Copyrighted Materials

Copyright © 2012 ASTM International Retrieved from www.knovel.com

Journal of ASTM International

Selected Technical Papers STP 1545
Durability of Building and Construction
Sealants and Adhesives: 4th Volume

JAI Guest Editor:
Andreas T. Wolf

ASTM International
100 Barr Harbor Drive

PO Box C700
) West Conshohocken, PA 19428-2959
J.IL’

INTERNATIONAL Printed in the U.S.A.
Standards Woridwide

ASTM Stock #: STP1545



Library of Congress Cataloging-in-Publication Data

ISBN: 978-0-8031-7531-0
ISSN: 2154-6673

Copyright © 2012 ASTM INTERNATIONAL, West Conshohocken, PA. All rights
reserved. This material may not be reproduced or copied, in whole or in part, in any printed,
mechanical, electronic, film, or other distribution and storage media, without the written
consent of the publisher.

Journal of ASTM International (JAI) Scope
The JAI is a multi-disciplinary forum to serve the international scientific and engineering
community through the timely publication of the results of original research and critical
review articles in the physical and life sciences and engineering technologies. These
peer-reviewed papers cover diverse topics relevant to the science and research that
establish the foundation for standards development within ASTM International.

Photocopy Rights
Authorization to photocopy items for internal, personal, or educational classroom use,
or the internal, personal, or educational classroom use of specific clients, is granted by
ASTM International provided that the appropriate fee is paid to ASTM International,
100 Barr Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-2959,
Tel: 610-832-9634; online: http://www.astm.org/copyright.

The Society is not responsible, as a body, for the statements and opinions expressed in
this publication. ASTM International does not endorse any products represented in this
publication.

Peer Review Policy
Each paper published in this volume was evaluated by two peer reviewers and at least
one editor. The authors addressed all of the reviewers’ comments to the satisfaction of
both the technical editor(s) and the ASTM International Committee on Publications.

The quality of the papers in this publication reflects not only the obvious efforts of the
authors and the technical editor(s), but also the work of the peer reviewers. In keeping
with long-standing publication practices, ASTM International maintains the anonymity
of the peer reviewers. The ASTM International Committee on Publications acknowledges
with appreciation their dedication and contribution of time and effort on behalf of ASTM
International.

Citation of Papers
When citing papers from this publication, the appropriate citation includes the paper
authors, “paper title”, J. ASTM Intl., volume and number, Paper doi, ASTM International,
West Conshohocken, PA, Paper, year listed in the footnote of the paper. A citation is
provided as a footnote on page one of each paper.

Printed in Bay Shore, NY
July, 2012



Copyrighted Materials

Copyright © 2012 ASTM International Retrieved from www.knovel.com

Preface

What Impact Do Design Choices in the Building Industry Have
on Our Destiny?

The global population of Homo sapiens reached four billion in 1974, five bil-
lion in 1987, six billion in 1999, and seven billion by the end of October 2011.
It continues to soar at a rate of 1.1 percent per year and is expected to reach
eight billion sometime within the time frame of 2025-2027, and nine billion
around mid-century!.

Whilst the population has increased by a factor of about 2.7 during the
past 60 years, the global annual primary energy consumption has grown
by a factor of 4.5, a trend bearing the signs of a typical runaway process. A
worry compounding this symptom is that only a small share of the global
population, some 1.2 billion people (approximately 15 percent of the total
population) located in the OECD countries, accounts for the lion’s share (47
percent) in global energy consumption?®. The developing countries are now
eagerly adopting this historically ‘proven formula’ for success.

The biosphere, and hence the environment, of planet Earth is self-regu-
lating. If humankind is not capable of simultaneously halting or reversing
population growth whilst drastically reducing its average footprint of energy
consumption per capita, this runaway process will result in an environmen-
tal implosion, which will be aided by increasing demand for water, produc-
tive land (food) as well as waste generation?. The ensuing starvation and
environmental disasters will drastically decimate our population to a level
that again can be sustained by Earth’s fragile (and then damaged) environ-
ment. Assuming that we are able to quickly and effectively minimize our
impact on the environment, we are still facing an environmental bottleneck
in this century.

!Anonymous, Real time World Statistics, online at: http://www.worldometers.info/
world-population/

2Anonymous, Key World Energy Statistics 2011, International Energy Agency (IEA),
Paris, 2011, available for download at: http:/www.iea.org/textbase/nppdf/free/2011/
key_world_energy_stats.pdf

3 Anonymous, BP Statistical Review of World Energy, 2011, available for download
at: http://www.bp.com/assets/bp_internet/globalbp/globalbp_uk_english/reports_and_
publications/statistical_energy_review_2011/STAGING/local_assets/pdf/statistical_
review_of_world_energy_full_report_2011.pdf

4Anonymous, The Little Green Data Book, The World Bank, Washington, D.C., 2011,
online at: http://data.worldbank.org/products/data-books/little-data-book/little-green-
data-book
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Impact of Buildings on the Environment and the Way Forward

One of the principal needs essential for the human race to survive is subsist-
ence, which relies on an unconditional availability of food and shelter. The
services involved in the operation of ‘modern shelters’, i.e., residential and
commercial buildings — lighting, heating in the winter, cooling in the sum-
mer, water heating, electronic entertainment, computing, refrigeration, and
cooking — require a staggering amount of energy. The energy required for
the operation of buildings in the U.S.° alone corresponds to 42 EJ (1 Exa-
joule = 108 Joule) or about 1 Giga-ton-oil-equivalent (1 toe = 41.87 GdJ). This
accounts for almost 40 percent of the total U.S. energy use. This amount
is equivalent to the energy released by about 670,000 atomic bombs of the
‘Little Boy’ type dropped over Hiroshima on August 6, 1945, a bomb that
exploded with an energy of about 15 kilotons of TNT (63 TJ).

In addition to the operational energy employed during use, buildings
embody the energy used in the mining, extraction, harvesting, processing,
manufacturing and transport of building materials as well as the energy
used in the construction and decommissioning of buildings. This embodied
energy, along with a building’s operational energy, constitutes the building’s
life-cycle energy and carbon dioxide (CO,) emissions footprint.

Energy efficiency of buildings has been on the agenda of many govern-
ments during the past 20 years. However, in order to effectively shrink the
ecological footprint of our buildings, we must seek ways to ‘decarbonize’ our
energy sources, i.e., we have to shift from the burning of fossil fuels to energy
sources that do not release additional CO, to the atmosphere. Renewable en-
ergy sources, such as wind, hydro, tide and wave, geothermal, photovoltaic
and thermal solar, biomass fuels, as well as synthetic fuels produced, for in-
stance, by genetically modified algae or bacteria or by the Fischer-Tropsch
process from existing atmospheric CO, are likely to play an increasingly im-
portant role in the future energy mix%’. However, this shift towards more
benign and renewable energies does not imply that energy efficiency is off the
agenda. On the contrary, we have to strengthen our efforts directed at making
our buildings more energy efficient. Finally, we have to consider ways of de-
materializing as well as rematerializing our buildings. Dematerialization is a

5Anonymous, Energy Efficiency Trends in Residential and Commercial Buildings,
U.S. Department of Energy, 2008, available for download at: http:/appsl.eere.energy.
gov/buildings/publications/pdfs/corporate/bt_stateindustry.pdf

6Schattenberg, P., “Ancient Algae: Genetically Engineering a Path to New Energy
Sources?”, ScienceDaily, July 11,2011, online at: http:/www.sciencedaily.com/releases/
2011/07/110711164533.htm

“Jess, A., Kaiser, P., Kern, C., Unde, R.B., von Olshausen, C., “Considerations Concern-
ing the Energy Demand and Energy Mix for Global Welfare and Stable Ecosystems”,
Chemie Ingenieur Technik, Vol. 83, No. 11, 2011, pp. 1777-1791.
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reduction in the bulk (mass) of hardware and the associated embodied energy
used in the construction of buildings (“doing more with less”), while remate-
rialization is the reuse or recycling of building materials at the demolition
stage. Both dematerialization and rematerialization recognize that there are
finite limits to the amount of materials we can extract from our planet.

The amount of carbon dioxide emissions that construction can influence
is substantial. A British report, published in autumn 2010, estimates that
construction-related CO, emissions account for almost 47 percent of total
carbon dioxide emissions of the United Kingdom?®. The previously cited U.S.
EPA report estimates that buildings in the United States contribute 38.9
percent of the nation’s total carbon dioxide emissions. Due to the energy inef-
ficiency of the existing housing stock, CO, emissions generated during use of
buildings in the U.K. account for over 80 percent of total CO, emissions. Pre-
vious life-cycle energy analyses have repeatedly found that the energy used
in the operation and maintenance of buildings dwarf the energy embodied in
building materials. For example, Cole and Kernan®, in 1996, as well as Reepe
and Blanchard!, in 1998, found that the energy of operation was between
83 to 94 percent of the 50-year life cycle energy use. Even for new, highly
efficient office buildings located in China, where currently considerably less
energy is being consumed by the operation of buildings when compared to
the U.S.A. or Western Europe, operational energy accounts for 56 percent of
the total life cycle energy!!.

Building construction and demolition are major contributors to the waste
we generate. In a report issued in April 2009, the U.S. EPA estimates that
160 million tons of building-related construction and demolition (C&D) de-
bris is generated in the U.S.A. annually, of which 8 percent is generated
during new construction, 48 percent is demolition debris, and 44 percent is

8 Anonymous, Estimating the Amount of CO, Emissions that the Construction Indus-
try can Influence - Supporting material for the Low Carbon Construction IGT Report,
Ministerial Correspondence Unit, Department for Business, Innovation & Skills, Lon-
don, United Kingdom, 2010, available for download at: http:/www.bis.gov.uk/assets/
biscore/business-sectors/docs/e/10-1316-estimating-co2-emissions-supporting-low-
carbon-igt-report

9Cole, R. and Kernan, P. “Life-cycle Energy Use in Buildings”, Building & Environ-
ment, Vol. 31, No. 4, 1996, pp. 307-317.

0Reppe, P. and Blanchard, S., Life Cycle Analysis of a Residential Home, Report 1998-
5, Center for Sustainable Systems, University of Michigan, 1998, available for down-
load: http://www.umich.edu/~nppcpub/research/lcahome/homelca.PDF

HFridley, D., Zheng, N., and Zhou, N., “Estimating Total Energy Consumption
and Emissions of China’s Commercial and Office Buildings”, Report LBNL-248E,
Lawrence Berkeley National Laboratory, Berkeley, CA, USA, 2008, available for
download at: http://china.lbl.gov/publications/estimating-total-energy-consump-
tion-and-emissions-chinas-commercial-and-office-building



renovation waste. An estimated 20 to 30 percent of building-related C&D de-
bris is recovered for processing and recycling. The materials most frequently
recovered and recycled were concrete, asphalt, metals, and wood!2.

Regardless of one’s personal opinion about the consequences of the above
facts and statistics for the future of humanity, any rational thinker among
us must appreciate the serious cost overhead associated with all this waste.
In monetary terms, can the waste laden expenditures of the past continue to
be expanded and sustained by humankind in the 21t Century?

21° Century Potential for Positive Change — Contributions
by Sealants and Adhesives

What do the previous comments have to do with a book focused on the dura-
bility of building and construction sealants and adhesives?

Sealants and adhesives are at the interface between building materials
and/or components and provide important functions, such as sealing, bond-
ing, strengthening, movement accommodation, shock protection, fire reten-
tion, thermal or electrical insulation, and many others. These functions pro-
vide added value to the building and can enable a reduction in the building’s
ecological footprint. Below are just a few examples of the contributions that
sealants and adhesives can make to the reduction of operational energy as-
sociated with a building:

¢ Energy-efficient ventilation achieved via controlled air and moisture
flows (elimination of both ‘infiltration’ and ‘exfiltration’, the uninten-
tional and uncontrollable flow of air through cracks and leaks in the
building envelope).

e Improved thermal insulation of windows achieved by replacement of
existing glazing by durable, sealed high performance insulating glass
units.

e Renewable energy generation: Use of sealants and adhesives in the
assembly and sealing of photovoltaic (PV) solar modules as well as dur-
ing installation of building integrated photovoltaic solar panels (BIPV)
in the building envelope.

The use of a structural sealant or adhesive may also allow redesign of a
building component such that the dematerialization results in a reduction of
the associated embodied energy of the component.

2 Anonymous, Buildings and their Impact on the Environment: A Statistical Sum-
mary, Revised April 22, 2009, U.S. Environmental Protection Agency, Green Build-
ing Workgroup, available for download at: http:/www.epa.gov/greenbuilding/pubs/
gbstats.pdf



One example is the elimination of steel reinforcement bars in uPVC win-
dows by bonding the glass panes to the uPVC frame as an alternative rein-
forcement measure. Experience gained with silicones in structural glazing
and protective glazing systems and with polyurethanes in automotive direct
glazing led to the development of these structurally bonded window sys-
tems. Obviously, the strength of the window then depends on the structural
strength of the glass unit. However, glass has a good load bearing capability
(stiffness) and can contribute considerably to the overall strength of the sys-
tem. In addition to their environmental benefit (smaller carbon footprint),
these constructions also offer functional benefits, such as leaner and more
slender frame designs (the larger vision area results in increased light trans-
mission via the window opening and provides improved natural lighting) as
well as improved protective glazing properties (resistance to burglars, bomb
blasts, hurricanes, earthquakes, avalanches, etc.)!®. In this example, dema-
terialization is achieved by satisfying several product functions through one
component (sealant) of the overall product (window).

A second example is the replacement of concrete beams by hybrid compos-
ite beams. These composite beams are one-tenth the weight of concrete, one-
third the weight of steel, yet they are strong enough to replace structural
concrete beams. Manufactured by filling fiberglass composite boxes with a
concrete and steel arch, covered by composite tops secured using a two-part
methacrylate adhesive, they show excellent environmental durability and
are expected to have a useful life of at least 100 years, during which they
need less maintenance than existing materials. Furthermore, due to their
resilient, energy absorbing, construction, they provide seismic shock resist-
ance'*. The ‘dematerialized’ components mentioned here in the two examples
can lower the carbon footprint of construction projects due to the reduction
in their materials’ embodied energy, and the lower fuel usage needed to ship
these lighter weight components.

Design Choices Involving Sealants and Adhesives in Building
Construction and Their Impact on our Environmental Footprint

Whether sealants and adhesives will be seen from an ecological point of view
as being part of the solution or part of the problem — especially when one
considers recycling of materials and components at the renovation or demo-
lition stage — depends largely on decisions made during the design phase.

1BWolf, A.T., “Sustainability Driven Trends and Innovation in Glass and Glazing”,
2009, available for download at: http://www.dowcorning.com/content/publishedlit/
sustainability_driven_trends_and_innovation_in_glass_and_glazing.pdf

* Anonymous, “Attaching Hard-to-bond Construction Materials for Innovative Per-
formance”, online at: http://www.specialchem4adhesives.com/home/editorial.aspx?id=
5505&lr=mas12184&li=10020918
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First, it should be recognized that, even if the design process itself had only
a minor contribution to the cost of building, a considerable portion of the cost
(as well as material and energy use) associated with later life cycle phases
is committed at the design stage. It has been estimated that more than 80
percent of a product’s environmental impact is determined during its design
phase?®, and it is likely that the same holds true for buildings. Therefore, it is
essential to consider environmental aspects of the whole buildings as well as
of the components and materials used from the first stages of design and de-
velopment. Such an approach is generally termed ‘Eco-innovation’ or ‘Design
for Environment (DfE)". The purpose of Design for Environment then is to
design a building in such a way as to minimize (or even eliminate!) the envi-
ronmental impacts associated with its life cycle. Design for Environment, as
applied to buildings, typically focuses on energy efficiency and effectiveness,
materials innovation, and recycling. While energy efficiency often is under-
stood as addressing energy savings at the sub-system level, for instance in
terms of the heating, ventilation and cooling (HVAC) system, energy effec-
tiveness may be defined as producing the best overall results with the least
amount of energy. Materials innovation addresses the need to develop new
materials that allow construction of low embodied energy, light weight, and
durable components which also meet the need for improved recyclability
(which often is a challenge with composites) and have less environmental
impact. Recyclability finally is considered at the design stage by ‘Design for
Deconstruction (DfD). Design for Deconstruction is an emerging concept
that borrows from the fields of design for disassembly, reuse, remanufac-
turing and recycling in the consumer products industries!®!’. According to
the ISO 14021:1999 standard “Environmental labels and declarations - Self-
declared environmental claims (Type II environmental labeling)”, the use of
the term ‘design to disassemble’ refers to the design of a product that can be
separated at the end of its life-time, in such a way its components and parts
are reused, recycled, recovered as energy form, or in some other way sepa-
rated from the remainders flow. The overall goal of Design for Deconstruc-
tion is to reduce pollution impacts and increase resource and economic ef-
ficiency in the adaptation and eventual removal of buildings, and recovery of
components and materials for reuse, re-manufacturing and recycling. From

15Knight, A., “The New Frontier in Sustainability — The Business Opportunity in
Tackling Sustainable Consumption”, BSR, San Francisco, USA, July 2010, available
for download at: http:/www.bsr.org/reports/BSR_New_Frontier_Sustainability.pdf
6Guy, B. and Shell, S., Design for Deconstruction and Materials Reuse, available for
download at: http:/www.recyclecddebris.com/rCDd/Resources/Documents/CSNDesign
Deconstruction.pdf

7Steward, W.C. and Baum-Kuska, S.S., “Structuring Research for ‘Design for Decon-
struction”, Deconstruction and Building Materials Reuse Conference, 2004, available
for download at: http:/citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.195.573&r
ep=repl&type=pdf
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an environmental point of view, building adhesives and sealants often face
two contradicting requirements: On the one hand, these materials should be
durable and resist the environmental stressors, such as sunlight, water, and
heat; on the other hand, there is the need to easily separate substrates for
recycling or repair. Recently, there has been increased interest in ‘Debonding
on Demand’, which refers to the process of easily separating two adhered
surfaces. Heat and light switchable adhesives have been developed, as well
as primers that can act as a separation layer when activated by infrared or
microwave radiation!®!%%, Surely novel methods for Debonding on Demand
will be developed in the near future and it will be interesting to see what the
environmental durability of these sealants and adhesives will be.

Returning to the topic of dematerialization, it should be noted that less
material use does not automatically imply less environmental impact. If
the dematerialized product or component is inferior in quality and has a
shorter usable life, then more replacements will be needed during the over-
all life of the building, and the net result likely will be a greater amount of
waste in both production and use. Design for Dematerialization, therefore,
must always be accompanied by Design for Reliability and Durability, i.e.,
designing a product or component to perform its task in a reliable, consist-
ent manner, and ensuring that it will also have a long life span. From an
environmental viewpoint, therefore, dematerialization should perhaps be
better defined as the reduction in the amount of waste generated per unit
of building product.

When considering Design for Durability, a fair question to ask is: What
should be the design life of a building or a material or component used in the
building? Clearly, there is a trade-off between the embodied energy in the
building and its energy efficiency and effectiveness. Building components
that are still far from being fully optimized in terms of their impact on ener-
gy efficiency should not last forever; rather they should be easily replaceable
with new, more efficient components and easily recycled at the end of their
life. Obviously, the corollary to this statement is that the higher the energy
efficiency associated with a building component is, the higher its expected
service life should be. The same holds true from an economic point of view:
The higher the investment cost, the longer it takes to recover the invest-

8 Jacobsson, D., “Strong Adhesion to Fragile Surfaces — Debonding on Demand”,
online at: http://www.adhesivesmag.com/Articles/Green_Recycling/BNP_GUID_9-5-
2006_A_10000000000000679822

¥ Manfre, G. and Bain, P.S., “Debonding TEM technology for reuse and recycling auto-
motive glazing”, Glass Performance Days, 2007, pp. 791-796, available for download
at: http://www.glassfiles.com/library/3/article1162.htm

20 Anonymous, “Reversible glue ‘de-bonds’ at the touch of a button”, Royal Society of
Chemistry (RSC), 2006, online at: http:/www.rsc.org/chemistryworld/News/2006/
July/26070601.asp
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ment, the higher the durability of the component should be. Consequently,
recyclability is more important for short-lived products and components
than for more durable ones.

Another, very effective approach to dematerialization is moving from
a product to a service orientation, i.e., using less material to deliver the
same level of functionality to the building owner. After all, building own-
ers and users are more interested in the value a product provides than
in its physical presence. For example, the newly published ASTM Stand-
ard C 1736-11 “Practice for Non-Destructive Evaluation of Adhesion of
Installed Weatherproofing Sealant Joints Using a Rolling Device” offers
the sealant applicator an opportunity to move from installation contracts
to product-oriented service contracts. Probably most applicators will ini-
tially view the concept of inspecting the quality of installed joint seals
as challenging their reputation, possibly resulting in increased liability
for them. However, when this inspection is offered as part of a periodic
maintenance contract, sealant failures can be repaired locally and without
replacing the entire installation. Such maintenance results in material
savings as well as satisfied building owners (and facility managers), as the
functionality of the seals is ensured and maintained at a high level, and,
ultimately, also results in better and more stable relationships between
sealant applicators and their clients due to the more frequent contacts
and the higher value provided. Similarly, sealant manufacturers initially
will be concerned that such service contracts will lead to decreasing seal-
ant product sales. However, revenue models could be developed that allow
extension of sealed joint warranties based on certification fees associated
with the inspection of the building.

Choosing Energy Effectiveness Rather than Efficiency

In order to be energy effective, it is important to look at the Life-Cycle
Analysis (LCA) to see what lifecycle stage (material production, manu-
facturing, use, end-of-life) has the greatest environmental impact. It is
important to focus efforts first on this stage before dedicating time to the
others. Operational energy reduction is a key priority, since the most sus-
tainable energy is energy saved. Energy itself is not of particular interest,
but rather is a means towards desired ends. Clients desire the services
that energy can deliver, for instance, comfort, illumination, power, trans-
portation - not energy by itself. Hence, maximum energy efficiency with
minimal environmental impact is the architectural challenge that ulti-
mately allows us to “have our cake and eat it too”. In this context, mate-
rial choices that impact operational energy are important, while they are
less significant for the energy spent in manufacturing, construction and
demolition of the building.
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Therefore, two of the key objectives in designing sustainable buildings are
to lower the operational energy consumption and the life-cycle costs of the
building. This should be achieved by:

e First, focusing on improving the performance of the building envelope
in order to lower the energy demand, as the life span of the envelope is
between 50 and 100 years. Commonsense already tells us to focus on
things such as air tightness of the building envelope, the quality of the
insulation and especially of the windows, and to avoid thermal bridges.

e The second priority then should be to avoid energy use, for instance, by
using efficient appliances and through the increased use and conver-
sion of energy embedded in natural day-lighting (the ultraviolet and
infra-red fractions).

e Once this has been accomplished, the focus should shift towards the
generation of energy from ‘renewable’ source, as the life span of these
systems is in the 10-25 years range. This approach is also dictated by
simple economic considerations, as more capital is needed for an over-
sized renewable energy system to compensate for a poorly designed
building envelope or for inefficient appliances.

In building, the most technically appropriate materials will lower opera-
tional energy costs over the life cycle of a building and demonstrate excel-
lent durability. For example, composite materials involving carbon fibers or
ceramic compounds may have a relatively high embodied energy, but when
they are used appropriately, they can save energy in a building’s use-phase
due to their advanced physical properties, e.g., insulation, strength, stiff-
ness, heat or wear resistance.

Choosing Wisdom over Intelligence

Energy effectiveness also requires ‘Intelligent Design’ — meant here as a con-
sideration of all interactions at the highest system level and anticipating
unexpected side-effects. For instance, some poor designs meant to improve
energy efficiency of buildings have led to major problems in terms of comfort
and health for the building occupants. As mentioned earlier, reducing air
leakage from the building envelope and ductwork is typically among the
most substantial improvements that can be made to reduce operational en-
ergy use. Sealing the building envelope leads to a reduction in the air ex-
changes previously achieved by ‘natural ventilation’. The desired effect is a
reduction in the HVAC operational energy. However, when poorly designed,
the undesired side-effect is an increase in potentially harmful volatile or-
ganics, radon, moisture and mold growth, with negative impact on the com-
fort and health of the building occupants. On the other hand, when prop-
erly planned by combining air tight envelopes with mechanical ventilation
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systems having integrated heat exchangers, very low operational energy
consumption can be achieved, down to the level of ‘passive house’ standard,
while at the same time providing good air quality to the building occupants.

The challenges both designers and businesses face when moving from tra-
ditional design and production methods to ones that promote a sustainable
future are huge. For the designer, it is important to appreciate, what build-
ing owners really want: Sustainability, but not at the expense of perform-
ance and aesthetics! Designers who balance and optimize the technical and
aesthetic life-span requirements for a building product or component with
the environmentally related characteristics and performance attributes can
reduce the energy and materials dedicated to these requirements.

The adhesives and sealants industry as well as academia will choose
wisely if they seek out the environmental attributes that can be delivered by
their products with the key aim of lowering the operational energy consump-
tion and the life-cycle costs of the building. Enhancing a product’s function
and life span with the added benefit of improving its environmental profile
and impact should be a key focus in future research and development efforts.
More effort can be put into the design phase of building materials, such as
adhesives and sealants, building components, building systems, and finally
the whole building to truly achieve improved sustainability. As highlighted a
number of times in this preface, durability and sustainability are related in
different ways and at different levels. As an industry, will we choose wisely?
Will we see more papers and presentations on this topic at one of the future
Durability of Building and Construction Sealants and Adhesives symposia?

Maybe ‘Intelligent Design’ is not an adequate term anyway. Intelligence
predicts the success of individuals without regard to the consequences of
their success to others. Wisdom, however, reflects the ability to make adap-
tive decisions in a social context. It requires altruism, balanced judgment,
competent reality testing, and a consistent view of the big picture. This is why
wisdom, not intelligence, applies to the survival of species?!.

What we must strive to achieve is sustainability, supporting the long-
term ecological balance, certain in the knowledge that “the most sustainable
energy is the energy saved”. ‘Wise Design’ takes this fundamental truth into
account, and has the potential of truly living up to the expectations of Caro-
lus Linnaeus, the father of modern biological classification (taxonomy), who
in 1758 applied the name Homo sapiens (Wise Man) to our species.

Andreas T. Wolf
Wiesbaden, Germany

“'Watson, D.E., Is Homo sapiens sapiens a Wise Species?, online at: http://www.
enformy.com/$homosap.html
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Introduction

The potential uses of fibre reinforced polymers (FRPs) for structural applica-
tions have been explored in great detail since early 1970s [1]. More recently,
research has focused on investigations relating to hybrid FRP structural mem-
bers, which incorporate a combination of different FRP materials, conventional
materials as well as other high performance materials, such as Ultra-High-Per-
formance- Concrete, in specially designed cross sections in order to optimize
the most advantageous qualities of each distinct material [2-5]. In order to
achieve the best performance in these hybrid structural members, full compos-
ite action is required across the complete cross section. This has led to numer-
ous investigations with the aim at determining and predicting the behaviour of
different types of connection methods at various material interfaces [6-13].

The main objective of this particular research was directed towards the study
of a particular type of connection mechanism used at the interface between glass
FRP (GFRP) plates and cast-in-place UHPC. The connection mechanism used
consisted of coarse silica sand aggregates bonded to the GFRP plate using an ep-
oxy adhesive, similar to previous research performed in regards to bonding
between GFRP and normal strength concrete [13]. Experimental testing and anal-
ysis were performed to evaluate the shear and tension strength at the GFRP-
UHPC interface using this particular type of connection mechanism. Additionally,
comparisons between the effectiveness of the connection mechanism using three
different types of epoxy adhesives for aggregate bonding were made.

Materials

Glass Fibre Reinforced Polymer (GFRP)

The GFRP plates were fabricated using the pultrusion method, with internal glass
rovings in the longitudinal direction and continuous strand glass mats or stitched
reinforcements in the transverse direction. The GFRP plates were fabricated
using a proprietary system with a combination of fibreglass reinforcements and
thermosetting polyester resin. From the manufacturer’s specifications the GFRP
plates have a minimum tensile strength of 207 MPa, with a modulus of elasticity
of 17.2 GPa [14]. Experimental testing using three tension coupon specimens in
accordance with ASTM D3039-00 [15] provided values for the ultimate tensile
strength as 230 *= 44 MPa, with the value for the modulus of elasticity equal to
18689 + 2927 MPa.

Ultra-High-Performance- Concrete (UHPC)

The UHPC used is a proprietary concrete product with metallic short fibers. Accord-
ing to the manufacturer’s specifications, the ultimate compressive strength at 28
days is expected to range between 150 to 180 MPa with a strength after 24 h equal
to approximately 30 MPa [16]. Though supplementary heat treatment administered
to the UHPC could allow the compressive strength to exceed 200 MPa [16], this pro-
cedure was not performed on the UHPC used in this experimental program. Simi-
larly, the manufacturer’s specifications provided values for the modulus of elasticity
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equal to between 50 and 60 GPa [16]. Experimental testing, in accordance with
ASTM C469-94 [17], using three UHPC cylinders determined the compressive
strength to be 131 = 12 MPa and the modulus of elasticity to be 52 559 = 7102 MPa.
Splitting tests performed in accordance with ASTM C496-96 [18] showed the tensile
strength of the UHPC to be equal to 24 + 2 MPa.

Epoxy Adhesives

Three different types of epoxy adhesives were used. The first epoxy type A (a
moisture insensitive epoxy adhesive intended for bonding between hardened
concrete and steel) has a reported tensile strength of 48 MPa, tensile elongation
limit of 1.9 %, and a modulus of elasticity equal to 3726 MPa [19]. Epoxy type B
(intended for use in conjunction with Carbon FRP fabrics in wet lay-up
strengthening systems) is reported to have a tensile strength of 72.4 MPa, tensile
elongation of 5.0 %, and a modulus of elasticity of 3180 MPa [20]. Epoxy type C
(a moisture tolerant, high strength, high modulus epoxy adhesive, intended for
vertical and overhead applications), according to manufacturer’s specifications,
has a tensile strength of 30 MPa, ultimate tensile strain of 1.5 %, and a modulus
of elasticity equal to 3800 MPa [21].

Test Specimens

In order to investigate the bond behaviour between the cast-in-place UHPC and
the GFRP plate, it was decided to subject the bond interface to two distinct
types of load configurations, one under pure shear load and the other under
pure tension load. Two different types of specimens were designed for each
loading configuration.

Preparation of Bond Interface

The bond interface for all of the specimens tested, for both shear and tension
specimens, were prepared in a similar fashion. The bond surface of the GFRP
plate was first coarsened using a Grit 60 belt sander followed by manual coars-
ening using a heavy duty sanding stone. A thin layer of epoxy (approximately
1 mm in thickness) was then applied to the coarsened surface. Coarse silica
sand aggregates, with diameters ranging from 4.5 to 9.0 mm, were distributed
evenly overtop of the epoxy to achieve an aggregate density of approximately
4 kg/m?. The applied aggregate density is in agreement with experimental
results obtained in similar research [13]. The coarse silica sand aggregates were
gently pressed downwards onto the GFRP plate to ensure good bonding. The
plates with the bonded sand aggregates were allowed to cure undisturbed for
7 days prior to casting of the UHPC onto the bond interface. Figure 1 includes
photographs showing different stages during the preparation of the specimens.

Double-Lap Shear Test Specimens

Three specimens for each type of epoxy adhesive used were fabricated, with
nine specimens in total. It was decided to determine the shear bond strength
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¢) Casting of UHPC for tension pull-out specimens

FIG. 1—Fabrication of test specimens.

using double-lap shear specimens, due to the reduction in possible load eccen-
tricities and misalignments during testing. The dimensions of the double shear
test specimens are shown in Fig. 2. The instrumentation used for each specimen
included ten strain gauges, with locations shown in Fig. 3, and two linear strain
conversion transducers (LSCTs), which perform similarly to linear variable dis-
placement transducers (LVDTs). The two LSCTs were used to measure the
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FIG. 2—Dimensions for double-lap shear test specimens.

differential displacement between the GFRP plate and the UHPC prism on each
side. A photograph of the final load setup is shown in Fig. 4.

For the purpose of clarity, experimental results as well as discussion of anal-
ysis in this paper will refer to the end of the double shear test specimens with
the protruding steel bar as the “fixed end”; the opposite end, which will be
attached to the steel chair shown in Fig. 4, will be referred to as the “free end.”
In a similar fashion, the side with strain gauges SG-1 to SG-5 will be referred to
as the “east side,” whereas the side with strain gauges SG-6 to SG-10 will be
called the “west side.”

Tension Pull-out Specimens

Similar to the double-lap shear test specimens, three specimens were fabricated
for each type of epoxy adhesive, resulting in a total of nine specimens. The

GFRP plates 2"$ deformed steel bar
i G-1 5G-3 5G4 5G5S

Rl
_LG:‘SGY G-8 “5G-9 -5G-10
100 70 70 70

mn 70

rn/l/ £
UHPC pris

FIG. 3—Location of strain gauges on double-lap shear test specimens.
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3
E
;
; -
E_.
3

FIG. 4—Douible-lap shear specimen testing load setup.

dimensions for each specimen are shown in Fig. 5, with the load setup provided
in Fig. 6. To prepare the specimens for testing, circular cuts were made with
diameters of 50 mm. The cuts were initiated from the outer surface of the GFRP
plate until an approximate depth of 5 mm into the UHPC layer was achieved.
Steel discs, with a diameter of 50 mm and prepared with threaded holes
through its center, were then bonded onto the outer surface of the GFRP plate.
Through optimization arrangement, five individual pull-out tests were able to
be performed on each specimen made, as shown in Fig. 5. The primary focus of
these tests was the determination of the ultimate pull-out load as well as the
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200

circular cut hole—|

200

FIG. 5—Dimensions for tension pull-out test specimens.

mode of failure; therefore, only one load cell was used for data collection with-
out the use of any strain gauges or LSCTs.

Experimental Results

Double-Lap Shear Tests

All of the specimens were tested until failure. The shear stress at the bond inter-
face at the time of failure were calculated using

Threaded steel rod

Nut and washer

Load cell
E | ——Hydraulic jack
El .
E Steel chair
E
S: Steel disc with internal
= /threaded hole

FIG. 6—Tension pull-out specimen testing load setup.
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T=— (1)

where:

7 =the shear stress at each bond interface (MPa),

P = the recorded ultimate applied load (N),

[ = the length of effective bond area (mm), equal to 450 mm for this experi-
ment and,

w =the width of effective bond area (mm), equal to 100 mm for this
experiment.

In Table 1 a summary of the experimental results is provided; in addition, the
specific side of the specimen that experienced failure is shown as being either
east or west, which were defined previously in “Double-Lap Shear Test Spec-
imens.” In the case of the specimens using epoxy type A, failure did not occur due
to debonding between the GFRP and the UHPC. Instead, shear failure in the
GFRP plates at the connection with the steel chair occurred. As can be seen in
Table 1, the side of the specimen that experienced failure was not stated for the
specimens using epoxy type A. Accordingly, the shear strength at the bond inter-
face was provided as a lower limit, due to the fact that had shear failure not
occurred at the connection a higher applied load would have been reached. The
failure for the specimens that used epoxy types B or C for bonding of the coarse
silica sand aggregates occurred predominantly in the epoxy adhesive layer,
though some fracturing of the aggregates were seen along the interface for the
specimens that used epoxy type C for aggregate bonding. In conjunction with
the values for maximum shear strength, comparison of the failure modes for the
specimens with epoxy types B and C shows that the epoxy type B provided greater
bonding between the UHPC and the coarse silica sand aggregates, where it main-
tained a consistent bond strength equal to or greater than the fracture strength of
the aggregates. Photographs showing the failure of representative specimens
under shear load for all three types of epoxy adhesive used are shown in Fig. 7.

TABLE 1—Experimental results of double shear test specimens.

Maximum Applied Load, Shear Strength,
, kN MPa
Epoxy Failure
Type Specimen Side Data Average Data Average
A A-l 157.63  S16536+28.17 175  ~184+0.31
A-2 196.57 >2.18
A-3 141.87 >1.58
B B-1 East 169.17 173.67 + 12.08 1.88  193+0.13
B-2 West 187.35 2.08
B-3 East 164.48 1.83
c C1 West 82.91 81.00 = 4.90 092 0.90+0.05
C-2 East 84.65 0.94

C-3 East 75.43 0.84
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¢) Epoxy Type C

FIG. 7—Photographs at failure for double shear test specimens.
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FIG. 8—Distribution and variance of shear strength for different types of epoxy used for
coarse silica sand bonding.

The distribution and variance for the shear strength of the individual dou-
ble shear test specimens are shown in Fig. 8, with the +¢ range represented by
the box and the actual experimental minimum and maximum values indicated
by the capped vertical lines. It can be observed in Fig. 8 that the specimens that
used epoxy type A for aggregate bonding at the interface provided the highest
shear resistance. In order to ascertain if the results obtained from the specimens
with the three different types of epoxy adhesives were statistically different, a
single factor ANOVA (analysis of variance) test was performed, with the results
shown in Table 2. By comparing the F value with the value for F, it is evident
that F is substantially greater than F ;. The result from the ANOVA analysis
indicates that the average shear strength provided by the specimens using the
three different epoxy adhesive types were statistically different from one
another within a 95 % confidence level.

Tension Pull-out Tests

A summary of the ultimate applied tension load for all of the specimens tested
is shown in Table 3. The maximum tensile strength of each specimen was deter-
mined using

TABLE 2—ANOVA F-test results for double shear test specimens.

Source of Variation SS df MS F P Value Ferit

Between groups 1.95 2 0.97 24.58 0.001288 5.14
Within groups 0.24 6 0.040
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TABLE 3—Experimental results of tension pull-out test specimens.

Epoxy Type A Epoxy Type B Epoxy Type C

Specimen Load, kN  Stress, MPa Load, kN Stress, MPa Load, kN Stress, MPa

1 9.2 4.5 10.7 5.3 3.1 1.5
2 6.7 33 8.5 4.2 1.6 0.8
3 7.6 3.7 7.7 3.8 1.1 0.5
4 LA LA 34 1.7 1.7 0.8
5 2.7 1.3 34 1.7 4.8 24
6 4.4 2.2 1.4 0.7 1.3 0.7
7 12.3 6.1 13.4 6.6 1.0 0.5
8 2.9 1.4 2.9 1.4 4.0 2.0
9 2.5 1.2 3.7 1.8 2.6 1.3
10 3.1 1.5 6.7 33 2.8 1.4
11 2.2 1.1 7.8 3.8 0.4 0.2
12 2.7 1.3 11.7 5.8 0.4 0.2
13 2.6 1.3 3.8 1.9 0.4 0.2
14 5.6 2.8 7.6 3.7 2.2 1.1
15 LA L2 13.5 6.6 7.8 3.8

2Accidental movement during steel disc bonding process prevented these specimens from
being tested.

4p

GZW (2)

where:

o = the shear stress at each bond interface (MPa),

P = the recorded ultimate applied load (N) and,

d = the diameter of the bonded area (mm), equal to 50 mm for this experiment.

Failure of the specimens that used epoxy types A and B under pull-out ten-
sion forces occurred as a combination of both separation in the epoxy layer as
well as fracturing of the bonded aggregates. In the case of the specimens that
used epoxy type C for bonding of the aggregates, the bulk of the failure occurred
in the epoxy layer with very little to no fracturing of the aggregates. Representa-
tive photographs showing the failure of the three different types of tension pull-
out specimens are shown in Fig. 9. The distribution and variance of the tension
strength provided by the specimens are shown in Fig. 10, which shows that ep-
oxy type B provided the highest resistance to tension pull-out forces. The F-test
ANOVA results for the tension pull-out tests are shown in Table 4. Similar to the
conclusion made in “Double-Lap Shear Tests” for the double shear test speci-
mens, the value for F was noticeably greater than the value for F;, leading to
the conclusion that the average tension strength provided by the three different
epoxy adhesive types were statistically different from one other.
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a) Epoxy Type A b) Epoxy Type B ¢) Epoxy Type C

FIG. 9—Photographs at failure for tension pull-out specimens.
Discussion and Analysis

Shear Interface Bond Slippage Behaviour

In order to investigate in detail the bond behaviour at the shear interface for the
double shear test specimens, the bond slippage behaviour along the interface
was characterized using two different methods. The first method used the data
collected from the LSCTs according to Egs 3 to 5, while the second method used
the data collected from the strain gauges, according to Eqs 6 to 8 [13]. The total
slippage between the GFRP and the UHPC can be determined by the summation
of strain differences between adjacent strain gauges over the length of the bond.
This value would then be comparable to the differential movement indicated by

Tensile Stress (MPa)
w B w

]
I

A B (w
Epoxy Type Used

FIG. 10—Distribution and variance of tension strength for different types of epoxy used
for coarse silica sand bonding.



CHEN AND EL-HACHA, doi:10.1520/JAI103836 15

TABLE 4—ANOVA F-test results for tension pull-out test specimens.

Source of Variation SS df MS F P Value Fevit
Between groups 105342 2 52671 8.52 0.000827 3.23
Within groups 247253 40 6181

the LSCT readings, allowing for proper comparisons to be made between the
two methods.

Method 1
O = U (3)
ow = py 4)
Save = HE + Hw (5)
2
where:

ug, py = the LSCT readings from the east and west sides, respectively (mm) and
Jave = the measured slip (mm).

Method 2

L 5

dg = J c(x)dx = ZsiﬁEALi (6)
0 1
L 10

dy = J c(x)dx = Z&)WALZ' (7)
0 6
dave = M (8)

2
where:

dg, dy = the integrated deformation on the east and west sides, respectively
(mm),

¢k, & w=the reading at strain gauge i on the east and west sides, respec-
tively (ue),

AL; = the average centre-to-centre spacing between gauge i and the adjacent
gaugesi—1andi+ 1 and,

d.e = the average integrated deformation (mm).

The shear interface slippage behaviour exhibited for all of the specimens,
determined using both the methods described in the section, are shown in Figs.
11, 12, and 13 for the specimens using epoxy types A, B, and C, respectively, at
the bond interface. The shear interface slippage behaviour was shown for the
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FIG. 11—Shear interface slippage behaviour for double shear test specimens with epoxy
type A at the bond interface.
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FIG. 12—Shear interface slippage behaviour for double shear test specimens with epoxy
type B at the bond interface.
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FIG. 13—Shear interface slippage behaviour for double shear test specimens with epoxy
type C at the bond interface.

side that experienced failure, as indicated earlier in Table 1, using Egs 3, 4, 6,
and 7 where applicable. In the case of the specimens that used epoxy type A at
the bond interface, where bond failure did not occur, the average slippage calcu-
lated from Eqs 5 and 8 were used for analysis. Comparison between the two
methods used to determine the shear slippage behaviour at the interface
showed mixed findings and correlations, where the results determined using
methods 1 and 2 were represented using darker and lighter lines, respectively.
For epoxy type A, the trend exhibited by the three specimens in Fig. 11 showed
moderate consistency within the results obtained from each of the two methods;
however, when comparing the values obtained between the two methods, there
were noticeable differences where significant divergence in the trend were noted
when the applied load exceeded approximately 100 kN, which is equal to a bond
shear strength of 1.11 MPa. In the case of the specimens that used epoxy type B
at the bond interface, initial observations showed that extremely large discrep-
ancies were present in Fig. 12 when comparing the results from the two meth-
ods. More specifically, there were irregular portions in the curves, shown by the
portions where the amount of slippage at the interface appeared to be decreas-
ing with increased loading, which may have been caused by accidental slippage
in the mounting apparatus of the LSCTs. Upon closer inspection, it can be seen
that by ignoring the irregular portions, the characteristic features of both the
darker and lighter curves (locations of dramatic slope changes) for each speci-
men occurred at approximately the same load level. This demonstrates that con-
sistent similarities were exhibited in the load-slippage behaviour of the
specimens using epoxy type B. In Fig. 13 the shear interface slippage behaviours
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obtained using both methods for specimen C-2 were nearly identical. In the
case of the other two specimens that used epoxy type C for bonding of the
coarse silica sand aggregates, visible horizontal offsets were present though
the distinctive features in the trend were seen to occur at the same load levels,
similar to the observation made in regards to Fig. 12. Direct comparison of the
load-slippage behaviour obtained through the use of the three different types of
epoxy adhesives is shown in Fig. 14, which used the shear interface slippage
curves determined using method 2 due to the fact that it provided more consist-
ent and regular trends. In general, it was confirmed that the specimens that
used epoxy types A and B showed better performance than the specimens that

used epoxy type C.

Shear Strain Profiles

The shear strain profiles for each of the specimens using epoxy types A, B, and
C are shown in Figs. 15-17, Figs. 18-20 and Figs. 21-23, respectively. For Figs.
15-17 the shear profiles provided are for the side of the double shear test speci-
mens that experienced the highest shear strain. In all of the specimens shown in
Figs. 18-23, the uppermost curves, representing the shear strain profiles at fail-
ure, have a downward concave shape in contrast with the convex shape exhib-
ited by all of the other shear strain profile curves. This deviation in the shape of
the curve is expected at the onset of debonding failure, due to the fact that the
initiation of separation between the GFRP plate and the UHPC prism starting
from the free end would cause an instantaneous drop in shear strain in SG-1
and SG-6 relative to SG-2 and SG-7, respectively, as a result of the sudden

200
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& 100 1 77 +B-1
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FIG. 14—Shear interface slippage behaviour comparison for all epoxy adhesive types
used.
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FIG. 15—Shear strain profiles for specimen A-1.

release of fixed constraint. Therefore the strain data values collected by SG-1
and SG-6 at failure are not representative of the peak shear strain reached at
those locations at the instant directly prior to debonding. In general, the shear
strain profiles exhibited load-strain trends similar to a polynomial relationship
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FIG. 16—Shear strain profiles for specimen A-2.
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FIG. 17—Shear strain profiles for specimen A-3.

(y =Ax? + Bx 4 C) closer to the free end while the trend is better described by a
power relationship (y=Ax" +C) closer to the fixed end. This is due to the
changes in shear strain over the length of the bonded area, where the rate of
strain increase is very stagnant at a distance from the free end but changes dra-
matically as the distance decreases.
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FIG. 18—Shear strain profiles for specimen B-1.
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FIG. 19—Shear strain profiles for specimen B-2.

Summary of Relative Performance

The relative performance of the three different types of epoxy adhesives used
for bonding of the coarse silica sand aggregates from both double shear testing
as well as tension pull-out testing is summarized in Table 5, where the higher
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FIG. 20—Shear strain profiles for specimen B-3.
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FIG. 21—Shear strain profiles for specimen C-1.

ranking is associated with the smallest number. While experimental error is to
be expected for all research to be performed in a laboratory environment, the
analysis conducted did show good consistency within each subgroup examined.
Overall, it was evident that epoxy types A and B performed better than epoxy
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FIG. 22—Shear strain profiles for specimen C-2.
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type C. Though epoxy type A performed better under shear loading, with epoxy
type B showing higher performance under tension loading, it must be taken
into account that the specimens with epoxy type A did not reach their full shear
capacity at the interface due to premature shear failure at the bolted connec-
tions. Comparison between the distribution of data values collected from the
shear and tension tests also showed greater consistency and smaller variance
during the shear testing. From these results, epoxy type A was chosen as the
epoxy adhesive for bonding of the coarse silica sand aggregates at the GFRP-
UHPC interface, where the specimens demonstrated the best and most reliable
performance under both shear and tension loading.

Conclusions

From the results obtained in this experimental program, the following conclu-
sions were made:

TABLE 5—Relative performance of epoxy adhesives in double shear and tension pull-out
tests.

