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A promising technique to obtain free-form curved glazing consists in cold-bending glass panels by forcing
them in the desired position. When the glass is laminated, the static state of the forced panel varies in time
because of the viscoelasticity of the polymeric interlayer, which causes the decay of the shear-coupling of
the constituent glass plies. Here, a model is presented to calculate the evolution of stress and deformation
in single-curvature cold-bent laminated glass when, in particular, the glass plies are first cold-bent and, in
this condition, are successively laminated in autoclave. With this technique, referred to as cold-lamination-
bending, the successive bonding of the plies through the interlayer partially maintains the curvature after
that forcing actions are removed. An approximate method based upon a quasi-elastic approach is pre-
sented and compared in paradigmatic examples with the full viscoelastic approach.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Bent glass has been used for building purposes since the early
nineteenth century, yet this is still a dynamic product that has
far from exhausted its potential. Being a powerful tool of aesthetic
design, its use is steadily increasing along with other uses of glass
in modern architecture. Bent glass has been used primarily in pub-
lic buildings, office complexes and in the facades of corporate facil-
ities. Typical building projects include airports, exhibition areas,
museums, concert halls and shopping arcades, both for interior
and exterior applications. Possible uses include facades and display
windows, skylights and cupolas, skywalks, entrances, revolving
doors, canopies, winter gardens and conservatories, railings for
staircases and elevated walkways, elevators, partitions.

There are two main categories of production: hot-bending and
cold-bending. Hot-bent glass is obtained by heating sheets of glass
until it reaches the softening point (glass transition temperature)
and curving them into the desired shape using moulds. Both sin-
gle- and double-curvature surfaces can be obtained, but a strong
limitation is represented by the need of a negative form. In recent
years, numerically-controlled machines have been developed that
allow to obtain hot-bent surfaces with simple curvature whose ra-
dius is arbitrarily variable in a continuous manner, but this tech-
nology is quite expensive. Cold-bending is a recent fabrication
process that is increasingly developing because it allows for the
construction, at relatively low cost, of curved free-form surfaces
without any need of negative moulds. In general, the cold-bent sur-
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face is a single-curvature developable surface; cold-bending into a
double curved shape is possible, but results in high membrane
stress levels and low curvature of the laminate, so that the eco-
nomic advantage of cold-bending in manufacturing is lost. How-
ever, recent advances in theoretical algorithms allow for the
discretization of any surface using only single curvature panels,
thus permitting the construction of smooth double curvature glaz-
ing of any form [23,7]. This solution is very effective in cost reduc-
tion although it certainly has its limits. In fact, it is particularly
adapt for surfaces with low curvature because the discretization
of double curvature by single curved elements may lead to modifi-
cations of the initial shape in order to be able to panelise.

In cold-bending, flat glass panes are brought to the desired
geometry by means of external contact forces, which hold the
curved glass unit in the desired form. Two basic techniques are
used here. The most common one consists in curving glass at the
construction site, holding it in place by clamping strips. But the
most advanced technique, applicable to laminated glass only, con-
sists in bending the glass in factory before laminating so that it is
the interlayer that keeps it in the desired shape. The latter proce-
dure, usually denoted cold-lamination-bending, consists of two
different phases. Firstly, a package composed of glass plies interca-
lated with sheets of polymer is deformed together by means of a
bending device (mould), which keeps deformation constant during
the successive autoclave lamination at high pressure and temper-
ature [17,6,8]. Once out from autoclave, the bending device is re-
moved, but the now coupled laminated package maintains the
deformed shape through the interlayer.

However, the curved laminate suffers an initial springing back
followed by a long-term relaxation due to the viscoelasticity of the
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polymer, whose effects must be precisely predicted to obtain the
prescribed curved surface. The traditional approach is to use
computer-aided structural analysis and superposition of effects, but
there are various level of accuracy in this procedure. In particular,
the evaluation of the shear coupling provided by the polymeric inter-
layer is complicated by its viscoelastic response, which is highly time-
dependent and temperature-dependent. In the design practice it is
usual to rely upon approximate solutions, the most common of which
considers the polymer as a linear elastic material, characterized by a
proper secant shear modulus, calibrated according to temperature
and characteristic duration of the design actions. Such an approxima-
tion, usually referred to as the quasi-elastic method, is equivalent to
neglecting the memory effect of the viscoelastic material. This pro-
vides estimates on the side of safety in the case of monotone loading
histories [11], but there may be loading-unloading paths for which
the approximate approach gives results that are not conservative
[14]. Geometric non-linearities are usually important because of
the slenderness of the laminated panel [1,9], but can be neglected,
at least as a first order approximation, when the loads are mainly
orthogonal to the panel surface and no in-plane forces are present.
This is not the case when buckling phenomena are possible, in which
the viscoelasticity of the interlayer plays a definitive role [15].

