fig. 11 View of the Loggia in Aalen-Wasseralfingen 
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The arched glass elements were supported on the under-structure, flexibly and fixed on one side and 

flexibly and sliding on the other side (Fig. 13). The support play of ±5 cm also takes into 

consideration the deformations of the very soft under-structure from horizontal loads, as well as 

different temperature deformations. The limit of travel of the support, which is necessary for the 

residual load-bearing capacity, is formed by the longitudinal girders of the sheet steel trough. 

4.2 Central Bus Station in Heidenheim, Germany 

The new central bus station in Heidenheim is located perpendicular to the street and has three 

parallel bus lanes (Fig. 14). All three bus lanes and three adjacent buildings are provided with a roof 

of 7 m height. The roof has 61.5 m length and 29 m width corresponding to the bus lanes. 

  

Fig. 14 View of the central bus station in 

Heidenheim 

Fig. 15 Glass support detail of the central 

bus station in Heidenheim 

The roof construction rests on steel supports, which are clamped in foundations. The steel supports 

are connected over the roof with steel girders perpendicular to the bus tracks. The roof structure was 

suspended from the steel girders. The roof structure is divided into 3 closed fields made from prefab 

reinforced-concrete elements and 3 glass fields, which were realized with arched glass elements. In 

each case, the fields are as long as the roof construction and the bus lanes. 

31 Arched glass elements, with 3.9 m span and 2 m width, were installed in the 3 glazed fields. 

Their curved pitch is 22 cm. Both fully pre-stressed panes have a thickness of 10 mm and a PVB 

intermediate layer with 1.9 mm thickness. Every glass element is forced into the arched shape with 

two stainless round steel bars of diameter 12 mm. 

In contrast to the glass supports used in Wasseralfingen, different modifications were carried out in 

Heidenheim. This time the glass supports, modified in shape, were produced in steel casting (Fig. 

15). The round steel bars were provided with right-hand and left-hand threads and were screwed 

into the cast glass support brackets. The compression forces are transferred directly into the glass 

support from the glass via an injected Hilti-Hit HY 50 intermediate layer. The glass is protected 

against contact with the surrounding steel surfaces by inserted elastic plates of low Shore hardness 

(50). 

The arched glasses were supported on the under-structure, flexibly and fixed on one side and 

flexibly and sliding on the other side. The support play of ±2 cm considers in this case only 

different temperature deformations. The deformation of the under-structure in relation to the glass 

elements is negligible. The support play on the sliding support side is realized through a 

corresponding hole tolerance play at the counterpart of the glass support. This hole tolerance play 

includes the limit of travel of the support, which is necessary for the residual load-bearing capacity. 
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5 Conclusion and Acknowledgements 

With the arched glass element, a very simple, statically-efficient and in consequence powerful 

system was developed for overhead glazing. The high level of economy in use of this glass element 

follows from its simplicity and efficiency. 

Arched glass takes advantage of the thermoplastic properties of the PVB film of laminated glass 

where, on the one hand, it utilizes the lack of stiffness during the pre-stressing with higher 

temperatures in order to avoid stresses and, on the other hand, it utilizes the existing stiffness with 

snow load and deeper temperatures in order to prevent a stability failure. 

We thank all participants for their constructive cooperation in the development of the arched glass, 

as well as in the construction of the loggia in Wasseralfingen and the ZOH in Heidenheim. 

 

Project dates Loggia in Aalen-Wasseralfingen 

Owner: City of Aalen 

Architect: Freie Planungsgruppe 7, Stuttgart 

Structural engineer: Weischede, Herrmann und Partner Stuttgart 

Contractor for the glass construction: Maier Glas, Heidenheim 

 

Project dates ZOH in Heidenheim 

Owner: City of Heidenheim 

Architect: Molenaar Architekten und Stadtplaner, Gräfelfing 

Structural engineer for the glass construction: Weischede, Herrmann und Partner Stuttgart 

Contractor for the glass construction: Maier Glas, Heidenheim 
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