Epoxy Type Double Shear Test Tension Pull-out Test
A 1 2
B 2 1

C 3 3
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Specimens using epoxy type A for bonding the coarse silica sand aggre-
gates at the bond interface performed best during the double shear bond
testing, where testing was interrupted by premature connection failure
without any interface debonding.

Specimens using epoxy type B for bonding the coarse silica sand aggre-
gates at the bond interface performed best during tension pull-out testing.
Failure in the specimens with epoxy type A and B occurred due to a com-
bination of aggregate fracture as well as separation in the epoxy layer
rather than solely in the epoxy layer, as was the case for the specimens
using epoxy type C.

Shear interface slippage behaviour is better represented using strain val-
ues obtained along the length of the specimen rather than differential dis-
placement between the UHPC prism and the GFRP plate due to the higher
number of data points used in the assessment of the load-slippage behav-
iour as well as the elimination of potential shifts in the mounting appara-
tus that could influence the data collected.
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ABSTRACT: In the recent past there have been calls for transparent and fili-
gree structures in the building industry. Therefore, glass plays an increasing
role not only in a classic way, as a space enclosing element, but also more
and more in terms of offering load carrying functions. Glass beams for fagcade
elements or floor girders, glass columns, or bracing facade elements are
examples of this. To realize such architecturally attractive structures, bonded
hybrid steel-glass elements have been developed in which each material is
used in an optimized way according to its material properties. Promising
examples for such bonded structures are I-beams in which steel flanges and
glass webs are connected by linear adhesive bonds. The shear force is car-
ried by the glass web, whereas the bending capacity of the hybrid beam is
significantly increased by slender steel flanges compared to the pure glass
pane. The shear forces between steel and glass are sustained only by the
adhesive between them. In order to maximize the exploitation of both steel
and glass, the adhesive on the one hand has to ensure an adequate stiffness
but on the other hand has to be flexible enough to allow for a reduction or
redistribution of local stress peaks, as well as other constraints such as ther-
mal dilatation. However, the load-bearing capacity of such beams is gov-
erned, besides by the mechanical and geometrical characteristics of the
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adhesive joint, by aging, temperature, and creeping. In this contribution, an
approach is shown for characterizing the adhesive joints for hybrid steel-glass
beams by means of simplified small-scale tests. Standardized specimens
(block shear and tension bulk specimens) and small-scale push-out tests are
used to derive adequate mechanical values for analytical and numerical calcu-
lations, allowing one to draw conclusions regarding the general load carrying
behavior of large-scale hybrid steel-glass beams. The results show that full-
scale hybrid steel-glass beams, especially those with butt splice bonded and
U-bonded geometries, are feasible using new structural adhesives, predomi-
nantly elasto-plastics such as polyurethanes or epoxy resins.

KEYWORDS: hybrid steel-glass beams, structural glazing, adhesive tech-
nology, small- and large-scale tests, structural behavior

Introduction

In the recent past there have been calls for transparent and filigree structures in
the building industry. Therefore, glass plays an increasing role, not only in a
classic way as a space enclosing element, but also more and more in terms of
offering load carrying functions. As a comparatively new development, hybrid
or all-glass structures are the topic of recent research projects [1-4] in which
glass forms the main supporting structure, such as glass beams for facade ele-
ments and floor girders, glass columns, or bracing facade elements. The brittle
glass behavior and a small tolerance toward stress peaks in contrast to the char-
acteristics of plastic and ductile steel require some targeted design appropriate
for both materials involved. For these contemporary transparent and load bear-
ing structures, bonded hybrid steel-glass elements are suitable; in these, each
material is used in an optimized way according to its material properties.

Promising examples for such bonded structures are I-beams consisting of
steel flanges and glass webs that are connected by linear adhesive bonds [5]. In
particular, load-bearing elasto-plastic and stiff adhesives are the focus of
research, as these are considered as an enhancement to the general accepted
and multiple applied silicones in fagade structures.

In such beams, the shear force is carried by the glass web, whereas the bending
capacity of the hybrid beam compared to that of the pure glass pane is significantly
increased by slender and hardly perceptible steel flanges. The shear forces between
steel and glass are sustained only by the adhesive between them. In order to maxi-
mize the exploitation of steel and glass, the adhesive on the one hand has to ensure
an adequate stiffness and carrying capacity but on the other hand has to be flexible
enough to allow for a reduction or redistribution of stress peaks. At the same time,
the mechanical characteristics of the jointcould be strongly influenced by aging, tem-
perature, and creeping, governing the overall load-bearing capacity of such beams.

Systematic Approach and Design Procedure

The geometry, stiffness, and load carrying capacity of the adhesive joint are of
central significance for thestructural behavior of the hybrid beam. This implies
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detailed knowledge of the mechanical values andthe durability of the adhesives.
Particularly, discontinuities in the boundary areas require a closer examination.

The aim of the INNOGLAST project [5,6] is to derive simple design recom-
mendations for bonded hybrid steel-glass beams, taking into consideration the
common safety specifications of glass and thus avoiding extensive finite element
calculations. In order to achieve this, a systematic approach was chosen, which
is shown in Table 1.

The basis for this approach is the knowledge of the slip and elongation char-
acteristics of the adhesive joint (Table 1, I) arising from the context of the build-
ing structure, defining the structural and geometrical requirements for the
adhesive joint. Depending on the connection type (Table 1, II), slip differential
equations [7] are a useful means to determine the slip-strain behavior. In the
next step, appropriate adhesives are chosen (Table 1, III) and the mechanical
values are determined (Table 1, IV), and these are then carried over to small-
scale push-out tests (Table 1, V-VI) and verified by large-scale component tests
(Table 1, VII). Finally, design recommendations are derived (Table 1, VIII).

In the following, the detailed approaches for the choice of appropriate adhe-
sive systems and the derivation of suitable mechanical values are presented, in
particular with respect to durability and realistic bonding geometries.

Requirements for the Adhesive Joint

As a result of this (still ongoing) research, it has become apparent that struc-
tural bonded joints should be divided into different connection classes that
describe their carrying behavior clearly in order to design them according to the
static relevance of the bonded connection. Hence the working group “Adhesive
Bonding” of the German Professional Association for Structural Glazing (FKG)
is currently creating a guideline for the fabrication and monitoring of bonded
connections in structural glazing [8]. Figure 1 shows the general structural clas-
sification. The draft guideline proposes the division of bonded connections in
continuous and discontinuous joints. Accordingly, continuous joints are assem-
blies or components such as hybrid bonded beams or structural glazing ele-
ments [9,10] that offer, due to their plane or distinctive linear bonding
geometry or because of their structural integrity, a more ductile and redundant
behavior. In opposite discontinuous joints are cross sections, connections, or
details such as point fittings [11] and lap joints that show a brittle behavior as a
result of their punctual or small bonding surface without structural redun-
dancy. In Ref [5], small-scale push-out tests represent discontinuous joints and
component tests represent continuous joints.

Surfaces and Materials

Surface preparation and pretreatment are essentially necessary for the durabil-
ity of bonded joints. However, in civil engineering, which shows considerable
tolerance and surface contamination compared to the automotive or aviation
industry, the effort, extent, and benefit of preparation methods must be well
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TABLE 1—Systematic approach within the INNOGLAST project [5].
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TABLE 1—Continued
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balanced. Therefore, only associated adhesive-primer systems identified by the
producers were used in order to avoid additional disturbing factors such as the
general applicability and compatibility of primer and surface treatments.

In the case of adhesive with a low or medium shear modulus, carbon steel
grade S235 was applied for the flanges, and for stiff epoxy resins steel grade
S355 was used. The glass webs for small-scale tests consisted of toughened
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FIG. 1—Classification of building structures [8].
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safety glass, and for component large-scale tests it consisted of laminated safety
glass due to safety aspects that will be demanded by building authorities. All
steel surfaces were sandblasted to cleanness 2 1/ [12-14]; glass surfaces were
wiped, degreased, furnished with primer, evaporated, and bonded directly.

Adhesive Selection

In addition to the mechanical properties, the selection of adhesives is ruled by a
lot of other factors, which, according to Ref [8], can be categorized in terms of
product requirements, loads and actions, resistances related to aging, durabil-
ity, and other factors.

Product requirements involve aspects regarding the type of substrate (steel,
glass), thicknesses, tolerances, surfaces (contamination, grease, oil), coatings
(screen print, zinc), pre-treatments (primer, activator), connection type (struc-
tural, dis-/continuous, sealing, assembling), production conditions (on-site,
workshop, laboratory), application behavior (viscosity, pot life), and processing
properties (curing mechanism, mixing).

Loads and actions can be static, strain-rate, or temperature dependent;
creeping; and relaxation or dynamic. Another significant load is summarized by
exposure classes, which include effects from climate change, weathering, corro-
sion, and ultraviolet (UV) light.

The resistance to aging and temperature is strongly influenced by durability
aspects such as the projected life cycle, compatibility (polyvinyl butyral (PVB)
foils), inspection, and reparability.

Other issues are economical (costs), architectural (color, visual attraction),
or constructional ones that determine the adhesive selection.

Therefore, mechanical values are not always the only decisive selection
criterion.

Concerning bonded hybrid beams, the adhesive selection firstly depends on
the bonding geometry (Table 1, II), which has to ensure the bubble-free filling
of joints and complete curing and guarantee protection from UV radiation and
weathering, which would lead to a considerable strength decrease or loss of ad-
hesion. Butt joints and connections with U-profiles seem to be the most promis-
ing in this regard. Additionally, the cured bonded joint has to meet static and
constructional requirements such as the following:

e Load transfer of shear forces.

e Compensation of fabrication tolerances.

e Reduction of stress peaks.

e Compensation of constraint forces due to possible thermal expansion.

In particular, the adhesive thickness is one of the decisive factors for the
load bearing behavior and stiffness of the adhesive joint. In the past, numerous
research projects revealed that every adhesive has an optimal thickness (for
most adhesives it is between 0.05 and 0.2 mm) at which the load bearing behav-
ior and carrying capacity are best [15]. For the large-scale hybrid steel-glass
beams developed within the INNOGLAST project, it was not possible to achieve
adhesive thicknesses smaller than 3 mm without avoiding steel-glass contact
due to the tolerances of the thin steel flanges and glass fins of at least 4 m in
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length. Smaller adhesive thicknesses of about 1 mm would increase the stiffness
significantly and lead to higher ultimate loads and beam stiffnesses, but from a
manufacturing point of view they are not achievable in practice. However, the
main advantage of these high thicknesses is the high temperature compensation
capability for temperature differences between steel and glass, even for very stiff
adhesives. Therefore, in all cases an adhesive thickness of 3 mm was used.

Based on these considerations, seven cold-hardening (room temperature)
adhesives were selected, most of them two-component structural adhesives: one
two-component high-strength epoxy resin with high temperature resistance,
four two-component polyurethanes with different strengths, one UV-curing ac-
rylate, and, as a reference, a two-component silicone generally applied for struc-
tural sealant glazing. These adhesives were selected in such a way as to include
both very stiff adhesive systems with high Young’s moduli and strength values
and flexible adhesive systems with low strengths and stiffnesses. Adhesives with
minor temperature resistance were generally avoided, as were adhesives with
limited pot life or viscosity and those with a curing mechanism unsuitable for
linear steel-glass connections, such as warm- or humidity-curing systems.

Beyond that, the choice of adhesives was made with regard to potential
“inside” and “outside” application, which means the adhesives should withstand
weathering, UV radiation, cleaning agents, and temperature changes without
any relevant change of their mechanical properties or any loss of bearing
capacity. Not all of the four joining geometries (Table 1, II) are well suited for
each adhesive; thus the advantages and disadvantages must be checked for each
application. In addition to the required bonding length, high workmanship and
optical criteria are of particular importance.

Determination of Mechanical Values of the Adhesives

In a first approach, the mechanical properties of the selected adhesives are deter-
mined by carrying out small-scale tests using standardized specimens (Table 1, IV):

e Determination of tension strength, Young’s modulus, and Poisson’s ra-
tio by means of dumbbell specimens according to DIN EN 527 [16].

e Aging of block shear specimen through the immersion test (six-week
water bath at 60°C [17]).

e Determination of shear modulus, shear strength, and shear stress-
sliding behavior by pressure block shear tests of aged and unaged glass
specimens according to EN ISO 13445 [18].

e Differential scanning calorimetry to obtain the temperature behavior,
including the glass transition temperature.

The tension tests are performed on dumbbell specimens (specimen type 1A)
using a universal testing machine with a video extensometer. In a first
approach, the tests are carried out as displacement-controlled with rates of
1.0 mm/min.

For the intended shear tests, usually thick steel or aluminum adherents,
according to DIN EN 14869-2 [19], are used. Because of the need to test glass
substrates, the geometries mentioned in EN 14869 are not applicable; therefore,
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within the INNOGLAST project [5] the shear values were determined using a
modified block shear test [20] according to EN ISO 13445.

It is important to note that for the evaluation of test results, the failure
mode of the tested shear specimens must be similar, which means that the pre-
dominant failure mode must be cohesive, occurring in the adhesive layer or
near the boundary layer. That is why the use of hybrid steel-glass bonded joints
should be consciously discarded for the tests in order to avoid mixed steel-glass
bonds, with which the failure cannot always be allocated clearly to the steel or
glass surface, potentially making the failure ambiguous.

The immersion tests are performed according to DIN 53287 [17]. The test is
defined by a six-week water storage in 60°C demineralized water. After six weeks
the specimens are removed from the water bath and cured in a climate cham-
ber. The aged specimens are then subjected to shear tests. The results are com-
pared to the shear test results of unaged specimens.

Table 2 gives an overview of the important mechanical values of the selected
adhesives as determined by the tests mentioned above. Figure 2 shows the
change of shear moduli determined in block shear tests on unaged specimens
and aged specimens after six weeks of water bath immersion. In the diagram,
mean values and 5 % fractiles are displayed. Especially for the high-strength ep-
oxy resins and polyurethane adhesives, there is a significant decrease of stiff-
ness and strength after aging; in the case of K02, the specimen even showed
considerable embrittlement. However, when the silicone K07, which is com-
monly used for structural glazing applications, is compared with high-
performance polyurethane (K05, K06), it becomes evident that there are mod-
ern adhesive systems with adequate stiffness, strength, and ductility. These
adhesives offer good aging resistance together with a stiffness and strength at
least five times higher than that for silicones. Even if the durability still must be
further verified and conferred on building purposes, new possibilities for
dimensioning and load transfer by adhesive connections are possible.

TABLE 2—Characteristics and mechanical values of the selected adhesives (strengths and
strains are log-normal distributed 5 % fractile values).

Adhesive KO0l K02 KO3 K04 K05 K06 KO7
Adhesive system EP PU PU AC PU PU SI
Components 2 2 2 1 2 2 2
Pot life, min 90 10 90 1(UV) 15 30 10
Tension strength, MPa 27.3 9.3 7.9 9.3 4.2 6.3 0.9
Elongation at break, % 33 26 0.5 74 30 111 76
Young’s modulus, MPa 1499 231 1906 314 16.5 20 2.4
Unaged shear strength, MPa 18.6 129 2.7 6.3 6.7 3.7 1.4
Unaged shear modulus, MPa 242 128 146 63 5.4 34 1.1
Glass transition temperature, °C 60 25 43 — —61 -83 -90

Note: EP, epoxy resin; PU, polyurethane; AC, acrylates; SI, silicone
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Change of shear moduli after ageing
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FIG. 2—Change of shear moduli before and after aging as determined by block shear
tests.

For the following finite element (FE) modeling of the push-out and compo-
nent tests, the standardized tests described above showed restrictions regarding
the precision with which they could be used as input values for finite element
method. In particular, the block shear tests revealed non-neglectable bending
moments due to the single lapped geometry and their eccentricity. The resulting
peel stresses significantly affected the shear stress-strain curve, thus preventing
simple shear tests.

Therefore, the approach has been modified, resulting in a changed test
setup and test control. The tension tests then have been performed with a Zwick
7100 universal testing machine with touching high-precision extensometers. All
tests have been performed as strain-controlled with varying strain rates
(0.0033/0.033/0.33/3.33 1/Min.) in order to cover the rate dependency, in par-
ticular for common facade application (<1 Hz).

The shear tests have been carried out on modified thick adherent test speci-
mens made of steel and glass using the same strain rate as for the tension tests,
in order to compare the results of both load types. The resulting characteristic
values have been used as input values for Drucker-Prager material laws in the
case of stiff, elasto-plastic adhesives (epoxy resins, some polyurethanes) and
have been verified with butt-joint tests. With Drucker-Prager material laws, the
influence of the hydrostatic state of stress and yielding can be considered. The
modeling of visco-elastic adhesives (silicones, most polyurethanes) has been
done using Mooney-Rivlin, Arruda-Boyce, Neo-Hookean, or Ogden, and in most
cases Arruda-Boyce and Neo-Hookean fit best.
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Additionally, the influence of the surface (steel or glass surface) has been
taken into account in order to secure this strategy. This modified approach is
still ongoing and will be finished by the end of this year [21].

Small-Scale Component Tests

In order to derive reliable design methods to predict the adhesives’ strength
behavior via continuum mechanical analyzing methods, various small-scale
push-out tests were carried out. For the standardized tests (Table 1, IV), the
load carrying behavior is treated separately for shear and tension loading (Ta-
ble 1, VI). The tests take into account different adhesives and additionally the
geometric influence of different joining geometries (Table 1, II). The general
transfer of characteristic values determined by standardized characteristic tests
(Table 1, IV) on bulk material or simple shear connections to small-scale com-
ponents also has been investigated.

When the force-deflection behaviors of different joining geometries for the
same load case (either shear or tension) are compared, it becomes evident that
bonded connections with U- and L-profiles and butt splice joints and channel
bondings have very similar structural behavior in terms of stiffness, strength,
and ductility. Figure 3 shows results for the two-component polyurethane (K05)
using the four joining geometries in Table 3, which are representative of the
tested flexible adhesives. Connections with U- and L-profiles hereby show a con-
siderable increase of strength and stiffness in comparison with butt splice and

Force-deflection-behaviour of different joining geometries
two component polyurethane (K05)
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FIG. 3—Force-displacement behavior for two-component polyurethane (K05) subjected
to shear loading using different adhesive geometries (Table 3).
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TABLE 3—Relative performance of different adhesive geometries (refer to Table 1 and 2).

Butt splice Chanel Bonding with | Bonding with
bonding bonding in a U-profiles L-profiles
groove
Adhesive -
geometry
g | o
Adhesive surface + ++
Producibility b o " e + +
Appearance o +++ + +
Controllability +++ ++ + +
Ductility + ++ +++ +++
Resistance + ++ +++ +++

channel bonded connections. The bonding geometry (U-shaped joint with three
flanks versus butt joint) substantially determines the constraint of the lateral
expansion, which, for the U- and L-shaped geometries, leads to a visible stiffen-
ing effect. The higher carrying capacity for the U-shaped joints results from the
enlarged adhesive surface.

For simple shear loading, Fig. 4 shows that the stiffness of the push-out
specimen can be reproduced by the standardized tests very well, whereas for
simple tension loading this is not successful (see Fig. 5). In both figures the max-
imum loads of small-scale tests are generally higher due to scale effects.

Thus it is explicable that the results of the standardized block shear and ten-
sions tests, which in the beginning of the INNOGLAST project are expected to
be mechanical simple tests, cannot be transferred to large-scale component
tests for every type of loading. The block shear test with significant bending
effects in particular does not present a simple shear test.

In fact, most adhesives show a quasi-isotropic material behavior for small
strains in the elastic region, but depending on the type of adhesive the state of
stress and the following yielding and failure—in particular for elasto-plastic
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Shear stress-sliding-behavior of block shear and push-out tests
two component polyurethane (K05)
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FIG. 4—Stress-strain behavior of standardized specimen and component tests sub-
jected to shear loading.

Stress-strain behavior of dumbbell and push-out tests
two component polyurethane (K05)
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FIG. 5—Stress-strain behavior of standardized specimen and component tests sub-
jected to tension loading.
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adhesives—is predominantly determined by the hydrostatic stress portion (see
Eq (1))

’

’ ’
011 012 013 i1 O O3 on 0 O
/ l l
021 022 023 | = | 0y Oy 0Op3 |+ 0 o, O (1)
U T 7
013 032 033 013 03y 033 0 0 Om
Spacial state of stress Deviator (deformation) Spheric tensor (volumetric change)

To characterize this hydrostatic stress effect, simple tension tests, simple shear
tests, and butt joint tests with constraint lateral expansion are performed; see
the section “FE Modeling” and Fig. 9.

Due to the existing compressibility of elasto-plastic, stiff adhesives, the
influence of the hydrostatic state of stress for these adhesives is larger than that
for flexible, visco-elastic adhesives with approximately incompressible behavior
(volume constancy), such as silicones or visco-elastic polyurethanes.

Based on the pronounced restraint of the lateral expansion, the push-out
tests reveal a multiaxial state of stress (caused by a uniaxial state of strain),
whereas the standardized tension tests offer a state of uniaxial stress. This fact
must be considered for the FE calculations, choosing appropriate material laws
and flow rules, e.g., with Drucker-Prager or Schlimmer-Mahnken [22].

For these mechanical reasons, and also for other important reasons, follow-
ing the evaluation in Table3, not all of the four joining geometries are quite ap-
plicable for all adhesives. Major differences have been found in the area of the
adhesive surface, the quality of work, the controllability, and the aesthetic
appearance of the bonded joint. Indeed, bonded joints realized with U- or L-
profiles proved to be more sustainable and more ductile due to the redistribution
capacity from the frontal part to the flanks of the bonded joint. However, for
these two geometries the disadvantages regarding production predominate,
especially when they are being applied to large components. Here only casting
with low viscosity adhesives is applicable. Focusing in particular on simplicity
while taking into account all relevant criteria gained within this project, the butt
joints turn out to be the most promising ones.

Large-Scale Component Tests

Building on the standardized adhesive tests described in the section
“Determination of Mechanical Values of the Adhesives” and the small-scale push-
out tests discussed in the section “Small-Scale Component Tests,” the bearing
behavior was studied via large-scale component tests. As the effectiveness of the
load transfer through the adhesive connection mainly depends on the length of
the hybrid beam, a span of 4 m was chosen for constructional aspects. Figure 6
shows the test setup of the four point bending test. Within the test series, the
cross-sectional dimensions were kept constant, and only the adhesive varied,
using the adhesives K01, K05, and K07 from Table 2. The hybrid beams were dis-
placement controlled loaded until glass breakage, and it became obvious that the
carrying capacity significantly rises with increasing shear stiffness of the adhesive
(see Fig. 7). The calculation of stresses at midspan shows that the different bearing



FIG. 6—Test setup of large-scale tests.
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Failure loads of large scale component tests
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FIG. 7—Failure loads of large-scale tests.

capacities are directly related to the normal forces in the flanges, as moments in
web and flanges are almost similar.

The large-scale tests were recalculated using analytical and numerical
methods (see the section “Modeling and Design”), assuming a linear deflection
behavior of the adhesive connection. These linear approaches are in good ac-
cordance with the tests. Figure 8 compares the linear shear stiffness of the
large-scale tests with the stiffness of the block shear tests (see the section
“Determination of Mechanical Values of the Adhesives”). The shear stiffnesses
of tests TS4 and TS5 match the secant stiffness of the associated block shear
tests very well; the rather small discrepancy in TS1 is the result of a discovered
inferior bonding quality of the component test.

Modeling and Design

Analytical Modeling

Because of their bonded connection, hybrid steel-glass beams offer a specific
bearing behavior that needs to be considered in analytical calculations. Hereby
the load transfer mainly depends on the shear stiffness of the adhesive connec-
tion. The size of the composite action between steel and glass specifies the nor-
mal force that can be transferred to the steel flanges and thus defines the bearing
capacity of the beam. Appropriate methods are based either on the sandwich
theory [23] or on approaches according to Mohler [24] or Pischl [25]. Within the
analytical investigations of INNOGLAST on bonded steel-glass beams, these
three methods were modified (sandwich theory in Ref [26], Mohler or Pischl
theory in Ref [27]) and used for the design of steel-glass beams. Especially,
approaches according to Méhler and Pischl have been established for segmented
wooden structures with flexible connections for years and have led to reliable
results that are easy to calculate for practical applications. The basis of the
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Shear stiffness of the adhesives
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FIG. 8—Comparison of the adhesives’ deformation behavior in block shear tests and
large-scale component tests.

Mohler approach is the calculation of effective beam stiffnesses, whereas the
Pischl method directly assigns the normal force to the flanges. The disadvantage
of all simplified methods is the lack of knowledge of the detailed multiaxial stress
distribution within the adhesive connection; here only smooth distributions
result.

FE Modeling

On the basis of the results described in the section “Determination of Mechanical
Values of the Adhesives,” non-linear FE calculations of the push-out tests were
performed. One of the project’s aims was the choice of adequate material laws to
describe the structural adhesive behavior of the connection of characteristic tests
on standardized specimens for each of the adhesive systems (epoxy resin, polyur-
ethane, silicone). Both hyper-elastic material laws on the basis of elastic potential
(Mooney-Rivlin, Yeoh, Ogden) and a micro-mechanical chain model according to
Arruda-Boyce were used; in general these are able to characterize the rubber-like
behavior of soft adhesives adequately. For elastic-plastic adhesives it becomes
apparent according to Fig. 9 that FE calculations on the basis of von-Mises
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FIG. 9—Approach for determination of failure criteria based on mechanical values
from simple basic tests.

equivalent stresses cannot provide sufficient results for the flow behavior of adhe-
sives, especially under tension loading. An improved approximation for building
purposes can be achieved with a linear or exponential Drucker-Prager or Mohr-
Coulomb relationship. A comparatively new approach according to Schlimmer
and Mahnken [22] has not been applied here due to the complex determination
of input parameters by characteristic tests, its focus on crash simulation, and the
missing implementation in commercial FE software.

As for the analytical method, the FE calculation of component tests using
linear modeling of the adhesive behavior describes the test results very well.
Here plastic calculations are not expedient at this time because as a first
approach the plastic limit shall be far from being reached due to safety reasons.
So for typical applications of hybrid beams, analytical models and dimension-
ing tables [5] based on linear calculations now are available that can replace
complex FE calculations. Thus pilot projects or first applications of such hybrid
steel-glass beams for building purposes can be both simplified and accelerated.

Summary and Future Prospects

The aim of the extensive testing program within the INNOGLAST project [5]
was the derivation of analytic and numerical design approaches for dimension-
ing bonded hybrid steel-glass beams for roofing or facade beams. Such
approaches are now available as pre-dimensioning tables, design tables, and
graphs [5]. Here special attention is focused on the bonded joint that substan-
tially contributes to the carrying capacity of the elastic composite section. On
that score, appropriate adhesives were examined and their mechanical values
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were determined, and these values then were carried over to realistic joint geo-
metries in small-scale push-out tests.

The general applicability of this design approach was verified by large-scale
component tests, including bending tests and stability pre-tests for flexural
buckling and lateral torsional buckling.

The results of the investigations of the adhesives especially show a high car-
rying capacity and good elasticity for polyurethanes. Although the application
of polyurethanes for automotive glazing has been almost uniform and well
established for years, they are uncommonly used for structural glazing today.
In contrast, epoxy resins offer a substantially higher level of carrying capacity.
But their brittleness goes along with possible stress peaks, which explains why
their application for structural glazing on the basis of the current state of
research is recommended only after careful design.

In parallel to the ongoing research on bonded joints in steel or facade struc-
tures, a draft of a guideline regarding the fabrication and monitoring of bonded
connections in structural glazing has been introduced by the FKG and will be
continuously developed and filled with content. This draft has already been
adapted to the general form of the European Standards, which is based on the
three columns “products,” “design,” and “execution.” With an existing European
regulation for structural silicone glazing according to ETAG 002 [28], the scope
of the guideline draft emphasizes bonded joints outside existing product rules
(see Fig. 10). As briefly described here in the sections “Requirements for the Ad-
hesive Joint” and “Adhesive Selection,” the envisaged bonded connections will
be classified in eight main categories that allow for a distinct definition of differ-
ent design cases.

Field of application
Scope

: Category B
(Structural member)

(Inspection

" CategoryE

and

Expasition
Produstlﬁ?ng gfope of (St Other bonded joints repairability)
the guideline Products without product

rules or products outside
the scope of the guideline

~ CategoryL -
(Loads and actions)

" CategoryK
\ (Bonding capabilty)

CategoryH Category U
(Fabrication) (Monitoring)

FIG. 10—Main categories for classifying bonded joints of structural glazing.
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In addition, safety concepts have to be developed in order to ensure a reli-
able design procedure and a durable building structure.
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ABSTRACT: In Japan acrylic sealants are traditionally the sealant products
of choice when specified for use between autoclaved lightweight concrete
(ALC) panels. Although, in general terms, the mechanisms of the deteriora-
tion of acrylic sealants are well known its long-term durability to outdoor ex-
posure has not, however, been fully investigated. The research described in
this paper focuses on the change in the properties and deterioration of acrylic
sealant products when exposed to outdoor testing. The two stage project
consisted of (i) on-site investigations of deteriorated acrylic sealants that had
been placed in external joints of ALC-clad buildings; and (ii) outdoor expo-
sure testing of different types of acrylic sealant in three climate regions
located in Japan. The results of the work from the first stage of the study
revealed the following. Two-sided adhesion joint configurations installed in
deep panel ALC cladding were more reliable than three-sided adhesion joints
used for thin panel ALC cladding from the viewpoint of the durability of the

Manuscript received June 4, 2011; accepted for publication October 10, 2011; published
online December 2011.

! Assistant Professor, Dr. of Eng., Chungnam National Univ., Dept. of Architectural
Engineering, Daejeon 305 764, South Korea (Corresponding author), e-mail: miyauchi@
cnu.ac.kr

2Senior Research Officer, Ph.D., P. Eng., National Research Council Canada, Institute for
Research in Construction, Ottawa, K1AOR6, Canada.

3Scientific Committee Member, Dr. of Eng., Japan Sealant Industry Association, Tokyo
101 0041, Japan.

4Scientific Committee Member, ALC Association, Tokyo 101 0047, Japan.

5Emeritus Professor, Dr. of Eng., Tokyo Institute of Technology, Kanagawa 226 8503,
Japan.

Cite as: Miyauchi, H., Lacasse, M. A., Enomoto, N., Murata, S. and Tanaka, K.,
“Durability of Acrylic Sealants Applied to Joints of Autoclaved Lightweight Concrete
Walls: Evaluation of Exposure Testing,” J. ASTM Intl., Vol. 9, No. 1. doi:10.1520/
JAT104063.

Copyright © 2012 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, PA 19428-2959.
47



48 JAl« STP 1545 ON DURABILITY OF BUILDING AND CONSTRUCTION

sealed joint installed in actual buildings. Most fractures of the sealed joint
could be characterized as failure in peel (or thin layer cohesive failures), in
which the sealant ruptured at the interface with the ALC substrate to which it
was applied. Additionally, in 47 of 62 locations surveyed, surface cracks were
apparent on the coating that had been applied to protect the sealant. The
second stage of the project focused on the degree of deterioration of coated
and non-coated acrylic sealants subjected to outdoor exposure testing in a
cold, a warm, and a subtropical climate. Results from this stage showed that
aging of the sealant, as determined by the degree of surface cracking,
expectedly depended on the local temperature and the respective degree of
exposure to solar radiation. It was determined that the longer the exposure
period, the lower the tensile performance of the acrylic sealants. The elonga-
tion of three-sided adhesive joint configurations after 5 years exposure test-
ing decreased remarkably and their maximum elongation was less than 50
%. A significant number of sealed joints after 5 years ofexposure had ALC
substrate failure.

KEYWORDS: Sealant, autoclaved lightweight concrete, wall panel, durabil-
ity, exposure testing

Introduction

The “Housing Quality Assurance Act” [1] was established in 2000 in Japan and,
as a consequence, a ten year warranty period was imposed on industries pro-
ducing and installing waterproofing systems. Sealed joints installed in buildings
form part of a building facade’s waterproofing system and thus require long-
term performance and it is therefore necessary to verify the durability of cur-
rently available sealed joint systems. In Japan when considering performance
standards and specifications for sealed joint systems, the performance of seal-
ants is regulated by two test methods: (i) “Sealants for Sealing and Glazing in
Buildings” (JIS A 5758) [2], and (ii) “Testing Methods of Sealants for Sealing
and Glazing in Buildings”(JIS A 1439) [3].

The primary specification and guideline documents that respectively pro-
vide for the material, design, and construction of sealed joints include: “Public
Construction Standard Specifications” [4] and “The Construction Work Super-
vision Guideline” [5]; both of these documents are regulated by the Ministry of
Land, Infrastructure, Transport and Tourism of Japan. The Architectural Insti-
tute of Japan also provides the “Recommendation for Design of Joints and
Jointing for Control of Water and Air Penetration in External Walls” [6]. The
performance regulations for the design and installation of sealed joints in build-
ing and constructed works have been established to improve the long-term per-
formance of such products used both in government building assets and those
of the private sector.

Sealed joint systems designed for use in ALC (autoclaved lightweight aer-
ated concrete) panels have, for a considerable time, followed construction prac-
tices as provided for external walls of industrial buildings. Likewise, acrylic
sealant products have been used in Japan for ALC panel joints for a significant
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time, and perhaps elsewhere around the globe, because: (i) coatings can readily
be applied to these products (thus prolonging their aesthetic performance);
(ii) their initial tensile strength is low thus offering a reduced risk to premature
tensile failure of the ALC panel substrate; and (iii) this sealant type can be in-
stalled in conditions where the substrate may be moist or, indeed, wet. How-
ever, a systematic verification concerning the long term performance of acrylic
sealants used in ALC panel structures which have been exposed to up to 30 years
of aging has not yet been done. Consequently, a study was undertaken to inves-
tigate the condition of deteriorated sealed joints of buildings clad with ALC pan-
els such that some basic information on the actual condition and degree of
deterioration of aged sealed joints could be obtained. Following the information
gained from this study, a subsequent work was initiated that focused on the ex-
posure of acrylic sealed joints that were tested to evaluate their mode of degra-
dation and the likelihood of achieving long-term performance.

Degradation of Sealed Joints Installed on Panels of an ALC-Clad Building

Outline of Investigation

An outline of the investigation of sealed joints installed on panels of an ALC-
clad building is shown in Table 1. The ALC panels on the building consist of two
basic types that may be classified according to the depth of the panel, specifi-
cally: (i) The deep ALC panel, for which the depth of the ALC panel cladding is
100 mm, and (ii) the thin ALC panel where the ALC panel depth may be 35, 37,
or 50 mm deep. The deep ALC cladding panels are typically used for homes,
commercial buildings, or factories having steel frame construction whereas the
thin ALC panels are normally used for homes or on low-rise buildings having
wood frame construction. In this study, the buildings for which the investiga-
tions were completed, all of which were constructed over ten years ago, were
inspected in respect to the type of sealants used in the joints, the degree of deg-
radation of the sealants, and their respective strength characteristics were sub-
sequently determined from laboratory testing. The joint types that had been
used for the deep ALC panels or the thin ALC panels are shown in Table 2. As
may be seen in Table 2, the deep ALC cladding panels used two-sided working
joints whereas the thin ALC panels used three-sided non-working joints. Given
that the short side of the joint length along the deep ALC panel deforms to a
greater extent than that of a joint on the long side of the panel, it was deter-
mined that the representative panel joint would be a two-sided adhesion joint
having a width of 10 mm. On the contrary, the joint for the thin ACL panel was
considered a three-sided adhesion joint of 7 mm width.

Results of Investigation

Results of Deteriorated Sealed Joints—The sealant product condition is pro-
vided in terms of a qualitative assessment of the extent of damage and the clas-
sification of sealed joints between ALC panels and are shown in Table 3. In
buildings aged over 20 years, all sealed joint products were one component



TABLE 1—Outline of investigation concerning ALC building.

Location Hokkaido, Tokyo, Kobe, Kagawa
Panel type Building age: 10 years
Deep panel type: ALC panel with -Structure: steel frame construction,
100 mm wall depth -Panel fixing method: Rocking panel fixing system
-Sealed joint: Two-sidedadhesion joint
Thin panel type: ALC panel with 50 mm wall depth -Structure: steel or wood frame construction,

-Panel fixing method: screw fastening system
-Sealed joint: Three-sidedadhesion joint

ALC panel with 35(37) mm wall depth  -Structure: wood frame construction,
-Panel fixing method: Fastening system by screws
-Sealed joint: Three-sidedadhesion joint

Research method Sampling of sealants from actual external wall in 4 regions

Evaluation parameters -Visual inspection on the surface of sealants with coating
material (deterioration, crack condition)

-Hardness of sealants, tensile stress of sealants
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TABLE 2—Sealed joint types.

Two-sided adhesion joint Three-sided adhesion joint

Long side joint Short side joint Long side joint Short side joint

W10 X D10mm

W8 X D8mm b W7XD7mm
~
Sealant 7
ALC panel Backup material
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TABLE 3—Sealant inspection results.

Depth of ALC wall panel

100 mm 50 mm 35(37) mm

Two-sided adhesion joint Three-sided adhesion joint

Elapsed Sealant

years type® ob AP xP o AP xP P AP <P Total
¥ AC-t | 0 o Jalolol] 2] el als
= PU-2 5 0 0 5
AC-1 9 ] 0 6 2 0 I8
10-14 . | |
PU-2 2 0 0 | 0 0 3
AC-1 3 0 0 3 0 0 0 | o 0 16
15-19 _ _ | |
PU-2 3 0 0 I 1 0 5
AC-1 T EIENEREENRNET
20-21
pL-2 0
Total 14 ’ 0 ‘ 0 21 ‘ 2 | o | 23 ‘ 2 | 0 | 62

Note: A=Slight (partial) damage on sealed joint; x=Damage on sealed joint in many
places.

#AC-1:1 component acrylic sealant, PU-2:2 component urethane sealant.

®0): No damage on sealed joint.

acrylic sealants; inspection results are reported for acrylic sealants at four inter-
vals, the first between 5 and 9 years, thereafter at 10-14 years, 15-19 years, and
20-21 years. Whereas for buildings less than 20 years of age only two compo-
nent urethane sealants had been used for the sealed joints; inspection results
are only reported for intervals of 5-9 years, 10-14 years, and 15-19 years.
Because the amount of anticipated movement in the sealed joint between the
deep ALC panels was large, a two component urethane sealant was used as a
working joint given its capacity to accommodate movement.

There was no evidence of any complete damage to the sealed joint
(symbol: x), regardless of the depth of the panel, however partial failure (sym-
bol: A) of the sealed joint was observed (4 damages out of 62 total) in four loca-
tions in thin panels, specifically, the ALC panel having a 50 mm depth had
partial damage (symbol: A) evident for one acrylic (1 damage out of 20) and one
urethane sealant (1 damage out of 3), and the ALC panels with 35 (37) mm wall
depth had partial damage for two acrylic joints (2 damages out of 25).

Crack Conditions of Sealed Joint—Examples of damaged sealant products
applied to joints of ALC panels are shown in Fig. 1. All damaged sealed joints
(symbol: A) were those occurring in thin ALC panels and for joints having three-
sided adhesion. Of those joints having three-sided adhesion, 2 damaged joints
were evident for 50 mm deep panels and another 2 damaged joints for 35 mm
deep panels. In both instances, cohesive failure occurred at the center of the
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Crack of coating material Sealant crack

FIG. 1—Crack condition of sealed joints.

sealed joint and where cracks were observed. In 47 of the 62 sealed joints
inspected cracks were evident on the surface coating material (i.e., damage evi-
dent to 47/62); these cracks did not depend on the movement of the structure or
the type of sealant to which they were applied. The coating material has, in fact,
a reduced performance in accommodating deformation as compared to that of
sealants. It was also evident that the sealed joints along the short side of the
panel have significantly more cracks than joints along the longer side of the
panel. It is thought that the degree of expansion and contraction of the joint
along the short side of the panel is greater than that along the longer side of the
panel.

Test Results of Basic Properties—The hardness [7] and tensile strength [3] of
a 17 year old sealant product used in the joints of a wood frame constructed
home were measured by a testing machine. The hardness of the sealed joint was
measured with a Shore Type A hardness meter (JIS K 6253). The valuefor the
hardness of the sealant was approximately 60 Shore A on both sides of the
sealed joint. An unaged sealant of the same product type was estimated to be 20
Shore A when first installed (Table 6). The change in hardness of the aged pro-
duced appears to confirm, therefore, the degradation of the sealants over time.

The tensile test for the sealed joint was carried out using a special jig, as
shown in Fig. 2. Fourteen tensiletest specimens were evaluated; the maximum
tensile stress ranged between 0.36 and 0.73 N/mm? with the mean value being
0.54 N/mm?. The elongation at maximum load ranged between 7 and 21 % and
provided a mean value of 15 %. Most sealed joint fractures were characterized
as failures in peel (or thin layercohesive failures), in which the sealant fractured
at the interface between the sealant and the ALC substrate. The maximum elon-
gation at fracture of the sealed joint extended from 53 to 223 % with a mean
value of 117 %.
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100mm

*4100mmt

»

60mm

Tensile test jig Sealed joint

FIG. 2—Tensile test and sample specimen.

Outdoor Exposure Tests

Outline of Outdoor Exposture Test

As described in Table 4, the outdoor exposure tests were carried out at three dif-
ferent locations in Japan over a 5 year period; each location had a different cli-
mate. Control specimens were also prepared to which the sealants exposed to
the different climates were compared; these were kept in indoor laboratory con-
ditions, as described in Table 4. The evaluation parameters included the:
(i) effect of climate conditions (e.g., ultraviolet radiation, temperature, and
moisture load), (ii) the effect of the joint type between ALC panels, and (ii) the
effect of the sealant and coating material types.

Test Specimens and Test Methods

Test Specimens—The specimens are shown in Fig. 3 and the items inspected
over the course of the outdoor exposure test are shown in Table 4. The joint
types include: a two-sided adhesion joint (joint width: 10 mm, joint depth: 8
mm) and a three-sided adhesion joint (joint width and depth: 7 mm with a small
1 mm gap at mid-width and the base of joint). Low density (1.1 g/cm?) one com-
ponent acrylic sealant commercially available Japanese products were those



TABLE 4—Test parameters.

Item

Conditions

Test specimen Sealant
Coating material
Joint type
Curing time

Exposure test Exposure location

Evaluated exposure periods

Acrylic sealants (Type A, Type B, Type C)

With coating, without coating

Two-sided adhesion joint, three-sided adhesion joint
4 weeks indoor environment room at 20 + 3°C

Rikubetsu Climate: Cold climate area
Place: Rikubetsu exposure testing site (October 17, 2001)

Yokohama Climate: Warm climate area
Place: Roof at Tokyo Institute of Technology (Nov. 6, 2001)
Miyako Island Climate: Subtropical climate area

Place: Japan Weathering test center (Nov. 6, 2001)
Indoor room Climate: No degradation

Place: Room (Temp. 23 + 2°C)(October 17, 2001)
No deterioration (Initial), 2 years, 5 years
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FIG. 3—Test specimen.
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subjected to tests. The effect of coating materials was evaluated and the test
specimens were prepared both with and without a coating material applied to
the exterior surface of the joint. All sides of the ALC substrate, with the excep-
tion of that surface on which the sealant was applied, were coated with one
component silicone sealant in order to protect the substrate from water absorp-
tion when exposed to the outdoors. The test specimens were cured indoors at
23 + 2°C for 4 weeks before starting the outdoor exposure test. Three test speci-
mens were used in evaluating each test parameter.

Exposure Test Method—As shown in Fig. 4, the geographical locations of the
exposure testing sites for Rikubetsu, Yokohama, and Miyako Island are evi-
dently quite different and consequently, the local climate conditions vary
greatly from one location to another. The test specimens placed in the outdoor
exposure site at these three locations were set up on testing tables inclined at
45° (Fig. 4). On the contrary, test specimens prepared as control specimens
were cured in a darkroom with no sunlight and maintained at a temperature of
23 + 2°C over the test period.

Figure 5 shows the outdoor temperature conditions at the three outdoor ex-
posure sites over a selected exposure period in October. The mean value for the
maximum outdoor temperature over a five year period for the warmest expo-
sure site (Miyakojima Island) was 29.4°C; whereas, the mean value for the mini-
mum outdoor temperature over five years for this same exposure site was
18.2°C. On the other hand, Rikubetsu is an exposure site where temperature dif-
ferences are large and the mean value for the maximum temperature over five
years was 18.6°C and the corresponding minimum temperature was —9.6°C.
Therefore, the sequence of exposure sites in order of decreasing thermal expo-
sure severity is as follows: Miyakojima Island > Yokohama > Rikubetsu.

Evaluation Method for Degradation of Sealed Joints—The degree of degrada-
tion of the sealed joint is evaluated by observation of the surface of the sealed
joint, with use of the hardness meter (Shore Type A), along with tensile tests.
Moreover, the tensile tests were carried out by fixing the test specimen to a spe-
cial jig (Fig. 2). The tensile rate of deformation was 5 mm/min and the test tem-
perature was 23 = 2°C.

Results of Outdoor Exposure Tests

Surface Condition of Sealed Joints—Fig. 6 shows the surface condition of the
sealed joints after Syears of outdoor exposure at the different exposure site loca-
tions. In Table 5 results of the aging (staining due to dirt pickup) and degree of
cracking from the outdoor exposure tests are presented. As might be expected,
the degree of aging (dirt pickup) of test specimens after 5 years of exposure is
greater than that at the onset of the exposure period (0 year) and after 2 years
exposure, in particular, the degree of dirt pickup of test specimens exposed to
the Yokohama climate is the greatest. It is thought that dust is more prevalent
on the surface of sealants at the Yokohama exposure site because this site is
close to a highway. However, it was not possible to confirm the differences in
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FIG. 4—Location of outdoor exposure test.
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FIG. 5—Temperature conditions at the three exposure site locations.
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FIG. 6—Outdoor exposure test results after 5 years.
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TABLE 5—Aging (dirt pick-up) and crack condition from outdoor exposure testing.

Aging (Stain), years Cracks, years
Rikubetsu Yokohama Miyako Rikubetsu Yokohama Miyako

Sealants Coating Joint type 0 2 5 0 2 5 0 2 5 0 2 5 0 2 5 0 2 5
Type A  Without 2 0 1 3 0 1 3 o 0 1 0 0 1 0 1 2 0o 1 1
3 0 1 2 0 1 2 0o 0 1 0 0 1 0 1 2 0o 1 1

With 2 0 0 1 0 2 3 0o 0 1 0 0 1 0 0 1 0o o0 1

3 0 0 1 0 2 3 o 0 O 0 2 2 0 2 2 0o 2 2

Type B Without 2 0 1 2 0 3 3 0o 1 1 0 0 0 0 0 0 0 0 0
3 0 1 3 0 3 3 0o 1 1 0 0 0 0 0 0 0 0 0

With 2 o o 2 o 2 /@ o 1 1 0 0 0 O 1 0 0 1 1

3 0 0 2 0 2 3 0o 1 1 0 2 2 0 1 1 0o 2 2

Type C  Without 2 0 1 1 0 3 3 o 0 O 0 0 0 0 0 0 0O 0 0
3 0 1 2 0 3 3 0o 0 1 0 0 0 0 0 0 0 0 0

With 2 0 1 3 0 3 0o 1 1 0 0 1 0 0 1 0o 2 2

3 0 1 1 0 3 0o 1 1 0 0 2 0 2 2 0o 2 2

Note: Aging (Stain) degree: 0 to 5 scale: 0 = none, 5 = severe. Crack condition 0: No crack, 1: Slight cracking, 2: Large crack, 3: Through
crack.
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the degree of dirt pickup by the presence or absence of coating applied to the
exterior surface of joint specimens. As for the rate of occurrence of cracks on
sealed joints, it was evident that test specimens exposed at the Miyako Island
and the Yokohama sites were high. The rate of occurrence of cracks of coated
sealant products for three-sided adhesion joints was greater than that of prod-
ucts in joints having two-sided adhesion.