A major issue in the cold-lamination-bending process that still
needs clarification is how to precisely model the phase when bend-
ing takes place and the successive transient relaxation. This is a pre-
requisite to determine how the curvature will change over time and
how the viscoelastic properties of the interlayer may affect the dura-
tion and relaxation of the imposed distortion. Since the process is
composed of different phases, in view of computer-aided structural
calculations it is important to establish when, and within which
limits, superposition of effects is applicable. Moreover, it must be
verified whether the application of simplified models, like the qua-
si-elastic approximation, can be used without appreciable errors.

In order to answer to the aforementioned questions, we con-
sider the paradigmatic case of a laminated panel with single-curva-
ture, obtained through the cold-lamination-bending process. The
shear dislocations induced during the distortion phase are properly
taken into account in a sandwich beam model with viscoelastic
core, whose governing equations are determined using an ap-
proach a la Newmark [12]. The relationship between this approach
and a proper use of the superposition of effects is described. More-
over, the accuracy of the quasi-elastic approximation and the pos-
sibility of using the superposition of effects within this simplifying
assumption is critically discussed. The influence of the viscoelastic
properties of the interlayer on the long term performance during
service life is highlighted by making reference to different in type
commercial interlayers.

2. The distributed dislocation approach to cold lamination
bending. Superposition of effects

The rheological response of laminated glass when initially cold
bent and afterwards processed in autoclave is now examined in de-
tail. Considering that, when deformed, there is a relative shear slip
between the glass plies not yet coupled by the polymeric interlayer
(free sliding plies), a model is developed for evaluating the time-
dependent response of the laminated package after that the bond
is executed in autoclave. Such a method is based upon consider-
ation of the initial relative distortion between the plies and, be-
cause of this, it is referred to as the distributed dislocation approach.

2.1. The cold lamination bending process
The process that leads to a permanent cold-bent distortion of

laminated glass is organized in the following three phases, sche-
matically represented in Fig. 1.

e Phase I, distortion. The yet-not-coupled glass plies and interlayer
are cold-bent into the desired shape by external actions, sche-
matically represented in Fig. 1 by the pressure on a negative
mould. This produces the relative slip between glass and inter-
layer, which is equivalent to a distributed shear dislocation
between the glass plies. Then, the so-deformed unit is lami-
nated in autoclave, so that the interlayer bonds the glass plies
while in the distorted configuration.

Phase II, transient. When lamination process is finished, the
actions that had forced the cold-bending are removed. Glass
plies would tend to return straight but they are now bonded
by the interlayer. Due to the viscoelastic deformation of the
interlayer itself, there is an initial spring-back followed by a
long-term relaxation.

Phase IlI, final forcing. After a certain time, which depends upon
the handling process, the laminated glass panel is fixed in the
desired final shape. As represented in the picture, this may be
done, for example, by forcing the panel and by gluing its borders
to a curved, sufficiently stiff, contouring frame. Again, the visco-
elastic behavior of the interlayer causes a redistribution of
stress in the glass plies, provoking in general the relaxation of
the constraint reaction forces.

It should be mentioned that, in manufacturing reality, the initial
spring-back and relaxation is partially blocked or delayed, as the
laminate has to be released from the mould, which takes a certain
time (30-150 s, depending on the fixing to the mould). Indeed, it is
very difficult to analyze this transient stage because the timing of
the constraint conditions may considerably vary according to the
manufacturing. However, this does not effect the long-term re-
sponse, although it may have a short-term influence on stress
and deformation that should be analyzed case by case, for the spe-
cific conditions. Therefore, in the present article, we will suppose
that the release at the beginning of Phase II is instantaneous. We
may infer, albeit tentatively, that if the release is gradual, a
smoother transition rather than a sharp spring-back will be ob-
served, but its characterization goes beyond the scope of this
article.

Moreover, it should also be observed that Phases I and II are al-
ways obligatory for cold lamination bending, but Phase III is a pos-
sible option. In fact, it is also not uncommon to “overbend” the
glass in phase I to obtain the desired deformation for using the
panel in a building after the handling time, during which part of
the relaxation occurs. However, it is very difficult to precisely
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Fig. 1. Phase I: cold bent distortion introduced through forcing and successive
lamination; phase II: transient of the distorted package after forcing actions have
been removed; phase III: final forcing in the desired position.



Download English Version:

https://daneshyari.com/en/article/266887

Download Persian Version:

https://daneshyari.com/article/266887

Daneshyari.com


https://daneshyari.com/en/article/266887
https://daneshyari.com/article/266887
https://daneshyari.com