Hardness Measurement Results of Sealed Joints—The hardness of sealed
joints exposed to the different exterior climate conditions is shown in Table 6.
The results indicate that the longer the exposure period to which the specimens
were subjected, the greater the value of hardness of the sealed joint product. As
for the importance of the exposure site with respect to the aging and hardening
of the sealant, the results indicate the following order, in decreasing order of
hardness value: Miyakojima (52 Shore A hardness) > Yokohama (49 Shore A
hardness) > Rikubetsu (39 Shore A hardness). The results also indicated that
the hardness of sealed joints without a coating was greater than that of joint
products with a coating.

Tensile Test Results—Fig. 7 shows the maximum tensile stress obtained for
two- and three-sided adhesion joint specimens that had been coated with paint
for outdoor exposure testing. The differences between the two- and three-sided
adhesion joint specimens in respect to values achieved for maximum tensile
stress and maximum percent elongation arise because three-sided adhesion
joints bring about greater internal stress to the joint as compared to two-sided
joints. In essence, three-sided joints are capable of accommodating less move-
ment as compared to 2-sided joints and, for the same degree of movement, give
rise to both higher bond and internal stress. The results revealed that the longer
the exposure period, the greater the tensile stress achieved in the sealant speci-
mens. The location of the exposure site affected the severity of the exposure
conditions and consequently the degree of aging and resulting tensile stress of
the aged products. It was determined, on the basis of results from tensile tests,
that the order of exposure severity starting with the most severe exposure loca-
tion and proceeding toward less severe exposure locations was:
Myakojima > Yokohama > Rikubetsu. The tensile stress achieved for three-
sided adhesion joint specimens was greater than that of two-sided adhesion
joints. Figure 8 shows the maximum elongation achieved of sealed joints in ten-
sion; results indicate that the longer the exposure period, the lower the degree
of elongation of the sealed joint specimen.

Considering the differences in elongation achieved for three-sided as com-
pared to two-sided joint specimens, the degree of elongation of three-sided ad-
hesion joint specimens was remarkably smaller after two years exposure and
additionally, after 5 years of exposure testing the maximum elongation was less
than 50 % at all exposure locations, whereas that of the two-sided joints all
exceeded 50 % elongation. The results did not confirm that differences existed
amongst the various three-sided adhesion joint specimens and neither were
these affected by the severity of conditions at the different exposure sites.



TABLE 6—Hardness of sealant for outdoor exposure testing.

Hardness, years

Rikubetsu Yokohama Miyako Island

Sealants Coating Joint type 0 2 5 0 2 5 0 2 5
Type A Without 2 20 27 38 20 33 53 20 35 54
3 20 30 38 20 34 56 20 42 55

With 2 20 25 33 20 30 51 20 33 45

3 20 28 41 20 32 51 20 32 53

Type B Without 2 11 22 45 11 35 63 11 33 59
3 11 29 45 11 33 47 11 39 60
With 2 11 25 34 11 33 46 11 32 40

3 11 30 38 11 36 47 11 35 49

Type C Without 2 8 25 42 8 27 51 8 31 52
3 8 28 53 8 34 51 8 35 68

With 2 8 22 24 8 24 33 8 27 42

3 8 23 34 8 29 40 8 30 44

Average 13 26 39 13 32 49 13 34 52
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FIG. 7—Maximum tensile stress of sealants with painting material in outdoor exposure test.
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O: Cohesion failure 2\ Adhesion failure -: peeling failure * :ALC failure
(Sealant and ALC failure)

FIG. 9—Type of fracture of sealed joint.

However, the lower degree of elongation obtained for two-sided adhesion joint
specimens varied in relation to the severity of the climate for which the least
degree of elongation was obtained for the exposure location having the more
severe exposure conditions; specifically, in order of more to least severe effects,
this was: Miyakojima < Yokohama < Rikubetsu.

Figure 9 and Table 7 provide information on the type of failure of the sealed
joint specimens in tensile tests; these could be classified into four types of fail-
ure: (i) cohesion failure (symbol: O); (ii) mixed mode adhesive failure of the
sealant and ALC substrate (symbol: A); (iii) failure in peel (symbol: —), and fail-
ure of the ALC substrate (symbol: x). The sealed joint specimens used as control
specimens and cured indoors in laboratory conditions all failed in cohesion
(symbol: O). On the contrary, the results confirmed that the sealed joint speci-
mens after 2 years of exposure testing had mixed mode adhesion failure, exhib-
iting both sealant and ALC substrate failure (symbol: A) as well as failure in peel
(symbol: —). It was also revealed that a considerable number of the sealed joint
specimens after 5 years of exposure testing had failed at the ALC substrate
(symbol: x). The value of the 50 % modulus of the sealed joint specimens having
three-sided adhesion joints could not be measured because the failure of test
specimens had already occurred at an elongation below 50 %.

Conclusions

The conclusions from this study are as follows:

(1) Two-sided adhesion joints used for sealing deep ALC panels were more
reliable than that of three-sided adhesion joints used for the thin ALC
panel type from the viewpoint of durability and degradation of the
sealed joint of ALC panels in actual buildings. The damage to three-
sided adhesion joints used in thin ALC panels was confirmed from
partial damage located at 4 locations of 62. The hardness of the acrylic
sealant was approximately 60 Shore A for sealants used in the joints of
a 17 year old building. As a result of the tension tests, the maximum
tensile stress achieved was 0.36-0.73 N/mm? (mean value: 0.54 N/



TABLE 7—Fracture type form tensile testing.

Aging

Rikubetsu, years

Yokohama, years

Miyako Island

Sealants Coating Joint type 0 2 5 0 2 5 0 2 5
Type A Without 2 000 00O AAN 000 00O OAX% 000 000 OAA
3 000 OO0— OAA 000 00O Oxx 000 000 AXX
With 2 00O 00O (OYAVAN 000 ooA AAN 000 00O ANAX
3 000 000 ooA 000 OO0— AXX 000 o0oA AAN
Type B Without 2 000 000 AXX 000 o000 e 000 OO0— XX
3 000 00O JAVAVAN 000 000 e 000 ooA e
With 2 000 [©]0]e)] 000 000 000 e 000 000 OAXx
3 000 00O AAN 000 o0oA OAX% 000 OAA OAX%
Type C Without 2 o000 00O ooA 00O 00O ooA 000 (0]0]0) (0]0]@)
3 o000 o0oA ooA 00O 00O ooA 000 000 ooA
With 2 OO0 OO0 ooA [e]e]e) 00O 000 000 00O OAA
3 00O 00O ooA 00O o0oA OAA 000 (0]0]0) ooA

Note: O=Cohesion failure; A=Adhesion failure (Sealant and ALC failure); x=ALC failure; —=peeling failure.
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mm?). The maximum elongation at the fracture of the sealed joint was
53-223 % (mean value 117 %). Most fractures of sealed joint were thin
layer cohesion failures where the sealant was fractured at the interface
with the ALC substrate. In 47 of 62 specimens, cracks in the coating on
the surface of the sealant were observed; however, these cracks did not
penetrate into the depth of the sealant.
(2) In regard to the results on the surface condition of a sealed joint after
5 years of outdoor exposure, the aging (degree of dirt pickup) and the
extent of the occurrence of cracks depended on the environmental con-
ditions apparent at any exposure location. In particular, the exposure
site with the highest average monthly temperature (climate zone) had,
in this study, the greatest effect on the durability of the sealed joint.
The longer the exposure period of the sealed joint, the lower the dura-
bility of the sealed joint in respect to values obtained for the tensile
stress and elongation. The degree of elongation of three-sided adhesion
joints after 5 years of exposure was markedly decreased and its maxi-
mum elongation was less than 50 %. A number of sealed joints after 5
years of exposure testing had failure at the ALC substrate (symbol: x).
Therefore, given that the maximum elongation observed for the acrylic seal-
ant was less than 50 % and that the degree of movement accommodation of
three-sided adhesion joints in ALC panels with such types of sealant is reduced,
thereby increasing the likelihood of premature joint failure, it was determined
that a suitable sealant for use on ALC substrates is a sealant having a greater
degree of movement accommodation than acrylic sealants and also a product
that has enhanced durability. Furthermore, in order to enhance the longevity of
the sealed joints, it is recommended that for joints of ALC panel systems, the
sealant products should be applied, as is usually the practice for other joints, as
a two-sided joint.
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Introduction

Sealants are a critical part of a structure’s moisture and weather barrier enve-
lope. Understanding and predicting the service life expectancy of sealants is
necessary to prevent serious damage to the cosmetic and structural integrity of
buildings and structures. Given this well recognized need, several challenges
prohibit the direct assessment of such knowledge. One of the primary chal-
lenges is the difficulty in assessing the critical combinations of factors (environ-
mental, displacement, fatigue, formulation, material property, etc.) that
determine a sealant’s durability in a well characterized service condition. Sec-
ondly, pass-fail tests address lifetime prediction by exposing materials to condi-
tions much more severe than the conditions of use. Severe conditions are
necessary based on a factor of safety approach and the short testing times
desired. The approach taken in this research program is to conduct simultane-
ous outdoor weathering and cyclic strain aging of sealants while recording envi-
ronmental conditions and changes in modulus via in situ measurements. This
data set is intended to provide the means for obtaining a dosage versus damage
model that may facilitate better predictions of service life for a given application
and environment.

The outdoor exposure takes place in Madison, Wisconsin via a custom built
computer controlled instrument named the Badger I1la [1]. The advantage of
this approach is that it provides active feedback on incremental material prop-
erty changes as a function of weathering and cyclic strain dosage. The disad-
vantage of cyclic testing is having sufficient sample throughput to provide
statistically significant data. The instrument we designed addresses this issue by
applying controlled displacement to 16 sealant specimens simultaneously as a
function of temperature. The applied displacement is computer controlled such
that custom functions can be developed to fit a service environment. The func-
tions are principally temperature based. Consequently, the specimens experi-
ence instantaneous and daily diurnal displacement cycles of a controlled
magnitude and rate induced by temperature changes within set strain limits.
Cycling is stopped once per week to run a stress relaxation profile allowing the
calculation of the sealant’s apparent modulus [2].

Compression set is a well-known phenomenon defined as the fraction of
applied compressive strain remaining in the sealant after full compressive strain
is removed. This, of course, is a time-dependent phenomenon, since upon re-
moval of the compressive strain the sealant moves toward the original dimen-
sions more slowly over time and may never recover its original shape. In most
sealant testing, specimens are allowed to relax between the compression appli-
cation and the measurement of properties. This has a very practical benefit,
removing a time-dependent factor, making property measurements more
repeatable. The sacrifice, however, is that information about the contribution of
transient compression set to sealant properties is lost.

Herein we describe the results from two sealants exposed to five months of
hot compression cycling and outdoor weathering on an instrument that was
designed to enable the measurement of stress relaxation behavior and the calcu-
lation of apparent modulus immediately after stopping cyclic strain exposure.
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This test protocol more closely simulates exposure conditions on buildings with
exteriors that respond quickly to changes in temperature.

Experiment

Specimens: The sealant specimens are provided by the National Institute for
Standards and Technology (NIST) in Gaithersburg, MD via their consortium of
sealant companies who fabricate the specimens [3]. All chemical information
(formulations, base chemistry, fillers, etc.) about the samples is hidden from the
Forest Products Laboratory and NIST due to the blind nature of this study.
Additionally, chemical analysis of the samples is not permitted. The sealants
consist of Consortia C and ASTM round robin B (ASTM B). The Consortia C
sealant is specially formulated to fail earlier than commercially available seal-
ants. Per the limitations of this study, it is not known what formulation attrib-
ute was changed in order to achieve this intent. The ASTM B sealant is
commercially available with a =25 % movement rating. The specimens consist
of a pair of anodized 6063 aluminum blocks (12.7 x 12.7 x 76.2 mm) bonded to-
gether with sealant in the form of a 12.7 x 12.7 x 50.8 mm bond line cured in
conformance with ASTM C719-93 [4].

Strain Cycling: The custom built test machine shown in Fig. 1 consists of
two parallel aluminum I-beams with up to 18 sealant specimens fixtured
between them. The I-beams are driven by two captive stepper linear actuators
(size 34, Hayden Kerk, Waterbury, CT) whose position is monitored by two lin-
ear variable differential transformers (model HSD 750 250-010, Macro Sensors,
Pennsauken, NJ). The programmed displacement follows the temperature pro-
file of polyvinylchloride (PVC) based durability engines in operation at NIST.
The displacement (A, cm) versus temperature (T, °C) equation for such engines
is given in Eq 1. Strain gauges were not applied to individual specimens. Thus,
the values reported as strain are based upon the linear variable differential
transformer position of the I-beam and are approximate

A= —(T—4.5)/105 (1)

FIG. 1—Photograph of Badger I1la with 18 sealant specimens.
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The temperature is recorded from a thermocouple embedded in a piece of PVC
pipe exposed to solar irradiation. The hot compression cycling displacement
boundaries were set in this experiment such that +25 % strain occurred at
—29°C and —25 % strain at 38°C, corresponding to climate norms for the Wis-
consin test site. The load response to the applied displacement is independently
measured for each specimen by S-type load cells (model SSM-AJ-250, Interface,
Scottsdale, AZ).

Motion control, load cell conditioning, and data acquisition during testing
was accomplished via a National Instruments (Austin, TX) Compact RIO
(cRI0O)-9073 integrated 266 MHz real time controller.

Once per week, displacement cycling was stopped and an apparent modulus
cycle was run to check for changes in modulus as a result of weather and dis-
placement aging; see Fig. 2. The cycle consisted of two peaks of approximately
15 % strain that act to remove the Mullins effects from the sealants followed by
a 10 % estimated strain stress relaxation period [5]. The 15 % peaks remove any
effects of filler bonds and secondary bonds that contribute to non-reversible
stress-strain behavior. Thus, the stress relaxation period occurs at a lower strain
than the first two peaks and is free of these effects.

The apparent modulus (Ea) is determined using a stress relaxation test pro-
posed by NIST as a new ASTM International sealant test method [2]. The Ea is
calculated via Eq 2, where t is time, 1 is the extension ratio, L is the load, W is
the specimen width, and B is the specimen thickness. Here, / is calculated using
Eq 3 where A is the displacement and h is the specimen height. This methodol-
ogy is taken from the statistical theory of rubber elasticity [6,7]

Ea(t.2) = 3L()/(WB(i - 1 %)) @)

18%
15% -+ Y E— 4 S S —

12% -

9% -
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0% +—— : — e
13:2¢ 13:55 14:24 14:5; 15:21
Time, HH:MM
FIG. 2—Ea cycle taken on Jul. 6, 2006 consisting of two approximately 15 % strain

Mullins peaks followed by a stress relaxation period at approximately 10 % tensile
strain.
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i=1+A/h 3)

Weather: Solar irradiance, temperature, and relative humidity were recorded
during outdoor exposure. Spectral irradiance is recorded via a Smithsonian
SERC 18 scanning radiometer model, SR-18. This model records the UVB spec-
tral irradiance in mW/(m** nm) and the Smithsonian uses a radiative transfer
model to calculate the UVA and visible bands. Air temperature and relative hu-
midity are recorded via a weather station. The test started in March and con-
cluded in August of 2010. A lighting strike in April damaged the equipment
resulting in the loss of approximately one month of weather data.

Results and Discussion

The cyclic loading applied to the sealant specimens due to a temperature change
during the third week of July 2010 is shown in Fig. 3 for the ASTM B samples.
Offsets between the three ASTM B replicates result from differences in the
specimens as confirmed by offline tension and compression tests. The tempera-
ture change is the mirror image of the stress response due to outdoor exposure
being run in hot compression mode. This mode simulates the displacement-
temperature behavior of concrete or metal structures. This plot is typical of the
exposure for all specimens with the magnitude and rate of change dependent on
the weather. The variation in stress and temperature at the peak values is caused
by a local variation in cloud cover inducing a rapid change in the temperature of
the PVC pipe section acting to drive the computer controlled displacement.
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FIG. 3—Stress (left axis) and bulk temperature (right axis) versus time cycles that were
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The total recorded ultraviolet A band (UVA, 315-399 nm) dosage from
March 1 to Aug. 7, 2010 was 130 MJ/m?. This value does not represent the total
dosage due to a lightning strike in April where data was lost. It is estimated that
an additional 30-40 MJ/m? could be added to the total dosage. The UVA band
was tracked as opposed to the total UV band due to the detected ultraviolet B
(UVB) dosage being of low intensity by comparison to the UVA values. The daily
UVA dosage during aging varied considerably due to cloud cover. Overall, the
accumulated UVA dosage increased linearly with time. The daily average air
temperature and relative humidity values recorded at the Wisconsin test site are
shown in Fig. 4. The spring temperature and humidity values varied widely. The
average temperature started at below 0°C in early March and rose to 20°C by
the end of the month with several cold periods in between. The average humid-
ity varied considerably from 50 to 100 % during this time frame. Data loss due
to the April lightning strike is responsible for the gap in the data from April 6 to
April 21. The transition from spring to summer took place in May via a relatively
uniform rise in average temperatures from 5 to 25°C. The daily average relative
humidity (RH) during May continued to vary widely from 50 to 100 %. Starting
in early June and continuing to August average temperatures achieved and
maintained a consistent value of approximately 25°C. The RH during this time
similarly became more consistent, ranging from 70-100 % with values clustered
around an average of approximately 90 %. Comparing recorded weather data
during the testing period with historical averages revealed that the high and low
temperatures were above normal average high and low temperatures from
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FIG. 4—Air temperatures (left axis) and RH (right axis) recorded at the Madison,
WI exposure site from March through September of 2010.
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March through August [8]. High temperatures recorded in May were near re-
cord highs [8]. The precipitation was double the normal amount during June
and July 2010 for the south central region of Wisconsin that includes the Madi-
son test site [8].

The mean strain (e,) and daily strain ratio (e,) resulting from the PVC tem-
perature change (Eq (1)) are plotted in Figs. 5 and 6. The strain ratio and mean
strain were calculated via Egs. (4) and (5), respectively, where e, is the day’s
minimum strain and e, is the day’s maximum compressive strain

€r = emin/emax (4)

€m = (emax + emin)/2 (5)

The daily values of e,;, and e, are also plotted in Fig. 5 where they are
indicated as bars radiating from the daily mean strain value. Not surprisingly,
the mean strain values correspond to the average air temperature pattern
shown in Fig. 3. The effect of solar heating variation due to cloud cover changes
is reflected in the difference and variation in the maximum strain values shown
in Fig. 5. The minimum strain typically occurred at night and hence is less vari-
able on a day to day basis and is more in correspondence to the air temperature.
The mean strain and max/min values vary considerably from April through
mid-May. During this time, mean strain, minimum, and maximum values
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FIG. 5—Daily mean strain resulting from the diurnal PVC temperature change with
error bars indicating the strain differential for each day.
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FIG. 6—The strain ratio resulting from the diurnal cycle.

varied from 0 to —11 %, 5 to —6 %, and —3 to —20 %, respectively. Thus, there
are day to day transitions from compression to tension strain exposure. As with
the air temperature, the mean strain dropped during May from —5 to —20 %
with a recovery to —13 % at the end of the month. The mean strain and its daily
variability decreased as the temperature rose towards a relatively uniform value
of —15 % strain starting in June and gradually decreased though August. The
minimum strain made a transition during this time to values less than —5 %
strain. Thus, the sealants experienced a constant state of compressive stress
during the summer. The applied strain ratio increased during the seasonal tran-
sition from spring to summer and its variability between days decreased. Both
trends are indicative of decreased daily temperature swings and hence, more
stable strain patterns applied to the sealants during the summer. Additionally,
the rising strain ratio reveals that during the summer the sealants are carrying
more strain.

The strain ratio shown in Fig. 6, is commonly prescribed in uniform contin-
uous cyclic fatigue testing as a means to set the predominate mode of exposure.
Specifically, high values indicate that the samples will carry a large amount of
strain during the fatigue exposure. This results in a combined fatigue and stress
relaxation exposure in controlled strain testing, as used here, or fatigue and
creep exposure in controlled load testing. Low strain ratio values induce a large
delta strain in the samples during each cycle. Such cycles can result in tempera-
ture build up (not expected in this study), and an acceleration of any hysteresis
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based damage mechanisms such as filler particle debonding, the Mullins effect,
crazing, delamination, crack formation and growth, etc. The daily extremes rep-
resented in Fig. 6 are quite variable from March to mid- May indicating no con-
sistent trend towards stress relaxation or hysteresis based exposure. The mean
strain in Fig. 5 reveals a period of relatively low compression strain with varia-
tion from 0 to 11 % during this same period. This changed dramatically in mid-
May to high positive strain ratios due to both extremes being compressive. This
continued through August with a significantly lower variation.

The Ea cycle described in the experimental section is run on a weekly basis
in order to track changes in apparent modulus during aging. The Badger’s com-
puter controlled stepper motors allow such measurements to take place without
having to remove the specimens. The stress versus time responses from an Ea
cycle run on Apr. 27, 2010 are shown in Figs. 7 and 8 for ASTM B and Consortia
C sealants, respectively. During this time frame the Badger did not meet the pro-
grammed strain level of 15 % for the Mullins peaks, yet the peaks did sufficiently
exceed the 10 % strain for the stress relaxation period used to calculate Ea. The
error bars in these plots are the standard deviations among the sealant repli-
cates. As previously stated, offline testing confirmed that the variations in
ASTM B are due to sample variations. The offline tests on the Consortia C repli-
cates revealed them to be relatively uniform. Therefore, the variation seen here
is due to variations in the sample shape or shimming of the specimens during
installation on the Badger resulting in slightly different applied strain values.
The difference in error bar density is due to a difference in the sampling rate
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FIG. 7—Average stress for the three ASTM B sealant specimens resulting from the Ea
cycle completed on Apr. 27, 2010.
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FIG. 8—Average stress for the three Consortia C sealant specimens resulting from the
Ea cycle completed on Apr. 27, 2010.

during the Ea cycle. The time gaps after each Mullins peak are prescribed to be
zero strain, allowing time for the samples to relax to zero stress, thereby allevi-
ating any dynamic effects. Here, both sealants do not quite make it to zero
stress at zero strain before the stress relaxation period begins.

The Ea versus stress relaxation time curves from April 13 to Aug. 3, 2010
are shown in Figs. 9 and 10 for the ASTM B and Consortia C sealants, respec-
tively. A power law fit to the data resulted in high correlation coefficients and
two parameters. The first parameter, the intercept at the Ea axis, acts as a good
indication of the change in the overall stiffness of the sealants. The second pa-
rameter, an exponent, represents the time dependency of the sealant and how it
changes during aging. Figure 9 shows that the Ea value at 5.8 ks increases by
62 % over the course of the experiment. The time dependent exponent decreased
by 39 % indicating that the sealant exhibited less viscous behavior after aging.

Figure 10 shows that the Consortia C sealants underwent a 30 % increase in
Ea at 5.8 ks as a result of outdoor aging. The increase in stiffness does not
appear to be linear with aging time since the Ea values calculated on August 3
are lower than the values in June and late July. Such a phenomenon does not
agree with the general concept of irreversible degradation or consumption of
the chemical bond or other formulation additive. Since the formulations are not
known to us and we are prohibited from chemical investigations, we cannot
specifically comment on the chemical mechanisms that may be at work here.
The power law fit exponent for Consortia C decreases by 42 % due to outdoor
aging representing less time dependency and less viscous behavior.
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The % change in Ea at 5.8 ks is plotted in Fig. 11 as a function of aging time
for both sealants. Overall, there is a significant increase in Ea with time with
occasional periods of reduction or recovery in Ea. Both sealants have increases
and recovery in Ea that appear to be coincident in time indicating that the aging
conditions applied to the sealants are inducing a similar type of change in the
sealants. Also plotted in Fig. 11 is the strain ratio applied to the sealants during
the aging time. The rise in Ea coincides with the transition in strain ratio to val-
ues greater than 0.2 where the samples begin experiencing compression 24 h a
day. Comparing the change in Ea versus the applied strain ratio indicates a gen-
erally increasing Ea with strain ratio values at 0.2 and higher. Notable periods
of decreasing Ea occur in contrast to this observation.

These observations led us to search for other factors that may affect Ea.
This revealed that the non-zero stress level at zero strain observed in Figs. 7 and
8 as a fraction of the stress relaxation stress grows with aging time to become a
significant fraction of the stress relaxation stress. This acts to unintentionally
raise the starting stress for the stress relaxation period resulting in higher and
higher Ea values. Since the non-zero stress at zero strain is positive, it is the
result of a residual compressive strain in the sealants remaining from hot com-
pression aging exposure. This effect is commonly referred to as the compression
set. Figures 7 and 8 provide some evidence to support the hypothesis that the
tensile load resulting from the compression set does relax with time. Unfortu-
nately, the Mullins portion of the Ea cycle used during this research did not
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FIG. 11—Duaily strain ratio resulting from temperature fluctuations (left axis) and %
change in Ea (5.8 ks) for the ASTM B and Consortia C sealants as a function of outdoor
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hold at zero strain long enough to allow an accurate measurement of compres-
sion set relaxation time. The compression set value prior to the start of the
stress relaxation period can instead be used to correct the Ea values calculated
soon after the stress relaxation period has started. Figures 12 and 13 plot for
sealants ASTM B and Consortia C, respectively, the compression set stress, the
average stress relaxation stress at 100 s, and the corrected average stress relaxa-
tion stress at 100 s. The average stress relaxation stress are the values that would
be used to calculate the apparent modulus at 100 s, Ea(100). Subtracting the
compression set stress from this value results in the corrected average stress
relaxation stress at 100 s. Comparing the change in compression set stress with
the stress relaxation stress over aging time makes it clear that the principal driv-
ing force behind the change in stress relaxation stress and the Ea values calcu-
lated from them is the compression set stress. It is not clear whether the
compression set is temporary or permanent from these results. The contribu-
tion of the compression set stress is subtracted to yield a corrected stress relaxa-
tion at 100 s value. Figure 12 plots the corrected value for ASTM B versus aging
time. This plot shows only minor deviations through Aug. 3 from the value
measured on April 13. Applying the same analysis to the Consortia C sealant,
Fig. 13 reveals a gradual decrease in corrected stress relaxation stress from April
13 to Aug. 3 to a value that is approximately 14.6 % lower. Given the variation
among the Consortia C replicates, this result does not appear to translate to a
significant change in stiffness calculated from this value. In short, after remov-
ing compression set effects from ASTM B and Consortia C sealants, we could
detect no significant change in stiffness during aging.

0.09 -
1 | ® Ave SR Stress ~100s |
0.08 LdCorrectedAVESRStruu ]
% M Compresion Set Stress I i v Q
1 i
0.07 ¢
5 : O
__0.06 - ¢ $
& ] UK ¢ |
s 0.05 * |
E. E A oA a |
5 L R - a P 8 s .5 & L]
w 3 |
0.03 - # . i "
0.02 - ; ¥
0.01 E 7 é i é
ER
o]
L% ] Lo > 5/: 2 6/ 6‘/21 7/11 2 /31 & /1?0

Date, 2010

FIG. 12—Compression set stress, average stress relaxation stress at 100 s, and corrected
average stress relaxation stress for ASTM B.
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FIG. 13—Compression set stress, average stress relaxation stress at 100 s, and corrected
average stress relaxation stress for Consortia C.

The change in the time dependent exponent of stress relaxation observed
over the course of the experiment could also be explained by the compression
set. Since some of the stress applied to the specimens originates with the com-
pression set, the stress relaxation rate would be a combination of the stress
relaxation of the applied load and the relaxation of the compression set. Even
the small compression set apparent following the Mullins peaks in Figs. 7 and 8
suggest that the compression set relaxation is slower than the applied load
relaxation that follows. In other words, the time dependent exponent for the
relaxation of the compression set is smaller than the value for the applied load,
and so the combined (measured) value decreases as the contribution of the
compression set increases over the course of the experiment. There is also the
possibility that a fraction of the compression set is permanent such that its over-
all relaxation halts prematurely.

While the specimens did not undergo a definitive change in stiffness during
aging, the compression set has real implications on actual performance.
Because of compression set, the effective stiffness of the sealants did increase
and would act to restrict the movement of attached substrates to a proportional
degree as if the sealant’s modulus had indeed increased. Thus, similar sealants
bonded to metal or cement substrates would impart greater stresses to the bond
area after hot compression induced set than would be predicted by the original
properties of the sealant. Such high stresses could precipitate failure well in
advance of what short term accelerated testing may have predicted. Outdoor ex-
posure tests that do not determine apparent modulus in situ such as the Badg-
ers are more likely to miss this effect due to relaxation after sample recovery
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and before offline testing is completed and/or if reference to the original zero
strain/stress point is not tracked.

The measurement rate of the compression set and the severity of its contri-
bution should be matched to the rate of movement of the building envelope. If a
building moves very slowly, the finding presented here may not be important
because the compression set may have time to relax during building movement,
provided it is not permanent. Metal exterior cladding systems, however, have
the potential to move very quickly. It is conceivable that during the summer, the
sealants joining the metal skin of a building experience long periods of compres-
sion at high temperature, causing compression set. The arrival of a thunder-
storm, and the wetting of the surface from rain, however, can cause a
precipitous drop in surface temperature and hence, a fast opening of the joint.
It is this kind of situation where the increased apparent stiffness from compres-
sion set will most likely exceed the bond strength of the sealant and result in
failure. Clearly, sealants on highly absorbing (dark), thin cladding systems with
high thermal transfer and expansion coefficients, such as metal skins, are most
vulnerable to this kind of problem. Sealants intended for this kind of application
should be tested to determine the extent and rate of recovery from compression
set. When choosing a sealant, these values should be compared to the potential
rate of the temperature change of the skin and hence the rate of movement of
the joint.

Conclusions

The methodology and instrumentation developed and implemented in this
experiment allowed the successful tracking of environmental exposure and
strain dosage factors and the progressive change in sealant stiffness with refer-
ence to the original zero stress/strain state. The stiffness increases observed
here are predominately, if not completely, due to a progressive compression set
inducement. This gradual process creates the appearance of increasing stiffness
in our strain controlled modulus measurements via a non-zero stress at the pro-
grammed or original zero strain—zero stress state. This process can be seen as
an artifact that interferes with attempts to track real time changes in sealant
properties during aging. An alternative view is that this is a real phenomenon
that takes place in buildings and structures during prolonged high tempera-
tures. A rapid transition to cooler weather after prolonged compression may
result in exceeding the failure stress of the sealants due to unexpectedly high
strain from compression set. If the sealant or its bond is already compromised
due to aging or other factors, failure could result from such a combined effect.
Therefore, the compression set may be a key factor in a sealant’s durability and
warrants further study. The methods used in this study are ideally suited to its
detection and the monitoring of its effects. Short term accelerated weathering
or outdoor aging approaches that are not long enough in duration to induce
compression set or do not allow for in situ measurement of compression set
and its effect on apparent modulus may miss or underestimate this important
factor in service life prediction.
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ABSTRACT: The paper reports on the preliminary evaluation of a transparent
structural silicone adhesive (TSSA) developed for point fixing in glazing, which
combines high transparency, strong adhesion performance, thermal stability,
and excellent weatherability. The transparent film adhesive is a heat curing one-
part material that shows strong bonding to glass, metals, ceramics, and even
plastics typically without primer. The paper presents information on the durability
and physical properties of the new material and suggests a methodology for
deriving static and dynamic design strength values for the new material based
on creep rupture experiments as well as nondestructive dynamic load experi-
ments using the stress whitening phenomenon observed with this material as
the limit state. The paper further discusses material characterization and hypere-
lastic modeling used in the finite element analysis based on finite strain theory.
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Introduction

Glass is widely used in contemporary architecture as transparent infill elements
in the building envelope because of its aesthetic characteristics. The use of glass
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also permits passage of light into the building, which is important for the well
being of the building’s occupants. The glass panes may be fixed to the support-
ing structure by either linear or point bearings. The linear supports attach the
glass pane to the substructure on two, three, or four sides. In this system, the
glass pane may either be retained on both faces in a glazing channel by a flexible
gasket made from EPDM, chloroprene, silicone, or a similar material, or adhe-
sively attached on one face by a structural glazing sealant. Point bearings can
be classified into fixing clamps and point-fixed supports. The point-fixed sup-
ports are generally positioned in the vicinity of the corners of the glass pane and
retain the glass pane either mechanically (metal bolts penetrating the glass) or
adhesively [1,2]. Mechanical fixing of glass panes furnished with holes requires
the designer to pay attention to the placement of the holes in order to meet the
requirements of national standards. For instance, ASTM C 1048 Specification
for Heat-Treated Flat Glass [3] specifies that the hole must be placed at a dis-
tance of at least 6.5 times the thickness of glass away from the corner. Further-
more, in order to deal with unavoidable stress concentrations around the fixing
holes, heat strengthened or tempered glass must be used.

Bonded point-fixed supports have recently received increased attention, as
in contrast to mechanical point supports they offer a number of advantages,
such as no or less visibility from the exterior, a “smooth” transfer of the load
into the glass pane (avoiding stress peaks), and the elimination of drilling holes
into the glass [4-7]. Contrary to the glass panes, the adhesive fixing used in
either linear or point bearings may experience both out-of-plane and in-plane
loads, depending on whether the dead load of the glazing element is carried by
mechanical setting blocks into the building envelope substructure. Based on the
current state-of-the-art, the adhesive fixing of glazing elements in exterior
(building envelope) applications is limited to structural silicone sealants and,
more recently, to acrylic pressure-sensitive adhesive (PSA) coated structural
foam tapes [8].

Structural silicone sealants have been used in linear adhesive fixing of glaz-
ing elements at a tertiary structural level since the 1960s [9]. The long-term ex-
perience with silicone sealants in this field has led to standardization of both
the performance requirements on the structural adhesive sealants as well as the
glazing designs [10,11]. The room-temperature-vulcanizing (RTV) structural
silicone sealants used in linear fixing of glazing elements (structural silicone
glazing) display a low Young’s modulus (generally in the range of about
1.0-2.5 MPa in tension) and a high elongation at break (generally in the range
of >100% when measured in tension on a tensile-adhesion joint with dimen-
sions as defined in ISO 8339 [12]). The resulting joint design allows compensa-
tion of thermally induced movements and dimensional tolerances between the
substrates, which is a necessity for linear structural bonded bearings. However,
for adhesively bonded point-fixed bearings, a higher Young’s modulus is desira-
ble to achieve higher stiffness with a smaller bonding area that still allows carry-
ing significant out-of-plane loads [6].

Recent studies have focused on the evaluation of photocured acrylics for
this application; however, these materials still suffer from limitations, such as
insufficient water resistance and application issues (watery thin viscosity),
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which currently restrict their broader use in exterior (building envelope) appli-
cations [4,5]. Therefore, it would be highly desirable having a transparent sili-
cone material available that combines the inherent durability of the siloxane
polymers [13] with an improved strength, suitable for adhesive point fixing, and
a simple application method.

This paper presents experimental data obtained on a one-part, heat-trig-
gered addition-cure structural silicone film adhesive. It also discusses proposals
for the development of design strength values for the material when exposed to
dynamic or static loads.

Properties of the High-Strength Structural Silicone Film Adhesive (TSSA)

Cure Chemistry and Behavior

The structural silicone film adhesive is a one-part material that features a heat-
activated addition-cure mechanism, as shown in Fig. 1.

The addition-cure mechanism causes no cure by-products (and no odor) to
be evolved during the reaction. The film adhesive is cured at temperatures of
120-130°C for a period of 20-30 min between the substrates while applying a
pressure, typically 0.15-1.3 MPa, in order to provide efficient wet-out on the
substrate. The optimum cure conditions are achieved in an autoclave, such as
those used in the production of laminated glass. Alternative production meth-
ods, such as prepressing (prior to heat cure) or vacuum-bagging (during heat
cure) are currently being investigated.

The onset of cure occurs rather rapidly; however, the heat exposure time of
20-30 min is needed to achieve a uniform activation temperature and complete,
homogeneous cure within the glass/glass or glass/metal assembly. The cure
behavior of the film adhesive was characterized in a rotorless cure meter (oscil-
lating die rheometer) under isothermal conditions at a temperature of 130°C
(no preheat) and constant maximum strain (arc 3°) and constant oscillation fre-
quency (100 cycles/min) for a total running time of 30min [14]. The rheometry
trace is shown in Fig. 2. After approximately 5 min at 130°C, the torque rapidly
increases within about 2 min by a factor of 8 and after a total cure time of about
7-8 min, the torque value reaches about 80% of its final value. The steep
increase in torque is an indication that the chemical reactions associated with
the cross linking of the silicone film adhesive have begun.

The rheometer gives two important pieces of information: First is the maxi-
mum torque (7y), which is a measure of the final set rigidity. Second is a value
called Tyo, the amount of time it takes for the torque to reach 90% of the maxi-
mum value. Ty is correlated to the material’s setting time. At 130°C, Ty is
reached after approximately 15 min of cure and Ty after about 30 min.

H
RCH - CH,* H SiR’; — RCH CH, SiR’,

FIG. 1—Silicone addition cure reaction yielding no cure by-products.
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FIG. 2—Rheometry trace for silicone film adhesive cured at 130°C.

General Properties

The preformed film features a simple application, as it is easy to cut and apply,
and can be stacked as multiple layers. After cure, the film adhesive has high
transparency (see Fig. 3) as well as high tensile strength, strong adhesion per-
formance, excellent thermal stability, and high weatherability, as reported ear-
lier [15].

The film is optically clear, its transparency has a very low dependency on
temperature (see Fig. 4), and its refractive index (1.41) sufficiently matches that
of window glass (1.51-1.52) [16] so as not to cause optical distortions. Further-
more, the film has a low heat conduction coefficient. Finally, the bonded film
can be removed, if desired so, simply by cutting.

Table 1 summarizes the general properties of the film.

Because of these unique properties, the authors expect future use of this
material in both interior and exterior bonded point fixing for glazing as well as
in direct glass-to-glass bonding applications, such as in structural glass fixing of
facades, balustrades, or glass stairs as well as of glass furniture (replacement of
mechanical fixing bolts in point supports, structural bonding along the glass
edges in structural glazing, bonded glass corners). The film may also find fur-
ther application in the production of structural laminated glass. Early trial
installations have been completed at Ginza Matsuya Dept. Store and Okinawa
History Memorial Hall in Japan.

(b)

FIG. 3—Stainless steel button attached to glass with TSSA (seen from side and rear
face).
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TABLE 1—General properties of structural silicone film adhesive.

Property Test Method Characteristics/Value
Application Simple application, multiple layers possible
Removal Simple cutting procedure

Transparency, color

Adhesion

Durability

Refractive index

(1 mm thick film at 589.3 nm)
Thermal conductivity [W/(m K)]
Linear thermal expansion
coefficient (10-6 1/K)

Volatile loss during cure for

30 min at 130°C (%)

JISK 7105 [17], JISZ 8729 [18]

(HITACHI UV-Vis U-1650 spectrophotometer)
Single lap joint peel after exposure to hot water,
elevated heat/humidity, or elevated heat,
humidity and UV light [15]

Film adhesive exposed to heat, hot water and
accelerated weathering (heat, moisture, UV);
stainless steel button point-fixing on glass exposed
to natural outdoor and artificial accelerated
weathering with and without simultaneously
applied loads [15]

JIS K 7105 [17] (Abbe refractometer)

JIS A1412[19]
JIS K7197 [20]

Gravimetric evaluation, similar to ASTM D2369 [21]

Crystal clear, no visible tint (2 mm thick film)

Strong adhesion, typically without primer

Excellent UV, water, and heat resistance

1.41

0.2
281

0.26
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Mechanical Properties

The bulk material properties, reported in Table 2, were obtained on the
2.2 +0.2 mm thick film adhesive after curing it between two sheets of PTFE
release liners in an autoclave for 30 min at a temperature of 130°C and a pres-
sure of 0.8 MPa, except for indentation hardness, as noted below. Tensile tests
were conducted according to JIS K 6251 standard [22] on adhesive dumbbells
with a procedure similar to the one set out in ISO 527 Parts 1 and 2 [23,24]. In-
dentation hardness (durometer) was measured in accordance with JIS K 6253
[25] by stacking three layers of the cured film adhesive on top of each other to
achieve a specimen thickness of approximately 6.6 mm. Tear strength was meas-
ured according to JIS K6252 [26].

Furthermore, as has been reported earlier, the physical properties of the sil-
icone film adhesive show a low dependency on temperature [15].

Figure 5 shows the tensile stress-strain curve of the cured silicone film adhe-
sive at room temperature as averaged over a separate set of 50 uniaxial tensile
extension measurements [obtained with a strain rate of 500 mm/min on ASTM
D 412 [27] type (dumbbell) specimens], as well as the corresponding graphs for
secant modulus (stress-strain ratio) and tangent modulus (slope of the stress-
strain curve). The graphs for the tangent and secant moduli of elasticity con-
verge towards a Young’s modulus of about 9.3 MPa. For this set of data, an ulti-
mate tensile strength of 8.6 MPa is reached at 250 % (95 % fractile R,,5=7.85
MPa). Additionally, the form of the graph indicates that the material data can
be characterized by an incompressible neo-Hookean material model with a
shear modulus of 2.5 MPa [28].

Durability of Bonded Stainless Steel Button Point Fixing on Glass

In an earlier paper, some data on the durability of the cured structural silicone
film adhesive itself as well as of single-lap-joint shear specimens and stainless
steel button point fixing on glass made with the film were reported [15]. As can
be seen from the data presented in this paper, the structural silicone film adhe-
sive combines high transparency, strong adhesion performance, thermal stabil-
ity, and excellent weatherability with high tensile and shear strengths,
unmatched by RTV (condensation curing) structural silicones. For illustration,
Fig. 6 summarizes the data from the previous paper obtained on stainless steel

TABLE 2—Typical properties of cured silicone film adhesive.

Property Test Method Typical Value Unit
Indentation hardness JISK 6253 [25] Durometer 70 JISA
100% modulus JISK 6251 [22] (dumbbell 3) 4.0 MPa
Young’s modulus ISO 527 Parts 1 and 2 [23,24] 9.3 MPa
Max. tensile strength JISK 6251 (dumbbell 3) 9.0 MPa
Elongation at break JISK 6251 (dumbbell 3) 250 %

Tear strength JIS K6252 [26] (crescent specimen) 35 N/mm




SITTE ETAL., doi:10.1520/JAI104084 93

(=0
L

MPa

o Stress-straincurve

s Secantelasticmodulus

Tangent elasticmodulus

0 T T T T T 1

0 50 100 150 200 250 300
Strain (%)

FIG. 5—Tensile stress-strain curve and corresponding graphs for secant modulus
(stress-strain ratio) and tangent modulus (slope of the stress-strain curve) of the cured
silicone film adhesive at room temperature (dotted lines show extrapolation of data to
Young's modulus).

button point-fixing specimens on glass combined with some new data on the
short-term resistance to constant load exposure.

Specimens for testing the durability of point fixing on glass were prepared
by bonding a 20 mm diameter stainless steel “button” with a threaded socket
head (see Fig. 3) to a glass plate (cross section of adhesive interface: 314 mm?).
The structural silicone film adhesive (1 mm initial and 0.8 mm final thickness)
was cured between the button and the glass by placing the complete assembly
into an industrial autoclave operated at a pressure of 1.275 MPa and a tempera-
ture of 130°C for a total of 25 min. Separate test specimens were exposed to hot
water immersion, to accelerated weathering, and to outdoor weathering,
allowed to recondition for 1 day, then fixed to a tensile test machine, and pulled
vertically to the glass surface at a rate of 50 mm/min. The hot water immersion
was carried out at 50°C for a period of up to 8 weeks. Accelerated weathering
occurred for up to 12,000 h in a machine with a fluorescent light source [ATLAS
UVCON UC-1 Ultraviolet Condensation Weathering Device with UV-A 340
(340 nm) fluorescent bulbs]. The specimen was positioned in the tester such
that the glass surface was exposed to the irradiation (accelerated weathering of
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the silicone through the glass) and the machine was operated according to
ASTM G154-06 [29] with a cycle of 4 h UV at 60°C and 4 h of dark (no UV) and
condensation occurring at 40°C. Outdoor weathering was carried out for up to
36 months in Chiba, Japan, in a weathering rack oriented towards the southeast
with an inclination angle of 33° and the solar irradiation of the silicone occur-
ring through the glass surface. Exposure to a constant load of 1.25 MPa
occurred for a period of up to 16 weeks, after which the test specimens were
tested to destruction in the tensile tester using a pull rate of 50 mm/min.

As can be seen from Fig. 6, after 16 weeks of loading the test specimen with
a constant stress at 1.25 MPa, a reduction in the ultimate failure strength to
4.55 MPa from an original value of 4.77 MPa was noted. However, this decline
may very well be within the error of the test when comparing all of the data
shown in Fig. 6.

Preliminary Evaluation of the TSSA Film Adhesive With the Aim
of Developing Static and Dynamic Design Stress Values

Performance specifications for structural glazing, such as ASTM C1184-05
Standard Specification for Structural Silicone Sealants [30], ETAG 002 Guide-
line for European Technical Approval for Structural Sealant Glazing Systems
[11], or EN 15434:2006+ A1:2010 Glass in building-Product standard for struc-
tural and/or ultraviolet resistant sealant (for use with structural sealant glazing
and/or insulating glass units with exposed seals) [31], were developed for linear
bonded bearings and with cold and liquid applied, chemically curing elasto-
meric structural silicone sealants in mind. While applications of the structural
silicone film adhesive are not directly covered by these standards, based on their
internal evaluations, the authors expect the structural silicone film adhesive to
pass the durability aspects of these standards without problems, as similar
exposures have been carried out internally.

Adhesives used in structural bonding in buildings are required to carry cer-
tain design loads in their resistance to fracture and meet certain serviceability
limit states which define functional performance and behavior under loads.
Since the design strengths of the individual building components contribute to
the overall strength limit state of the building, which is important to the safety
of the structure, building codes and requirement standards traditionally focus
on this aspect. While there are well-accepted dynamic and static design
strengths for standard structural silicone sealants arrived at by industry consen-
sus based on past performance of structural glazing fagades, currently no
widely accepted procedure or framework exists for the derivation of long-term
design strengths of novel structural adhesives.

Therefore, this paper attempts to contribute towards such procedure by
investigating the specific performance and durability characteristics of the
novel structural silicone film adhesive. These results could provide insights into
the robustness of the structural silicone tape adhesive for glazing applications
and lead to an improved understanding for the design process.

Long-term static load resistance (creep rupture) studies have been used in
the past in establishing both the short-term dynamic and the long-term static
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maximum design strengths of adhesive systems [32]. While such studies are
useful in establishing long-term performance, they do not reflect the wide range
of loading rates as experienced by the adhesive in the field when subjected to
wind loading and; therefore, are less suitable for establishing short-term
dynamic design loads. Furthermore, creep rupture failure tests take the speci-
mens to destruction and the time to failure is affected by micro- or macroscopic
defects, such as cracks and voids, in the adhesive layer. A major disadvantage
with this approach is the large variation associated with time-to-failure meas-
urements. Therefore, creep rupture tests, especially those carried out to deter-
mine short-term design strength, require a large number of specimens and the
use of suitable statistics, such as the use of Weibull distributions [33], in order
to obtain meaningful information from the scatter of failure times using proba-
bilistic modeling. Using nondestructive tests with a load limit criterion that cor-
relates with the ultimate strength of the joint, as described below; therefore may
be a more desirable approach in deriving the dynamic design strength value.

Tensile and Shear Creep Rupture Tests and Static Design Load

Under high steady stresses, materials may undergo time-dependent deforma-
tion resulting in failure called creep rupture which limits their lifetime. Struc-
tural silicones were first subjected to this type of testing by Sandberg and
Rintala [34]. The original testing was done using tensile/adhesion joints (H-pi-
ece specimens) that used a block of structural silicone sealant cast between par-
allel plates that measured 12.5 mm x 12.5 mm x 50.8 mm. These dimensions
were in accordance with the dimensions stated in ASTM C1135-00 (2011)
Standard Test Method for Determining Tensile Adhesion Properties of Struc-
tural Sealants [35]. In the current study, a similar test protocol was used to
study the dead load resistance of structural silicone film adhesive bonded
between stainless steel buttons and glass substrate.

Specimens for testing the creep resistance of point fixing on glass were pre-
pared by bonding a 20 mm diameter stainless steel “button” with a threaded
socket head (see Fig. 3) to a glass plate (cross section of adhesive interface:
314 mm?). The structural silicone film adhesive (1 mm initial and 0.8 mm final
thickness) was cured between the button and the glass by placing the complete
assembly into an industrial autoclave operated at a pressure of 1.275 MPa and a
temperature of 130°C for a total of 25 min.

Creep rupture testing was performed at ambient laboratory climate condi-
tions (23 £ 2°C, 50 = 5% relative humidity) by loading the stainless steel button
fixations in tensile with weights of 20 and 40 kg, corresponding to dead loads of
1.25 and 0.63 MPa, respectively. The specimens exposed to 1.25 MPa load failed,
on average, after 7 years, while no failures were observed for the specimens
loaded with 0.63 MPa after now more than 11 years (as the time of this writing).
Figure 7 shows the tensile loading creep rupture experiments conducted in the
laboratory.

A separate experiment was set up to evaluate the behavior of the bonded
steel button/glass specimens described above in shear loading by monitoring
the time to failure. Again, testing was carried out at ambient laboratory climate.



SITTE ETAL., doi:10.1520/JAI104084 97

FIG. 7—Tensile loading creep rupture experiments conducted in the laboratory. (Note
weights on the leftare 20 kg and 40 kg loading a 20 mm diameter steel button in tension,
with an adhesive bond area of 314 mm?.)

Figure 8 shows the experimental setup and the specimen orientation chosen in
order to place the load in perfect shear mode.

When pulled in an extensometer at a rate of 6 mm/min, the five specimens
failed cohesively within the TSSA layer at an average maximum shear stress of
4.25 MPa. When loaded with a constant shear load of 3.40 MPa, all five speci-
mens failed within a few seconds. The average time to failure was estimated to
be around 1.4 s (future tests will utilize an electric mechanism in order to record
the time to failure more exactly). When loaded with a constant shear stress of
2.55 MPa, the five replicates failed between 5 and 6 h, with an estimated average
time to failure of about 5.5 h. At a constant shear stress of 1.95 MPa, the five
specimens failed within 4 to 24 h, with an estimated average time to failure of
about 14 h. The five replicates subjected to a shear load of 1.70 MPa failed after

(b)

FIG. 8—Experimental setup and specimen configuration for testing time to failure in
shear mode.
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34, 49, 49, 113, and 126 days. All specimens that failed during the experiment
thus far failed in cohesive failure mode within the TSSA layer. As of the time of
this writing (190 days after starting the test procedure), no failures have been
observed under loads of 1.42, 1.13, 0.85, and 0.57 MPa. Figure 9 shows the aver-
age time to failure values obtained at different shear stress levels on a set of five
replicate test specimens.

As can be seen from Fig. 9 with the data plotted on a log/log scale, the loga-
rithm of the time-to-failure periods shows an apparent linear relationship to the
logarithm of the constant shear stress levels applied in the creep rupture experi-
ment. The linear appearance on a log-log plot corresponds to a power relation
of the form

Ocreep — A- tgi] (1)

For polymeric materials it has been shown that double logarithmic plots of
stress versus failure time often yield straight lines [36]. This allows the use of
the power law shown in Eq 1 to fit the data with a least-squares regression line,
which minimizes log creep stress errors. Using the average time to failure data,
the best fit is obtained with the A =2.1611 and B = —0.064, with shear stress
expressed in MPa units and time in days. This least square fit is associated with
a coefficient of determination R? of 0.9269. Using the shortest times to failure
experienced at all loads yields a power law fit with A =2.0844 and B=—0.067
and a R? of 0.8737. Using the longest time to failure seen at all loads thus far
into the experiment yields a fit with A =2.2059 and B=—-0.061 and a R? of
0.955. At the failure load observed in the extensometer testing (4.25 MPa), these
power laws give time to failure periods between 1.85 and 2.22 s.

Obviously these power laws can also be used to extrapolate future failure
events. Given the current, limited amount of data and the uncertainty in the

10
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R*=0,9269

Shear Stress (MPa)

1,70

1
1603 1,02 1,01 1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05

Time to Failure (days)

FIG. 9—Average time to failure obtained at different constant shear stress levels on a
set of five replicate test specimens.
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accuracy of the short time failure periods, such extrapolations are speculative
in nature. However, it is still useful to predict the time to failure periods for the
next lowest shear load levels that are applied within the current range-finding
experiment. Use of the above power law trend curves yields time to failure pre-
dictions for the 1.42 MPa shear load of 732 days (average), 318 days (shortest),
and 1420 days (longest). If these “ball park” figures are only approximately cor-
rect, then a new series of experiments with higher shear loads needs to be
designed, as the least square fit to the shortest failure times observed thus far
does not yield any failure within a 30 years time period for loads of 1.118 MPa
or less. Obviously, such extrapolation of short-term creep rupture data assumes
that no change in the creep or degradation mechanism occurs over the pre-
dicted service, an assumption that is less likely to hold true the more one tries to
extrapolate into the future (for example, the power law extrapolations used
above still give a residual strength 10 times greater than the currently accepted
dead load design strength value for structural silicone glazing sealants after
>10'° years exposure duration). However, the concept is still valid; testing at
higher sustained loads (approaching the bond’s ultimate strength as determined
in the extensometer testing) necessarily results in failure after short periods of
time, while lower levels of load provide corresponding longer time periods prior
to failure. As shown in Fig. 10, such a curve would show, at some level of sus-
tained load, an asymptotic “run-out” behavior, whereby failure does not occur
for any reasonably anticipated time duration.

The tensile rupture tests discussed previously provide further corroboration
that the above extrapolations may hold true within reasonable timeframes. The
failure for the specimens loaded with 1.25 MPa in tensile that actually occurred,
on average, after 7 years, is predicted to occur, based on the shear creep rupture
test data extrapolations, to occur between 5.7 (minimum) and 30.3 (maximum)
years, with an average time to failure predicted of 14.2 years.

As can be seen from Fig. 10, at some point in time, the safety margin
between the sustained load curve and the permissible design load becomes con-
stant. This approach is outlined in ASTM D 4680 Test Methods for Establishing
Allowable Mechanical Properties of Wood-Bonding Adhesives for Design of
Structural Joints [38] and its merits discussed in a review of durability test
methods and standards [39]. However, significantly more work will be required
(and is planned) to demonstrate such behavior under different accelerated
weathering regimes for the TSSA film adhesive.

A further consideration in deriving the dead load design strength of the
TSSA material is what happens if the point supported glass pane fails. When
glass is supported by point connections, typically no more than two points are
required to support the dead weight. Figure 11 shows a drawing of a glass pane
with six attachment points noting the top two points are required to support the
dead load. Additional connection points will be used to support the live load
only. This is due to the reality of construction tolerances. Therefore the weight
of a piece of glazing supported by two attachment points will have to be part of
the design, and furthermore a single attachment point must support the dead
weight of the entire glass panel in the event of a mechanical failure of the hard-
ware or glass defects. Whatever the permissible load is determined to be, it
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FIG. 11—Schematic of a glass pane with six attachment points noting the top two also
take the dead load of the glass.

must provide sufficient short term duration at double its value to allow for the
repair and replacement glazing.

For example, if the permissible load is determined to be 0.6 MPa for con-
stant stress, then the adhesive must have integrity at 1.2 MPa to allow for fix
and repair. Noting Fig. 6 above, 16 weeks of constant loading in tension at
1.25 MPa demonstrated only a minor change in ultimate strength when pulled
to destruction in tension. Shear loading at 1.42 MPa has resulted in no loss of
bond after 180 days. Such data applied to the reality of the application give
assurance to the determination of the design load. For example, a value of
0.6 MPa can very well be a reasonable dead load design stress for TSSA when
the endurance limit is confirmed. On the other hand, if the constant permissible
dead load design stress is determined to be 1.0 MPa based on endurance limit
validation, the fact that dead load shear at 1.95 MPa resulted in material failure
in one day, provides an uncomfortable situation if the adhesive is required to
sustain a constant load in the event one attachment point is damaged during
the service life. The derivation of the static design strength must consider and
reflect the reality of field repair and serviceability.

Furthermore, one must also consider the fact that while a point support is
subjected to a constant shear load due to the dead weight of the glazing, a live
load due to wind events will subject the adhesive to tension loads normal to the
plane of the glazing (out-of-plane loads). The combination of tension and shear
loading on specific attachment points needs careful evaluation. Sandberg and
Ahlborn [40] confirmed through testing of structural silicone materials that the
interaction between nominal tensile and shear forces is elliptical based on the
following equation
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2 g2
St =1 )
where Fg and F, are the ultimate strengths in shear and tension, respectively, f;
and f; are the actual stresses under test. The data that was taken on the structural
silicones showed that the ultimate shear stress was roughly equal to the tension
stress. This is also the case with the TSSA material presented in this paper.
When combining shear design stress and tension design stress for TSSA,
the following equation should apply

PR
—+ <1 (3)
FSZ des thdes

where f; and f; are the actual stresses in dead load shear and live load tension
and F, ges and F, 4cs are the permissible design loads in dead load shear and live
load tension, respectively. This will ensure that there is enough strength in each
attachment point to support both the long term dead weight and live loading
without exceeding the permissible stresses on the point.

Cantilever Pull-Off Test and Static Design Load

Cantilever pull-off tests were conducted at ambient (23 + 2°C) and at elevated
(82 £ 2°C) temperatures in the laboratory as well as under exposure to outdoor
climate using dead loads attached to cantilever beams with the displacement
force acting on metal buttons of two different diameters (20 and 50 mm)
attached to float glass plates with the TSSA film adhesive (see Fig. 12 for a sche-
matic of the test equipment configuration).

Test specimens were prepared by bonding stainless steel buttons of differ-
ent diameters with the TSSA (1 mm film thickness prior to compression) to
standard (uncoated) float glass coupons in a typical autoclave process used for
the production of laminated glass at BGT Bischoff Glastechnik Bretten (Ger-
many). The following procedure was used for the manufacture of the point-
fixing specimens:

1. Clean glass and steel surface using dow corning r40 cleaner.

2. Apply Dow Corning® 92-023 primer on both glass and steel surfaces.

3. Remove polyester film cover on one side of the structural silicone film

adhesive and place the steel button on the film adhesive.

i ¢ Cantilever length >

= Scale

Permanent
Load

Stress maximum
in TSSA

FIG. 12—Schematic of cantilever pull-off test equipment (not to scale).
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4. Cut the excess of film adhesive around the button.

5. Remove second polyester cover from the adhesive and place button with

the film adhesive face on glass.

6. Using manual load equipment, place pressure of approximately 0.7 MPa

on the button for a short period of time (10 s).
7. Place glass vertically with attached buttons in standard autoclave pro-
cess for laminated glass, run at 13 bar and 140°C for 4 h.

8. Cut glass by water jet to generate individual test specimens.

The above process conditions were chosen primarily based on their suitabil-
ity to fit into a standard glass lamination process.

In the laboratory, cantilever pull-off tests were conducted at ambient cli-
mate (23 + 2°C, 50 = 5% relative humidity) and at elevated temperature climate
(82 * 2°C, relative humidity not controlled); in the latter case by placing the
whole test apparatus into a forced-convection oven. Test specimens with 50 mm
diameter buttons were exposed to two dead loads by placing weights of 55 N for
56 days and 81.3 N for 59 days, respectively, at the free end of a cantilever of
320 mm length. It is estimated that these loads correspond to a maximum stress
of 1.17 and 1.68 MPa, respectively, in the structural silicone film adhesive (see
calculation method provided in the Appendix). No failure occurred during the
test and only reversible, elastic elongation of the film adhesive was observed
with a displacement of about 2 mm registered on the ruler scale (having 1 mm
graduation which allows readings within 0.5 mm). No differences were
observed between tests run at ambient and elevated temperatures.

Test specimens with 20 mm diameter buttons were exposed to two dead
loads by placing weights of 3.5 N for 56 days and 5.1 N for 59 days, respectively,
at the free end of a cantilever of 222 mm length. It is estimated that these loads
correspond to a maximum stress of 0.65 and 1.02 MPa, respectively, in the
structural silicone film adhesive. No failure occurred during the test and only re-
versible, elastic elongation of the film adhesive was observed with a displace-
ment of about 1 mm registered on the ruler scale (having 1 mm graduation
which allows readings within 0.5 mm). No differences were observed between
tests run at ambient and elevated temperatures.

Only test specimens with 50 mm diameter buttons were exposed simultane-
ously to outdoor weathering and to a dead load by placing a weight of 80 N at
the end of a cantilever of 370 mm length. The test apparatus was installed in
southern Germany facing south at an inclination angle of 24° (see Fig. 13). It is
estimated that the force of 80 N corresponds to a maximum stress of 1.87 MPa
in the structural silicone film adhesive.

The outdoor exposure test was started on 3 Jan. 2011 and no failure has
been observed until now (150 days of exposure). Furthermore, no creep has
been observed over this period of time beyond the initial elastic response of the
specimen (resulting in a displacement of about 1 mm on the gauge).

Stress Whitening and Dynamic Design Load

During the characterization of the TSSA film adhesive it was noted that the ma-
terial started to whiten when exposed to a certain stress which was significantly
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FIG. 13—Cantilever pull-off test equipment used in outdoor exposure in southern
Germany.

lower than the ultimate tensile stress. Stress whitening is a well understood phe-
nomenon in thermoplastic materials (see, for instance, literature [41,42]); how-
ever, its occurrence in elastomeric materials is rather seldom. In plastic
materials stress whitening is generally attributed to a microcracking (crazing).
Stress whitening has also been described in elastomer-modified (rubber-tough-
ened) plastics [43,44] where the cause of the whitening has been considered to
be cavitation (microvoid formation) between the polymeric network and the
elastomeric particles induced by the dilatational deformation. Cavitation and
crazing are related: when the density of microvoids increases to a critical value,
they expand rapidly together to form craze [45]. The stress whitening observed
then results from the grouping of quite tiny but highly concentrated crazes.
However, cavitation itself may also cause stress whitening by inducing changes
in the refractive index of the material. Information on stress whitening occur-
ring in elastomers is rather limited. Some layered silicate (clay) filled elastomers
were shown to display stress whitening when undergoing deformation [46,47].
In these cases, stress whitening was attributed to microvoid formation at the
polymerf/filler interface. Furthermore, tensile stresses at the interface of poorly
aligned tactoids (stacks of parallel clay platelets at about 1 nm separation) were
believed to contribute to void formation that was evidenced via stress whitening
[46]. Except for the special cases of platelet-filled elastomers, there appears to
be a paucity of information on stress whitening of elastomers.

In order to demonstrate the phenomenon and its reproducibility in the
structural silicone film adhesive, some of the information obtained on stainless
steel button point fixings on glass exposed to various stresses will be discussed
below. However, the phenomenon can be observed in any test specimen (tensile
dumbbell, single lap shear, bonded buttons, etc.) and independent of the load-
ing state (uniaxial, biaxial, torque, etc.).

Test specimens were prepared by bonding stainless steel buttons of differ-
ent diameters with the structural silicone film adhesive (1 mm film thickness) to
standard (uncoated) float glass coupons in a typical autoclave process used for
the production of laminated glass at BGT Bischoff Glastechnik Bretten
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(Germany) using the same procedure as described in section Cantilever Pull-Off
Test and Static Design Load.

The test specimens (using 20 and 50 mm buttons) were then stored at labo-
ratory room conditions (approximately 23°C and 50% relative humidity) for
2 weeks prior to testing them to destruction at a rate of 6 mm/min in a tensile-
test machine using suitable attachments for tensile and shear loadings (see
Fig. 14). Some of the test specimens were stored at 90°C for additional 6 h prior
to the testing, placed as quickly as possible into the tensile tester, and then
tested to destruction without temperature control. Based on separate measure-
ment of cooling rates it is assumed that the average temperature of these speci-
mens during the test was about 80°C.

Figure 15 shows the findings in tensile and in shear loading for the buttons
with 50 mm diameter. Note that the zero load displacements are probably due
to initial specimen slippage in the extensometer or flexibility (lack of stiffness)
within the test specimens. The onset of whitening was visually observed and
manually recorded. As can be seen, the onset of whitening occurred, quite
reproducibly, at a stress of around 2.0 to 2.5 MPa, regardless whether the speci-
mens were subjected to tensile or shear forces and irrespectively of the test tem-
perature. Excluding the tests were failure of the glass substrate occurred,
failure always occurred cohesively within the structural silicone film adhesive at
stress levels of >4 MPa.

Figure 16 shows test specimens undergoing tensile testing at the onset of
stress whitening and with the whitening fully developed.

The preliminary testing indicates that the stress whitening effect in the
structural silicone film adhesive is a response to a consistent stress level, regard-
less whether the dilation of the specimen was carried out in tensile, shear, or in
torque. The whitening was observed to be reversible; under cyclic loads the
whitening disappeared when the specimen was unloaded and reappeared when
reloaded. Furthermore, the whitening did not appear to propagate until the ma-
terial was loaded to a higher load state.

(b)

FIG. 14—Test specimens inserted in tensile tester with suitable attachments for tensile
and shear loading.
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FIG. 15—Stress versus displacement curves in tensile and in shear for bonded steel fixings with 50 mm diameter buttons and 1 mm
thick structural silicone film adhesive (extension rate: 6 mm/min).
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(b)

FIG. 16—Development of stress whitening during tensile extension test.

Stress whitening is generally considered to be a proven sign of a material’s
plastic deformation as it occurs in plastics at the outset of yielding [45]. How-
ever, this is certainly not the case for the structural silicone film adhesive, as
stress whitening was observed at a much lower value than the maximum stress
point. It is hypothesized that the stress whitening in the TSSA is due to cavita-
tion at the polymer/filler interface which is fully reversible. Further studies are
currently underway with the intent of characterizing the reversibility of the
whitening in more detail (hysteresis). Once the whitening phenomenon and the
associated stress level is more fully understood, the authors expect that a safety
factor of two can be confidently applied to the stress whitening limit state in
order to determine the design load (estimated to be around 1.0-1.3 MPa) for
conditions where the material must only resist transient loads, such as wind
loads.

Hyperelastic Modeling

The unique capability offered by TSSA to support glass under dynamic and
static loads via adhesive anchorage offers clear advantages for the design and
aesthetics of the system, but more over it offers a technical advantage by elimi-
nating concentrated stresses at drilled connections. Furthermore drilled con-
nections within an insulating glass unit provide an additional potential path for
moisture intrusion affecting the visual and thermal performance of the IG unit.
Placements of adhesive anchors at closer intervals reducing the span between
supports can allow thinner glass to be used which in turn may affect the dimen-
sioning of the support structure installed behind the glazing. These are the types
of scenarios that come about using this new anchorage system that lend them-
selves to be validated with computer models to aid in optimizing designs. Soft-
ware to analyze and predict behavior of hyperelastic materials is readily
available that allows designers and engineers to understand the behavior of this
silicone film adhesive when used in construction systems (see, for instance,
[48]). For a comparative discussion of different material models used in the pre-
diction of hyperelastic properties of silicone rubbers, such as Mooney-Rivlin,
Yeoh, neo-Hookean, Arruda-Boyce, polynomial, and Ogden laws, see, for
instance, various recently published reviews [49-52].
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Due to the increased strength and modulus of the TSSA material compared
to classic structural silicones, additional applications are readily identified. The
engineering community that uses finite element analysis to validate safety of
structures prior to mockup testing has great interest in validating the behavior
of systems anchored with TSSA.

Evaluation of the mechanical properties by uniaxial tension, planar tension
(pure shear), and equal biaxial tension experiments are often used in the char-
acterization of hyperelastic properties of silicone materials (see, for instance,
[53-55]). Testing on TSSA was done in accordance with these test protocols to
ascertain the material properties under slow cyclical loading with the intent of
developing a data set that would satisfy the input requirements of mathematical
materials models that are used in existing software for nonlinear finite element
analysis once hysteresis effects are removed [54]. TSSA was characterized by
these three tests using 1 mm thick film that was cured in an autoclave run in a
regular production environment for curing PVB interlayers. The conditions in
the autoclave ramped up to 12.4 bar (180 psi) and 135°C (275°F) over a period
of 3.5 h. The 1 mm thick TSSA material was cured between polyester films. The
testing was specified to pull the specimens five times each at a loading rate of
0.01 strain/s (0.01 mm/mm/s) to an extension of 25, 50, 75, and 100%, respec-
tively, before pulling the test specimen to destruction. The results of these cycli-
cal tests in uniaxial tension, planar tension (pure shear), and equibiaxial
tension are shown in Figs. 17-19.

Uniaxial Tension

Engineering Stress (MPa)

0 0.2 04 0.6 0.8 1 12 14 16 18
Engineering Strain (mm/mm)

FIG. 17—Results of cyclical uniaxial extension tests (engineering stress versus engi-
neering strain).
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Planar Tension

Engineering Stress (MPa)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Engineering Strain (mm/mm)

FIG. 18—Results of cyclical planar tension (pure shear) tests (engineering stress versus
engineering strain).

The results of the cyclical tests indicate that, as the load is cycled, the shape
of the stress-strain curve changes from concave-down to an S-shaped curve. In
both cases, the engineering stress-strain curve increases monotonically. The
peak stress for each cycle does not change, but the stress at each strain falls
until it equalizes at 4-5 cycles. Furthermore, the cyclical tests indicate a failure
point in the range of 7.5 MPa. The discrepancy between the failure load
observed in the D412-type tests (see Fig. 5) and the failure load observed in the
cyclical tests appears to be connected to the rate of loading; the cyclical tests
were conducted at a rate of 0.01 strain/s, while the D412-type tests were con-
ducted at a rate of 500 mm/min.

The findings of these three types of tests are further summarized in Fig. 20.

The experimental data were entered into a finite element model based on
finite strain theory. Finite strain theory deals with situations where the unde-
formed and deformed configurations of the continuum are significantly differ-
ent and a clear distinction has to be made between them. This is commonly the
case with elastomers. Elastomers that exhibit high strains in a uniaxial tension
test have larger true stresses associated with the finite elements due to the fact
that the test specimen cross section is changing with strain.

Therefore, it was acknowledged that the tensile engineering stress (force/
original unit area) and strain data would need to be converted to true stress
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Equibiaxial Tension
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FIG. 19—Results of cyclical equibiaxial tension tests (engineering stress versus engi-
neering strain).

(force/actual unit area) and strain to provide a good comparison between gener-
alized material testing and the results obtained in full-scale mockup of the
bonded point fixing system. Without plastic flow occurring (i.e., strain being
uniform along the specimen length), the engineering stress and strain can be
converted to true stress and strain based on the following equations (assuming
incompressibility of the material, i.e., a Poisson ratio of 0.5, which is an excel-
lent approximation for silicone rubbers)

oy = 0e(l4e.) = gl 4)

g =In(14¢) =1n4 (5)

with ¢, as true stress, ¢ as true strain, ¢, as engineering stress, ¢, as engineering
strain, and 4 as L/L, the extension ratio.

Clift et al. [28] converted the data taken for TSSA in uniaxial tension to true
stress versus strain by accounting for the changing in element sizes. Figure 21
shows an overlay of the engineering stress versus strain and true stress versus
strain graphs as obtained from uniaxial tension testing.

Figure 22 shows the true stress distribution calculated based on finite strain
theory in a model of the ASTM D412 type (dumbbell) specimen tested at 8.5
MPa engineering stress. As can be seen, significantly higher maximum true
stress values occur in the thin section of the dumbbell than the 8.5 MPa meas-
ured, with a maximum true stress of 31.9 MPa calculated.
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Summary of Hyperelastic Properties
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FIG. 20—Summary of equibiaxial, planar tension, and uniaxial tension in hyperelastic
material testing (engineering stress versus engineering strain).
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FIG. 21—Owerlay of engineering stress versus strain and true stress versus strain graphs
as obtained from uniaxial tension testing.
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FIG. 22—True stress distribution calculated based on finite strain theory in a model of
the ASTM D412 type (dumbbell) specimen tested at 8.5 MPa engineering stress.

Visual observations in a full scale mockup testing of a glass pane held with
TSSA bonded point circular supports showed a “crescent moon” shaped stress
whitening in the TSSA at certain loads. The whitening was also visible in speci-
mens subjected to destructive pull or to creep rupture tests. Since the stress
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(a) (b)

FIG. 23—Stress whitening in actual mockup testing (left) and corresponding calculated
stress distribution in TSSA material at whitening load state (note: rotated axis).

whitening appears to be a consistent response to a particular stress state, efforts
were made to validate the stress whitening observed in the mockup scenario by
using finite element modeling. Figure 23 shows the stress whitening observed in
the actual mockup testing as well as the calculated stress distribution in the
TSSA material at the whitening load state.

When the mockup was taken to destruction, cohesive failure of the TSSA
was observed with a similar crescent moon shaped pattern as observed in the
stress whitened bonded point support. Figure 24 shows the cohesive failure pat-
tern in the TSSA at the point support as well as the calculated stress distribution
in the TSSA material at failure load state.

(b)

FIG. 24—Cohesive failure pattern and calculated stress distribution in TSSA material
at failure load state (note: rotated axis).
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Conclusions

The paper reports on the preliminary evaluation of a transparent structural sili-
cone adhesive (TSSA), developed for point fixing in glazing.

The transparent film adhesive is a heat curing one-part material that shows
strong bonding to glass, metals, ceramics, and even plastics typically without
primer. While this evaluation is preliminary in nature and more detailed and
comprehensive evaluations are planned or already underway, the following con-
clusions can be drawn from the present work:

e The transparent structural silicone (film) adhesive (TSSA) combines
high transparency, strong adhesion performance, thermal stability, and
excellent weatherability.

e The TSSA has dynamic and static failure strengths substantially beyond
what is observed for commercially available structural silicone materi-
als today.

e Current work provides guidance in establishing a more detailed and
comprehensive work program aimed at establishing the dynamic and
static design strength of TSSA material.

e The stress whitening of the TSSA appears to be a consistent response to
a particular stress state and is considered a positive feature, as it may
allow derivation of dynamic design strength based on nondestructive
testing as well as serve as an indicator of bonding strength in quality
assurance testing.

e Hyperelastic modeling of TSSA bonded point supports is suitable for
the analysis of the design and the explanation of performance.
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APPENDIX: STRUCTURAL CIRCULAR POINT CALCULATION

Assuming a structurally bonded point fixing as a flat circular plate bonded with
a sealant interlayer of constant thickness to a substrate. Forces might act in a
point of the center line with a certain distance to the bonding interface. An addi-
tional torsion momentum can be considered around the center axis (as shown
in Fig. 25). The sealant is considered to be an ideal elastomer, i.e., to be fully
incompressible corresponding to a Poisson ratio of 0.5.

The following nomenclature and units are used for the parameters in the
formulas below:

D (mm): diameter of the structural point fixing plate

d (mm): distance of bonding interface from the point, where forces are
attacking

E (MPa): elastic modulus (Young’s modulus) of the sealant

e (mm): origin thickness of structural sealant layer
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FIG. 25—Forces acting on a bonded circular point fixation.

F (N): tension force acting in normal direction along center axis
G (MPa): shear modulus of the sealant

Q (N): tangential force acting parallel to the bonding interface
M (Nm): torsion momentum around the center axis

r (mm): radius of the structural point fixing plate (r=D/2)

t (mm): distance of rotation point form edge

R (rad or deg): angle of inclination

/. (mm/mm): engineering strain (1 =1+ Ae/e)
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Calculation of Sealant Tension Stress and Elongation Caused
by Normal Load F Acting on Its Own

The force F acting along the center axis creates a tension stress (engineering
stress) in the sealant, which, assuming a homogenous stress distribution, can
be expressed as follows:

F

712

(A1)

g =

This tension stress results in an elongation of the sealant (increase in sealant
thickness), which for the case of the linear stress model can be expressed as
follows:

F-e

Ae = ———
¢ E -n-r?

(A2)

Calculation of Sealant Shear Stress and Displacement Caused
by Tangential Load Q

The force Q acting on a point along the center axis causes shear stress in the
sealant, which, assuming a homogenous distribution, can be expressed as
follows:

Q

712

T = (A3)
The resulting displacement of the structural point in the direction of Q then is
given by Eq A4

Q-e

MG (A4

Calculation of Sealant Tension Stress and Elongation Caused by
Loads Q and F

Assuming a force Q acting on a point along the center axis with distance d from
the bonding interface, the force then causes an inclination of the structural
point. The resulting tension stress in the sealant shows a certain stress distribu-
tion with a stress and elongation maximum located at one side of the structural
point. The following derivation follows assumptions for both linear and nonlin-
ear stress distributions (see Fig. 26).

Achieving a basic momentum balance around the bottom edge of the struc-
tural point (y = 0) yields the following formula for small inclination angles R

D
Mp:Q-d+F-D/2:J0O(y)'b()’)'y'dy (A5)
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Omax

FIG. 26—Nonlinear stress distribution in adhesive layer.

Achieving a basic force balance horizontally provides the following formula

D
Fig = F = L o) - b(y) - dy (A6)
relation

The local width b of the bonding layer can be calculated based on the circle

bo) = 2Dy

(A7)
Assuming a linear function for the sealant extension over y provides
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Ay) =1+ Ae(y)/e = (Amax — 40) - ¥/D + 4o (AB)
with g and 4., as extension maxima at the lower and upper edge of the struc-

tural point.
This also provides a function for the inclination angle R

tanﬁ = (Amax - /“0) . e/D (A9)

For the following derivation a linear distribution for tension stress in the sealant
may be used as shown in Eq A10

o) =E-20) _p. oy (A10)

Alternatively, a nonlinear stress function (see lit [56].) may be used, as shown in
Eq All

() =G- (;.—%2) (A11)

Basic momentum and force equations (Egs A5 and A6) combined with the rela-
tionships defined in Eqs A7 and A8 can be solved by numerical integration and
iteration and yield Ag and A,ax.

The maximum tension stress values are obtained for 1y and /.« by using
the linear or nonlinear stress functions (Eqs A10 or A11) above.

The maximum sealant strain in tension and inclination of the structural
point are calculated as shown in Eqs A12 and A13

Aemax =€+ (Amax — 1) (A12)

tan f = (Amax — 40) - €/D (A13)
The location of the rotational axis is given by Eq A14

1—17o

)vmax -0

t/D = (for Zmax # 10) (A14)

For the simple case of linear stress function and assuming no normal force
(F =0) acting on the fixing point, Eq A15 can be derived

Q‘dzz'o-max"[ }’/V'b(}’)'}"d}’:40’max'J yz/r‘ \/r2 _yz'dy:O-7854'r3'0max
0 0
(A15)

Equation A15 allows a simple approximation of the maximum tension stress as
shown in Eq A16
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max = 10.185-Q -d/D? (A16)

Calculation of Sealant Shear Stress and Rotation Caused
by Torsion Momentum M

Assuming a torsion momentum M acting around the center axis, this causes a shear
stress in the sealant and a rotation of the structural point, as shown in Fig. 27.

The nature of the circular geometry and the momentum balance around the
center results in the following relationships.

Shear stress as a function of the radius

=G (A17)
Maximum displacement at the edge
~D-a tmax-e

FIG. 27—Torsion momentum acting on point fixing support.
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Momentum balance

M = JOD/Z t(r) - 2mr-r-dr = J:/z 2nr3d;G~dV (A19)
Solving the above equations (Eqs A17-A19) results in
Angle of rotation
w2l (A20)
Maximum shear stress
D-2-G 16-M @az1)

T = =
A 2e n-D3
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ABSTRACT: The architecture of the past 100 years is characterized by a
desire for ever greater transparency. Inevitably, that goes hand in hand with a
constantly growing proportion of glass in the building envelope. But owing to
the brittle nature of glass, there are only limited options for transferring tried-
and-tested methods of jointing—derived from structural steelwork and other en-
gineering disciplines—to this material. However, adhesive joints are much more
suited to creating a material bond between glass components. Structural adhe-
sive joints for load bearing glass components have been the subject of research
and development work all over Europe in recent years. This article looks at
some of that work. The research has led to the development of practical adhe-
sive joints for glass-glass and glass-metal connections. The work includes the
study of surface pretreatments and aging scenarios so that types of application
for the tensile and shear loads encountered in practice can be specified. Mate-
rial specimens tested at various load application rates and temperatures enable
the material parameters to be determined. A torsion specimen with a glued butt
joint is being used to improve the in situ testing of glass-metal connections.
There are plenty of potential applications for adhesive joints in structural glazing
and solar technology, including the following: Point adhesive joints for overhead
glazing and for oversize photovoltaic modules subjected to high environmental
loads, linear adhesive joints for hybrid steel-glass composite beams with good
ductility and for glass fins with a reduced cross-section in minimized steel-and-
glass facades, or full-bond adhesive joints for photovoltaic facades suspended
in front of a ventilation cavity and for fully transparent load bearing adhesive
joints to an all-glass pavilion (first approved application in Germany).
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Gluing—A Method of Jointing Ideal for Glass

Jointing Method According to Physical Principles

When building any structure, various elements and components, often made
from different materials, have to be joined together. Jointing or connecting is
the designation given to assembling the parts of a structure to form a whole.
Safety at the ultimate and serviceability limit states, system requirements, and
environmental conditions influence the configuration of joints and connections,
and the applicability of the known methods of jointing. A distinction is made
between positive connection, nonpositive connection, and material bond
depending on the physical principles (Fig. 1).

When at least two components at a joint mate in such a way that their geome-
try prevents mutual displacement, we speak of a positive or interlocking connec-
tion. The forces are transferred perpendicular to the contact face. In many cases
a third component, usually a pin or bolt, is necessary to create an interlocking
connection between two components. A bolt bearing on the side of its drilled hole
is one of the typical types of positive connection used in glass assemblies.

Nonpositive connections are created by applying an additional force gener-
ated by a suitable prestress and acting perpendicular to the contact face between
the components. The adhesive force thus generated prevents mutual displace-
ment of the components at the joint. A friction joint is an example of a nonposi-
tive connection. It is frequently the case that more than one principle applies at
a joint. For example, individual clamp fixings for glazing transfer forces in the
direction of the plane of the glass through friction, i.e., a nonpositive connection.
But for forces acting perpendicular to the plane of the glass, the clamp fixing
encloses the edge of the glass and, hence, forms a positive connection.

A material bond is generated by atomic or molecular forces that hold the
components together at the joint. Normally, such connections are not detachable
and the parts can only be separated by destroying the joint. Welding, for
instance, is a material bond between two identical materials. However, not every
material can be joined in this way. High process temperatures may damage,
even destroy, the material. Adhesive joints; on the other hand, are more universal
because they can connect both identical and disparate materials.

Positive Connection Nonpasitive Connection Malerial Bond
FyzF ((2n)
ol E— . F/2, == O K2, |
73 — F 2 — F — y 0 O E
Fi2 {55 | | —+ F2 | |—= o P )
~— ) - — — |
' F2F/(2p)

FIG. 1—Classification of jointing methods according to the physical principle for trans-
ferring the forces.
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Connections for Glass Components

Apart from adhesives [1], there are two other methods of jointing that are suitable
for glass: friction connections and bolts in bearing. A pin or bolt bearing on the side
of a drilled hole has established itself as a form of connection for glass as well as
steel and timber because the final assembly on the building site is very simple [2].
Furthermore, such connections can be detached again at any time. Nevertheless, in
glass, concentrations of stress occur in the vicinity of the drilled hole, caused by a
local, limited load transfer and the weakening of the cross-section (Fig. 2, left). As in
a brittle material, such as glass, stress concentrations cannot be redistributed or dis-
sipated locally through plastic deformation, the origin of the failure of a pane of
glass due to an overload can often be found in the region of drilled holes [3].

Friction connections—in the form of a nonpositive jointing method for
glass—have been used in unique projects, e.g., in the Glasgow Wolfson Medical
Building, where the viscoplastic interlayer of casting resin is replaced by plates
made from soft aluminum alloys at the point of application of the load [4]. Gen-
erally, such connections have little relevance in practice because their usage is
essentially restricted to toughened safety glass owing to the creep of the polyvi-
nyl butyral (PVB) film used in laminated safety glass [5]. Adhesive joints; on the
other hand, enable the creation of a planar joint and, hence, a uniform stress
transfer between the components. Local stress peaks can be minimized through
the thickness of the layer of adhesive and its elasticity (Fig. 2, right). The compo-
nents at the joint are not weakened by drilled holes or cut-outs.

State of the Art

Adhesives have long since been used successfully for load bearing connections
in steel, timber, polymer, and railroad track construction. In structural glazing,
adhesive joints have been considered for certain projects. Early applications
using transparent adhesives are described in [6-8] for example. The glass beams
with their glued corner joints at Broadfield House Glass Museum in Kingswin-
ford (UK) can be regarded as a milestone in load bearing adhesive design [9];

I tF
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1F lF

Bolt in Bearing Adhesive

FIG. 2—Stress distribution principles at bolted and glued connections in single shear.
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15 years after being erected, the adhesive joints of this structure are still show-
ing no signs of any deterioration [10]. Another example of the successful use of
adhesives in structural glazing is the Glass Cube in Harlem (Netherlands) [11].
Samples exposed to the weather for many years were used by Blandini [12] to
investigate the use of adhesives in frameless glass shells. An ionomer interlayer
that has become established in recent years has positive material properties
that have resulted in numerous innovations in structural glazing [13,14].

If we are to improve durability, then special attention must be paid to the
cleaning and pretreatment of the surfaces of the components to be joined to-
gether. The results of numerous studies of these aspects show that removing or-
ganic contamination with atmospheric plasma can increase the surface energy
and therefore achieve permanent adhesive forces [15,16].

Numerous tests have been carried out on small-scale specimens and sample
components in order to increase the popularity of adhesives for glass-glass and
glass-metal connections. Besides looking for suitable geometries and adhesives
[17], the selected connections are subjected to aging scenarios and different
loads. For example, the buckling behavior of panes of glass glued to a substruc-
ture is investigated [18]. One promising area of application for the future is to
be found in so-called hybrid beams [19-21]. In such beams, the brittleness of
the glass is compensated for by combining the glass with a ductile material.

Structural Sealant Glazing

The state of the art for glued glass applications in Germany is currently struc-
tural sealant glazing (SSG) [22]. In such systems, the glazing is connected to
metal load bearing frames or adapter sections via linear adhesive joints. Stain-
less steel or anodized or coated aluminum can be used as the material for the
supporting members. Such glued glazing arrangements are classified as sup-
ported or unsupported systems, depending on the way in which the load of the
glass itself is carried. Supported SSG systems include setting blocks that ensure
that the self-weight of the glazing is transferred directly to the supporting frame
and from there to the load bearing structure. All other loads, which are gener-
ally of only brief duration, e.g., wind, are carried by the adhesive joints. In con-
trast to this, in an unsupported SSG system, all permanent loads are carried by
the adhesive.

SSG systems can be further classified according to any retaining systems
that may be necessary, which in the event of failure of the adhesive joints pre-
vent the glass from slipping out of its frame. Metal brackets or clamps, undercut
anchors, and wire retainers are examples of suitable retaining systems. This
classification results in four types, the usage of which may be restricted depend-
ing on national stipulations (Fig. 3). Building legislation restrictions in Ger-
many mean that apart from a few exceptions, the only systems possible are
those in which no permanent loads are carried via the adhesive joints (type I
and II) and those above a mounting height of 8 m that include mechanical
retainers as a backup, should the adhesive fail (type I).

European guideline ETAG 002 [23-25] describes the principles of the con-
struction, the materials to be used, and the experimental testing required if
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8 Adhesive
b Setting block
¢ Mechanical support for self-weight

d  Mechameal retainer

Type 111
Type | & II: Self~weight carried on mechanical support
Type 111 & IV: Self~weight of glazing carried by adhesive
Type I & I Additional mechanical retainer to prevent loss ol glass should adhiesive Fail
Type Il & 1V: No mechanical retainer

FIG. 3—Classification of structural sealant glazing systems according to ETAG 002.

approval for a glued facade design is to be applied for. According to the guide-
line, the choice of adhesives is restricted to silicones—adhesives for which test
results and long-term experience are available and accepted by the building
authorities. Silicone adhesives exhibit excellent adhesion on glass surfaces and
are highly resistant to environmental influences. However, their low stiffness,
low strength, and black coloring are regarded as disadvantages. Adhesive joints
for SSG systems are normally produced under controlled ambient conditions
during the further treatment of the glass or at the facade fabricator’s plant. In
certain cases silicones are also used for in situ adhesive joints produced on
site. However, the method then no longer complies with the stipulations of
ETAG 002, which means that the work must be approved by the building author-
ity responsible. Very careful workmanship and comprehensive quality control
measures are essential for in situ adhesive joints produced on the building site.
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Innovations Through Adhesives

It is primarily innovative projects and visionary design studies and prototypes
that extend the range of construction beyond those described so far and those
forms regulated by legislation in Germany. In particular, transparent or high-
modulus adhesives open up new types of applications for glued glass joints. One
example of a further development is the glass hybrid component (Fig. 4). Linear
joints between glass and ductile materials increase the load bearing and resid-
ual load bearing behavior of glass. Potential combinations with steel, alumi-
num, timber, and glass fiber-reinforced plastics (GFRP), even reinforced
concrete, have already been investigated in a number of research projects
[26-29]. Glass-metal [28] and glass-timber composite cross-sections represent
interesting approaches and the first transfer projects, based on research and
leading to practical applications [28,29]. Linear adhesive joints have already
been used for connecting panes of glass to delicate aluminum frames for trans-
parent partition systems for interior use.

Likewise, adhesive point fixings have already been used in facades in a few
isolated cases. Penetrating or clamping the glass is therefore avoided and the
glass surface takes on a very homogeneous appearance. Another advantage of
adhesive point fixings is that stress peaks can be reduced. As a rule, these sys-
tems require additional components for carrying the self-weight of the glass
and for retaining the glazing should an adhesive joint fail. One special develop-
ment for a bonded glass retention system is therefore based on a combination
of countersunk drilled holes, which do not penetrate the glass, and point fixings
fitted into these [30].

In addition, several glass elements can be joined together to form more
complex load bearing structures. In order to be able to omit all metal connec-
tors and fixings in such a situation, transparent adhesives can be used for planar
adhesive joints (Fig. 5). Such a design—an all-glass pavilion supported by

FIG. 4—Design studies at glasstec 2010 in Diisseldorf, Germany: Sample facade made
from a hybrid glass-steel assembly.
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FIG. 5—Design studies at glasstec 2010 in Diisseldorf, Germany: transparent bonded
glass frame corners.

bonded glass frames—was erected for the first time in Germany in 2009 within
the scope of an Individual Approval [31].°

Adhesives for Structural Applications

Fundamental Material Properties

Most of the adhesives belong to the group of organic polymer compounds. The poly-
reactions polymerization, polycondensation, and polyaddition produce molecular
structures that through their configuration have a major impact on the properties of
a layer of adhesive. The most important factors that influence the final properties
are the chemical structure of the monomers, the reactions that take place in order
to create the polymers, and the resulting structure of the adhesive. Adhesives are
very similar to plastics in terms of their chemical structures and material properties.
Consequently, they frequently exhibit a material behavior dependent on duration
and temperature. Their heat resistance and durability are generally inferior to those
of metals. Environmental influences can damage the adhesive and the boundary
layers between the components, and thus can reduce the strength of a joint.

Of all those adhesive systems conceivable and commercially available, a few
systems have proved to be particularly suitable for glass applications in build-
ings owing to their chemical, physical and mechanical properties. These include
UV- and light-curing adhesives, epoxy resin, and polyurethane adhesives, as
well as silicones. The material behavior of these adhesives varies considerably,
ranging from high-strength adhesives with low elongation at failure to highly
deformable elastic adhesives that have only a low tensile shear strength (Fig. 6).

3Projects with bonded glass frames have been erected before by Tim Mcfarlane [6] [9].
Nevertheless, this concept was not pursued.
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FIG. 6—A comparison of the mechanical properties of various adhesives used for glass
applications in building.

According to their material properties, epoxy resin adhesives are thermo-
sets. These products exhibit high strengths but at the same time only very low
elongation at failure [32]. Especially important among the UV- and/or light-
curing adhesives are various acrylates and methacrylates. Most of them are
classed as thermoplastics and are characterized by their high strengths and
comparatively low elongation at failure [33]. Adhesives based on polyurethane
include a wide range of materials. Reactive two-part polyurethanes represent
the type most often used for glass in building. This group of adhesives includes
both thermosets and elastomers. Their strengths are similar to those of acryl-
ates, although much greater elongations are possible [33]. Chemically, MS poly-
mers are very similar to polyurethanes. On the other hand, their curing
behavior is similar to the silicones. And in terms of strength and elongation at
failure, they fill the gap between polyurethanes and silicones [34,35].

Owing to their chemical structure, silicones are fundamentally different
from the other organic, polymer adhesives. In contrast to these systems formed
by chains of carbon atoms, in the silicones it is silicon-oxygen compounds that
form the elements linking the molecules. The cross-linking at room temperature
to form a high-molecular polymer (room temperature vulcanizing, RTV) for the
adhesive and sealing systems used for glass in building applications takes place
either through the action of the moisture in the air (1-part) or through the
addition of a hardener (2-part). The adhesives obtained in this way are classed
as elastomers and exhibit very low strengths with extremely high elongation at
failure [33].
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Specification

The selection criteria for an adhesive should take into account the special char-
acteristics of the materials to be joined, the properties of the surfaces at the
joint, the strength requirements, the environmental influences to be expected,
the weather and temperature fluctuations, the presence of chemicals, the con-
structional design of the adhesive joint, and the types of loads. In addition, the
process of forming the adhesive joint should also be considered at this early
stage. Important criteria here are the working time and the way the adhesive is
measured out and applied.

The mechanical and thermal properties adequate for the respective applica-
tion must be clearly defined. Furthermore, an evaluation of the adhesives with
respect to their tendency to creep and their relaxation behavior under perma-
nent loading is necessary so that their suitability for systems carrying self-weight
can be determined. Beside these important, measurable factors, there are also
other aspects to be considered, e.g., appearance and aesthetics. The main assess-
ment criteria for adhesive joints for structural glass and facades include:

— Adequate strength

— Durability (UV, salt-laden and acidic atmospheres, moisture, cleaning

agents)

— High stiffness for point fixings

— High elasticity for linear or planar joints between materials with differ-

ent coefficients of thermal expansion

— Reduced tendency to creep

— Service temperatures from —20°C to +80°C

— Transparency in the case of visible joints

Owing to the large range of adhesives, it is almost always possible to find a
suitable adhesive system for the respective application. The quality of the material,
the properties, and the internal strength of an adhesive normally vary only mini-
mally across different batches and can be well controlled by the manufacturer.
This makes it all the more important to provide a good, reproducible surface qual-
ity that enables adequate, good adhesion between adhesive and substrate.

Determining the Parameters of Adhesives

Methods for Determining the Parameters

Describing an adhesive material by way of comprehensive parameters is the
foundation for realistic results in the calculation of glued forms of construction.
The scope of the determination of the parameters depends on the material to be
described and the mechanical modeling. Two experimental options for deter-
mining parameters have proved worthwhile for the phenomenological descrip-
tion of the material: studies of material specimens and in situ specimens. The
material specimens consist merely of pure adhesive material. Parameters spe-
cific to the material, e.g., elastic modulus and Poisson’s ratio, can be determined
with the help of such specimens. The in situ specimens consist of the compo-
nents that are joined together by the adhesive [36-38].
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Uniaxial Tensile Test

ISO 527-1 [39] describes the procedure for determining the tensile properties of
plastics by means of material specimens (Fig. 7). These are stretched along their
longest principal axis at a constant rate until failure occurs or until the stress or
strain has reached a predetermined value. Load and deformation are recorded
during the test. So-called dumbbell specimens are preferred for this test: the
wider ends of these specimens ensure that they are properly clamped in the test-
ing machine, and the transition between the wide and narrow parts of the speci-
men ensures that the force introduced is concentrated in the narrow central
section; thus generating a uniform stress distribution. Different types of
dumbbell specimens are recommended depending on the material to be investi-
gated and the manufacturing process. The standard form is type 1 according to
ISO 527-2 [40].
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FIG. 7—Dumbbell specimen in the testing machine (left). Stress-strain diagram for a
2-part epoxy resin adhesive at different testing temperatures (right).
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Torsion Test

In order to achieve a state of stress that is as uniform as possible, in situ speci-
mens are prepared according to DIN EN 14869-1 [41] from butt-bonded hollow
cylinders with a complete ring of adhesive (Fig. 8). Two cylinders made from
the relevant material are connected with the adhesive to be investigated and
subsequently subjected to torsion or tension. This means the details of the ten-
sile stress-strain relationship and the shear stress-shear strain relationship are
possible with a single specimen geometry. Combinations of loading are also
possible. This type of specimen was further developed for glass-metal joints
within the scope of the work by Vogt [37].

Test Method with Butt-Jointed Specimens

In the course of research work concerning glass-metal joints, Tasche [42] devel-
oped specimens that allow the tensile and shear strengths of thin adhesive joints
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FIG. 8—Butt-bonded hollow cylinder in the testing maschine (left). Shear stress—shear
strain diagram for a 2-part epoxy resin adhesive at different testing temperatures (right).
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to be determined using small-scale in situ specimens. These specimens allow an
adhesive joint with the brittle material glass to be loaded in tension or shear.
They enable the adhesive layer within the composite construction to be investi-
gated and therefore take into account the influences of the materials being con-
nected. Furthermore, tests on these specimens allow statements to be made
regarding the mechanical behavior of the joint. For instance, in order to evalu-
ate the adhesive behavior of various adhesives for bonded fittings, tensile tests
were carried out on these specimens. The determination of the adhesive behav-
ior was carried out at different temperatures. As the temperature rises, so the
strength of the adhesive joint decreases for all the adhesives investigated
(Fig. 9). Embrittlement is frequently apparent at low temperatures.

In many cases the adhesion depends on the surface of the annealed glass to
which the adhesive is applied. Owing to the production process, the surface
characteristics of the tin and air sides are different. The influences of both sides
of the annealed glass on the adhesive behavior were therefore investigated.
However, it is not possible to derive a generally applicable statement for all the
adhesives investigated.

Glass in Building

Structural Adhesive Joints with UV- and Light-Curing Acrylates

Adhesive joints can be designed with different forms: point, linear or planar. In
structural glass designs, load bearing adhesive joints have so far been mainly
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FIG. 9—Adhesive strengths (cylinder tensile test) for various adhesives and different
testing temperatures.
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planar or linear [43]. The planar joints include the laminating of panes of glass
to form laminated or laminated safety glass. The linear joints, beside the edge
seals around insulating glass units, include structural sealant glazing (SSG) sys-
tems according to ETAG 002-1 [23].

Load bearing point adhesive joints with transparent adhesives are being
investigated in order to increase the benefits of using glass in buildings. The
UV- and light-curing acrylates are particularly interesting because in contrast to
silicone adhesives they exhibit much higher initial strengths although applied in
much thinner layers. The adhesives investigated are completely transparent and
hardly visible to the naked eye. Curing is carried out with a special lamp, pref-
erably using ultraviolet radiation. The adhesive is fully cured after exposure to
the radiation for a length of time ranging from a few seconds to a few minutes,
and the joint can be loaded immediately. The aging resistance of acrylate adhe-
sives has been investigated and described in detail in Ref. [44].

Verification of load bearing and residual load bearing capacities has also
been carried out on bonded component models, also punctually bonded glass
panes in the form of a canopy system stored outdoors in order to be able to
assess durability under natural weathering conditions [37,42]. The panes of
glass were stored either suspended from above or supported from below
depending on the options presented by the system (Fig. 10). Visual inspections
of the adhesive joints were carried out at regular intervals to see if any changes
had taken place. After a period of three years outdoors, various changes are visi-
ble: the volume of small air bubbles, caused by the manual method of producing
the joint, increased at some points. In the case of the overhead glazing sup-
ported from below, restraint stresses were detected in the adhesive joint due to
the extremely stiff construction of the components, and this had led to delami-
nation. On the basis of this experience, a structural determinate system is rec-
ommended which supports without restraint in the plane of the glass pane.

FIG. 10—Outdoor overhead glazing test: in the foreground the suspended pane, in the
background the supported pane.
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Hybrid Facade

Conventional post-and-rail designs for facades are generally carried out with
the opaque materials steel or aluminum. However, such systems do not fit in
well enough with the trend in modern architecture toward more transparency
in the facade, even with generous areas of glazing.* Therefore, glass these days
is used not only as an infill material, with an enclosing function, but increas-
ingly as a load bearing and bracing material, e.g., in the form of glass fins. So
far, facades with load bearing glass fins and beams have been exclusively cus-
tom designs because currently there are no technical building regulations cover-
ing the design and construction of such elements. The brittleness of glass
frequently leads to uneconomical design for such applications because beside
the ultimate and serviceability limit states, the issue of residual load bearing
capacity must also be considered. Scientific studies [45-47] show that the resid-
ual load bearing capacities of glass beams made from laminated safety glass
loaded in bending are not adequately guaranteed, irrespective of the type of
glass used.

Hybrid glass beams with a linear adhesive joint between the glass and the
steel have therefore been developed in order to pave the way for new facade
designs [48]. In this case the joint is a load bearing connection between a mini-
mized steel facade section and a vertical glass fin, which together carry the wind
loads. Upgrading the brittle glass with ductile (plastically deformable) steel also
makes a significant contribution to improving the residual load bearing capacity
and the necessary redundancy in the design. In addition, the steel elements ena-
ble conventional jointing methods to be used for connecting the hybrid compo-
nents to each other or to other parts of the structure.

In the future architects could therefore make use of a modular system that
still permits individual designs. Up until now, similar forms of construction
have been built using silicone joints. The normally used silicone adhesives need
larger contact faces and because of its black color complete transparency is not
ensured. (New developments show a structural silicone film adhesive, developed
for point-fixed interior and exterior glazing, which combines a high transpar-
ency with high tensile and shear strength, strong adhesion performance,
thermal stability, and excellent weatherability [49].) Bonding with transparent
light-curing acrylates therefore offers new opportunities for architects. In a sim-
ilar way to reinforced concrete, we can speak of reinforced glass beams: the
transparent glass is reinforced by the ductile steel. And like reinforced concrete,
which although a technical breakthrough, in the end led to a whole new archi-
tectural vocabulary, the hybrid beams embody great potential for a new style of
architecture.

The hybrid glass beams consist of laminated safety glass with additional
stainless steel elements that are connected by way of linear adhesive joints with

*Energy regulations pay special attention to the summer overheating protection. If neces-
sary, measures—for example, controlled ventilation, sun protection glazing, or external
solar shading—are to be taken to ensure the verification of the summer overheating
protection.
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a transparent adhesive. The linear joints enable a continuous load transfer
between the steel and the glass, and therefore avoid local stress concentrations.
The essential requirements to be fulfilled by the adhesive are therefore high
strength to carry the loads and at the same time adequate elasticity to compen-
sate for thermal expansion and contraction. As the mechanical properties of the
adhesives depend on the temperature, the given ambient conditions and the
magnitude and duration of the load, the research project initially focused on
vertical facade systems for interior use. One focal point of the study was the de-
velopment of suitable cross-sectional geometries for hybrid glass beams that
would guarantee the permanent mechanical function of the adhesive joint
between the steel and the glass and permit adequate exposure to the light to
ensure proper curing during production [50].

Three different cross-sections, which permit an adapter connection at a
later date, were investigated (Fig. 11). In variant S1 a steel plate measuring
20 mm x 2 mm was attached to the edges of the glass. Cross-section S2 has steel
side plates measuring 13 mm x 2 mm. In cross-section S2 the central pane of
glass in the laminated safety glass is set back by 12 mm so that a T-section (web:
12 mm x 3 mm; flange: 20 mm x 1.5 mm) can be inserted into the ensuing
groove. The nominal thickness of the layer of adhesive in all cross-sections is
2 mm. In addition, a laminated safety glass element without any steel (S0)
served as a reference.

The test setup was modified for the four-point bending test according to
DIN EN 1288-3 [51] in order to carry out the experimental investigations into
the load bearing and residual load bearing behavior of the specimens developed,
which for facade applications are primarily loaded in bending about the major
axis. The hybrid glass beams investigated consisted of laminated safety glass
made from three plies of 6 mm annealed glass with ground edges and inter-
layers of polyvinyl butyral with a nominal thickness of 0.76 mm. The steel ele-
ments were made from stainless steel grade 1.4401. The first load was applied
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FIG. 11—Sections through the beams investigated (been symmetrical about centerline).
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until one pane of the laminated safety glass fractured. The load was then
relieved and subsequently re-applied until all three panes of the laminated
safety glass had developed at least one crack (Fig. 12). Once all three panes of
glass had fractured, further load was applied in order to assess the residual load
bearing behavior.

The bending stiffness of the specimen was calculated from the force and de-
formation depending on the structural system. An intact glass beam with steel
elements of course has a higher bending stiffness than a glass beam without
steel elements. After the failure of all three panes of glass, the glass beam with-
out any steel elements lost almost its entire load-carrying capacity. Compared
with the hybrid cross-sections, its residual load bearing behavior was very low.
But unlike the glass beam without steel elements, the hybrid beams did not col-
lapse and continued to carry the loads, albeit with greater deformations. Cross-
section S1 exhibited the highest bending stiffness prior to the first crack, but the
highest bending stiffness for the residual load bearing capacity was shown by
hybrid cross-section S3 [50]. The results clearly show the improved load bearing
and residual load bearing capacities of hybrid glass beams under short-term
loading. Further long-term loading tests to determine the creep and relaxation
behavior are currently in progress. Investigating the effects of thermal stresses,
caused by the different coefficients of thermal expansion of the materials used,
was not such a priority here because in the applications considered hitherto,
the adhesive joints are on the inside of the facade and the temperature fluctua-
tions are minimal.

On the basis of the results obtained from this research project, a sample fa-
cade was developed (Fig. 4) for the “glass technology live” exhibition at the
glasstec 2010 trade fair in order to illustrate the general design principle and the
appearance of hybrid glass beams in use. The current energy requirements with
which facades must comply—a decisive criteria when selecting products—can

FIG. 12—Hybrid glass-steel beam in the test rig for investigating the load bearing and
residual load bearing behavior.
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be satisfied by using insulating glass units with three panes of glass (triple glaz-
ing). Thermal transmittance values as low as 0.78 W/m’K can be achieved. The
total energy transmittance of the glazing lies between 24 % and 55 % depending
on the coating.

The hybrid facade design consists of four glass posts at a spacing of 1.75 m.
The glass posts 3.50 m high and 0.2 m deep consisted of laminated safety glass
made from three plies of 8 mm toughened safety glass. Consequently, attractive
story-high glazing is possible. Cross-section S1 with the best adhesive joint ge-
ometry was selected for this facade. Stainless steel plates were attached to both
edges of the glass post via linear adhesive joints using a UV- and light-curing,
transparent acrylate adhesive (Fig. 13). The stainless steel plate on the inside
edge measured 27 mm x 3 mm, the stainless steel plate (50 mm x 4 mm) on the
edge adjacent to the insulating glass was attached as an adapter. The connec-
tion between the adapter and the facade section was achieved with
countersunk-head screws. This mechanical connection guarantees uncompli-
cated replacement of the post should the glass break. The facade section 50 mm
wide x 25 mm deep is a conventional steel section for facade systems. The linear
support to the glazing was guaranteed on the outside by a very flat glazing bar
50 mm wide x 5 mm thick.

Stainless steel flat
Transparent adhesive

Glass fin

Transparent adhesive

Screws

Stainless steel adapter section
Steel system section
Insulating glass unit

Glazing bar

FIG. 13—Section through sample facade with hybrid steel-glass beams.
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Frame Corners

Bonded frame corners are classed as planar adhesive joints (Fig. 5). Special
attention must be given to the choice of adhesive for transparent, all-glass frame
corners if load bearing but also fully transparent and totally bubble-free joints
are to be achieved [52]. Preliminary studies of numerous material specimens
form the starting point for determining the material parameters. Small-scale
specimens are tested under various boundary conditions (temperature, mois-
ture, UV radiation, aging) in order to establish the strengths of a number of suit-
able adhesives.

Specimen components (Fig. 14) are loaded in a testing machine in order to
study the structural effect of these glued glass frame corners. The results enable
digital prototypes to be designed and calibrated for numerical simulation. The
verified and validated computer model should then be used to assess the distri-
bution of stresses in the adhesive joint and in the glass. Numerical calculations
and experimental investigations are carried out in parallel in order to optimize
the geometry, load-carrying capacity, long-term reliability, and durability of the
glued all-glass frame corners. The findings are incorporated in the design of the
adhesive joint and help in the development and testing of an optimum form of
connection with the aim of achieving a practical solution suitable for carrying
loads permanently. The structural system of the all-glass enclosure was
designed with redundancies so that the failure of or damage to individual ele-
ments would not lead to the complete collapse of the structure. In addition to
the system as planned, the failure of adhesive joints (hinges form at the corners
of the frame) and the failure of the roof and rail elements (the fixed-end frame
legs and the vertical enclosing elements are responsible for the stability) were
analyzed numerically.

Finally, the principles for gaining approval for what was up until now a
nonregulated form of construction are prepared. The goal is a fully transparent

FIG. 14—Applying a transparent adhesive to a sample component with the help of a
special injector.
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glass corner—a goal that has inspired architecture since the dawn of the Mod-
ern Movement.

Glass in Solar Technology

Photovoltaic Modules Mounted with Adhesive Point Fixings

Solar technology, like glass in building, is making use of ever larger glass for-
mats [53]. Correspondingly higher component weights call for improvements to
the fixings. The comparison between positive connection, nonpositive connec-
tion, and material bond frequently results in a decision in favor of adhesives
because of the many advantages. New developments for point, linear, and pla-
nar adhesive joints in solar technology are presented below.

Essentially influenced by the progress in coating technology, very large pho-
tovoltaic (PV) modules are now being produced which can no longer be secured
with conventional clamp fixings.

An adhesive point fixing for fitting on the back of thin-film PV modules has
been developed within the scope of a research project [54]. This fixing (Fig. 15)
can be adapted to suit the supporting frameworks of various manufacturers
available on the market. The adhesive used can carry the structural and
dynamic loads acting on the joints for the duration of the anticipated service
life of a PV module.

Selected adhesives are characterized in the laboratory. Following initial
tests on fixings with preliminary dimensions, the suitability of the optimized fix-
ing is tested according to DIN EN 61646 [55]. The pneumatic testing apparatus
(Fig. 16) enables the evaluation of the mechanical load-carrying capacity of PV
modules, also when subjected to rapidly changing loading cycles. The fatigue
behavior of the adhesive joint and the fixing is estimated with the help of

FIG. 15—Prototype of an adhesive point fixing.
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FIG. 16—Pneumatic testing apparatus.

dynamic tests. The material parameters determined in the laboratory and the
experience gained with small-scale specimens is incorporated in the optimiza-
tion. The tests, including accelerated aging methods and in conjunction with
the fixing material selected, back up the permanent properties of the adhesives.
Furthermore, studies are carried out to optimize the adhesive parameters, e.g.,
surface preparation, application, and curing.

Photovoltaic Modules Fixed with a Linear Adhesive Joint

Individual laminate clamp fixings are frequently adequate for fixing frameless
PV modules. This means that in contrast to conventional module frames with a
linear support to the glass laminate on all sides, and hence a “gentle” form of
mechanical fixing, stress peaks cannot always be avoided. With large-format
modules in particular, the interplay between the geometry of the fixing elements
and their position on the module offers considerable potential for optimization
with respect to a mounting solution that is safe and also efficient in terms of
materials. In the light of this, innovative roof- and ground-mounted arrays are
increasingly being based on adhesive fixings [56]. Using adhesive for joints
involving glass is a method very much suited to this material. It also offers the
chance of stiffening a thin module on the back and for leaving the front flat and
unobstructed, which is advantageous for photovoltaics as it assists the self-
cleaning function, helps to ensure that snow slides off, and avoids microshad-
ows (Fig. 17). However, fundamental research into this innovative type of fixing,
for various applications and loads, still has to be carried out. The linear load
bearing rails are usually made from galvanized steel, stainless steel or anodized
aluminum, and are connected to the back of the PV module with liquid or paste
adhesives, e.g., 2-part silicone, or with double-sided adhesive tape, e.g., acrylate
foam tape.

In accordance with the existing German testing regulations [23], the Insti-
tute of Building Construction has carried out tests using the example of an
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FIG. 17—PV module with mounting rails fixed to the back of the module with adhesive.

acrylate adhesive tape for attaching the back rail in order to analyze its suitabil-
ity and significance for this application. Beside thermal analysis methods and
tensile tests on dumbbell specimens punched out of the material, in situ speci-
mens were also tested in tension and shear (see, for example, the tensile test
specimen in Fig. 18).

Bonded Photovoltaic System Facade

In cooperation with partners from research and industry, the Institute of
Building Construction has developed new PV composite panels as integral com-
ponents for a facade suspended in front of a ventilation cavity [57]. The
1.20 m x 0.60 m CIS (copper, indium, selenium) thin-film solar modules, some
with a colored cover glass, are bonded to a backing plate made from foamed
recycled glass over their full area. So they can be adjustable suspended from a
load bearing framework at the rear (Fig. 19). Individual insulation thicknesses
on the external wall behind the facade guarantee the thermal performance
required and electric cables are routed through the ventilation cavity.

The homogeneous surface—available in six different colors and with print-
ing—and the frameless design represent great potential for applications in
architecture, including the refurbishment of existing buildings. Output com-
pared to the standard black version is reduced by 10 %-25 %, depending on the
color of or the printing coverage on the cover glass. This suspended PV facade
has already been used in a practical application on a new company building in
Reutlingen in south-west Germany (Fig. 20).

Outlook

It is primarily the innovative projects and prototypes—which do not fall within
the remit of approved types of application in Germany—that are expanding the
design spectrum. Transparent and high-modulus adhesives, in particular, are
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FIG. 18—Tensile test specimen in the testing machine at —25 °C.

opening up new fields of application for load bearing adhesive joints in glass
structures, with point, linear, or planar adhesive joint geometries. Other adhe-
sive systems such as epoxy resins, polyurethanes, or acrylates represent alterna-
tives to the silicones traditionally used. Investigating the options for gluing
glass to other materials and assessing the durability of such joints can lead to
new types of structure and a wealth of opportunities in the medium-term.
Beside the use of adhesives for glass in building applications, options for
developing the use of adhesives in solar technology and intensifying the use of
that technology are being investigated more and more. These include current
topics such as integrating PV elements into facades as part of the “Spitzencluster
Solarvalley” project (www.solarvalley.org). Together with facade fabricators,
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FIG. 19—Construction of a facade for generating electricity.

solutions with a high aesthetic quality are drawn up based on various construc-
tion principles, the planning process is optimized, and attention-grabbing dem-
onstration projects devised. As part of this, both opaque and semi-transparent
PV elements for facades with and without a ventilation cavity plus new fixing
systems should be developed.

The range of designs permits a fundamental analysis of the additional loads
due to PV elements which result from new applications in various types of fa-
cade. Specifications drawn up based on this ease the development of the tech-
nology. Beside the respective requirements placed on the modules, e.g.,
dimensions, weight, stability, and yield; architectural aspects and electrical
safety issues are taken into account in the development of suitable jointing
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FIG. 20—Bonded Photovoltaic system facade, Manz Automation, Reutlingen, Germany
(Hank und Hirth Freie Architekten; photo: Oliver Starke).

methods, e.g., adhesives, standardized mounting methods, and optimized ca-
bling variants.

In this joint project, the Institute of Building Construction is responsible for
the overall management of the scientific side and assists in the facade develop-
ment by the industrial partners. One primary objective is the further develop-
ment of adhesives for facade construction. Experimental proof obtained from
small-scale specimens right up to full-size prototypes supports the validation.
Rules for applications in accordance with building legislation are developed on
the basis of the results of tests and practical experience gained with systems
already in place.
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structures with fully transparent adhesive joints. Usually, such structures are
classed as nonregulated forms of construction. The Institute of Building Con-
struction at Dresden’s Technische Universitat has now obtained the first indi-
vidual approvals in Germany for all-glass structures with transparent
adhesive joints for two buildings in Dresden and Grimma. In these cases, the
loads are carried via load-bearing glued frames that rely on a material bond
between the individual parts without any metal fixings. This solution is based
on the results of many years of development. Currently, various frame cor-
ners covering a wide range of parameters are being studied in a follow-up
project. The aim is to optimize the adhesive joints and the bonding technol-
ogy. The requirements placed on the joint are being identified and corre-
sponding adhesive systems researched. Preliminary studies of numerous
material specimens form the starting point for determining the material pa-
rameters. Small-scale specimens are being tested under various boundary
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conditions and aging scenarios to establish the strengths of a number of suit-
able adhesives. These results will enable prototypes to be designed for nu-
merical simulation. Numerical calculations and experimental investigations
are being carried out in parallel to optimize the geometry, load-carrying
capacity, long-term reliability, and durability of the glued all-glass frame cor-
ners. Specimen components are loaded in a testing machine to study the
structural effect of these glued glass frame corners. The findings will be incor-
porated in the design of the adhesive joint and in the development of a nu-
merical simulation for the glued connection. Data for executing an adhesive
joint, specific to each adhesive and crucial for the quality of the transparency,
conclude the project.

Introduction

Striving for complete transparency obviously also calls for load-bearing struc-
tures to be made from transparent materials, such as glass. Glass is a brittle ma-
terial, which means that tried-and-tested methods of jointing, derived from
structural steelwork and other engineering disciplines, cannot simply be trans-
ferred to this material. Glued connections enable a homogeneous flow of forces
via the material bond between the components being joined and at the same
time reduce local stress peaks in the glass. So, besides the customary mechani-
cal connections, load-bearing adhesives are becoming very important as a form
of connection, ideally suited to glass. For example, individual linear load-
bearing elements made from glass can be glued together to form transparent
load-bearing frames, which are addressed in this paper.

Appropriate adhesives for joining glass are entirely or partially based on
polymeric compounds. Thus, their chemical structure and their material prop-
erties resemble plastics to a high degree. The aging behavior and durability of
relevant types of adhesives have been examined in recent research projects fo-
cusing on glass—glass and glass-metal bonds. Usually, the experimental investi-
gations comprise comprehensive testing on small-scale samples. Typically,
those samples run through severe artificial aging scenarios, like climatic or ther-
mal cycling, exposure to UV-light, high-humidity, corrosive media, or immer-
sion in water or in a solution of a cleaning agent.

In general, thorough cleaning and surface pretreatments enhance the long-
term stability and overall quality of the bond [1,2]. As an example, treating the
glass surface with atmospheric plasma can increase the surface energy and
remove specific organic impurities. The selection of a suitable adhesive is
another crucial parameter for the design of bonded connections. Overend et al.
[3] propose an approach toward the characterization of the adhesive and the
derivation of essential data for analytical and numerical models. Another sub-
stantial study [4] focuses on the ageing resistance of several UV- and light-
curing acrylates, which were used for glass—-metal bonds. As a consequence,
those adhesives could prove their suitability for load-bearing connections in
glass applications under the condition that long-lasting exposure to moisture is
avoided and temperature-dependent material behavior is taken into account for
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design calculations. Their tendency to significant creep deformations under per-
manent long-term loading [5] requires further improvement and careful consid-
eration in the structural design.

Although durability testing has also been done on larger bonded elements,
the dimensions of the weathering equipment generally limit the size and quan-
tity of specimen components to be tested. Some research activities focus, for
example, on the combination of glass with ductile materials to improve the
structural performance after failure and expand the scope of applications
beyond the initial limits. The so-called “reinforced glass beams” or “hybrid glass
beams” are examined in Refs [6-8].

Nevertheless, the correlation of simulated conditions in the laboratory and
outdoor exposure is still one of the main challenges of scientific research on ad-
hesive bonding. Hence, testing on life-size glazing elements exposed to long-
term outdoor conditions is often required to verify the assumptions made by
scaling up the findings from small specimens. Experimental studies were done,
for example, on a frameless glass shell [9], as well as on glued point fixings for
glass canopies [10] or bonded glass lamellas [4].

Another significant step toward a more regular application of structurally
bonded glass can be done transferring the knowledge achieved into innovative
pilot projects. This paper presents experimental and numerical investigations
that lead to the realization of a currently built glass corridor. The glass compo-
nents are connected without using additional metal fasteners.

Bonded Glass Frames

Construction Principle

The entrance foyer to Broadfield House Glass Museum in Kingswinford, Eng-
land, was one of the first structures to be built almost entirely of glass [11]. The
structure, which was completed in 1994, served as a prototype for numerous
subsequent all-glass designs, including the form of construction discussed in
this article. The glass pavilion is supported by glass frames with glued corners.
The statements of users and designers confirm the suitability of the structural
solution chosen. So far, after 15 years in use, no negative changes to the
adhesive joints have become evident in this glued glass structure [12]. Another
all-glass structure, a conservatory in Leiden in the Netherlands, which was
obviously inspired by the entrance foyer in Kingswinford, is also in good condi-
tion [13].

Usually, each glued glass frame consists of three- or four-ply laminated
safety glass elements, depending on the required factor of safety against failure.
The corner detail is similar to the mortise and tenon joint used in carpentry; at
the corners the outer plies of the posts overlap the inner plies of the beams to
form what woodworkers might call a “corner bridle joint” (Fig. 1). The overlap-
ping plies of glass are glued together with a transparent adhesive over their full
area. The width of the gap for the adhesive is dictated by the thickness of the
polyvinyl butyral (PVB) interlayer.
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Laminated glass beam

Adhesion surfaces

Setting block

Laminated glass post

FIG. 1—Principle of the bonded frame corner.

Previous Work

The research and development work at the Institute of Building Construction
focuses on the development of structural adhesive joints, as well as on the asso-
ciated theoretical and experimental studies. The first tests on glued frame cor-
ners supplied promising results; the adhesive joints remained intact, whereas
the glass failed [14]. Based on further investigations, the first research results
were transformed into a building project that up until then was unique in
Germany.

A highly modern helium liquefaction unit was set up at the Leibniz Institute
for Solid State and Materials Research (IFW) in Dresden in 2009. The project
included an all-glass enclosure for the historical helium pressure vessels (which
are, however; still in use) in front of the institute building (Fig. 2(a)). Load-
bearing adhesive joints are used exclusively to connect the individual glass ele-
ments. Without any opaque components or visible forms of connection, this
housing represents a complete departure in Germany in terms of both building
legislation and building technology. The primary structure of this glass pavilion
consists of four glass frames of the type described above. These support the infill
panes of glass and constitute the lateral bracing for the structure. A transparent,
UV- and/or light-curing acrylate adhesive was used for connecting the individ-
ual frame elements. Linear structural sealant glazing (SSG) silicone joints con-
nect frames and infill panes [15].

This project demonstrated the efficiency of such adhesive joints. In addi-
tion, specific application options could be presented to a wider circle of industry
professionals with the help of design studies (Fig. 2(b)). Beside gaining valuable



FIG. 2—Transparently bonded glass frames: (a) all-glass enclosure at the IFW in Dresden, and (b) prototypes at glasstec 2010 in
Diisseldorf.
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insights into the structural and material behavior, the numerous tests also pro-
vided a wealth of experience on the production of such joints.

Nevertheless, a number of questions remained unanswered, which had to
be addressed in further research. For example, so far it had been necessary to
heat the glue cartridges and the glass to reduce the viscosity of the adhesive dur-
ing application. Owing to the shrinkage in the volume of the adhesive, the prep-
arations for the adhesive joint and also its intermittent curing were both very
time consuming [15]. Therefore, a series of tests was carried out to assess the
suitability of other promising adhesives. Studies involving the numerical simu-
lation of glued frame corners, and aimed at optimizing the method of producing
the joint, were also carried out. And a new construction project enabled further
research results to be applied in practice and, hence, increase the acceptance of
gluing in the building industry.

Glass Corridor for Law Courts

Major refurbishment work is currently being carried out at the palace in
Grimma in Saxony, so that it can house law courts in the future. The new func-
tion requires the construction of a number of extensions to the historic build-
ing. To ensure that the historical spatial relationships of this ensemble, now
protected by a conservation order, remain tangible, the new extensions are to be
built in glass and as transparent as possible (Fig. 3(a)). One of these, a 25-m-
long corridor, has been conceived as an almost completely glued construction.
A total of 17 half-frames made from laminated safety glass form the load-
bearing structure to this glazed corridor (Fig. 3(b)). To achieve maximum trans-
parency, the frames are not bolted at the corners, but instead joined with a
transparent, high-strength adhesive. Each frame is let into the existing stone

approx. 2.9 m

-

FIG. 3—New glass structures for the historic courtyard: (a) visualization (Bauconzept
Planungsgesellschaft mbH), and (b) Vertical section through new glass corridor (GSK —
Glas Statik Konstruktion GmbH).

—4

approx. 3.9 m
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wall at the upper support and fixed to a new reinforced concrete ramp at the
base. The glazed envelope is glued to its supporting structure via structural seal-
ant glazing (SSG) adhesive joints.

Experimental proof is often required within the scope of the approval pro-
cedures for nonregulated construction products and forms of construction,
which applies to glued glass structures in particular. There are no building-
industry regulations covering the assessment of adhesive joints for structural
glass in Germany, apart from those for SSG systems. Therefore, for this project,
it was first necessary to carry out extensive preliminary studies to enable a suita-
ble adhesive to be selected. Material parameters and adhesive properties were
determined experimentally. The building authorities also required the load-
bearing capacity to be verified by way of loading tests on sample components in
addition to the static analysis.

Preliminary Study to Select Adhesive

Specification

There are more than 250000 industrial adhesives available worldwide, which
suit different types of applications and fulfill diverse requirement criteria [16].
Taking into account the specific application profiles for the use of glass as a
structural material, it is possible to reduce the wealth of different adhesives to
just a few candidates. The material of glass is characterized by the hydrophilic
surface. The moisture of the surface cannot be removed permanently as it is
build up constantly by the humidity. Concerning the bonding of glass, that sur-
face acts as a barrier. The adhesive must be able to break through (for example,
by adding promoters or primers) and to build up stable adhesion forces. Fur-
thermore, the specifications for the applications are diverse, which means that
adhesives for structural glass include types with medium modulus, e.g., sili-
cones, as well as adhesives with high and ultra-high modulus, e.g., epoxy resin
and polyurethane adhesives. Bearing in mind the specific needs of this project,
drawing up a shortlist requires a differentiated analysis and the compilation of
the requirements with which the adhesives must comply:

e suitability for glass—glass joints,

¢ full-bond joints (300 x 300 mm?),

e minimum joint thickness of 1.5 mm (compensation of tolerances,
pouring),
highly transparent and clear for a joint thickness up to 2 mm,
curing possible in joints up to 2 mm thick,
viscosity of 15000 to 50000 mPas,
low shrinkage in volume,
few air bubbles in the joint,
resistant to moisture and UV radiation, and
load-bearing over a temperature range from —25 to + 75°C.

As an example, the joint thickness was influenced by conflictive factors: the
tolerances of the laminated glass elements, the curing behavior of the adhesive,
the filling process, the structural behavior of the flexible corner joint, and,



WELLER ETAL., doi:10.1520/JA1104088 159

finally, the visual appearance. Flat glass panels with high aspect ratios as for
glass beams tend to warp during the tempering process. Hence, a minimum gap
of 1.5 mm was necessary to avoid contact between the individual glass panes of
the post, as well as to provide sufficient space for a nozzle to fill in the adhesive.
In contrast, a thick bond line may reduce the stiffness and the transparency of
the joint and impair the curing of the adhesive.

Adhesives

Owing to the requirements, 14 adhesives from various manufacturers made it
onto the shortlist, including acrylate, epoxy resin, and polyurethane adhesives,
see Table 1. The acrylates are 1-part products. Curing is carried out with a spe-
cial lamp, preferably using UV radiation. The adhesive can cure within just a
few minutes, depending on the intensity of the radiation. The epoxy resins are
2-part products consisting of resin and hardener, which are mixed together in
the ratio specified by the manufacturer. The curing starts to take place at room
temperature immediately after mixing. Increasing the strength by curing at a
higher temperature was not used because this would be very difficult to accom-
plish for the intended application. The polyurethanes are also 2-part products
that cure at room temperature. Owing to the planar geometry of the adhesive
joints, 1-part adhesives that cure using the moisture in the air cannot be consid-
ered. In larger planar joints, moisture could not migrate sufficiently into the
inner part of the joint. Hence, the curing of the adhesive processes slowly and
may not be fully completed. Silicone adhesives, which cure by polycondensa-
tion, are also not suitable for this joint geometry. The gaseous condensates can-
not escape from the inner parts of the joints and this may lead to impairments
and weak curing.

Tensile Tests on the Materials

Type-1A material specimens to DIN EN ISO 527-2 [17] were used to analyze the
material behavior at various temperatures and determine the material parame-
ters under tensile loads. The specimens were loaded according to DIN EN ISO
527-1 [18] with displacement control at a rate of 1 mm/min. Between five and
ten specimens per adhesive were tested at temperatures of —25, + 25, and + 75°C.
Each specimen was preconditioned at the respective temperature for 24 h prior
to the test. A video extensometer was used to ensure noncontact measurement of
the deformation. The stress—strain diagrams (stress and strain in these diagrams
are technical data referring to the original section) show just how much the
behavior of each adhesive depends on the temperature. By way of example, only
the two most interesting adhesives of each type are described here.

The epoxy resins (Fig. 4) exhibit a very stiff material behavior at low tem-
peratures with brittle material failure, and a very resilient behavior at high tem-
peratures. The stiffness of EP4 only drops after room temperature has been
exceeded, but then very distinctly. The polyurethanes (Fig. 5), too, were found
to be very resilient at high temperatures. At low temperatures they are almost as
stiff as the epoxy resins, but exhibit a plastic behavior after reaching the



TABLE 1—Adhesives investigated.

Adhesive Adhesive basis 1-part/2-part Curing Producer Adhesive name

AC1 Acrylate 1-part uv First Glas® FG1033-11%

AC2 Acrylate 1-part [0AY4 First Glas® FG965-28

AC3 Acrylate 1-part VIS/UV Delo® Delo-Photobond® GB VE 569032
AC4 Acrylate 1-part VIS/UV Delo® Delo-Photobond® GB VE 5122472
AC5 Acrylate 1-part VIS/UV Delo® Delo-Photobond® 4468

AC6 Acrylate 1-part VIS/UV Delo® Delo-Photobond® 437

AC7 Acrylate 1-part VIS/UV Panacol® Vitralit UV 7516

EP1 Epoxy resin 2-part RT First Glas® FG Flex1#

EP2 Epoxy resin 2-part RT First Glas® FG210¢

EP3 Epoxy resin 2-part RT First Glas® FG210R6®

EP4 Epoxy resin 2-part RT Huntsman® Araldite® 2020

EP5 Epoxy resin 2-part RT Henkel® Hysol® 9483™

PURI1 Polyurethane 2-part RT Huntsman* Araldite® 2028

PUR2 Polyurethane 2-part RT 3M! Scotch-Weld® DP 610

#First Glas, Rhinstrafe 132, 12681 Berlin, Germany.

PDELO Industrie Klebstoffe, Delo-Allee 1, 86949 Windach, Germany.
“Panacol-Elosol, Daimlerstrale 8, 61449 Steinbach, Germany.

9Huntsman Advanced Materials, KlybeckstraRe 200, 4057 Basel, Switzerland.
°Henkel AG & Co. KGaA, HenkelstraRe 67, 40191 Diisseldorf, Germany.

f3M Deutschland, Carl-Schurz-StraRe 1, 41453 Neuss, Germany.

€Prototype.
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FIG. 4—Stress—strain diagram for epoxy resins EP1 and EP4 at various temperatures.

maximum stress. The acrylate adhesives (Fig. 6) also exhibit a temperature-
dependent behavior, which is typical of this group of adhesives [10]. However,
this behavior is not as pronounced as it is with the epoxy resins. The rise in the
stiffness as the temperature drops is less pronounced. The material behavior at
low temperatures has proved to be particularly advantageous for the acrylic
adhesives investigated; the adhesives exhibit good flexibility at low tempera-
tures and only fail after a distinct yield range.

Dynamic Mechanical Analysis

The adhesives were also subjected to a thermal analysis. The viscoelastic mate-
rial properties of the adhesives were determined by means of a dynamic
mechanical analysis (DMA). The test involves subjecting the specimen to a
sine-wave-type loading over a given temperature range. The specimen likewise
exhibits a sine-wave-type response with the same period and a deformation.
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FIG. 5—Stress—strain diagram for polyurethanes PURI and PUR2 at various
temperatures.
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FIG. 6—Stress—strain diagram for acrylates AC3 and AC4 at various temperatures.

The amplitudes of the force and the deformation, as well as the phase shift
between force and deformation, are recorded during the test.

These tests involved subjecting each specimen to tensile load (maximum
load 7 N) with an excitation frequency of 1 Hz, using a DMA 242 C (Netzsch,
Germany) in tension mode. Rectangular bar specimens were used for the study.
The material specimens were heated from —60 to + 120°C at a rate of 3 K/min;
the evaluation took place in the range between —25 and + 100°C. This involved
ascertaining the viscoelastic properties of the material by way of the storage
modulus (E’), the loss modulus (E”), and the dissipation factor (tand). The rela-
tionship between these properties is given by 6 = E”/E’. The larger the storage
modulus (E’), the greater is the amount of induced mechanical energy that can
be recovered from the specimen. The energy irreversibly converted into heat is
known as the loss modulus (E").

The results of the DMA for the adhesives shortlisted are shown in Figs. 7-9.
In these diagrams, the storage modulus (E’) is shown as a solid line, the

f=1Hz EPl — E'—- tan &
EP4 E*— tan &

Storage Modulus E' [MPa]
=

10! 0.5

=
Dissipation factor tan & [./.]

0.0
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Temperature T [°C]

FIG. 7—DMA graph for epoxy resins EP1 and EP 4 (glass transition temperature Ty is
marked).
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FIG. 8—DMA graph for acrylates PURI and PUR?2 (glass transition temperature T, is
marked).

dissipation factor (tand) as a dotted line. Every adhesive was tested by means of
at least two specimens.

The epoxy resins tested (EP1 and EP4) exhibit high storage moduli at low
temperatures. In the service temperature range, e.g., room temperature, the
adhesives exhibit a very definite glass transition temperature zone in which the
storage modulus drops to a very low value within a narrow temperature range.
Afterward, the storage modulus remains approximately constant at a low level.
Polyurethanes PUR1 and PUR 2 are quite similar in their behavior. In contrast,
the Acrylates AC3 and AC4 also have a high storage modulus at a low tempera-
ture, but it decreases continuously as the temperature continues to rise. The
graph of the dissipation factor forms a plateau with an extended range of the
glass transition temperature. The peak is not very distinctive. Furthermore, in
the temperature range above + 40°C these adhesives have a higher storage mod-
ulus than the epoxy resins and polyurethans tested.
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FIG. 9—DMA graph for acrylates AC3 and AC4 (glass transition temperature T, is
marked).
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The results with respect to the glass transition temperature of each adhesive
obtained from the DMA are summarized in Table 2. The glass transition temper-
ature (7,), as the mean value of the softening range, is evaluated according to
ASTM D 4065 [19] for the peak of the dissipation factor (tand). This reveals that
the glass transition temperatures for the acrylates tested have higher values
than the epoxy resins and the polyurethanes and are more suitable for the
intended application.

Results and Selection of Adhesive

On the basis of the behavior of individual adhesives established over the temper-
ature range considered, acrylic adhesive AC4 was selected for the intended ad-
hesive joints at the glass frame corners. In contrast to the epoxy resins and the
polyurethanes, this adhesive exhibits a less pronounced temperature-dependent
behavior and a higher glass transition temperature. Compared with acrylate ad-
hesive AC3, acrylate AC4 is characterized by better strength at low temperatures
and the ease with which it can be injected into the gap.

Experiments to Establish Adhesive Strength and Load-Bearing Capacity

Series of Tests

Numerous parameters have an influence on the load-bearing capacity and serv-
iceability of an adhesive joint. First of all, the adhesive itself with its material
properties and their complex dependence on external factors, such as tempera-
ture, and the materials to be joined together, as well as the geometry and thick-
ness of the layer of adhesive, and the loads on it. Verifying the durability is also
important, which must take into account the degradation of the adhesive and
the adhesive bond as a result of various environmental effects or adjacent
materials.

Therefore, once the material parameters of the UV- and light-curing acry-
late adhesive AC4 selected had been determined with material specimens, fur-
ther tests on small-scale in situ specimens and sample components were
necessary. Load-carrying tests on specimen components enable a realistic
assessment of the load-bearing behavior and serve to back up a static analysis.
The test setup and the results of the component tests, which were called for

TABLE 2—Glass transition temperatures according to ASTM D 4065.

Adhesive Glass transition temperature (°C)
AC3 48
AC4 67
EP1 36
EP4 44
PURI1 24

PUR2 39
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within the scope of the approval procedure for the glass corridor, are summar-
ized below.

In addition, shear strength values had to be obtained from small-scale
specimens (glass—glass adhesive joints in single shear). Compression shear tests
were carried out at various temperatures between —25 and + 75°C, as well as fol-
lowing accelerated aging.

Methods and Test Setup

Block Shear Test—The shear strengths were determined using glass—glass
adhesive joints in single shear at temperatures of —25, 0, + 25, + 50, and + 75°C
in a block shear test (Fig. 10), according to the works standard of the adhesive
manufacturer DELO-Norm 5 [20,21]. Besides taking into account different tem-
peratures, some of the test specimens were subjected to accelerated aging and
subsequently tested at room temperature following conditioning for 24 h. The
parts joined by the adhesive were made from annealed glass, but chemically
toughened glass for the tests at —25, 0, and +25°C. Toughened glass became
essential to avoid glass failure during the tests at lower temperatures. A prelimi-
nary study has proven that the bonding strength was not affected by using the
two different glass types. The glass components measured 20 x 20 mm and were
5 mm thick. The adhesive joint was set to a thickness of 1.5 mm, with a 5-mm
overlap between the two parts. Loading in a universal testing machine was car-
ried out with displacement control at a rate of 10 mm/min until failure of the
specimen. The load at failure was recorded. Ten specimens were tested per

parameter.
F @

I

Block shear
test specimen

Retainer

Adhesive connection

——— Steel cap

Cylindrical steel base
with specimen holder

7z i T

FIG. 10—Block shear test setup (schematic).
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Climatic cycle tests plus immersion in water and cleaning agent (commer-
cial dish liquid W5 Power Blue, basic) have proved to be relevant aging scenar-
ios for acrylate adhesive joints [22]. The specimens were, thereafter, stored for
21 days in a climate chamber with cyclic variation of humidity and temperature.
The conditions at the start of the test were +40°C and 95 % relative humidity.
After maintaining these conditions for 15 h, the temperature was lowered to
—20°C and kept constant at this level for 2 h. Afterward, the climatic conditions
were changed to + 80°C and 50 % relative humidity. A weathering cycle lasted a
total of 24 h, including the ramp up/down times, which means that within the
period of the test, the cycle was repeated 21 times. Other test specimens were
stored for 21 days at +45°C in a 0.1 % detergent solution or in pure water.

Loading Test—Both the dimensions and the glazing of the specimens—
frame corners with short legs 0.75 m long—corresponded with those of the orig-
inal component. The laminated safety glass of the elements consists of four plies
of fully tempered glass each 10 mm thick. The two outer layers of PVB are 1.90
mm thick, the inner layer 1.52 mm. The depth of the cross section was 300 mm
throughout. A total of ten non-aged sample components were tested at room
temperature. Five tests were carried out with a transparent plastic setting block,
but the setting block was omitted from the other five to study the influence of
the use and positioning of the setting block in more detail. The transparent plas-
tic setting block carries the vertical load in the event of failure of the adhesive to
meet the requirements of a fail-safe concept. Additionally, the block prevents
creeping of the bonded joint under long-term loading, which otherwise may
lead to large deformations and unwanted glass—glass contact.

Each sample component was clamped in a test rig and loaded by a hydraulic
cylinder at the outermost end of the cantilever (Fig. 11(a)). The base of the sample
components was cast into the frame using an injection mortar to reduce slip to a
minimum. The load was applied incrementally up until failure or until a maxi-
mum load, governed by the test setup, of about 95 kN was reached (Fig. 11(5)).
The load increment was 10 kN up to a total load of 40 kN, thereafter, the
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FIG. 11—(a) Loading test setup (schematic), and (b) load and deflection in component
testing, frame SC7.
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increments were reduced to 5 kN. Every loading increment was held for 2 min. A
numerical simulation to check the loading level in the test revealed that the char-
acteristic strengths of toughened safety glass were far exceeded at maximum load.
If the joint does not fail, then the glass, therefore, becomes relevant to the design.

The deflection at the end of the cantilever essentially depends on the rota-
tion at the adhesive joint. The deformation of the glass itself; on the other hand,
is small. The vertical displacement of the frame beam was, therefore, measured
by transducers at two points along its top edge. The vertical deflection at the
end of the cantilever was obtained from the two measurements by linear extrap-
olation. A specific fixture was developed to support the displacement trans-
ducers. The device was clamped onto the specimen directly above the restraint.
The transducers measured only the relative deformation between the post and
the cantilever beam. Hence, potential slip at the fixing of the specimen compo-
nent did not impair the results. The stresses in the glass were recorded with
strain gauges (Fig. 12). The critical points for this were determined in a numeri-
cal model. A photoelastic analysis was carried out during the tests on the com-
ponents to obtain a qualitative statement regarding the change in the stress
distribution within the corner zone.
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FIG. 12—Strain gauge positions.
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Specimen Preparation

Block Shear Test Specimens—The small-scale components to be joined were
produced under laboratory conditions. Following thorough cleaning of the
surfaces, the adhesive was applied exclusively to the air side of the glass,
because scientific studies [4] have proved that the adhesion of acrylate adhe-
sives is lower on the bath side. The radiation for curing the adhesive is transmit-
ted from both sides for a period of 60 s with an intensity of about 60 mW/cm?
UV-A, measured at the position of the component to be joined.

Specimen Components—The adhesive joints at the frame corners were pro-
duced at room temperature in the testing shed of the Institute for Building Con-
struction. The areas to which adhesive was to be applied on both components—
frame support and cantilever—were thoroughly cleaned with a mixture of ace-
tone and isopropanol. Final, careful cleaning shortly before fitting the parts to-
gether was carried out with a solvent-based cleaner supplied by the adhesive
manufacturer.

The two individual parts of the sample component were aligned in a jig and
fixed in position. The bottom and sides of the joint were sealed to prevent
uncontrolled loss of the adhesive during application. The bottom seal, a trans-
parent adhesive tape made from acrylate, remains in place, whereas the side
seals are removed once the adhesive has cured.

The two adhesive joints at the frame corner were filled with adhesive one after
the other. A flat nozzle with an oval cross section enables the viscous adhesive (vis-
cosity approximately 17500 mPas) to be injected into the ~1.9-mm-wide gap pro-
vided for the adhesive. A housing shields the working area against the ingress of
unwanted daylight. Once the adhesive had been injected, intermittent exposure to
low-energy radiation from UV fluorescent lamps on both sides followed (intensity
at a distance of 7 cm: UV 1.8 mW/cm?, blue 3.5 mW/cm?; intensity at 12 cm:
UV 1.3 mW/cm?, blue 2.9 mW/cm?). Three lamps positioned at a slight angle were
placed on both sides. This meant that curing in the bottom part of the adhesive joint
proceeded faster than in the top part of the joint, and that meant that the loss of ad-
hesive, the volume of which decreases during curing, could be compensated for by
the reserves of adhesive at the sides and top of the joint. Finally, brief exposure to
radiation from a focused beam lamp with a high output (intensity at a distance of
60 cm: UV 12.7 mW/cm?, blue 67.9 mW/cm?) ensured that the final strength and
stiffness were achieved. This production method was developed for the all-glass en-
closure described in Ref [15] (see also “Previous Work” above). Comprehensive
technology testing for this project revealed that the combination of low-intensity
curing in the first stage and high-intensity curing in the second stage lead to a high
bearing capacity, as well as to an excellent optical quality of the joint.

Results

Shear Strength—In the majority of specimens, the adhesive joint failed in
the compression shear test. Owing to the use of chemically toughened glass for
the tests below room temperature, failure of the glass was rare. The results of
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the tests are given in Table 3. The block shear figures represent the 5 % fractile
for a 95 % confidence level on the basis of a logarithmic normal distribution.

For the acrylic adhesive tested, the shear strength is dependent on the tem-
perature. However, the degree of this influence is not the same as that for the
tests on the pure material specimens. The mean shear strength values are quite
similar between —25 and + 50°C. Only at a temperature of + 75°C does the mean
shear strength decrease significantly. The results of the test show considerable
scatter at a temperature of —25°C, which indicates embrittlement of the mate-
rial. The 5 % fractiles for similar mean values are, therefore, far below the val-
ues obtained in tests at 0°C, room temperature, and + 50°C. Therefore, limit
value considerations, taking into account the different stiffnesses and strengths,
are recommended for the structural calculations.

The shear strength of the joint was seriously reduced by storing the speci-
mens in water or detergent. One prime reason for this could be the small size of
the specimen’s adhesive joint (5 x 20 mm). The surface area is very large when
compared with the area of the adhesive joint, which considerably increases the
influence of external media. As this ratio is much more favorable with a typical
bonded frame corner, an improvement is to be expected here. Tests on aged
full-size specimens were, however, regarded as too involved, meaning that for
the applications shown above, direct weathering and the direct ingress of clean-
ing agents were ruled out by the detailing at the joint. No negative influence can
be deduced from the results following climatic cycle tests. Indeed, the mean
shear strength values rise. However, greater scatter of the results leads to the
5 % fractiles lying on a similar level as the values for room temperature.

Load-Bearing Capacity—The adhesive joints remained intact in all ten tests.
In most cases the outer plies of glass in the posts failed (Fig. 13(a)). In some
tests the specimens did not fail at all, which meant that these tests had to be
stopped after reaching the upper load limit of the testing machine. The maxi-
mum stress was in all cases detected in the tension zone of the frame post at the
transition from four to two plies of glass (strain gauges 1 and 2). Consequently,
there is a direct relationship between the failure load of the frame corner and

TABLE 3—Results of block shear tests.

Average Variation 5 % fractile
Test conditions value (MPa) coefficient (%) (MPa)
T =-25°C, no aging 12.6 27.3 5.5
T=0°C, no aging 14.8 9.0 11.2
T=+25°C, no aging 13.2 9.9 9.9
T =+50°C, no aging 134 10.2 10.0
T=+75°C, no aging 7.3 8.1 5.6
T=+425°C, cleaning agent 5.1 37.9 1.5
T =+25°C, water immersion 4.6 53.8 1.0

T=+25°C, climatic cycle 19.6 17.0 11.7
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FIG. 13—Component testing: (a) glass failure, and (b) load-bearing behavior of specimen components.

NOILONHLSNOOD ANV ONIATINg 40 ALITIGVHNA NO S¥St dLS « IV 0L}



WELLER ETAL., doi:10.1520/JA1104088 171

TABLE 4—Results of component testing.

Maximum Glass Strain
Specimen  Setting load stress gauge
component block  Fpa (kN) Og.max (MPa) no. Failure/stop criterion
SC1 Yes 96.4 165.3 2 Limit of testing machine
SC2 Yes 87.2 148.0 1 Breakage of glass post
SC3 Yes 83.7 147.5 2 Breakage of glass post
SC4 Yes 93.5 158.3 2 Breakage of glass post
SC5 Yes 80.0 137.4 1 Breakage of glass post
SC6 No 90.9 157.1 1 Breakage of glass post
SC7 No 85.4 151.1 2 Breakage of glass post
SC8 No 95.9 165.5 2 Limit of testing machine
SC9 No 94.9 167.0 1 Limit of testing machine
SC 10 No 90.3 165.6 2 Breakage of glass post
Mean value 89.8 Coefficient of

variation v =0.0622
5 % fractile 73.8

the maximum achievable tensile bending strength of the glass. Table 4 shows
the results of the tests.

The tests were evaluated statistically. For this, in the case of sample compo-
nents that remained intact, the maximum load was defined as the failure load.
As the measurements exhibit only a small scatter, a normal distribution can be
assumed. A logarithmic normal distribution should only be used with coeffi-
cients of variation >0.10 [23]. The 5 % fractile (95 % confidence level) of the fail-
ure force is 73.8 kN.

The force-deflection curves (Fig. 13(b)), based on the load-bearing tests,
reveal a homogeneous picture and are almost linear. All frame corners—with or
without setting block—exhibit an equivalent deformation behavior both qualita-
tively and quantatively. These results indicate that a setting block does not exert
any significant influence on the load-bearing behavior of an intact frame corner
at room temperature. Only the measurements obtained from test No. 4 (SC4)
are incorrect because of a measuring error. The deformation measurement was
distorted by contact between the displacement transducer mounting and the
test rig. These values are, therefore, not shown in the diagram.

Numerical Simulation

The geometry and the loads on the specimen used in the component tests were
modeled with the ANSYS FEM software® in a numerical simulation. In this sim-
ulation, the glass and the adhesive joint were modeled with volume elements

SANSYS release 12.1: ANSYS, Inc., Southpointe 275 Technology Dr., Canonsburg, PA
15317.
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TABLE 5—Material constants.

Material E (MPa) pn(=)
Glass 70,000 0.23
Adhesive 234 0.42

(SOLID 186, 3D 20-node structural solid). The plastic setting block was omitted
from the model. For reasons of symmetry, calculation of half the glass structure
was adequate. The material constants used in the numerical analysis are shown
in Table 5. Tt was assumed that strains remain small and lie below the yield
point of the adhesive, so a linear-elastic material behavior could be assumed.
The Young’s modulus of the adhesive was determined according to Ref [18]
using the average values of the stress—strain relation (Fig. 6) at room tempera-
ture. The model was first applied for planning the component tests to determine
the positions of maximum tensile stress in the glass. It was at these positions
that strain gauges for monitoring the tensile stresses were attached for the tests.
In a second step, the results of the numerical simulation (Figs. 14-16) were
compared with the values measured during the component tests.

The maximum tensile stresses were found to occur in each case at the tran-
sition from the frame beam or frame post to the adhesive. This is where only
two glass plies are involved in transferring the load. Table 6 shows the calcu-
lated and measured stress and deformation values at the critical points for a

FIG. 14—Results of the numerical analysis with a load of 80 kN — overall deformations.
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FIG. 15—Results of the numerical analysis with a load of 80 kN - stresses in x direction
in glass cantilever.
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FIG. 16—Results of the numerical analysis with a load of 80 kN — stresses in y direction
in glass post.
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TABLE 6—Comparison of calculated and measured values at a load of 80 kN.

Strain gauge position 1 2 5 6
Specimen component Glass Glass Glass Glass Deflection at
Load stress stress stress stress  end of cantilever
(kN) o, (MPa) o, (MPa) o, (MPa) o, (MPa) fy (mm)
SC1 80.0 138.9 139.4 110.9 108.9 4.0
SC2 80.0 136.5 - 108.7 109.7 3.9
SC3 80.0 136.4 141.8 108.7 113.8 4.1
SC5 80.0 137.4 136.9 - - 3.9
SCé6 80.0 141.0 128.4 113.3 104.8 4.3
SC7 80.0 130.3 142.8 104.8 116.1 3.8
SC8 80.0 136.1 140.0 112.3 96.8 3.8
SC9 80.0 144.0 132.9 - - 3.9
SC 10 80.0 124.5 148.5 - - 3.9
Measured value (mean) 136.1 138.8 109.8 108.3 4.0
FE calculated 135.2 135.2 108.2 108.2 5.1
Deviation -0.7 % -2.6 % -1.5% -0.1% +29.0 %

load of 80 kN. There was good agreement between the calculated values and the
mean values obtained from experimental studies. The model predicts the
stresses in the glass with very good accuracy. The deformations are slightly
overestimated by the numerical calculations but are, therefore, on the safe side.
This may result from the identification of the material properties on the bulk
material. Assuming a linear-elastic material behavior for modeling the adhesive
is, therefore, suitable for the numerical analysis of the global load-bearing sys-
tem. As a next step, the numerical model may be utilized for a sensitivity analy-
sis focusing on the structural behavior at different temperature levels.

Conclusions

Adhesives enable individual glass elements to be combined to form transparent
load-bearing structures. Previous research work and a construction project that
has already been realized enabled the derivation of key requirement criteria
that must be met by an adhesive suitable for a glued frame corner. Preliminary
studies enabled an adhesive to be determined that exhibits improved working
properties compared with the composition used in the past and at the same
time still satisfies the structural requirements. The load-carrying capacity of the
glued connection at room temperature was confirmed by tests on components.
A setting block provided for the failure case of the adhesive joint was shown to
have no effect on the global load-bearing behavior of the frame corner.
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need not be removed from the apparatus chamber. Graphical and quantita-
tive statistical approaches have been used to analyze the data. The study
shows that the critical role of each individual factor, as well as synergism
among the different factors, can be readily quantified, and modes of degrada-
tion possibly can be identified.

KEYWORDS: Sealant, Service Life Prediction, model, construction, modu-
lus, SPHERE, Statistics

Introduction

The accurate prediction of in-service performance in less time than is required
for field tests and tests on structures has remained a modern unresolved scien-
tific issue. Reliable performance data still require long-term field exposure. Such
tests are needed in order to decrease the risk of introducing a poorly performing
product into the marketplace. However, the cost of developing new products is
directly related to the product development time and the time to market. The
more time a product spends in the pipeline, the greater investment required and
the smaller the eventual profit. Furthermore, long test times clearly hamper
product innovations. Therefore, extensive efforts have been made to design
short-term tests that provide an accurate indication of how well a sealant will
perform in actual use. Although modern commercial sealants typically are
designed to last for 20 years or more, studies in the construction industry have
found a 50 % failure rate in less than 10 years and a 95 % failure rate within
20 years after installation [1-3]. These findings clearly show the inadequacy of
current accelerated test methods and the need for the development of a reliable
service life prediction methodology based on improved accelerated test methods.

The difficulties that hinder efforts to relate field and laboratory results
include (a) unresolved differences between, and a poor understanding of, the
failure modes in the two environments [4-6] and (b) a lack of methods with
which to accurately quantify the effects of the environmental degradation fac-
tors in laboratory and field tests [4,5]. In particular, visual evaluation of physical
performance, including crack and chip size, chalking behavior, and color
change, is one of the main tests for the effects of weathering [7-9]. Although
such a methodology might relate to a customer-perceived failure mode, it is
qualitative and time consuming and provides little insight into the mechanisms
leading to these macroscopic changes. In this paper and in previous reports
[10-19], many of these issues have been resolved. Previous studies examined
the impact of temperature [10-17], humidity [13,16-18], applied static and
dynamic strain [18], and outdoor field exposure [10,14,15,17,19] on the durabil-
ity of sealants, and they also reported the design of novel laboratory and field
testing devices [14,15,19,20]. The success of this endeavor depends upon the use
of a reliability-based methodology to make rapid, precise, and accurate environ-
mental performance predictions. In this paper, we consider only the problem of
identifying and ranking important degradation factors.

The research reported here represents a continuing effort in predicting the
service life of building joint sealants. Although temperature, relative humidity,
ultraviolet (UV) radiation, and cyclic movement have been identified as
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prevalent aging factors for sealants [21], there is no study thus far that system-
atically and quantitatively shows the impact of these environmental factors
when they are acting either independently or synergistically on sealant proper-
ties. The objective of this study, therefore, is to design a systematic accelerated
protocol that can provide a quantitative platform for investigating the individ-
ual and synergistic impacts of environmental factors. The study employs a
custom-made laboratory apparatus with the capability to control these four
environmental factors to high levels of accuracy, precision, and reproducibility
[20]. Moreover, because the deformation can be controlled, in situ mechanical
characterization tests can be performed without removing specimens from the
chamber. Thus, this method permits comparison of the dose of laboratory
degrading factors in a quantitative manner. It is demonstrated that the individ-
ual and synergistic effects of factors on the durability of sealants can be
revealed using this reliability-based approach. The wealth of data generated
from the study is expected to facilitate the prediction of potential failure modes
and the generation of a service life prediction model for sealant materials.

Experiment

Materials and Specimen Preparation

A commercial sealant, provided by a member of a National Institute of Stand-
ards and Technology/industry consortium [5], was fabricated into sealant joints
conforming to ASTM C719 [22] (Fig. 1). The chemistry of the sealant tested was
unknown, but physical examination and testing revealed an elastomeric behav-
ior typical of sealants, and the specimen had a white, opaque appearance.

Exposure Conditions and Characterization

The four custom-built sealant testing chambers employed in this study have the
ability to independently control temperature (+0.2°C), relative humidity (RH)
(£0.5 %), UV radiation, and cyclic movement. Because the deformation can be
controlled, mechanical characterization tests can be performed without remov-
ing the specimens from the chamber. A full description of the chamber design is
documented elsewhere [20]. The temperature was controlled with a precision
temperature regulator, humidity control was accomplished via proportional
mixing of dry and saturated air, and a highly uniform flux of UV radiation was
attained by attaching the chambers to an integrating sphere-based radiation
source (simulated photodegradation via high energy radiant exposure

Sealant

4
7—B=12_?mm

H=127 mm

Aluminum
block

FIG. 1—Schematic illustration of the test specimen geometry used (not to scale).
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[SPHERE] [23]). The SPHERE is equipped with a microwave-powered lamp
system consisting of six VPS/1600-60 lamp modules. Partially enclosing each
light source is a dichroic mirror that removes almost all of the thermal radiant
energy (i.e., visible and infrared radiation) from the beam while reflecting the
spectra UV emissions into the SPHERE. Thus, without external heating, the
temperature in the chamber is about 27°C = 2°C. A cut-off filter is positioned
between the light source assemblage and the SPHERE that prevents almost all
of the radiation below 290 nm from entering the SPHERE. It should be noted
that no attempt was made in this study to simulate the full spectrum of terres-
trial solar radiation or the spectra power distribution of the UV portion of such.
Thus, the sealants were exposed to an output in the spectral region between
290 nm and 450 nm and an irradiance of approximately 500 W/m?. A compari-
son of the spectral power distribution of the SPHERE radiation source with the
reference solar UV spectral distribution from ASTM G173-03 [24] is shown in
Fig. 2. Hereinafter, the radiation is referred to as UV for simplicity.

The sealant specimen was attached between a fixed and a movable grip with a
computer-controlled stepper motor and a transmission system providing precise
movement control. Each chamber had two motors, with four specimen holders on
each motor, for a total of eight specimen holders. Each specimen holder was
attached to a hermetically sealed load cell with a capacity of =113.4 kg. Two linear
variable differential transformers (LVDTs), one for each motor, with a deflection
range of £6.35 mm were used to measure sealant movement. Data from load cells

20 16
——SPHERE wall
——SPHERE at cone end
ASTM G173-03, Direct,
15 Airmass 1.5 1.2
E | — E
= £
E E
%‘ 10 08 %’
o ]
8 5
H ki
5 04
0 —== 0
275 325 375 425 475

Wavelength (nm)

FIG. 2—Comparison of the irradiance of SPHERE and the ASTM G173-03 solar
spectrum.
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and LVDTs were fed directly into a Keithley 2701 ethernet-based data acquisition
system. A custom LabVIEW program was written to collect the voltage measure-
ments from the Keithley system every 15 s. The data were averaged once per mi-
nute and appended to a tab-delimited database on a remote server.

Data

There were four exposure variables: temperature, RH, cyclic movement, and UV
radiation. In all cases, the exposure time was fixed at 1 month. The air tempera-
ture was held at 30°C, 40°C, or 50°C. The RH was maintained at 0 %, 25 %,
50 %, or 75 %. Note that exposure to higher levels of RH, liquid water (which
allows the possibility for the abstraction of components in the sealants), and
freezing conditions is an important area that is not covered in the current study.
The deformation involved cyclic movement in a triangular wave varying from
0 % strain to a prescribed maximum strain level at a rate of 38 min/cycle. The
maximum strain level was 0 %, 8 %, 15 %, or 25 %. The UV radiation was either
on or off. Of 96 possible conditions in the full factorial experimental design,
54 were investigated. These conditions generated a total of 312 data points,
which were subsequently trimmed down to 293 after data cleaning to remove
out-of-range or suspicious values resulting from faulty collection.

Prior to and after the exposure tests, the specimens were allowed to recover
and the mechanical properties of each were characterized at room temperature.
The specimens first were subjected to two loading-unloading-recovery cycles at
a maximum strain of 26 %. This was followed by a stress relaxation measure-
ment at a strain of 18 %. The strain history used is shown schematically in
Fig. 3. The loading-unloading tests utilized a crosshead speed of 2.64 mm/min,
so the total time under load was 150 s. To allow for viscoelastic recovery, the
specimen was held at 0 % strain for 1500 s before the next step. The purpose of
the two loading-unloading cycles was to quantify the Mullins effect and elimi-
nate its influence in the subsequent characterization test. In stress relaxation
measurements, the crosshead speed was 70 mm/min, which meant that the
specimen reached the hold strain in just under 2 s. In order to allow for non-
instantaneous loading, data points during the first 15 s were ignored.

Strain (%)

|| | | |l |

Time (s)

FIG. 3—Strain history used for Mullins cycles and stress relaxation tests.
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From the stress relaxation data, an apparent modulus E, was calculated using
a relationship based on the statistical theory of rubberlike elasticity [25-27].

3L(t)
E t,2) == 1
D) =m0 (1)
where:
W and B = width and breadth of the sealant (Fig. 1), respectively,
L =load,
t =time, and
/.= extension ratio, which is given by
A
— - 2
A=1+ I (2)

where:

A =crosshead displacement, and

H =undeformed height of the sealant.

From this information, an apparent modulus versus time curve is gener-
ated. The magnitude and time dependence of this apparent modulus are related
to the molecular structure of the sealant. If the changes in this modulus with ex-
posure time are monitored in a degradation experiment, changes in the molecu-
lar structure of the sealant can be estimated. Changes in the modulus over time
also provide crucial information about how a sealant responds to the stresses
imposed by the expansion and contraction of a structure over the diurnal cycle.
A modulus ratio F was used to characterize the effect of the environment on E,,.

Eq(1)

F= Ea‘O(t)

3

in which E,(¢) and E,(¢) are the apparent moduli before and after exposures,
respectively.

The relative effects of the various environmental factors can also depend on the
type of evaluation used as the criterion of failure. We believe that changes in the
modulus are a clear indication that there are chemical and mechanical changes
occurring in the sealant. Initially, these changes might be either detrimental or ben-
eficial to sealant performance, but eventually, if the changes become large enough,
the performance will likely deteriorate. For the particular material tested here, we
have found that a decrease in the modulus is a precursor to cracking and debond-
ing, which would allow moisture penetration (the usual definition of failure).

Results and Discussion

Mullins Effect

As mentioned, the characterization tests involved two load-unload-recovery
cycles so as to examine the Mullins effect. Typical results for the stress-strain
curves generated with a fresh sample are shown in Fig. 4. Like other rubberlike
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FIG. 4—Loading-unloading tests on a fresh specimen at a crosshead speed of 2.64 mm/min
to a max strain of 25 %. Circles and triangles represent the first and second loading cycles,
respectively. Arrows indicate the loading-unloading directions.

materials, these sealants exhibit a strong Mullins effect in that there is a signifi-
cant reduction in the stress at a given strain level during the second loading, as
compared to the stress level on the first loading. The unloading curves, however,
are identical.

Stress Relaxation Behavior

Apparent moduli versus relaxation time curves for specimens before and after
exposure to motion at 25 % maximum strain, 75 % RH, and 30°C and with UV
radiation are shown in Fig. 5(a). The curves represent the average of up to four
replicates, and the vertical bars indicate one standard deviation. The difference
seen in Fig. 5(a) between the two curves is significant. Note that there is no
change in the curve shape, implying that the time dependence of the apparent
modulus is very similar before and after exposures. However, the magnitude of
the apparent modulus decreased by a small amount after exposure. In order to
facilitate comparison between different exposure conditions, stress relaxation
data are presented as a modulus ratio (F) as a function of the relaxation time
[Eq 3, Fig. 5(b)]. In such a graph, no change would be represented by a horizon-
tal straight line at F = 1. A horizontal line above or below F =1 indicates that ex-
posure caused a vertical shift in the stress relaxation curve but no change in
shape; i.e., the time dependence did not change. Something other than a hori-
zontal straight line indicates a change in the time dependence. The experimen-
tal uncertainty can be shown as a hashed region on either side of F =1, so if the
points for a given curve fall within this region, there are no changes outside the
experimental uncertainty.
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FIG. 5—(a) Variation of apparent modulus as a function of relaxation time for the sealant under conditions of 25 % max strain/30°C/
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Data Analysis

One approach to examining the results is the use of 3D graphs such as that
shown in Fig. 6, which plots the apparent modulus ratio against the tempera-
ture and the maximum strain in the cyclic movement during 1 month of expo-
sure at 75 % RH with UV radiation. The graph shows that both motion and
temperature produce a significant reduction in the modulus for the range of
conditions tested. Moreover, the effects are synergistic in that the combination
of motion and temperature produced a larger reduction in modulus than that
seen for either variable alone.

This approach is useful for illustrating general trends and highlighting the
nature of the response surface. However, as the goal of this paper is to identify
and rank environmental factors that are important to sealant degradation, we
take a different approach to the data analysis. More specifically, design of
experiments (dex) scatter plots, dex mean plots, analysis of variance (ANOVA),
and block plots [28] are used. Of all of these statistical techniques, the block
plot bears the most weight.

dex Plots

Figure 7(a) shows the dex scatter plot of the data. The vertical axis is the modu-
lus ratio in, and the horizontal axis depicts the four exposure variables, i.e.,
three-level temperature, four-level cyclic movement, four-level RH, and two-
level UV exposure. It can be seen that there is no apparent relationship between
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FIG. 6—Dependence of modulus ratio on max strain and temperature for specimens
exposed to UV radiation and high RH (75 %).
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FIG. 7—(a) dex scatter plot and (b) mean plot of data for various exposure conditions.
Although no obvious relationship between the modulus ratio and exposure variables is
present in the dex scatter plot, the mean plot reveals that all exposure variables seem im-
portant for modulus decrease.
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the modulus ratio and the four exposure variables due to large differences in
the modulus ratio for a given setting of exposure variable.

In contrast, the dex mean plot [Fig. 7(b)], which shows the mean values of
the modulus ratio for various levels of each exposure variable, reveals that all
exposure variables have an effect on modulus decrease. A relation between the
change in modulus ratio and exposure to the various environmental variables is
evident, suggesting that the presence of UV radiation, an increase in tempera-
ture, a larger cyclic movement, or increased RH leads to a decrease in the modu-
lus ratio for the particular sealant tested here. The effects of all of the exposure
variables on the modulus decrease are evident, with cyclic movement and UV
being the most important factors.

ANOVA

ANOVA, with main effects only, was used to compare the effects of temperature,
cyclic movement, RH, and UV on the modulus ratio. Statistical significance was
set at the conventional 5 % level. Table 1 summarizes the results of ANOVA.
F-tests show a significant effect of UV, cyclic movement, and RH on the modu-
lus decrease; however, ANOVA fails to reveal a significant impact of tempera-
ture on the modulus decrease at the 5 % level. We find this result unbelievable
after looking at the dex plots, and it might be due to at least one of the following
assumptions’ being faulty: normality, homogeneity of variance, independence,
or no interactions.

With the above ANOVA caveats in mind, we may form, based on the signifi-
cance levels, the following ranked list of factors: (1) cyclic movement, (2) UV,
(3) RH, and (4) temperature. Because of the caveats, we use the second statisti-
cal method (block plots) to assess factor significance and form a ranked list of
importance.

Block Plots

A sensitivity analysis based on block plots was performed [28-30]. Block plots
assess whether the factor of interest (known as the target factor) has a statisti-
cally significant effect on the decreasing mean modulus ratio, and whether that
conclusion about the target factor is valid robustly or unconditionally over all
other non-target factors (known as robustness factors) in the experiment. The

TABLE 1—ANOVA results.

Exposure Degrees Sum Mean

Variable of Freedom  of Squares Squares F Value Pr (F)
Temperature 4 0.69060 0.172651 1.466906  0.2131036
Relative humidity 3 1.31257 0.4375124  3.717369  0.0122131
Cyclic movement 3 1.92587 0.641956 5.454293  0.0012248
uv 1 1.10464 1.104640 9.385429  0.0024503

Residuals 228 26.83499 0.117697
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block plot is essentially a character plot with the boxes superimposed for each
setting in order to force attention on the within-box target values, as opposed to
the between-box differences. It is an excellent graphics tool for robustly assess-
ing the importance of each individual factor.

Effect of Temperature

Figure 8(a) displays the block plot targeting temperature (i.e., 30°C, 40°C, and
50°C) over 22 distinct combinations of RH, cyclic movement, and UV radiation.
In this plot, temperature is the target factor (as denoted by the plot character),
and UV radiation, cyclic movement, and RH are all robustness factors. The ver-
tical axis shows the magnitude of modulus ratio, and the horizontal axis com-
prises various combinations of the three robustness factors. In order to
facilitate comparison among different exposure conditions, the mean modulus
ratio is determined by averaging the modulus ratio at the same temperature
within each bar and is displayed in Fig. 8(b). For example, the first bar shows
the effect of temperature on the modulus for the 0 % RH/no cyclic movement/
no UV condition. Note that a temperature of 30°C yields a modulus ratio of
~1.25 and thus an increase of 25 %, whereas 50°C yields a 13 % decrease. For
the second bar (i.e., the combination of 0 % RH and UV radiation without cyclic
movement), the sealants exhibit modulus increases, but the magnitude of
increase is comparatively less than those in the first bar. However, a lower
decrease in the modulus of 25 % is observed for exposures at 50°C.

Scanning across the various robustness factor settings (horizontally), it can
be seen that 40°C or 50°C is almost always located at the bottom of each bar,
and that the corresponding modulus ratios are almost always below unity.
Indeed, 14 of the 16 robustness factor settings show that elevated temperature
exposures of either 40°C or 50°C result in a greater modulus reduction than
those at 30°C. In order to quantify whether temperature is statistically signifi-
cant over all robustness factor settings, the chance for 14 of the 16 robustness
factor settings showing the importance of the temperature effect involving ran-
domness is calculated using a binomial model.

X

Pl = (% )it - p ()

where:

x =number of successes in # trials, and

p = probability of success in a single trial.

The probability of obtaining at least 14 of the 16 robustness factor settings
under the null hypothesis of p =0.5 is ~0.2 %. Such a low probability event is
rejected as unrealistic, allowing the conclusion that elevated temperature is stat-
istically significant in decreasing modulus irrespective of the robustness factor
settings. The importance of the temperature effect is supported further by
Fig. 9(a), which shows the values of the modulus ratio for different tempera-
tures arranged in order of increasing magnitude for 54 combinations of expo-
sure conditions. It is evident that modulus data for 40°C or 50°C are always
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FIG. 8—Block plot of (a) modulus ratio and (b) mean modulus ratio targeting tempera-
ture across 22 distinct combinations of RH, cyclic movement, and UV. Consistencies in
terms of the local arrangement of 40°C or 50°C movement within each bar and large
block heights over all settings of robustness factors show the deleterious effect of ele-
vated temperatures on modulus reduction.
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FIG. 9—Plots of modulus ratio targeting (a) temperature, (b) RH, (c) cyclic movement,
and (d) UV arranged in order of increasing magnitude for 54 distinct conditions. The
deleterious effects of temperature, cyclic movement at 25 % strain, and UV can be seen
from the consistent location of these variable extremes in the bottom left corner of the
plots. The inconsistency of RH arrangements suggests that RH is less important.

located at the bottom left corner of the plot, which indicates a lower modulus.
Moreover, there is a large “local” (i.e., for that particular combination of robust-
ness factors) temperature effect on modulus reduction, which is manifested in
the large within-block difference (i.e., tall blocks). The existence of (a) consis-
tently large block heights and (b) consistent temperature arrangement within
blocks demonstrates that the temperature effect on modulus reduction is im-
portant. Note that less important factors will have only one of these two proper-
ties, and unimportant factors will have neither.

The decrease in sealant modulus as a function of exposure temperature sug-
gests that chain scission is more likely than cross-linking as the dominant deg-
radation mode. Thermally enhanced chain scission may be attributed to an
increase in the average kinetic energy of polymeric chains and other reactants
with increasing temperature, thereby leading to faster sealant degradation. In
addition, temperature contributes directly to degradation by increasing the dif-
fusion rates of oxygen and radicals, further enhancing the accessibility of oxy-
gen and radicals for the degradation process.
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Effect of Moisture

The block plots of raw and averaged data targeting RH levels (i.e., 0 %, 25 %,
50 %, and 75 %) over 14 different combinations of robustness factors are shown
in Figs. 10(a) and 10(b). Although the bar heights for some robustness factor
settings are considerably large, the local arrangement of RH levels within each
bar depends on the settings of robustness factors on the horizontal axis. Unlike
temperature, RH exhibits fairly consistently large block heights but inconsistent
local RH level arrangements over all settings of robustness factors. This implies
that RH is a less important factor. From Fig. 10(b), RH levels of 50 % and 75 %
resulted in the greatest modulus reduction in 7 of the 14 settings of robustness
factors. Based on binomial considerations, the probability of this happening by
chance is ~60 %. The usual cutoff of 5 % has not been achieved here. Therefore,
this observation, coupled with the inconsistency of the effect of RH over all of
the robustness factor settings, suggests that RH is statistically less important.
This observation is supported further by Fig. 9(b), which shows that many, but
not a majority, of the data points associated with 50 % and 75 % RH are located
at the bottom left corner of the plot. Although the RH effect on modulus
decrease is not robust or universal over various robustness factor settings, the
role of RH in modulus decrease cannot be dismissed for specific exposure con-
ditions, i.e., RH might interact with other environmental factors. The inconsis-
tency in the local RH arrangement in each bar across all of the robustness
factor settings [Figs. 10(a) and 10(b)] lends support for such a hypothesis; this
is discussed in more detail shortly.

Effect of Cyclic Movement

Turning now to the effect of cyclic movement (0 %, 8 %, 15 %, and 25 % strain)
on modulus change, the block plots of raw data and averaged data focusing on
the movement effects of over 24 distinct robustness factor settings are shown in
Figs. 11(a) and 11(). It is evident that all of the 20 robustness factor settings
show that 25 % cyclic movement results in the greatest decrease in modulus. The
probability of this happening randomly according to the binomial distribution is
virtually zero (<1 x 10~* %). Thus, the overall pattern of modulus decrease due
to 25 % movement is unlikely to stem from random occurrence. Indeed, as
shown in Fig. 9(c), the data for 25 % movement are always located to the bottom
left of the plots. Further, the height of each block in Figs. 11(a) and 11(b) is large,
signifying the prevalence of local effects of movement on modulus decrease.
Such consistencies in terms of the local arrangement of 25 % movement within
each bar and the large block heights over all settings of robustness factors show
the deleterious effect of cyclic movement on modulus reduction. Interestingly,
cyclic movements at 8 % strain and 15 % strain do not seem to affect the modu-
lus. In fact, the modulus ratios at these values are similar to those in the tests
without cyclic movement. This observation suggests that there might be a
threshold value of cyclic strain below which the modulus is not affected.

To date, the incorporation of cyclic movement during exposure has not
been widely used in routine outdoor testing of sealants, despite the fact that a



192 JAl « STP 1545 ON DURABILITY OF BUILDING AND CONSTRUCTION

Plot Character = RH (4 Settings: 0 %, 25 %, 50 %, 75 %)

v
A [] {a}
1.575 —
1.4 — =
i 0 -
1.225 ;; — I 8 ===
o g 8 0
© 4 ] F
: & ‘
':-', 0.875 — Lr_a ] » B " ﬁ ﬁ )
-] i Sl g% ARk
3 07 | il 1 “ .
o | j = "
= lni 75 ﬁ 75 n 3
0.525 — L, ) e 8
A B &
035 — A
- o
0.175 —
Ayl
7| Temp: 30 30 30 30 40 40 40 40 40 40 50 50 50 50
Movee 0 0 25 25| 0 o 8 15 25 2|0 0 25 25
uv: 8 9 w gl % 3 F ¢ alle # 0 ¥
Temperature (3) & Movement (4) & UV (2) Combinations (==> 14)
Plot Character = RH (4 Settings: 0 %, 25 %, 50 %, 75 %)
1.75
1 (b)
1.575 —
14 —
i []
o 1225 7 []
& 105 — .: 0
0 - L]
3 R 50 b
— .87 — 50
- 0675 -1 . "
o 50 50
= 0
s 1Ml 75 75 6
3 0525 — ¢ A .
= i
o
0.35 —
0.175 —
o —
JTemp: 30 30 30 30 |4 40 40 40 40 40 | 50 50 50 50
Move: 0 0 25 25| 0 0 8 15 25 25| 0 0 25 25
uv: ¢ A4 w ¥leg -y A 9. ¢ 9 lwo¥ oy

Temperature (3) & Movement (4) & UV (2) Combinations (==> 14)

FIG. 10—Block plot of (a) modulus ratio and (b) mean modulus ratio targeting RH
across 14 distinct combinations of temperature, cyclic movement, and UV. Fairly con-
sistently large block heights and inconsistent local RH level arrangements over all set-
tings of robustness factors suggest that RH is a less important factor.
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number of studies [31-35] have shown that accelerated aging under cyclic
movement simulates the effects of in-service environments more closely. For
the sealants studied here, the incorporation of cyclic movement in the durability
tests not only will enable the use of an appropriate combination of environmen-
tal factors that closely simulates in-service conditions, but also yields an even
greater acceleration factor to reduce test times for commercial sealants with a
usual target service life of 20 years. It should be noted, however, that in some
types of sealants the effect of cyclic movement does not greatly accelerate degra-
dation, or it even has a negligible effect. For example, in a study by Enomoto
et al. [36], mechanical cycling during outdoor exposure had no effect on the
rate of degradation of two-part polyurethane and two-part silicone modified
polyether (general purpose) sealants, and only a small effect on one-part polyur-
ethane sealants.

Effect of UV

A block plot of the modulus ratio targeting UV is shown in Fig. 12(a). An exami-
nation of the arrangement of UV (“1”) and no UV (“0”) within each block shows
that UV radiation is always located at the bottom of each bar, with the modulus
ratios below unity. The block plot of the mean modulus ratio [Fig. 12(b)] indi-
cates that 27 of 30 different robustness factor settings show that UV is an impor-
tant factor in the modulus reduction. Based on binomial considerations, the
probability of getting at least 27 of the 30 total settings by chance is 4 x 10~* %,
showing that the role of UV in modulus decrease is statistically significant. In
addition, the importance of UV in modulus reduction is further attested to by
the consistently large block heights across the various combinations of robust-
ness factors [Figs. 9(d), 12(a), and 12(b)] in that most modulus data for UV ex-
posure are below unity and located at the bottom left corner of the plot. Thus, it
is concluded that UV is statistically important across the various robustness fac-
tor settings.

The effect of UV in decreasing modulus may be understood based on the
fact that UV photons have sufficient energy to rupture the polymeric bonds
present in the sealant. Because the sealant chemistry is unknown, it is impossi-
ble to propose the exact mode of chain scission. However, it is believed that UV
photons are absorbed by chromophores, which are introduced into the polymer
backbone during manufacturing in aliphatic type and aromatic type polymers.
The chemical structures of the latter contain chromophores capable of absorb-
ing the UV photons, which split the covalent bonds to produce free radicals. The
excited chromophores then dissipate the photon energy via chain scission, lead-
ing to the rupturing of molecular bonds. The low molecular weight fragments
produced by scission reactions directly correlate with the decrease in modulus.

The Worst Factor for Modulus Decrease

We have identified temperature, cyclic movement, and UV radiation as statisti-
cally significant factors for modulus decrease over all robustness factor settings,
but determining which factor is the most important among these three is also of
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FIG. 12—Block plot of (a) modulus ratio and (b) mean modulus ratio targeting UV
across 30 distinct combinations of RH, cyclic movement, and temperature. The UV set-
tings of “0” and “1” denote with and without UV exposure, respectively. The importance
of UV in modulus decrease is evident from the consistently large block height and local
arrangement of UV across the various combinations of robustness factors.
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interest. This determination is done by deciding which plot has the consistently
largest block heights, along with consistent arrangement within blocks showing
the target factor located at the bottom of each bar. An examination of all block
plots leads to the identification of cyclic movement as the most important factor
for modulus decrease, followed by UV and temperature; RH is the least impor-
tant factor. This ranking is consistent with that obtained from the dex plots. In
a study of various latex and solvent-borne acrylic sealant products, Karparti
[37] also discovered that cyclic movement was the major aging factor during
outdoor exposure, and that outdoor weathering without cyclic movement alone
had a negligible effect. This systematic laboratory approach clearly reveals the
importance of cyclic movement in the degradation of sealants in a quantitative
manner.

Although the results here suggest that cyclic movement is the most impor-
tant factor in degrading the sealants, followed by UV, this should not be misin-
terpreted as meaning that cyclic movement causes the degradation of sealants
in the absence of UV. This is not true for the sealant in this study, based on the
information in the next section, and it would not be true for most sealants cur-
rently in use. For most polymeric materials, UV is required in order to initiate
degradation because it has sufficient energy to break many types of polymeric
chemical bonds, which leads to secondary reactions promoted by other environ-
mental factors. For applications of building sealants in which movement has a
significant effect on deterioration, the addition of cyclic movement to the expo-
sure test is essential in order to promote the type of failure produced during in-
service application of the sealant as a secondary reaction following initiation by
radiation.

Interaction of Environmental Variables

Thus far, the effect of individual target factors on the decrease of the modulus
has been examined over various robustness factor combinations. In investigat-
ing the interaction of robustness factors, a comparison among external block-
to-block differences is performed. From the plot of average modulus ratios
targeting RH [Fig. 10(b)], the effect of RH in decreasing the modulus ratio is
seen for exposures without UV, and vice versa. For instance, high RH levels
always reside at the bottom of each bar for 50°C/25 % movement/UV, whereas
low RH levels are located at the bottom of each bar for 50°C/25 % movement/no
UV. Furthermore, a close examination of the results for 50°C over all levels of
cyclic movement and RH reveals that with UV exposure, the modulus decrease
depends on the level of cyclic movement, but the humidity effect is small. With-
out UV, humidity has a greater effect than cyclic movement. Indeed, high RH
levels are found at the bottom of each bar in all six settings involving combina-
tions of temperature and movement without UV. Ignoring the bars showing a
small local RH level effect, low RH levels with the presence of UV are located at
the bottom of each bar in five of six different settings involving different temper-
atures and movement with UV. These results suggest that the interaction
between UV and RH is significant in that UV seems to overwhelm the effect of
moisture.
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The negligible effect of humidity on modulus decrease for specimens
exposed to UV prompts an examination of the interactions between tempera-
ture and motion. The block plots in Figs. 8 and 11 reinforce the two conclusions
drawn from Fig. 6. First, the individual effect of temperature or cyclic move-
ment is significant, as shown by the progressive decrease in modulus with
increasing magnitudes of cyclic movement or temperature. Second, the combi-
nation of temperature and cyclic movement produces even greater effects. In
particular, a modulus decrease of >75 % is observed for 50°C/25 % movement.
This also can be seen in Table 2, which is simply a rearrangement of the data
that groups temperature and cyclic movement on the vertical axis and RH level
and UV on the horizontal axis. The combinations of elevated temperatures and
25 % movement always are located at the top left corner of the table, showing
the deleterious effect of combining UV radiation, cyclic movement, and elevated
temperature. Indeed, this combination of environmental variables is the worst
setting for modulus decrease. This is consistent with a prior study on two seal-
ants with different formulations, which showed that sealant joints were able to
resist the individual influence of cyclic movement, high temperature, or RH but
degraded substantially when exposed to a combination of cyclic movement and
high temperature or RH, or a combination of these three factors [1].

The simultaneous application of UV and cyclic movement has a pro-
nounced effect on crack formation in sealants. As shown in Fig. 13, small, deep
cracks are visible on the surface of specimens exposed to 50°C/75 % RH/UV/25
% cyclic movement, but fewer shallow cracks ae observed in the specimens
under the same conditions but without cyclic movement. These observations
imply that exposure without cyclic movement results in only surface degrada-
tion, and that simultaneous cyclic movement during weathering accelerates the
bulk deterioration of sealants. Notably, specimens under similar conditions
without UV did not exhibit any cracking. This indicates the significant deleteri-
ous impact of UV exposure and cyclic movement on the aging of this particular

TABLE 2—Data rearrangement grouping temperature and cyclic movement on the verti-
cal axis and RH level and UV on the horizontal axis.

Temperature (3)

and Movement (4) Relative Humidity (4) and UV (2)
25,1 75,0 0,1 75,1 50,1 50,0 250 0,0 Mean

50,25 049 055 039 059 058 074 093 093 0.65
40,25 0.30 057 054 057 0.75 1.01 1.00 1.09 0.73
30,25 0.57 083 063 079 070 0382 1.10 1.08 0.82
40,15 0.82 0.79 0.91 0.84
40,8 0.90 0.78 0.93 0.87
50,0 0.83 059 104 080 084 088 1.10 0.97 0.88
40,0 0.88 080 089 0.81 092 102 1.03 1.21 0.94
30,0 0.89 1.07 1.02 096 0.93 0.96 1.12 1.28 1.03

Mean 071 074 075 076 082 090 1.05 1.09 0.84
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FIG. 13—Appearance of representative test specimens exposed to the combination of
50°C, 75 % RH, and UV radiation (a) with 25 % cyclic movement and (b) without
cyclic movement. Exposure without cyclic movement results in only surface degrada-
tion, whereas simultaneous cyclic movement during weathering accelerates the bulk
deterioration of sealants.

sealant. Cyclic tensile stress might promote the penetration of UV into the seal-
ants and enable microcrack initiation in the degraded polymer surface layer to
propagate into the bulk sealants. In contrast, cyclic compressive loads might
lead to the alignment of molecular segments and the packing of molecules such
that the ease of UV penetration into the sealant is reduced and sealant degrada-
tion is minimized. This is a subject for further study.

It is recognized that the relative effects of the various environmental factors
on the properties of the sealant can differ with the type of base polymer in the
sealant, other components included in the formulation, and impurities and
reaction products. Each ingredient reacts to the various environmental factors
in different ways, so the relative effects of stresses will vary from one sealant
formulation to another. The present study presents findings based on tests with
a single sealant; however, the experimental protocol could be applicable to
broad classes of materials.

Conclusions

The accurate prediction of in-service performance in less time than is required
for field tests and tests on structures has been hindered by a poor understanding
of the failure modes in the two environments, a lack of methods for accurately
quantifying the effects of environmental degradation factors, and crude techni-
ques for monitoring sealant degradation. In this study, a reliability-based
approach was implemented in order to systematically assess the individual and
synergistic impacts of four major environmental factors (temperature, cyclic
movement, UV exposure, and RH) on a sealant system. This methodology uti-
lized laboratory exposure devices that allowed accurate control and monitoring
of these environmental factors, as well as a quantitative measurement proce-
dure for characterizing sealant degradation. Changes in the modulus were used
as an indicator of the effects of environmental factors because a decrease in the
modulus was found to be a precursor to cracking and debonding in our sealant
system, which allow moisture penetration (the usual definition of failure).
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Because each material responds differently to environmental factors, the modu-
lus should not be viewed as a universal performance indicator for all sealants.
The main conclusions are summarized as follows:

1. Elevated temperature is statistically significant for decreasing modulus
irrespective of the robustness factor settings (i.e., cyclic movement, RH,
and UV radiation).

2. Cyclic movement at 25 % strain is statistically significant for decreasing
modulus irrespective of the robustness factor settings (i.e., temperature,
RH, and UV radiation). However, unlike with 25 % strain, cyclic move-
ment at 8 % and 15 % strain does not have any impact on the modulus.
This observation suggests that there might be a threshold value of cyclic
strain below which the effect of strain is negligible.

3. UV is statistically significant for decreasing modulus irrespective of the
robustness factor settings (i.e., cyclic movement, RH, and temperature).

4. RH seems less important for decreasing modulus irrespective of the
robustness factor settings (i.e., cyclic movement, temperature, and UV
radiation).

5. UV radiation suppresses the effect of RH on modulus decrease. In the
absence of UV, RH has a greater effect than cyclic movement.

6. Among various environmental factors, cyclic movement at 25 % strain
is the most important factor for modulus decrease, followed by UV radi-
ation, temperature, and RH.

7. The combination of cyclic movement and temperature produces a syn-
ergistic effect leading to a larger reduction in modulus than that seen
with either variable alone.
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Durability of Cold-Bent Insulating-Glass Units

ABSTRACT: Architectural influences upon the commercial building industry
have resulted in the design and development of high-performing complex curtain
walls that may include bent or warped glass. Glass on modern day curtain-wall
projects is mostly insulating glass (IG). When an IG is bent out of plane, a shear-
ing action occurs to both the primary and secondary seals. The testing
described in this paper was done to determine the effect on the durability of the
IG as measured by argon retention, frost point change, and visual changes after
aging in a displaced condition. Full-size IG units, 5 x 10 ft2 x 1 in. (1.52 x 3.05 m?
x 25.4mm), were fabricated, bent out of plane at 2—12 in. (50—-300 mm) in 2-in.
(50-mm) increments, and placed under a 100-psf (4788-Pa) wind load. One
unit was displaced 15 in. (380 mm) where breakage occurred. An assessment
was made based on the data as to what would be a reasonable amount of
bending to avoid excessive glass stress and to avoid breakage. This full-size
unit was then modeled and measured to predict and validate the stresses and
strains on the primary and secondary seals. Upon completion of the bending
tests and the review of modeling, small IG units 14 x 20 in.2 (350 x 500 mm?)
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were tested according to the protocol specified in ASTM E2188-10 and
E2190-10 with an equivalent amount of edge-seal displacement in X, Y, and Z
directions. Argon-retention and frost-point measurements were taken before
and after the durability testing and results reported. During the durability test-
ing, the glass of several of the units broke in thermal cycling because of high
local stresses in the glass. However, the units that did survive the aging proto-
col passed both frost-point and argon-retention tests, while maintaining their
appearance. Additionally, the methodology developed in this research provides
a strong foundation for future testing in the area of cold-bent glass durability.

KEYWORDS: insulating-glass durability, ASTM E2190, ASTM E2188, bent
glass, cold-bent glass, structural silicone, architectural design feature, PIB
durability, argon retention, warped glass, doubly curved glass

Introduction

History and Reasons for Research

Over the past decade, the practice of architecture has witnessed the widespread
introduction and adoption of new modeling software programs that facilitate
the rapid conceptualization of highly complex, curvilinear building geometries.
Based on non-uniform rational B-spline geometry that was developed in the
automotive, nautical, and aerospace industries, these types of programs have
become very popular among designers. Often resulting in surfaces that are dou-
bly curved, these building designs inevitably proceed through some process of
“post-rationalization” in which the architect’s aesthetic design intent must be
reconciled with the realities of construction limitations (budgets), material be-
havioral properties, and laws of physics.

One approach often considered in this process of post-rationalization is
known as “cold-bending.” Cold-bending refers to a practice of fabricating unit-
ized curtain-wall panels in a standard process (without any curvature induced)
and then bending the panels into a cold-bent condition as they are installed on
the face of the building. The theoretical appeal of this approach is primarily
twofold: (1) aesthetically, it has the potential to allow designers to realize a con-
tinuously smooth, industrial-design-quality reflective surface (as opposed to a
faceted surface); and (2) it can prove to be a cost-effective strategy for cladding
a building surface of double curvature (relative to the other options available).

Currently, however, architects are often hesitant to pursue this approach.
Naturally, there are limits to the amount of bending that can be induced in the
panels, but unfortunately there is currently little information available that
clarifies these limitations. Manufacturers, fabricators, installers, and designers
(and their insurers) are all left to establish their own comfort levels with respect
to cold-bending practices in an ad hoc and extremely conservative manner
because so little is known about the structural and other performance-related
qualities of the glass, the sealants, and the other components of the panels
when exposed to long- and short-term bending forces, in combination with the
complications of weathering.
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Therefore, the goal of this research is to begin to establish some empirical
data with respect to cold-bending. Because this study is necessarily constrained
to a single specific set of conditions (particular panel size and aspect ratio, par-
ticular panel components by particular manufacturers, etc.) and because the
study was primarily focused on the behavior of the polyisobutylene (PIB) pri-
mary seal, much more research will be required to develop a more comprehen-
sive understanding of the behavior of cold-bent curtain-wall panels.
Nevertheless, this research has yielded some valuable insights.

Past Experience

The behavior of the glass and frame system under cold-bending has been previ-
ously studied on several projects. One of the first appearances of cold-bent glass
in the architectural fagade industry was in insulating-glass strip windows at the
City Hall building of Alphen ann den Rijn in the Netherlands in 2002 [1]. Another
Netherlands project constructed in 2002, the Floriade Pavilion in Haarlemmer-
meer, used point-supported laminated glass panels cold formed on site to glaze
three large openings in the pavilion. The cold-bent panels created a curved-glass
surface matching the free-form exterior of the Pavilion [1]. In addition to build-
ing facades, the smooth curved transitions between cold-bent laminated panels
gave designers the freedom to create an undulating-point-supported glass roof
for the Tramstation at Zuidpoort in Delft, Netherlands [2]. More recently this
innovation was employed in the renovation of the Victoria and Albert Museum
in London where the glass panels were cold worked on site to create a 4000-ft*
(370-m?) twisting roof over a previously unused courtyard space [2].

However, despite its growing presence in the international construction
scene, this technology has been used sparingly in the United States. Concerns
regarding long-term stresses and deformations induced on the glass and sili-
cone by the cold-bending process as noted in prior research [1,3] may be one of
the reasons for its sparse use. Nevertheless, the engineers and designers of these
successful cold-bent projects and others were able to use various methods of
finite-element modeling and physical experimentations to determine the struc-
tural resiliency, code compliance, and warrantability of the curved glass [3-5].
From these analyses and testing, glass manufacturers developed enough confi-
dence to warrant their glass products for use in cold-bending applications.
However, the amount of cold-bending utilized in previous projects was rela-
tively small compared to the bending performed during this research. This
research seeks to gain a more complete understanding of the limits of the dura-
bility of a cold-bent insulating-glass unit (IGU) under cold deformation by
exceeding the amount of deflection previously used, and to assess the durability
of such a deflected IGU.

Scope of Research

The scope of this research was to determine the durability of the primary
weather seal of an insulating-glazing unit under cold-bending deformation. The
research team hypothesized that the primary cause of IGU failure (moisture
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infiltration) would be caused by a strain in the edge seal. The standard test for
determining durability is specified in American Society of Testing and Materials
(ASTM) E2188-10 [6] and E2190-10 [7] and these standards specify an IGU of a
certain size and make-up. Because of scaling problems, these standard IGUs
cannot be deformed in the same way as a full-scale curtain-wall panel to obtain
the same edge-seal strains. Therefore, the team devised a test procedure that
had the following steps: (1) model a full-sized curtain-wall panel with Finite Ele-
ment software, (2) perform a full-scale test on a curtain-wall panel for model
verification, (3) deform the edge seal of a small IGU specimen equal to the de-
formation in the finite-element model and full-scale test, and (4) perform ASTM
durability testing on the small specimen to determine the relative performance
of a cold-bent IGU as compared to a “flat” IGU.

This testing and evaluation was all done within the scope of inch pound
units. SI units are provided in parenthesis throughout this document.

Full-Scale Testing

The full-scale test units consisted of a 10-ft-high by 5-ft-wide (3.05 x 1.52 m?)
IGU framed by vertical and horizontal extruded aluminum profiles. Three identi-
cal test units were fabricated and each one was anchored at all four corners to
its own wood test frame. Each individual wood frame was rigidly connected and
sealed to a strong wall integrated with an air compressor capable of producing
both negative and positive pressures. During testing the anchor at the same top
corner of each test frame was removed to apply the out-of-plane displacement.

A preliminary finite-element model of a full-scale test unit was created to
determine the limit of out-of-plane deflections that can be applied in actual con-
struction practice. In the model beam, elements represented the framing mem-
bers and plate elements simulated a single glass layer. Two adjacent edges of
the glass were restrained in the out-of-plane direction, whereas the other two
edges were allowed to freely translate. An incremental displacement was applied
to the free corner of the model to determine at what displacement the maximum
long-term stress in the glass (factored to account for the stiffness two layers of
glass in the actual unit) would exceed limits specified in ASTM E1300-07 [8]
and Glass Association of North America (GANA) Glazing Manual [9]. The finite-
element analysis indicated that 12 in. (300 mm) was the maximum amount one
corner of the full-size unit could be pulled out of plane before exceeding the
long-term allowable stresses in the glass. A more-refined model was developed
later in the project to accurately predict edge-seal strains.

The three test assemblies (a test assembly is the full-scale test unit, wood
frame, and associated measurement devices) were each subjected to unique test
procedures and data-acquisition methods to evaluate the various behaviors of
the IGU under applied cold-bending, and also to validate computer finite ele-
ment models. The first test assembly was set up as a baseline test to evaluate the
structural capacity of the test unit in cold-bending. Measurements were taken at
incremental out-of-plane displacement up to the maximum of 12 in. (300 mm).
The second test assembly provided information about the edge-seal deforma-
tions between the outer and inner glass layers at the same increments used in
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the first test assembly. The third test assembly was designed to validate the
results of the first and second test assembly through comparisons between their
strain data, and also to determine if the unit under maximum bending was ca-
pable of withstanding repeated applications of static pressure.

All three test assemblies were also designed with measurement devices to
correlate their cold-bending and compare strains at specific locations on the
glass. However, only test assemblies one and three were subjected to a baseline
test performed in accordance with ASTM E330-02 [10] Procedure A. Test assem-
bly 2 required access to the displaced corner for measurements and thus could
not be sealed to the test wall for pressurization. During the pressure test, the air
compressor applied a pressure of 100Ibf/ft> (4788 Pa) to the glass surface
through the sealed pressure chamber. Engineering judgment and prior job ex-
perience were used to identify 1001bf/ft* as a typical maximum wind pressure
that a high-rise building might experience in a 50-year-return period. The struc-
tural silicone used as the secondary seal for the IGU and also to attach the
insulating glass to the metal frames was sized and designed around the above-
mentioned wind load so that the structural silicone would maintain its industry
standard 20 psi (138 kPa) design stress. Because of the limited sample size and
inherent imperfections in glass, this test provided a necessary baseline perform-
ance criterion that units had to pass to be accepted as fit for cold-bending. This
test also provided additional information about the deformation states of the
cold-bent surfaces under pressure.

Curtain-Wall Frame

The curtain-wall panel frame was pin-anchored in three corners by steel angles
to restrain in-plane and out-of-plane displacement and allow for the rotation at
the corners. The fourth corner was pulled out of plane using a hook-and-slide
mechanism that is typical to a curtain-wall anchoring system. The anchoring
and pulling mechanism was designed to allow for a full 12 in. (300 mm) of
deflection in one direction.

The framing profiles used were designed for a previous flat-glazed project
and no prior considerations for cold-bending the frame were developed into the
frame design. The framing members were open-channel vertical shapes and
closed tubular horizontal shapes. The horizontal members were attached to the
vertical members with three to four fasteners, which were attached through clear
holes in the vertical framing members and threaded into screw races in the hori-
zontal member. See Fig. 1 for framing member profiles and section properties.

The IGUs were structurally glazed in shop into the frame using structural
silicone sealant with a bite of 0.75 in. (19 mm) and a depth of 0.25 in. (6.4 mm),
so that the 20-psi (138-kPa) industry-standard structural silicone design
strength would be maintained at the 100 1bf/ft?> (4788 Pa) wind load.

Glass Make-up

The IGUs for the full-scale test were fabricated using two 0.25 in. (6.4 mm)
pieces of fully tempered clear glass. A 13.2-mm mill-finish aluminum spacer



210 JAI« STP 1545 ON DURABILITY OF BUILDING AND CONSTRUCTION

e 1.340 == e——
AL 25.187 w=
e 1576  wem
TPtiaies ¥ 2306 = 5750 w
RS £ ¥ =722 = w 0504
* -2.922 = - 2,828
el « 0.000 0000 .
Ui e e 5244 =
v 0.562 =
womEramey e | 978 = |
w0652 =
T e | 854 omcec
= ot | 795 oecece
b 0.330 ascwr -
L R D374 oscaes i
d
dazi 2362 s=aw
remen 32399 -
woa 2778  mm
T * G750 = v 2499 =
A * 2936 = “ 3Bi4 =
=1 73] - w 0768 =
— *+ Q000 & r 0000 = Tma—nr T i e
uknm e oo W | OB W ==
w9.0103 '
Wear e w 0715 W
v 1963w dl & [}
METER ARG . 1573 amces -
o 0.698 aewtr
e 3,100 et wc
| SN e 2. 38T cmcw
b
e 2500 =um
T A0T2) wen
Wy 2.240 umm
T *» 5,750 = 3.000 w 7
Nouacas son @ 2696 m -+ 3054 w '
t e 498 w S0
i * 0.000 = T 0000 w
vemnwerw. & 3737 =
v 1].023 w
whswown x| 223 L9 i
v 2006 w Rt
WETCUMRL}: g 2,490 omce
= e 2493 uscer
Bl 4,115 nscecr
E — oy et 3632 oscer
C
e 1.155 = g
sy 22,198 = e
W 1. 358 i
L » ;344 = v 5750 W
TR T ¢ 0362 = w 0982 w
2726 m - 23954 w
s = 0000 = 0000
e o 4,640 =
v 0.127 = x
vanremity ® 2.004 = ho9 ey
“ 0413 =
TETON AL Y 1. 571 omcecs
- v | 660 osce
Ll D544 o
| e 0201 uscw

FIG. 1—Aluminum framing profiles and section properties: (a) male vertical mullion,
(b) lower sill transom, (c) upper head transom, and (d) female vertical mullion.
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established a 0.520-in. (13.2-mm) air space. On both sides of the spacer, an aver-
age of 0.015 in. (0.4 mm) of pressed PIB provided a primary seal between the
spacer and the glass. The IGU was glazed with 3/8 in. (9.5 mm) of structural sili-
cone insulating-glass sealant.

Silicone

The structural silicone that was used as the secondary seal for this study was
also the silicone used to attach the IGU to the aluminum frame. This two-part
structural silicone conforms to both ASTM C1184 [11] and ASTM C1369 [12].
This particular silicone is described as Sealant “D” previously by Wolf and
Cleland-Host [13], as shown in Fig. 2. Data gathered on the tensile strength of
the IGU edge-seal assembly per the ASTM C1265 [14] configuration is presented
in Table 1. This data includes ultimate tensile strength, as well as stress data at
2.5%, 5 %, and 10 % strain.

Full-Scale Test Procedure

Test assembly 1 consisted of a curtain-wall frame anchored to a wood test frame
at each corner (see Fig. 3). The wood frame was rigidly anchored and sealed to
the test wall with the exterior lite of glazing facing the test wall. All gaps
between the curtain-wall unit and wood test frame were also sealed. It was sub-
jected to initial pressurization of four positive and four negative cycles of 10s
each at 1001bf/ft? (4788 Pa) in general accordance with ASTM E330-02 [10] to
ensure that the glass could attain design pressures prior to cold-bending. The
upper-right anchor was removed and the top corner of the unit was pulled 2 in.
(50 mm) out of plane away from the test wall. The anchor was reinstalled, and
one 10-s cycle was run for the positive and the negative pressures. This proce-
dure of displacement followed by pressurization was repeated in 2-in. (50-mm)

o)
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Stress [MPa]

Strain

FIG. 2—Stress—strain relationship of silicone at 22°C.



TABLE 1—Sealant data based on ASTM C1265-94(2005)el [14].

Stress Stress Stress Stress Stress Stress

Peak Peak Strain at2.5% at2.5% at5 % at5 % at 10 % at 10 %

Length  Thickness stress stress at peak strain strain strain strain strain strain

Specimen # (in.) (in.) (psi) (MPa) (%) (psi) (MPa) (psi) (MPa) (psi) (MPa)
1 2 0.375 205.4 1.42 65.842 2.3 0.02 42.1 0.29 79.1 0.55
2 2 0.375 216.4 1.49 66.557 8.9 0.06 13.3 0.09 66.2 0.46
3 2 0.375 216.1 1.49 63.818 14.1 0.10 53.2 0.37 82.9 0.57
4 2 0.375 221.7 1.53 91.867 34.7 0.24 71.6 0.49 84.8 0.58
5 2 0.375 218.8 1.51 63.277 37.8 0.26 61.9 0.43 94.6 0.65
Mean 215.7 1.49 70.272 19.6 0.14 48.4 0.33 81.5 0.56
SD 6.2 0.04 12.149 15.8 0.11 22.4 0.15 10.3 0.07
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FIG. 3—120 x 60 x 1 in’. (1.5 x 3.0 m° x 25mm). Full-scale test assembly 1.

increments until a total displacement of 12 in. (300 mm) was reached. After pres-
surization at a displacement of 12 in (300 mm), the unit was displaced till breakage
at 15 in. (380 mm). Linear and rosette strain gauges provided strain information at
key locations, and linear variable displacement transducers (LVDTSs) were attached
to the glass in the corners to provide accurate displacement data. Data from these
gauges was recorded for each displacement increment and during all load cycles.
Figure 4 shows the locations of these gauges on assembly 1.

Assembly 2 was installed in a partial-wood test frame and anchored at three
locations, leaving the top right corner free (Fig. 5). The partial frame allowed
access to the side of the glazing where six dial indicators were mounted to the
outer pane of glass (Fig. 6) to monitor the edge-seal strains as the unit was dis-
placed. Consequently, the frame was unable to be sealed and no pressure was
applied to assembly 2. The free corner was displaced in 2-in. (50-mm) incre-
ments until a total displacement of 12 in. (300 mm) was achieved. Dial indicator
and linear strain (Fig. 7) readings were recorded at each 2-in. (50-mm) incre-
ment and LVDTs were again used to measure glass bending.

Assembly 3 followed the same installation as assembly 1. For this assembly,
the top right corner was displaced to 10 in. (250mm) and secured. Eight 10-s,
1001bf/ft? (4788 Pa) test loads were applied in accordance to ASTM E330-02 [10],
alternating between positive and negative directions. Linear and rosette strain
gauges and LVDTs were applied to this assembly as shown in Fig. 8. During the
time of testing, the authors decided that design cold bend would be 8 in. (200 mm)
and the 10 in. (250 mm) displacement would correspond to 125 % of the design dis-
placement of assembly 1. This was done to determine if repeated loading beyond
the 100 % cold-bend design would result in glass breakage of this single assembly.
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FIG. 4—Full-scale test assembly 1 gauge location schematic.

Small-Unit Durability Testing

The purpose of the small-unit test was to determine the durability of a cold-bent
IGU using the industry-standard testing protocol as specified in ASTM E2188-
10 [6]. The edge-seal conditions of a full-scale, cold-bent curtain-wall panel can-
not be simply converted into an equivalent degree of bending in a small test
specimen. Because of the specific requirements of this testing protocol, the glass
stiffness, the IGU spacer size, and PIB size could not be scaled and still maintain
comparable results to a “standard” ASTM E2188-10 test. Therefore, the edge
seal was strained an amount equal to that observed in the full-scale testing and
validated by the finite-element model. Following this method a similar edge-seal
condition was recreated between the full-scale and small-scale tests.
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FIG. 5—120 x 60 x I in>. (1.5 x 3.0 m? x 25 mm). Full-scale test assembly 2 in partial
test frame.

The small-scale test was broken into four sets of identically constructed
specimens with varying amounts of edge-seal strain. The first set was a control
and was tested without any additional edge-seal deformation. The second set
had edge-seal deformations that corresponded to a “100 %" allowable amount
of bend. The 100 % allowable amount of bend was determined through a
combination of engineering judgment and the results of full-scale testing. The
third and fourth set contained edge-seal deformations that corresponded to
“50 %” and “150 %" of the allowable amount of bend. It is important to note
that 50 % and 150 % are not indicative of the amount of edge-seal strain, but
relate to the amount of displacement in the full-scale test. The amount of edge-
seal strain in these cases was determined through a combination of the full-
scale test and finite-element model.

Design of Test Apparatus

The testing procedure for the small scale durability test (as specified in ASTM
E2190-10 [7]) required a compact and portable displacement mechanism to
impart movements on the two lites of glass that would replicate the edge-seal
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FIG. 6—Dial gauge used to measure relative displacement between glass panes in full-
scale test assembly 2.

strains in the full-scale test unit. The final design consisted of a four-sided frame
made from a bent and welded steel 1/4-in. (6.4-mm) plate. The 14 x 20 in.?
(350 x 500 mm?) IGU was placed into the frame and the lower lite was secured
to the frame on all four sides using epoxy resin. The frame was designed to sur-
round the four edges of the IGU to adequately apply load to displace the pane of
glass; however, there was a nominal clearance of 3/8 in. (9.5 mm) between the
steel and IGU edge seal. This allowed for adequate clearance around the edge
seal as specified in ASTM E2188-10 [6]. Fasteners and bearing plates were used
to displace the upper pane of glass in-plane relative to the lower. In-plane dis-
placements are defined as X and Y directions. Another set of fasteners attached
to plates adhered by epoxy to the surface of the glass was used to pull the upper
pane of glass away from the lower. This out-of-plane displacement is defined as
the Z direction. See Fig. 9 for a photograph of the small test frame. In this pho-
tograph, there are steel plates and fasteners bonded to the glass at the mid-span
of the long 20-in. (500-mm) dimension. The screws shown at these locations
were used to lift the outer lite away from the inner lite in the Z direction.
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FIG. 7—Full-scale test assembly 2 gauge location schematic.

To apply the desired displacement between the two panes of glass, two #6-
40 socket-head machine screws were used in each in-plane direction. The data
in Table 1 was used to estimate the forces required to strain the outboard lite of
the small test units and to determine the size of the screws used to produce the
strains. Steel shims and silicone bearing plates were used to distribute load and
protect the glass edge (Fig. 10) when moving the plates in the X and Y direc-
tions. The applied displacement was measured between the steel frame and dis-
placed glass pane using a dial caliper. The out-of-plane displacement was
applied using two #6-40 flat-head machine screws that were adhered to the
upper unfixed pane of glass with an epoxy resin. This displacement was meas-
ured between the steel frame and glass pane using an outside micrometer. Addi-
tionally, measurements were taken between the lower fixed pane of glass and
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FIG. 8—Full-scale test assembly 3 gauge location schematic.

the steel frame to ensure that the entire IGU did not move relative to the steel
frame. All of these measurements were recorded at the time of application and
subsequently measured throughout testing. See Table 2 for recorded measure-
ments and Fig. 11 for the locations of displacements.

A slight modification was made to the original test frame design because of
the high loads required to displace the glass out of plane in the Z direction for
the 150 % design test specimens. The outer pane of glass broke in two glass
specimens during the application of displacements and these were discarded.
Also, two of the tension mechanisms that were secured to the glass with epoxy
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FIG. 9—14 x 20 in.? (350 x 500 mm?) small test frame with IGU installed.

FIG. 10—Application of small-specimen edge-seal displacements.
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TABLE 2—FEdge-seal measurements.

Frame Design  Front lite x2*  x3° y3? y4* 7t  Z.b* Date
number  value A A A A A A completed
25 50 % 0.014 0.015 0.018 0.019 0.010 0.010 1/24/2011
16 50 % 0.014 0.015 0.022 0.015 0.009 0.011 1/24/2011
18 50 % 0.014 0.015 0.017 0.018 0.010 0.011 1/25/2011
26 50 % 0.013 0.015 0.018 0.016 0.014 0.009 1/25/2011
12 50 % 0.015 0.016 0.021 0.020 0.011 0.009 1/27/2011
24 50 % 0.013 0.014 0.017 0.019 0.011 0.010 1/24/2011
29 100 % 0.022 0.022 0.033 0.034 0.018 0.013 1/25/2011
28 100 % 0.023 0.022 0.031 0.034 0.013 0.015 1/25/2011
33 100 % 0.023 0.020 0.033 0.031 0.016 0.016 1/25/2011
36 100 % 0.021 0.021 0.031 0.033 0.014 0.015 1/25/2011
27 100 % 0.021 0.020 0.031 0.033 0.016 0.014 1/25/2011
3 100 % 0.021 0.022 0.032 0.033 0.016 0.015 1/27/2011
13 150 % 0.045 0.039 0.058 0.057 0.035 0.035 3/8/2011
15 150 % 0.043 0.041 0.057 0.058 0.033 0.036 3/8/2011
37 150 % 0.042 0.043 0.059 0.058 0.036 0.037 3/8/2011
38 150 % 0.041 0.043 0.059 0.1 0.036 0.038 3/8/2011
40 150 % 0.036 0.042 0.063 0.058 0.037 0.033 3/8/2011
42 150 % 0.042 0.044 0.061 0.061 0.035 - 3/8/2011
#See Fig. 11 for displacement locations.
1 Z_top 2 | —»
%2
y
4 Z_bottom

|

FIG. 11—Edge-seal displacement table locations.
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broke free and had to be reinstalled. To avoid stress concentrations for the
150 % tests, a revised tensioning mechanism was designed and installed for
these specimens. This mechanism consisted of a longer steel plate adhered to
the glass to more effectively distribute load and thereby reduce stress. The new
tension mechanism allowed the glass to be deflected in tension to the required
degree without additional glass breakage.

Insulating-Glass Make-up

Twenty-four units of IGU for the durability testing were manufactured using
standard 14 x 20 in. (350 x 500mm) configurations as prescribed by ASTM
E2190-10 [7]. The units were fabricated using tempered glass with a thickness of
0.185 in (4.7 mm) for each lite. The outer lite has a Low-E coating on the #2 sur-
face that is deleted to the PIB interface. The air space was established using a
13.2-mm, mill-finish aluminum spacer. The PIB thicknesses ranged between
0.010 in. (0.25mm) and 0.030 in. (0.76 mm) and an average PIB thickness of
0.015 in. (0.38 mm) was attained. Two legs of the spacer were filled with a 3A mo-
lecular sieve desiccant. The units were filled with argon to greater than 90 % fill
level and then sealed with 3/8 in. (9.5 mm) of silicone insulating glass sealant.

Weathering Test Procedure

The durability of the test specimens was evaluated by industry established and
accepted methods of exposing the units to high humidity environment, alternat-
ing temperatures and periods of ultraviolet (UV) exposure and water spray. The
method chosen is described in detail in ASTM E2188-10 [6]. The procedure and
the cyclical phase are shown in Fig. 12. Evaluation of argon retention was con-
ducted per ASTM E2649 [15].

The test began by establishing an initial frost point per ASTM E546 [16].
The ASTM E546 test method placed a cold plate on the surface of the glass.
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FIG. 12—ASTM E2188-10 [6] test cycle.
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Condensation in the form of frost or, at higher temperatures, dew would be
observed if there was sufficient moisture in the IG unit. Factory-made units are
expected to demonstrate low-temperature frost points at the start of the test,
because the desiccant is new and not subjected to any extreme environmental
influences. Typically, the initial-frost-point results are expected to be lower than
—90°F (—68°C).

Additionally, testing for Argon in the units was conducted per ASTM E2649
[15]. All units began the test with greater than 90 % argon concentration.

After these initial tests, the units were placed in a high humidity chamber
for a period of 2 weeks. The chamber was maintained at 140°F (60°C) and 95 %
relative humidity for the entire two weeks.

Once this phase was completed, the units were removed and allowed to
equilibrate to standard temperatures and conditions for a period of 24 h. The
units were then measured again for frost point and argon retention and the val-
ues were recorded.

At the completion of the data collection, the units were placed in a weather-
cycling phase. During this phase, the units experienced cold temperatures to
—20°F (—=29°C). After a hold period, they were allowed to return to standard
temperatures at which point they are exposed to ultraviolet light and mist spray
while their temperatures were raised to 140°F (60°C). The spray was turned off
and after a hold at high temperature and while the ultraviolet light is still on,
the units were allowed to return to standard temperatures where the cycle
begins again. This 6-h cycle was repeated for 9 weeks.

At the completion of the weather cycling phase, the units were once again
removed, allowed to equilibrate for 24 h and the frost-point and argon values
were measured and recorded.

Finally, the units were placed back in the humidity chamber (as described
above) for an additional 4 weeks. At the completion of the 4 weeks, they were
removed, allowed to equilibrate for 24 h and the final frost-point and argon val-
ues were taken and recorded.

Argon-Testing Procedure

Testing for argon gas content was performed on all of the small testing units at
four specific time frames, (initial, after 2 weeks in high-humidity exposure, after
9 weeks of weather cycling, and then again after 4 more weeks of high-humidity
exposure). Units were tested by non-destructive spark emission spectrography
in accordance with ASTM E2649 [15]. For an IGU to be listed as complying with
gas content certification, the unit must demonstrate an average argon contain-
ment of greater than 90 % before weathering, and the average argon levels of
the entire sample group must be greater than 80 % after weathering.

ASTM E2188-10 Test Procedure: Expectations

Test-unit failure caused by workmanship issues related to the initial fabrication of
the 14 x 20 in.? (350 x 500 mm?) units is normally expected to be seen very early in
the testing process, typically in the first couple of weeks of high humidity [6]. Once



BESSERUD ETAL., doi:10.1520/JA1104120 223

past this point, test units of the configuration in this study can be expected to com-
plete the entire cycle without evidence of increased frost temperatures or argon
loss caused by workmanship of the construction. If there was a sign which indi-
cated that a unit was either demonstrating higher frost temperatures (therefore
gaining moisture from the outside atmosphere) or losing argon, which could be
interpreted as the induced effects of edge-seal strains at the PIB-to-glass or PIB-to-
spacer interface.

Finite-Element Modeling and Validation

Full-Scale Unit Modeling

The glass has been modeled using 0.5-in.- (12.7-mm-) square shell elements.
The structural effect of the PIB layer is negligible and was not considered in the
model. The silicone has been modeled using 0.5 x 0.25-in.%- (12.7 x 6.35-mm?-)
rectangular shell elements. Because of the one- and two-dimensional nature of
the beam and shell elements, rigid links were used to hold the actual three-
dimensional locations of the elements in space. Rigid links are linear elements
that connect two nodes rigidly in space. The silicone was modeled as nonlinear
material with shell elements configured perpendicular to the surface of the
glass. The stress—strain curve of the material has been obtained from physical
tests at room temperature (22°C) and is presented in Fig. 2 [13]. The corner por-
tion of the finite-element (FE) model is presented in Fig. 13.

The aluminum framing members are typical of a four-sided, structurally
glazed, unitized curtain-wall system. Each framing member profile was unique
and the properties of the sections have been calculated and are presented in Fig.
1. The volume of the air cavity has been maintained with fluid elements with
bulk stiffness of 100 kPa. The four corners of the frame have been modeled with
pinned anchors where one corner had non-zero out-of-plane restraint. The end
of the horizontal beam elements were moment released at the shared node of
the vertical beams to represent a pinned connection between the horizontal and
vertical framing members.

There are certain elements of the physical specimen that have not been
modeled numerically. These parameters include negligible effects, such as the
stiffness of PIB, the effect of gravity, and local distortions of framing profiles.
Other parameters that were not modeled and may have significant effects
include the flexibility/plasticity of the frame corner connections and thin-walled
beam behavior of the frame members. The torsional behavior of the thin-walled
frame members differs from the as-modeled solid members. The influence of
warping of the thin-walled section changes the torsional shape of deformation
of the frame members and may have significant impact on the overall results. A
difference in torsional deformation to the one observed in the physical test has
been obtained in the numerical model.

Analysis of the Full-Scale Unit Model

There are several possible failure scenarios during the cold-bending of a
curtain-wall unit. Some of the major ones are: structural failure of the frame,
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FIG. 13—Corner of FE model of full-size test.

breakage of glass, structural silicone failure, or PIB seal separation in the IGU.
Structural failure of the frame can be safely predicted through the typical struc-
tural analysis involved in curtain-wall design. Glass can be designed to perform
with the sustained stresses induced through cold-bending. Structural silicone is
considered to be a strong component in the system and not a critical link. On
the other hand, it is suspected that the PIB seal is the governing element during
cold-bending of IGUs. Long-term performance of such a seal under sustained
strains is unknown. However, the seal is known to fail under a regime of ASTM
testing procedures even without applied strains.

Based on the results of the FE model, the locations of maximum edge-seal
strains in the PIB were predicted. Preliminary FE analysis of the full-scale unit
revealed that the maximum edge-seal deformations were located on the long
side of the panel about 40 in. (1016 mm) away from the loaded corner. Intuition
and engineering judgment, however, led to the conclusion that strains at the
corner of the unit may also be significant. Therefore, these two locations were
selected for the measurements of the edge-seal strains on assembly 2. The strain
state at each of the locations was measured using three displacement dial
gauges attached to the external ply of the glass to measure the relative in-plane
edge displacements of the internal ply of the glass. Figure 7 shows locations of
all six of these gauges. From these measurements the edge-seal strains in the
PIB were calculated and presented in Table 3.

In addition to measuring the in-plane movements of the glass, several strain
gauges were attached to the glass to understand its true bending behavior.
These gauges were used to validate the results obtained between the three
full-scale test assemblies and FE model. The locations of strain gauges in the



TABLE 3—Theoretical and applied PIB strains.

10 in. 20 in. 30 in.
tothe tothe tothe
20in.  30in. right right right

True 10in. below below  from from from
Direction bending below the the the the the Used in
of PIB Idealized asmeasured Loaded loaded loaded loaded loaded loaded loaded Gauges Gauges small
displacement bending by LVDTs  corner corner corner corner corner corner corner 1-3 4-6 specimens
X 4 3.69 —-0.008 —-0.007 —-0.004 -0.001 -0.009 -0.009 -0.009 —-0.007 —0.006 0.014
8 7.34 -0.019 -0.015 -0.002 0.010 -0.017 -0.017 -0.019 -0.022 -0.026 0.022
12 10.92 -0.029 -0.019 0.007 0.028 —-0.028 -0.029 -0.034 —-0.040 -0.055 0.042
Y 4 3.69 -0.011 -0.021 -0.021 -0.021 -0.006 —0.002 0.005 -0.017 -0.022 0.018
8 7.34 -0.016 -0.037 —-0.039 -0.040 -0.001 0.007 0.023 -0.037 -0.041 0.032
12 10.92 —0.026 —-0.050 —-0.054 -0.056 0.008 0.023 0.045 -0.057 —-0.060 0.059
Z 4 3.69 —0.001 0.004 —-0.001 0.000 -0.001 -0.001 -0.001 - - 0.010
8 7.34 0.010 0.027 0.002 -0.005 -0.001 -0.003 -0.007 - - 0.015
12 10.92 0.052 0.059 0.007 -0.015 -0.004 -0.013 -0.017 - - 0.036
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full-size test specimen of tests one and three are shown in Figs. 4 and 8, respec-
tively. Two rosette strain gauges (numbered 1 through 6) were placed at the cen-
ter of the glass on the inner and outer pane. Rosette gauges 7 through 9 are
placed at the location of maximum stress in the glass as predicted by FE model.
These gauges helped in understanding the shape of deformation of the glass
during its bending. Unidirectional strain gauges were placed on all three test
assemblies on the outer glass layer at the midpoints of the free edges. Readings
of gauges 10 and 11 are affected mainly by the stiffness of the frame members.
The amount of applied out-of-plane deformation of the IGU in the physical
testing was measured using four LVDTs attached near the corners of the glass
(Fig. 14). The out-of-plane displacement in the numerical model however, was
applied using forced displacement values of the node at the loaded corner with
the other corners of the frames restrained. Because these measurements were
taken at different locations, a correlation between the out-of-plane deformation
in the physical and numerical models needed to be developed. Therefore, the
displacements obtained directly from LVDT readings in the physical test were

FIG. 14—Omne of four LVDTs measuring bending in the full-scale test specimen.
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compared to the corresponding nodal displacement results of the glass in the
FE model. This comparison between physical and FE model out-of-plane dis-
placements (bending) is presented in Fig. 15. Data presented in this paper corre-
sponds to displacements as measured in the physical test.

Validation of Models

To correctly create a structural model we need to understand the behavior of
glass bending, its expected displacements and other factors that have an effect
on the glass deformation. To understand the cold glass bending, it is useful to
study simplified models of deformation. The shape of the cold-bent glass is
more complex than the following two theoretical models, but they are the major
contributors to the overall state of deformation.

For a cold-bent plate, the first idealized deformation shape is one where
straight lines parallel to the edges remain straight after the plane is deformed.
The deformed shape that follows the straight lines rule is presented in Fig. 16.

Such deformation will create a state of stress in the glass such that:

oxx(2) = O'yy(z) =T (2) = Tyz(Z) =0 (1)
and
Toy(1/2) = =1y (=1/2) #0 (2)

where t = thickness of the plate.

This state of stress represents two-directional bending along x'-y’ direc-
tions, where x'-y’ are axes rotated 45° away from x-y (Fig. 16).

The second idealized state of deformation is unidirectional bending. There
are two statically equivalent states of deformation with unidirectional bending

12.0 |
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Glass warping measure of the glass [in]

4.0 Y
2.0
0.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Displacement of the loaded corner [in]

FIG. 15—Relation between physical and numerical out-of-plane displacements.
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FIG. 16—Idealization of purely cold-bent rectangular plate.

where the bending could occur about either of the two diagonals. Both of these
states are presented in Fig. 17. Depending on the initial deformation, a structure
can arrive at either state of equilibrium. The diagonal about which the glass
bends can be selected by forcing the bend during the initial deformation. This
effect is very difficult to obtain numerically. Depending on the initial deforma-
tion state, nonlinear FE analysis will return various outcomes. However, simple
tests, such as bending a credit card by hand will reveal that unidirectional bend-
ing requires the least amount of energy to force four corners of a rectangular
plate out of plane. Applying external pressure to the surface of such bent glass
can cause an effect known in the literature as “snap through buckling” [17].
The major differences between the two cold-bent shapes described above
are:
e In the bidirectional bending example, the edges of the rectangular glass
remained straight (Fig. 16).
e In the pure unidirectional bending example, the edges of the glass
deform freely (Fig. 17). One of the diagonal lines remains undeformed.
The direction of bending is perpendicular to the undeformed diagonal.

FIG. 17—Two states of unidirectional bending.
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e In both pure unidirectional and bidirectional conditions, if the glass
edge is framed the framing members are subject to torsion.

e The energy required to obtain unidirectional deformation is much
smaller from the energy required in the bidirectional bending condi-
tion. Therefore the deformation state of bidirectional bending is possi-
ble but unstable.

The above states of deformation were observed with experimental testing
[4], where the two-directional bending is observed with small deformations and
the unidirectional bending is a post-buckling form.

The duality of the large deformation state was observed during the full-
scale testing presented earlier in the paper. The application of pressure to the
IGU in the cold-bent condition forced the deformed glass from one state of min-
imum energy to another. This is referred to as “snap through buckling” in the
literature. This was quite a visual surprise during the full-scale testing applying
the wind load to deformed unit.

An intuitive understanding of the principles laid out above would lead us to
the following conclusions: a cold-bent plane with infinitely stiff edges would
deform purely in a bidirectional manner, and a cold-bent plane with no frame
at all would result in a simple unidirectional bend (about one of the diagonals).
In our test, there are frame members that stiffen the sides of the rectangular
IGU and the outcome was somewhere in between these two idealized cases.

Considering the above concepts, the deformation of the glass during the
cold-bending process depends on the proportions between the flexural stiffness
of the stiffening frame members and the glass panel itself. It should be noted
here that the torsional deformation of the frame is a result in both of the ideal-
ized cases. Therefore, to allow for this deformation without high torsional
forces in the frame, some members should be torsionally weak (i.e., thin-walled,
open-section frames). The two vertical frame members in the full-size specimen
are significantly weaker in torsion than the two horizontal members. A combi-
nation of framing members with different bending and torsional stiffness cre-
ates a complex system where the state of bending deformation may not be
intuitive.

The physical tests of cold-bending of glass were intended to proceed to fail-
ure and large deformations were a part of the testing protocol. Whereas the
behavior of many of the materials (such as glass or aluminum) had a linear
physical behavior, the silicone connecting these parts had nonlinear physical
behavior. Therefore, a model considering material nonlinearity and large defor-
mation needed to be built.

Sources of Error and Modeling Inaccuracies

As previously discussed, the modeling of the full-scale test unit required consid-
eration of the many different variables and how they interacted with one
another. Given these possible variables and interactions, sources of error and
modeling inaccuracies are inevitable. The research team sought to mitigate as
many of these factors as possible through the testing regime and through
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identifying potential areas of inaccuracy. The warped shape of the glass and
modeling of the framing connections are two such areas of possible error.

The dual deformation modes of the glass proved to be one main area of
uncertainty in the results. Because of the complex deformation of the glass, the
readings of the rosette strain gauges did not show a close correlation to the
strains in the numerical model. Buckling of the glass can cause a dramatic
change in stress values which could not be obtained in the FE model. However,
the linear strain gauges showed a much closer correlation to the tested unit (see
Figs. 16 and 17), so it was reasonable to consider the model a good representa-
tion of the behavior of the full-scale test unit.

As previously stated, the connections between the framing members in the
full-scale testing consisted of several machine screws fastening the horizontal
members to the vertical members. In the FE model, these connections are mod-
eled as pins (not restraining any moment) or fixed (restraining relative rota-
tion). However, the actual connections are able to transfer some amount of
moment before there is enough rotation to consider the connection pinned.
This difference between the actual connection and the modeled connection can
impact the correlation between recorded and modeled strains. The stiffness of
the connections is unknown and it is difficult to predict without additional tests.
It has been decided that the assumption of a pinned connection is the closest
prediction of a real behavior because it ultimately led to a closer correlation in
data.

To illustrate the effect of the stiffness of the connections on the behavior of
the model, two graphs are presented (Figs. 18 and 19). These graphs show uni-
directional strain gauges #10 and #11 (see Figs. 4 and 8) readings for pinned
and fixed conditions of the connections respectively. Graphs noted as FE are
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FIG. 18—Comparison of strains at unidirectional strain gauges locations for pinned

frame connections. TOP XX are strains in the location and direction of strain gauge #11
and SIDE YY of strain gauge #10.



BESSERUD ETAL., doi:10.1520/JA1104120 231

0.10% -~

-0.04% - — — -—

-~~~ TOP XX - FE - - SIDEYY - FE —©— TOP XX - Test
—B—SIDEYY - Test —©Q—TOP XX - Test #3 —D3—-SIDE YY - Test #3

FIG. 19—Comparison of strains at unidirectional strain gauges locations for fixed
frame connections. TOP XX are strains in the location and direction of strain gauge #11
and SIDE YY of strain gauge #10.

numerical results, and tests 1 and 3 are physical results of the two tests. Note
that the fixed model captures an event at 6 in. (150mm) of applied bending.
This is possibly a location where the system deforms in one of two possible
states. Also, the outcome of two very similar tests being different past this point
reveals a potential instability of the system. Note, that non-zero initial strains in
test 1 are residual strains after the specimen had been loaded to 4-in. (100-mm)
displacement for the first time. A reset in the test procedure was required to cor-
rect the loading mechanism. The graph shows strains after this process.

Determination of Small Unit Displacements

The four specimen sets that were tested in the weatherization chamber have
been subjected to edge-seal deformations that correlate to maximum strains in
the full-size specimen at four values of out-of-plane displacement. These groups
represented 0 %, 50 %, 100 %, and 150 % of the maximum design displacement.
The maximum design displacement was determined with an engineering judg-
ment. In practical applications, this would depend on the wind pressures, the
size or shape of the panels, the makeup of the IGU and many more parameters.
The engineering judgment has been made considering the maximum glass
stress from the FE model. Numerical tests performed on the model revealed
that 8 in. (200mm) of displacement produces maximum stresses of 4.7 ksi
(32 MPa). This is still well below the long-term limit stress of the fully tempered
glass but considering additional possible stresses from positive and negative
wind pressures, climatic loads and other safety factors, 8 in. (200 mm) of bend-
ing has been determined to be a reasonable limit of engineering design. There-
fore the maximum applied edge-seal deformations during cold-bending of the
full-size unit have been recorded for 4, 8, and 12 in. (100, 200, and 300 mm) of
corner displacement. The location of where the PIB is strained the most varies
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depending on the stiffness of the framing elements, connections between them
and many other factors. From preliminary numerical modeling it has been
determined that the location is about 40 in. (1.016 m) below the loaded corner.
After the physical tests were performed, the numerical model needed to be re-
vised. These revisions included applying the proper glass offsets, modeling the
air pressure in the cavity, considering the pin behavior for the framing members
and modeling an accurate location of the applied load. The outcome of the anal-
ysis was very sensitive to these minor model modifications but after the above
modifications have been applied, the location of the maximum shear displace-
ments of the PIB did not change significantly from the initial model and the
modeled system correlated much more accurately to the test data.

To obtain edge-seal strain between the two panes of glass, three dial gauges
per location of concern have been used in phase two of the full-scale test. The
three dial gauges have been configured to obtain the differential movement
along the short edge, the differential movement along the long edge and in-
plane rotation of the panes with respect to each other at each of the edge loca-
tions (Fig. 7). The recorded differential displacements between panes have been
converted to the displacement at single points of interest and they have been
compared with the numerical results. Because of the sensitivity of the model
and some modeling inaccuracies (described above) the results of the model
match very well only for selected displacement values. Readings of all six dial
gauges compared with numerical results are presented in Fig. 20. Refer to Fig. 7
for dial gauges numbering. Values of edge-seal strains from various locations of
the numerical model have been put side by side with the physical results in Ta-
ble 3. It should be noted here that the edge-seal deformations are applied to the
small test specimens on all four edges simultaneously; therefore a displacement
that is perpendicular to the long edge of the small specimen will be at the same
time parallel to the shorter edge. The strains applied to the small specimens are
shown in the right-most column of Table 3 and are summarized in Figs. 21 and
22, 23 and 24 which graphically depict the deformations for the control, 50 %
design, 100 % design, and 150 % design specimens, respectively.

Results

Table 4 summarizes the test results of the ASTM E2188-10 [6] weathering proto-
col of the small IG units. During the test protocol the small IG units have the
frost point and argon percentage measured initially, after 2 weeks of high tem-
perature and humidity, after nine weeks of accelerated weathering (hot, cold,
UV, and water spray) and after 4 weeks of high temperature and humidity.
Each argon-percentage test point for a specific specimen is an average of five
readings according to ASTM E2649 [15]. These averages are further averaged
and plotted in Fig. 25.

All six of the control specimens qualified per ASTM E2190-10 [7], meaning
that the frost points of the specimens remained below —90°F (—68°C) and the
average argon retention of all the specimens was greater than 80 % On the other
hand, the 50 %, 100 %, and 150 % samples did not meet the testing criteria. Six
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FIG. 20—Owverlay of PIB in-plane displacements as measured in test 2 and obtained
from numerical model.

specimens must meet the requirements described in Sec. 4 of ASTM E2190-10
but, because there were no available replacement specimens when a specimen
broke during testing, the entire sample group could not be qualified. The reason
for the limited number of specimens was because the research team did not
strictly follow the requirements of the ASTM E2188 standard [6] and procure
twelve total samples as put forth in Sec. 5.7. Had this been done, the broken
specimens could have been replaced with a new one from the remaining speci-
mens. Any lites that broke are noted in the table as “breakage” or “thermal
break.” The “breakage” label refers to breaks that occurred during the initial dis-
placement of the specimens before the testing began. “Thermal Break” refers to
lite failure that occurred during testing.

All of the 50 %, 100 %, and 150 % units that did not experience breakage
showed frost points below —90°F (—68°C). Additionally, the average argon
retention of these specimens was greater than 80 %



234 JAI - STP 1545 ON DURABILITY OF BUILDING AND CONSTRUCTION

FRONT > 1DE I P18
— - - l
JiiE
A T
- g

) : JRIGINAL BEFORE
TC [S0 STRESS ANALYSIS
ENLARGED 12)

FIG. 21—Dimensions of primary (PIB) and secondary (silicone) at control no bending.

An unforeseen result from the durability testing was the failure of the epoxy
adhesive in tension. The test units used an epoxy adhesive in several locations.
The epoxy was used to keep the small IG units attached into the steel frame.
This epoxy held fast in all of the tests, however, the epoxy adhesive used to
induce displacement in the Z direction adhesively released from the glass dur-
ing the humidity and accelerated weathering cycles. Because the epoxy failed in
all of the tests where tension was applied, this testing represented stressing the
PIB in the Z direction for only a portion and not the entire test.
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DESIGN WARPING X(IN) ¥ {IN) Z(IN)
50% 41N 0.014 0.018 0.010
100% BIN 0.022 0.032 0.015
150% 121N 0.024 0.059 0.036

FIG. 22—Deformations of PIB and silicone at 50 % or 4 in. (100 mm) of bending.
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FIG. 23—Deformations of PIB and silicone at 100 % or 8 in. (200mm) of bending.

The measurements that were taken to document the edge-seal displacement
were monitored after the first high-humidity phase to ensure that the edge-seal
strain was maintained. The measurements between the steel frame and the
pane of glass that was adhered to it were maintained and no relative movement
occurred between these two elements. The measured distance between the steel
frame and the displaced piece of glass, however, increased by approximately
0.005 in. (0.13 mm) from its initial value. All other measurements, including the
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FIG. 24—Deformations of PIB and silicone at 150 % or 12 in. (300 mm) of bending.



TABLE 4.

9 weeks
2 weeks high accelerated weathering 4 weeks high
Initial data humidity 140°F 95 % RH cycling: Heat, UV, and water humidity 140°F 95 % RH
Frost Frost Frost Frost
Sample ID  point°F % Argon point °F % Argon point °F % Argon point °F % Argon
Set 1—No deflection (control) representing no bending
5 <-90 88.3 <-90 86.0 <-90 80.9 <-90 77.7
7 <=90 94.8 <-90 92.6 <-=90 85.5 <=90 78.9
9 <-90 92.6 <-90 91.0 <-90 87.9 <=90 85.5
20 <-=90 92.4 <-90 90.4 <=90 84.9 <-=90 80.7
21 <=90 94.1 <-90 92.3 <-=90 87.4 <=90 85.1
44 <-90 92.7 <-90 90.1 <=90 85.4 <-=90 81.2
Average <-=90 92.5 <-=90 90.4 <-90 85.3 <-90 81.5
Set 2—50 % deflection representing 4-in. bending
16 <-90 94.1 <-90 93.3 <-90 91.9 <-90 88.9
18 <-90 94.4 <-90 93.4 <-90 92.4 <-90 89.7
23 <-90 93.9 Breakage N/A - - - -
12 <-90 87.3 <-=90 85.3 <-90 84.0 <-90 82.6
24 <-90 94.7 <-90 93.4 <-=90 92.7 <-90 89.8
25 <-90 93.1 <-90 92.2 <-=90 90.0 <-90 85.5
26 <-90 91.3 <=90 89.8 Thermal break -

Average <-90 92.7 <=90 91.2 <-=90 90.2 <-=90 86.9
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TABLE 4—Continued

9 weeks

2 weeks high accelerated weathering 4 weeks high
Initial data humidity 140°F 95 % RH cycling: Heat, UV, and water humidity 140°F 95 % RH
Frost Frost Frost Frost
Sample ID  point°F % Argon point °F % Argon point °F % Argon point °F % Argon
Set 3—100 % deflection representing 8-in. bending
27 <-90 91.7 <—90 90.6 <-=90 89.1 <-90 86.0
28 <-90 95.3 <-90 94.2 Thermal break - - -
29 <-90 93.2 <-90 91.9 <=90 90.1 <-=90 86.3
33 <-=90 95.1 <-90 94.5 <=90 92.3 <-90 89.1
36 <-90 94.9 <-90 94.2 <-90 93.6 <-90 92.2
41 <-90 93.0 Breakage N/A - - - -
3 <=90 84.3 <-90 83.3 <=90 80.3 <=90 78.0
Average <-90 92.5 <-90 91.5 <-90 89.1 <-90 86.3
Set 4—150 % deflection representing 12-in. bending
13 <-90 87.1 <-90 84.0 Thermal break - - -
15 <-=90 93.8 <-=90 91.9 Thermal break - - -
37 <-90 94.1 <-90 93.1 Thermal break - - -
38 <-90 92.6 <-90 91.8 <-90 89.8 <-90 87.5
40 <-90 94.9 <-=90 93.1 Thermal break - - -
42 <-90 92.3 <-90 90.4 <-90 80.0 >—-90 <—-80 74.0
Average <-90 92.5 <-90 90.7 <=90 84.9 —87.0 80.8
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%Argon as measured during ASTM E 2188 testing
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FIG. 25—% Argon within the test units as measured during the ASTM E2188-10 [6]
testing protocol.
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7" displacements were maintained after the first high-humidity phase. It was
during the weathering phase of testing that epoxy adhesive failure caused the

tensioning mechanism to fail and release strain on the edge seal in the “z
direction.

Conclusions

The full-scale units that were subjected to wind load of =1001b/ft?> (4.8 kPa),
while under a cold-bend did not break. The initial modeling suggesting at 8 in.
(200mm) of bending as the limitation of our design was a good engineering
judgment. The successful completion of testing on assembly 3 shows that the
curtain-wall system was able to survive a pressure, which was greater than what
the profiles were designed for on a previous project. In fact, the immediate fail-
ure of the glass during the over-deflection of 15 in. (38.1 cm) suggests that the
initial calculation of long-term glass stress at 12 in. (30.48 cm.) was indeed a
good estimation of allowable bending from a glass-stress standpoint.

There were no thermal failures in the control set of small IGUs tested to the
ASTM E2188-10 [6] protocol. Additionally, all of the control specimens qualified
under ASTM E2190-10 [7] by maintaining a low frost point and high argon
retention. This is evidence of the quality of workmanship in the specimens as
they were all procured at the same time using the same methodology. Therefore,
the workmanship of the other specimens is not in question and the weathering
data collected bears this conclusion out.
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The argon was retained in each of the small units that represented deflected
large-scale units to the same degree or better than the control group. This is a
very positive signal. In no case were the frost points reduced below —90°F
(—68°C). Therefore the surviving units must have had the insulating-glass pri-
mary and secondary seals remaining intact. Further testing would require an
appropriate number of specimens for each specimen set.

The epoxy that was used in this testing was not adequate to be placed under
load in the accelerated weathering environments. The adhesive loss of the epoxy
was a significant disappointment because the epoxy was thought to be a very-
high-performing product. When the epoxy was performing, keeping the glass
strained in the Z direction, the glass failed.

The deformations in the X and Y direction of the IGUs did not affect the
frost point and argon retention of the surviving units. In fact, because of
the creep of the structural silicone secondary seal and the relative stiffness of
the silicone protection pad, the X and Y direction displacements increased
throughout the high humidity testing. This means that the displacements
induced were conservative because they increased throughout the high-
humidity phase of testing. This also is a very positive signal. It is very likely that
a revision in the method to deflect small insulating-glass units subjected to the
ASTM E2188-10 [6] protocol can be done and a full compliance with the ASTM
E2190-10 [7] specification can be obtained.

This study was not intended to test the strength of the glass during the
weathering cycles, but to test the effect of strains on the primary and secondary
seals. The thermal breakage that occurred during the weathering cycling does
not constitute a failure in the spirit of this testing, but it is a result of an under-
estimation of the physical strength of the tempered glass. The measurements
that were taken while the glass was intact suggest that a strained edge seal is
quite resilient to moisture infiltration. Further testing may provide evidence in
favor of these preliminary conclusions.

Limitations

This work was done on clear, tempered 60 x 120 x 1 in.® (1.52 % 3.05 m?

x 25.4mm) insulating-glazing units to determine the durability of the secondary
and primary seals through the ASTM E2190-10 [7] and ASTM E2188-10 [6] test-
ing protocol. The data generated targeted a specific sized unit, a specific spacer
system design, and a specific aspect ratio. It is unknown if this data applies to
every case of IG size, glass make-up, and spacer system, and it is unlikely that it
does. Before a project is undertaken mimicking this type of cold-bending, this
testing should be repeated using actual sizes and anticipated bending dimen-
sions. This is the first data generated on this topic of durability with cold-
bending, and is likely just the beginning of many research projects on this topic.
Cold-bending of IGUs is easiest when the units are attached to the glazing frame
using structural silicone. It may be specified that cold-bent IGUs are to be used
in a mechanically attached curtain-wall system, but the structural silicone used
to attach an IGU to a frame is a combination adhesive and sealant, retarding air
and water infiltration. Mechanically held cold-bent IGUs may put undue
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stresses on gasket systems that result in unwanted air and water infiltration.
Because of the likeliness of structural silicone attachment of cold-bent glass the
durability testing was done to the ASTM E2190-10 protocol, which uses a UV
cycle in the test. This protocol is not the same as the EN1279 Glass In Building
— Insulating Glass Units [18] protocol used in Europe. It is unknown if the two
protocols produce similar results.

Future Work

The breakage of the small insulating-glass units in the thermal cycling is most
likely caused by the way the assemblies containing the test specimens were fab-
ricated. This was the first attempt and the epoxy-anchorage method appeared to
have the best chance for success. Additional testing of small IG units to the pro-
tocol in a deflected position is the most challenging, yet the protocol is the basis
for specifications of pass or fail. In hindsight, the glass in the small test units
should have been increased to a 3/8-in. (9-mm) thickness in lieu of the thinner
glass suggested by the specification. There was also a consideration regarding
the thickness of the assembly to be able to fit into the test chamber. Finally, the
epoxy that was used to displace the glass in the Z direction should have been
replaced with an extremely-high-strength silicone adhesive, such as the one also
presented in this symposium [19].

Additionally, future work needs to be done to more strongly correlate the
amount of bending in a full-size panel to the exact amount of edge-seal strain in
an IGU. The sample size of the full-scale test was too small (one panel; assembly
2) to properly conclude that the induced edge-seal strains are exactly equal to
those used in the small-scale durability test. Also, this research has not corre-
lated other factors to edge-seal strain, such as: glass aspect ratio, framing mem-
ber section properties, glass thickness or makeup, spacer design, etc.

Future research would refine the testing methods as laid out in this project
by reexamining the design of the small unit displacement apparatus to lower
the induced stress on the glass and reduce the risk of thermal breakage, to pro-
cure glass with a higher resistance to thermal fracture (thicker glass or higher
edge strength), to improve the method of application of “z” displacement so
that it survives the weathering process, and to anticipate thermal breakage and
procure more specimens to complete the testing.

Future projects that consider cold-bend IGUs should indeed have a level of
understanding whether or not the bent glass will indeed hold up to the durabil-
ity standards. This knowledge must come from a study of the particular varia-
bles present in such a project. As mentioned above, the effects of glass make-up,
frame behavior, spacer design, silicone size, or unit typology and geometry
could drastically affect durability, as well as other factors that were not exam-
ined in this study, such as glass stress, silicone stress, or aesthetic appeal.
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Introduction

Elastomeric silicone sealants are an important class of structural adhesives
commonly used by the building, automotive, aerospace, electronic, and other
industries.

Specifically formulated silicone adhesives are presently the only materials
that possess all the necessary properties for meeting the demanding needs of
these industries: reliable adhesion to a variety of substrates, elastomeric proper-
ties that allow accommodation of both thermal and structural movements of
the bonded components, and, finally, adhesive and cohesive properties that are
little affected by ultraviolet (UV) radiation and other environmental factors.

Whereas the outstanding bonding capacity of structural silicone adhesives
to glass and metallic surfaces is well documented, the mechanism of adhesion
to other types of substrates is not yet fully understood. For instance, various
decorative or functional finishes, such as wet paints, powder coatings, or self-
cleaning coatings applied to building facade components, exhibit a broad range
of decorative and functional attributes but frequently may have surface proper-
ties that adversely affect the adhesion of sealants.

One particular example of these are fluorinated powder coatings, which ex-
hibit outstanding long-term durability guaranteed for up to 25-30 years and,
yet, require careful assessment of adhesion performance and frequently need
priming to ascertain long-term sealant adhesion and facade integrity.

It is well known throughout the industry that a great number of paint fin-
ishes and metallic or polymeric substrates create various degrees of difficulty in
attaining satisfactory long-term adhesion.

In many cases, the improvement of adhesion requires the use of a primer. It
is applied to the substrate as a “tie layer” acting as a sealant/substrate compati-
bilizer, which promotes improved adhesion. In some cases, however, this
approach is unsuccessful, resulting in a need to change the substrate or the type
of surface finish. Sometimes, despite good initial results, the adhesion problems
become apparent during the service life of a structure.

This is caused by the lack of durable, chemical bonds between either the sil-
icone adhesive and substrate, or across the interfaces between the primer and
the substrate, or that between the primer and silicone adhesive.

In this paper, we demonstrate and examine an effective process that pro-
vides the potential for improved adhesion of silicone adhesives to selected types
of difficult-to-bond polymers, such as polypropylene (PP)-ethylene-vinyl acetate
(EVA) blend, and polyacetal, through the use of surface-grafted, chemically reac-
tive connector molecules based on organo-functional silanes. These results are
then compared with those from other types of surface-grafted macromolecules.

The new surface-engineering process enables simple on-line surface engi-
neering of a broad range of architectural substrates, e.g., paint finishes or powder
coating, anodized aluminum, rigid plastics, polymeric films, etc. The chemical
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composition and the nano-scale topography of the substrate surface are con-
trolled to optimize the durability of the adhesive/substrate interface.

This new process opens up new opportunities to the end-users of silicone-
based and other generic types of adhesives. The following are regarded as the
main potential advantages for any commercial application of this technology:

e Longer warranties for applications involving the adhesion of silicones

to a wider range of substrates,

e Improved potential for exploiting problematic substrates, such as polyo-
lefins, poly(vinylidene fluoride) (PVDF), siliconized coatings, organic-
dyed anodized aluminum, stainless steel, etc.,

Greatly reduced need for solvent-based primers,

Simplification of the design techniques for structural silicone adhesives,
as the sealant cohesive strength itself becomes the main design parame-
ter because of the improved adhesion, and

e Simplification of the adhesive chemistry.

The technology discussed in this paper has been successfully adopted by
the global automotive industry for improving adhesion of a variety of adhesives
and coatings to polypropylene-based substrates (body-trim panels, instrument
panel, and door-trim panels).

Elastomeric Silicone Adhesives

The majority of silicone adhesives and sealants use polydimethylsiloxane (PDMS)
as the base polymer, which affords these adhesives their special properties, such
as excellent ultraviolet (UV) light and ozone resistance, low-temperature resist-
ance, flexibility at temperatures down to —40°C, high-temperature resistance
(retention of elasticity up to 100°C), and long-term durability under adverse serv-
ice conditions.

In most cases, the hydroxy-terminated PDMS (see Fig. 1) is used as polymer
base in most silicone adhesives and sealants. Table 1 provides a typical formula-
tion for an elastomeric silicone adhesive.

Condensation cure one-part and two-part room-temperature vulcanizing
(RTV) systems are typically formulated from hydroxy-terminated polymers
with molecular weights ranging from 15,000 to 150,000. One-part systems are
the most widely used in practical applications. These systems are cross-linked
with moisture-sensitive multi-functional silanes in a two-stage reaction. In the
first stage, after compounding with fillers, the silanol is reacted with an excess
of multi-functional silane [1]. The silanol is in essence displaced by the silane.
This is depicted in Fig. 2 for an acetoxy-cross-linked system.

(|3H3 (I?Hs (IfiHs
HO—S'I—O—|SI—O ISi -OH
CHa CHa CHa

FIG. 1—Hydroxy-terminated polydimethyl siloxane (PDMS) polymer [1].
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TABLE 1—A typical formulation (wt. %) for an elastomeric silicone adhesive [2,3].

Component (%)
Hydroxy-terminated silanol polymer (PDMS): MW 15,000 to 150,000 60-85
Plasticizer: trimethylsilyl-terminated PDMS 10-20
Fumed silica (treated and/or untreated) 5-10
Cross-linker 5-7
Tin catalyst (e.g., dibutyl tin dilaurate) 0.05-0.1
Adhesion promoter (e.g., aminopropyltriethoxy silane (y-APS) 0.25-2

As seen from Fig. 2, after the first-stage reaction, the silicone has two groups
at each end that are susceptible to hydrolysis. The silicone adhesive in the form
presented in Fig. 2 is stored and protected from moisture until ready for use. The
second stage of the reaction takes place immediately after installation, as the
end groups are exposed to moisture and a rapid cross-linking reaction occurs.

The cross-linker system is typically a combination of a reactive tri- or tetra-
functional silane and a condensation catalyst. Examples of typical functional
groups in cross-linkers are shown in Table 2.

The schematics of the cross-linking reactions of the most commonly used
cross-linkers in 1-component moisture-curing silicone adhesives are outlined in
Fig. 3[1].

The cross-linking reaction is catalyzed by titanates, frequently in combina-
tion with tin compounds and other organo-metallic compounds. One-part ace-
toxy-cross-linked systems usually rely solely on tin catalysts, e.g., dibutyltin
diacetate, dibutyltin dioctanoate, or dibutyltin dilaurate. The tin contents in
one-part RTV systems is above 50 ppm with a ratio of 2500:1 for Si-OR to Sn.
Typical formulations, however, have up to ten times the above minimum [1].

The moisture-curing one-part silicone systems gradually polymerize as
atmospheric humidity diffuses into the adhesive. In this process, water reacts
with the prepolymer molecules, forming cross-linked macro-molecules [2-4].

Improved Adhesion of Elastomeric Silicone Adhesives through
Surface-Grafted Connector Molecules
Surface-Grafted Connector Molecules Interpenetrating into the Adjacent Adhesive

The theoretical principles of adhesion enhancement through surface-grafted
connector molecules, interpenetrating the cross-linked network of an adjacent

0 0 o)
I I I
CH3 /[ CHs \ CHs oCCHs 0 CHiCO  CHy [ CHy | ChHy OCCHa
HO—?i —o[— slii— 0 ?i -OH + 20H3—|Si— 0— CCHa —» H3C—Si—0—Si—0 S 0 3[i—0——?i—~CH3
CH3 \ CHs / CHs OCCH3 CHsl(ll CHs \ CHy / CHs  OCCHs
0 0

FIG. 2—First-stage reaction of hydroxy-terminated PDMS with the acetoxy cross-linker [1].
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TABLE 2—Typical functional groups of cross-linkers used in silicone adhesives [3].

Order of commercial usage Substituent Formula with functional group
(8]
1 Acetate? H.‘c‘—{/’
' N
0O-
2 Amines® R—NH-
14 4’0
3 Benzamide C{,HE—C\
NH-
R\
4 Oximes* C=N
¥ o
5 Alkoxides® R—O-
0
6 Octoate® C;H15—<
0-
I o I
Acetoxy =Si—0H + CH3CO—Si= —* =35i—0—Si= + CH3COH
il ]
Enoxy =Si—0H + CH3CO—SI= —* = 5S5|—0—Si= + CH3CCH3
GeHs CeHs
Oxime =Si—0H + C=NO0—Si= — =Si—0—Si=+ /C=NOH
rd
HsC HsC
Alkaxy =Si—OH + CHg0 —Si= — = Si—0—Si= + CH3OH
Amine =S5i—0H + (CH3)oN—Si= —> = S5i—0—Si= + (CH3)pNH

FIG. 3—Schematic representation of the reaction of typical cross-linkers in one-
component moisture curing silicone adhesives [1].
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adhesive, were developed by de Gennes [5-7] and his co-workers [8-12] (see
Fig. 4 for schematic illustration of the mechanism of interactions between
surface-grafted macromolecular chains and an elastomeric silicone adhesive).

According to de Gennes’ theory, in the simplest case of interface reinforce-
ment involving chain pull-out in the presence of van der Waals interactions in
the macromolecular chain/elastomer system (where connector chains and adhe-
sive polymer are identical), the fracture energy associated with deformation
and extraction of the connector chains is

G =2y(1 +0N) (1)

where 7 is the surface energy of the polymer and that of connector chains and o
is the surface density of connector chains.

It has been subsequently demonstrated that the normalized increase in the
fracture energy of the interface between a solid substrate “tethered” with
surface-grafted connector molecules and the PDMS elastomeric adhesive is as
follows [9]:

G — W = yNo(1 — ¢*3N!/3) 2)
where G is the fracture energy of the interface reinforced with surface-grafted

connector molecules, W is the energy of adhesion (W =2y) between the chemi-
cally identical PDMS adhesive and PDMS connector molecules, N is the degree

PEEL FORCE

FIG. 4—Schematics of the mechanism of interactions between the “tethered substrate
surface” (a substrate with surface-grafted macromolecular chains) and an elastomeric
silicone adhesive (adopted with changes from [7]).
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of polymerization (N = MW/m) of connector chain molecules, N, is the degree of
polymerization of cross-links of the PDMS adhesive.
The following can be seen from Eq 2:
e TFor ¢>N,;'"?, the connector molecules completely separate from the
PDMS network and G reduces to W.
e The optimum adhesion occurs for:

oopr = 0.465 N2 (3)
e The corresponding value of the optimum fracture energy, Gopr, is:

N
GOPT —-W= 0186?7/2 (4)
Ne

Figure 5(a) illustrates the results for Eq 2 solved numerically for N=2300 and
N.=230, and y=21.6 mJ/m? at 25°C [11]. These results indicate that there is a
distinct optimum (oopr) in the surface density (o) of the connector molecules
which has to be achieved to maximize the adhesion between a surface-modified
substrate and the adhering polymeric material, i.e., adhesive.

The theoretical model described by Eq 2 has been verified experimentally.

An example of this is illustrated in Fig. 5(b) [10]. It shows the normalized
fracture energy (G — W)/W) for the interphase comprising molecular brushes
interacting with the elastomeric silicone adhesive through van der Waals forces
as a function of surface density of molecular chains, g, for a cross-linked PDMS
elastomer (N.=230) in contact with a silicon wafer grafted with PDMS connec-
tor chains exhibiting N =2300. W is the thermodynamic work of adhesion and
W =2y, where 7 is the surface energy of PDMS (y =21.6 mJ/m? at 25°C).

Surface-Grafted Connector Molecules Chemically Bonded
to an Adjacent Adhesive

The theoretical principles of interfacial reinforcement by surface-grafted con-
nector molecules capable of chemically bonding with an adjacent adhesive were
developed and discussed by Brochard-Wyart and de Gennes [12]. Their theory
predicts that the adhesion enhancement provided by surface-grafted and chemi-
cally bonded macromolecular chains can be expressed as:

Gy = W, + WyNao (5)

where N is the degree of polymerization of connector molecules, W, is a reversi-
ble energy of adhesion between the bare (ungrafted substrate) and the adjacent
polymer (because of van der Waals forces only), and W, describes the energy
required to disrupt a dense array of chemical bonds as given by the following:

Uy
W, = pr (6)

where Uy, is the energy of a bond occupying an areas of a?.
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FIG. 5—(a) Numerical solution to Eq (2) for a change in adhesion measured by the
increase in the normalized fracture energy (G-W) /W, for connector molecules character-
ized by N =2300 interacting with cross-linked PDMS elastomer with N.=230 [7]. (b)
Experimentally determined normalized fracture energy, (G-W)/W as a function of the
surface density [a] of molecular chains for the molecular brush /elastomeric adhesive
interphase interacting through van der Waals forces with a cross-linked PDMS elasto-
mer (N.=230) in contact with silicon wafer grafted with irreversibly adsorbed chains
(N=2300). W is the thermodynamic work of adhesion, W=2y, with vy the surface
energy of PDMS y=21.6 mJ /m? at 25°C [10].
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Figure 6 illustrates the following findings of Brochard-Wyart and de Gennes
[12] in relation to interfaces reinforced by macromolecular connector chains
grafted onto the substrate surface and chemically bonded to the adhesive:

e An increase in graft density from zero to a certain cut-off value (o¢cgriT),

as described by Eq 7, results in a linear increase of interfacial fracture
energy

N}/?

N @

OCRIT =

e For higher graft densities (¢ > ocrrr), no further increase in joint frac-
ture energy should be expected.

Enhancement of Adhesion of Silicone Adhesives through
Surface-Grafted Molecular Brushes

Untreated polymeric materials in the form of rigid plastic, flexible polymeric
film or a decorative coating (e.g., wet paint or powder coating) are frequently
not adequately receptive to reactive species available in elastomeric sealants,
adhesives, or decorative coatings in terms of reactivity through hydrogen or
covalent bonding because of a lack of reactive chemical functionalities at the
substrate surface.

The above drawback can be partially overcome by surface activation of
polymer surface by commodity “oxidative” processes, such as corona discharge

Cohesive
Failure zone
_______ N e o
=
oz
=
) NS
ﬁ U-C'I‘it = N
@ ]
e 1
£ Adhesive :
8 Failure zone |

Surface graft density, & (chains/nmz?)

FIG. 6—Interfacial fracture energy versus surface graft density, o, of surface-grafted
and chemically bonding (with adhesive) macromolecular connector chains [12].
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or flame treatment, which create surface-functional sites, such as OH, C=0, and
COOH groups, through which the polymer surface energy and, hence, its wett-
ability by adhesives and coatings is improved.

The key drawbacks of such oxidative treatments are: (i) fast decay of surface
effects owing to restructuring of the surface because of rotation of functional
groups and, hence, short operating time for completing adhesive bonding, joint
sealing, or coating, and (ii) a lack of control of substrate surface chemistry and,
hence, its reactivity with specific sealants or adhesives.

In this work, we discuss our novel polymer surface-engineering process,
which utilizes specific receptor sites created by corona discharge, flame, or oxy-
gen plasma treatments, e.g., OH, C=0, and COOH groups, which are, in turn,
capable of chemically reacting with designated functional groups available at
the ends or branches of specific connector molecules.

The process [13-15] commonly known as SICOR (originally derived from
the combination of silane and corona) for fabrication of polymer surfaces
“tethered” by designated types and surface architecture of molecular brushes,
comprises the following:

e surface oxidation, e.g., by flame, corona discharge, ozone, or UV treat-
ment, which are the precursor activation processes for subsequent
grafting of specific molecular chains, and

e application of silanes, organo-metallic [16-22], or other polyfunctional
chemicals [16,17] containing atomic species or molecules capable of
creating ionic or covalent bonds with the receptor groups on the oxi-
dized polymer surface. These are applied to modify the properties of
polymer surfaces such as surface chemistry and surface architecture in
a desired manner.

As outlined in the section on “Surface-Grafted Connector Molecules” above,

a certain surface density of macromolecular chains needs to be grafted onto the
surface for maximizing the performance of the interphase. To facilitate this, the
polymer surface first needs to be oxidized at a required energy input, E, deter-
mined by the following expression

E = Ptn (8)

where P =power output (W) of the energy source, e.g., corona discharge or
flame burner, 7 =time of exposure, per unit length, under the electrode or flame
cone of width, d (mm) [t =d/V, where V = the treatment velocity of the substrate
(mm/s)] and n = number of substrate passes through the energy source.

The energy output, E,, (mJ/mm?), per unit area of substrate is given by

Pn
E,=—n 9
“ =Ty ©)
where L is the length (mm) of the treating electrode, flame burner, or other
energy source.
Figure 7 provides a schematic illustration of the SICOR process (silane-
on-corona discharge treated polymer). In the first step of this process, surface

hydroxyl or carboxyl groups are introduced to the substrate surface by
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FIG. 7—Schematic representation of the SICOR process.
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oxidation. These subsequently provide attachment sites for organo-functional
compounds such as silanes, titanates, and zirconates.

The functionality of these compounds, as illustrated in Fig. 7 [6], is chosen
to provide a surface reactivity that is compatible with the adhesive, or any other
material brought into contact with the surface-modified polymer.

The process allows for the continuous and inexpensive incorporation of a
wide range of surface-functional groups onto the surface of a polymeric sub-
strate. This provides the possibility of tailoring the surface chemistry of a poly-
mer, without altering its bulk properties, to optimize the adhesion between the
surface-engineered substrate and adhesive, or other materials.

Full details of theoretical and practical aspects of adhesion enhancement of
a variety of adhesives to representative types of difficult-to-bond polymers such
as polyolefines, e.g., low-density polyethylene (LDPE) or polypropylene, and to
other engineering polymers through commodity surface-treatment processes
such as corona discharge and flame treatment as well as our novel surface-
tethering technology, the latter comprising surface activation by corona dis-
charge or flame oxidation followed by surface grafting of an amino-functional
silane or polyethylene imines as polymeric pre-cursors of molecular brushes,
are presented in [16-21] and [32]. A rigorous discussion on surface chemistry of
polyolefinic substrates subjected to these alternative types of treatment is also
provided in Refs 19, 21, and 32, and hence, the authors of this paper refer the
reader to these specific publications for details not covered in this paper.

Experimental
Substrate Preparation and Treatment Methods

Substrate Surface Cleaning—Prior to any further processing such as surface
analyses or surface treatment, all substrates were cleaned with lint-free tissues
soaked with isopropyl or ethyl alcohol and subsequently stored at ambient labo-
ratory conditions, i.e.,: 20 = 2°C and 50 = 5 % relative humidity.

Substrate Activation—Surface activation of polymeric substrates was car-
ried out by the use of corona discharge treatment. It was performed with a Tan-
tec EST unit, model HV 2010 (maximum power output of 1 kW and an output
frequency range of 13-30 kHz)*

The system comprises the following key modules:

e High-frequency generator HV 2010 240 V/50-60 Hz,

e High-voltage transformer HT 10-28 kV output,

e Conveyor: controlled treatment speed 0.1-70 m/min.

In this work, the distance between the substrate surface and electrode was
maintained at a constant 2.5 mm, whereas the treatment speed and energy out-
put were controlled to achieve energy outputs, E,,, from 76 to 755 mJ/mm? (Eq 8).

“Tantec A/S, Indusrivej 6 6640 Lundrskov, Denmark.
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Alternative means for surface activation are the UV irradiation or flame
treatment. The latter is carried out using an Aerogen® or Arcotec® flame-
treatment units fuelled with natural gas. The stochiometry of flame is controlled
by tuning the excess content of oxygen in the “after-burn” flame at the level of
0.4 to 1.5 %, while the intensity of flame activation is controlled by adjusting the
flow rate of air (220-360 L/min).

The flame-activation conditions used in this work are as follows:

e Treatment speed: 60 m/min,

e Oxygen excess content: 1.4 %,

e Substrate surface-burner distance: 20 mm.

Materials

Nominated Difficult-to-Bond Polymeric Substrates—
e Ethylene vinylacetate/polypropylene (EVA/PP) blend,
e Polyoxymethylene (Acetal).

Silicone Adhesives—

e DC 983 (Dow Corning): two-component, neutral alkoxy system,
e RP-4 (Rhone Poulenc): acetoxy-curing system,

e GE 100 (General Electric): acetoxy-curing system.

Organo-Functional Silanes—

e N-(2-aminoethyl)-3-aminopropyltrimethoxy silane (2-AE-3-APTMS): Z-
6020 (Dow Corning),

e 3-Glycidoxy-propyltrimethoxy silane: Z-6040 (Dow Corning).

Polyfunctional Amines—
e Polyethylene imines (PEI) from BASF: MW = 800; 2000; 25,000; 750,000.

Graft Chemical Preparation and Application—Two following types of graft
chemicals, as listed in the sections above on “Organo-Functional Silanes” and
“Polyfunctional Amines,” were used for surface modification of nominated poly-
mers targeting enhancement of adhesion:

1. Organo-functional silanes, and

2. Polyethyleneimines.

Silanes were first hydrolyzed with distilled water at a 1:3 silane/water mole
ratio for 24 h and were then diluted with isopropanol to obtain solutions of graft
chemical in the range of 0.05 to 1 %. Non-silane graft chemicals (polyethylene
imines [PEI’s]; see the section below on “Adhesion Improvement by Surface-
Grafted Connector Molecules Interpenetrating into Silicone Adhesives” for
more details) were diluted in deionized water to an appropriate concentration.

5The Aerogen Company Ltd., Unit 3, Alton Business Centre, Omega Park, Alton, Hamp-
shire GU34 2YU, UK.
6 Arcotec GmbH, Rotweg 24, 71297 Ménsheim, Germany.
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Aqueous solutions of graft chemicals were sprayed onto the sample surface
using commodity industrial spray equipment. Throughout this work, this task is
performed on a conveyor line (Fig. 8(c)), or using a robotized spray system at the
speed controlled within the range of 2 to 10 m/min. The sample-to-nozzle distance
is kept constant at 150 mm and the atomizing air pressure maintained at 1.5 bar.

The deposition rate of spray-applied graft chemical is adjusted to maintain
a constant level of the “normalized deposition rate” [ml/m] expressed as the ra-
tio of the fluid flow rate through the nozzle (ml/min) divided by conveyor speed
in m/min]. After spraying, the samples surface is dried using either the
conveyer-controlled exposure to infrared lamps or by allowing an ambient air
flash-off (approximately 2 min) under the standard laboratory conditions (20°C/
50 % RH).

The standardized parameters of an on-line application of graft chemicals
are as follows:

i Spray pressure: 1.5 bar,

ii ~ Chemical deposition rate (at 1.5 bar): ~3.5 ml/min per 1 m/min of
conveyor speed,

ili  Conveyor speed: calculated as per (ii),

iv  Spray nozzle distance: 150 mm,

v Specimens location on conveyor belt: 120 mm out from conveyor
edge,

vi  No. of spray passes: 1,

vii  Surface drying: RT air. If fast flash-off needed: one-pass-IR lamps.

Test Methods

Shear Strength—The shear strength of adhesive bonds was determined
using single lap-shear specimens, 25-mm wide, with an overlap of 10 mm. All
substrates were cleaned with isopropyl or ethyl alcohol prior to any further
treatment. The bonded specimens were tested in an Instron mechanical tester
at a rate of 10 mm/min. Five specimens were tested per experimental point.

Peel Strength—The peel strength was determined using 180° peel specimens,
which were prepared in accordance with ASTM C794 [23] but modified by CSIRO
[24,25], by reducing the sealant thickness from the recommended 1.6 mm to 0.2
mm to provide greater stress concentration at the substrate/sealant interface.
When inherent adhesion problems are present, this modified procedure favors ad-
hesive delamination rather than cohesive failure within the relatively weak sili-
cone sealants. The specimens were tested in an Instron mechanical tester at the
rate of 10 mm/min. Two peel specimens were tested per experimental point.

XPS Analysis—XPS analyses were performed on a VG Escalab MKII spec-
trometer’ equipped with an AlK, source, non-monochromatized, at a power of
150 W. Samples were exposed to irradiation for less than 30 min to avoid

7V G Scientific Factory, East Grinstead, West Sussex RH19 1UB, UK.
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FIG. 8—(a) robotized flame treater, (b) substrate activation by corona discharge on a conveyer, and (c) graft chemical application on
conveyer.
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substantial decomposition of the polymer surfaces in the analysis beam. Spec-
tra were recorded at the normal emission of the photoelectron relative to the
surface plane of the samples (0°). The spectrometer did not provide for charge
neutralization. Elements present were identified from survey spectra, and the
atomic concentrations were estimated from integrated peak intensities and pub-
lished sensitivity factors [26]. Components of the Cls signal were estimated by
curve fitting using Gaussian-Lorentzian line shapes and a nonlinear back-
ground substration. The binding energy scale was calibrated using a value of
285.0 eV for the CH, component as an internal reference. The random error in
the quantitative analysis of elemental compositions is between 5 % and 10 % in
the present cases.

Results and Discussion

Spacial Orientation of Surface-Grafted Amino-Functional Silane Molecules

Amino-functional silanes such as (gamma)-aminopropyltrimethoxysilane
(y-APTMS), (gamma)-aminopropyltriethoxysilane (y-APTES), (2-aminoethyl)-3-
aminopropyltrimethoxy silane (2-AE-3-APTMS) are traditionally used as cou-
pling agents for improving the strength and long-term durability of adhesively
bonded metals or glass fiber-reinforced composites. In these applications, the
primary mode of bonding the amino-functional silane to the hydroxyl-rich me-
tallic or silicate-based substrate is through the silanol end of the molecule, as
illustrated in Fig. 9(a). The secondary mode of bonding is through hydrogen
bonding between the silane’s amino groups and either the silanol groups or
hydroxyl groups present on the oxidized surface of glass or metal [27-31]. This
mechanism is schematically illustrated in Figs. 9(b) and 9(c).

It has been shown [27] that the extent of amino-silane protonation can be
correlated to the isoelectric point (IEP) of the respective oxides. The lowest
degree of amino-functional silane protonation, e.g., y-APTMS, has been thus
observed for magnesium (IEP = 12.0) and the largest on silicon, aluminum, and
titanium (IEP =4.0, 6.0, and 7.0, respectively).

The degree of amine protonation near the substrate surface, in y-APTMS
adsorbed onto silicon metal substrate (see Fig. 10(a)) is approximately 28 %
[22,27].

Figure 10(), in turn, illustrates the XPS spectrum of the N1s peak of 2-AE-
3-APTMS silanized low-density polyethylene (LDPE). Two components of the
N1s peak were observed near 399.3 and 400 4 eV, which were attributed to free
and protonated amino groups, respectively. Based on the relative intensities of
the two components, it turned out that about 55 % of the amino-silane was pro-
tonated and 45 % contained free amine.

The above observation indicates that both types of amino groups are pres-
ent in the interphase:

e Protonated amine groups (-NH;"): hydrogen-bonded to the oxidized

polymer surface,

e Free amino groups (-NH;): species available for further reaction with

the sealant.
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FIG. 9—Schematic representation of the molecular attachment mechanism and orien-
tation for the N-(2 aminoethyl)-3-aminopropyltrimethoxy silane: (a) condensation
attachment mechanism with “amine end up,” (b) and (c) attachment of molecules
through protonation of amine with surface hydroxyl groups, “amine end down”
orientation.

Based on the above information, it appears that a molecular brush of N-
APTMS silane grafted onto the surface of a polyolefin, comprises approximately
an equal number of molecules orientated with the “amine group up” (see Fig.
9(a)) and “amine group down” (see Figs. 9(b) and 9(c)). The “amine group up”
molecules are available for further reaction with adhesives or sealants.

Adhesion Improvement by Surface-Grafted Connector Molecules Interpene-
trating into Silicone Adhesives—The influence of surface-grafted molecular
brushes on adhesion of polymeric substrates bonded with silicone adhesives
was investigated using the following materials:

e substrate: EVA/PP blend,

e silicone adhesive: RP-4/Rhone Poulenc,

e molecular brush system:

(ii) interpenetrating system: polyethylene imines (PEIs) MW =800
(N=19), MW =2000 (N =46), MW = 25,000 (N=581),
MW =750,000 (N =17,442).

(iii) chemically bonding system: amino-functional silane: Z-6020.
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FIG. 10—XPS spectrum of the Nl1s peak for: (a) y-APTMS silane (0.1 %) grafted onto
silicone surface, and (b) 2-AE-3-APTMS (0.1 %) grafted onto oxidized LDPE surface
[19].

The adhesion quality was assessed by lap-shear tests involving SICOR-
treated substrates. These were first surface-activated by corona discharge and
subsequently surface grafted using PEIs and Z-6020 silane at the concentration
of 0.1 %. The PEIs with MW =25,000 and MW = 750,000 were also used at con-
centrations of 0.5 and 1.0 %.

Lap-shear specimens were prepared as described in the above section on
“Shear Strength” with an overlap of 10 mm. They were allowed to cure at room
temperature for 3 days prior to testing.

The specimens were tested in a dry condition and after 7 days immersion in
water at 40°C.



GUTOWSKI ETAL., doi:10.1520/JA1104275 261

The graphs in Fig. 11 [32] demonstrate the difference in effectiveness of
interfacial reinforcement using either interpenetrating or chemical bonding
mechanisms of interactions. They also illustrate the influence of the type and
concentration of interpenetrating graft molecules on the strength of assemblies
bonded with silicone adhesive.

The results indicate that the bond strength of specimens modified with inter-
penetrating molecular brushes using PEI connector molecules is always greater
than that after oxidative treatment only (in this work: corona discharge treatment).

An interesting trend is observed in Fig. 11 regarding the influence of the
length of “connector molecules” on the strength of adhesion. The “bare” inter-
face of an oxidized polymer produces a bond strength of 180 kPa in dry condi-
tion. After 7 days immersion in 40°C water, the bonds between the substrate
and silicone adhesive are cleaved resulting in complete loss of strength associ-
ated with 100 % delamination of the adhesive at the interface.

For surfaces grafted with interpenetrating only (non-reactive) connector mol-
ecules of PEI, it appears that increasing the length of graft chemical molecules
results in a corresponding increase in the bond strength, up to approximately

800 | I T T T 11
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ry & wet Strenglh
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FIG. 11—The influence of PEI molecular weight and chain length (L « N) and amino-
silane Z-6020 on the strength of assemblies involving surface-grafted substrates and
RP-4 silicone adhesive [32].
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500 kPa for a polymerization index of N = 17,442 and concentration of 0.1 %. The
exposure of this type of interface to a 7-day immersion in water at 40°C results in
a 35 % loss of strength. An increase in the surface density of the chains, achieved
by using higher concentrations of the graft chemicals (0.5 % and 1 %) also
appears to increase bond strengths in the case of the PEIs characterized by higher
molecular weights (2,000 to 750,000). However, despite the increase in the bond
strength, the failure mode is interfacial delamination because of the pull-out of
interdigitated molecular chains from the matrix of the silicone elastomer.

When surface-grafted “connector molecules” are chemically reactive with
the silicone adhesive, as in the case of the amino-functional silane (Z-6020), the
highest degree of interphase reinforcement (690 kPa) is achieved. This particu-
lar type of the interface/interphase system (i.e., involving chemically bonded
“connector molecules”) retains its original bond strength of 690 kPa even after 7
days of immersion in 40°C water.

Another example of the effectiveness of surface-grafted molecular brushes, ca-
pable of improving adhesion through interpenetration or through chemical bond-
ing with the adhesive, involves substrates that are difficult to bond such as Acetal
(polyoxymethylene). The effect of molecular brushes on the adhesion of Acetal to
elastomeric silicone adhesives was examined by comparing the peel strength of
untreated, corona-treated, and SICOR-treated substrates. The latter involved co-
rona oxidation followed by the application of amino- and epoxy-functional silane.

Two types of silicone adhesives were evaluated, i.e., Dow Corning 983 and
GE 100. The first of these is chemically reactive with both amino-terminated
and epoxy-terminated molecular brushes. Whereas GE 100 does not exhibit
chemical reactivity with either type of connector molecule, it is able to interact
with the molecular brush structure through the interpenetration of macromo-
lecular chains into the matrix of the elastomeric adhesive.

The results listed in Table 3 [32] show that the bond strength of Acetal with-
out treatment is very poor, and surface oxidation through corona discharge
alone is not sufficient to provide a significant improvement in adhesion. On the
other hand, surface-grafted molecular brush provided through the SICOR pro-
cess leads to a significant increase in the peel strength.

TABLE 3—Peel force (N) of Acetal /silicone adhesive bonds following various surface treat-
ments on the substrates [32].

Silicone adhesive

Dow Corning 983 GE 100
Acetal surface treatment Strength Failure mode Strength Failure mode
None 0.0 100 % AF 3.65 100 % AF
Corona discharge 3.25 100 % AF 7.5 100 % AF
SICOR (amine grafting) 17.5 80 % CF 19.0 100 % AF
SICOR (epoxy grafting) 24.0 100 % CF 20.0 100 % AF

Note: AF, delamination at the substrate/sealant interface; CF, cohesive failure within
sealant.
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As would be expected, relatively short and interpenetrating (but non-reac-
tive) molecules of graft chemicals (amino- and epoxy-terminated silanes)
increase the bond strength of specimens prepared with GE100 elastomer
through interdigitation, but are not able to reinforce the interphase to the level
required for achieving cohesive failure of the elastomeric adhesive. On the other
hand, an appropriate choice of adhesive such as DC 983, which is capable of
cross-linking with functional ends of the amino- and epoxy-functional graft
molecules, results in high levels of cohesive failure within the adhesive.

Conclusions

(a)

(b)

()

(d)

(e)

(6

The adhesion and fracture performance of interfaces between polymers
can be effectively improved and controlled by surface-grafted macro-
molecular “connector molecules.”
“Connector molecules” grafted onto solid polymer surfaces interact
with adjacent materials such as adhesives or sealants through either
one or a combination of the following mechanisms:
(i) Interpenetration into the adjacent adhesive, and (ii) chemical reac-
tion/cross-linking with the adjacent adhesive.
The effectiveness of the interface reinforcement by surface-grafted con-
nector molecules depends on the following factors: (i) The surface den-
sity of grafted molecules, (ii) the length of the individual chains of the
grafted molecules, and (iii) the optimum surface concentration/surface
density in relation to the length of connector molecules.
At the interfaces reinforced with interpenetrating connector chains, a
distinct maximum/optimum (oopr) is recorded for joint fracture energy
versus graft density, as expressed by Eq 3. An increase of ¢ above aopr
results in a decrease of fracture energy enhancement because of a
decrease in the efficiency of the interdigitated macromolecular chains.
It has been effectively demonstrated that surface-engineered difficult-
to-bond polymeric substrates such as polyolefines or polyacetal,
“surface tethered” by chemically surface-grafted molecular brushes,
the latter provided by a process comprising surface oxidation (e.g., by
flame or corona discharge treatment) and application of polyfunctional
connector molecules exhibit significantly improved adhesion to elasto-
meric silicone sealants and adhesives.
It has been conclusively demonstrated in this paper that adhesion of elasto-
meric silicone adhesives to polymers surface engineered through designated
types of surface-grafted molecular brushes provided by SICOR process is
drastically better than that of the same polymers modified by commodity
surface-treatment processes such as corona discharge or flame treatment.
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ABSTRACT: Tensile loading of bonded point supports is considered as the
critical load case for adhesive material, e.g., silicone applied to such kinds of
fixtures. From a durability point of view, the following defects of two-compo-
nent adhesives are expected to have a significant impact on the response to
this loading regime: the wrong mixing ratios of the adhesive components, in-
homogeneous mixing due to insufficient or poor mechanical mixing proce-
dures, load degradation of the adhesive bonding material, local degradations
of the bonding, e.g., bubbles or poor adhesion. In order to investigate these
aspects, different experimental approaches have been pursued. Regarding
the mixing ratio aspect, material tests were performed with systematically
varied mixing ratios for the analysis of the elastic and strength properties
while for the other topics, tensile tests of bonded point supports were eval-
uated in detail. Cyclic tests of point supports in the tensile load regime were
set up, differing in amplitudes and maximum peaks of the cycles, in order to
analyze the impact of load histories on the mechanical characteristics of the
specimens. For point supports subjected to monotonically increasing loads
the qualitative assessment of the fracture surfaces revealed the existence
and the potential impact of disturbances inside the bonding, such as bubbles
or locally lacking adhesion, on the damage behavior and on related inferior
mechanical performance. The main motivation for this kind of research is to
improve confidence in the durability of bonded designs. Thus, our activities
were focused on aspects which might affect durability from an application
point of view, not from a purely academic one. Especially in Germany, the
confidence of the authorities in this joining technique has to be strengthened
by demonstrating a high degree of robustness in the application, and in view
of the risk associated with potential in-field problems.
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Nomenclature

ETAG = European Technical Approval Guideline

Introduction

Structural sealant glazing based on silicone adhesives is a well-known and
powerful design concept with respect to line-type bonding geometries of rectan-
gular cross sections. On the one hand, over 40 years of experience exists for
such kinds of applications, especially in the United States. On the other hand,
gaining a systematic and profound knowledge of the mechanical properties of
the adhesive material for varying operating conditions during its service life and
from a fatigue and durability point of view is still a challenging task today. A
comprehensive knowledge of the mechanical properties of the bonding adhesive
for different loads is the key point in order to assess the structural integrity of
glass facades. This is also important from a durability point of view. This paper
intends to provide insight into selected issues linked to the mechanical proper-
ties of the silicone material.

Up to the present, the use of advanced bonded design solutions beyond the
applications covered by ETAG 002 [1] is significantly limited by the lack of full
acceptance of the approving authorities. Even in the case of ETAG 002, only a
sub-set of potential applications is approved in Germany, i.e., Type 1 and Type 2
designs. The main reason behind this attitude is the missing confidence in the
durability aspects of bonded designs. Authorities claim a lack of knowledge
with respect to durability, especially in the case of novel designs and assume in-
field problems that are not reproduced by the range of standard laboratory con-
ditions. Thus, this paper compiles the initial results of various aspects which
might impact the durability of bonded point supports in order to identify topics
which need more attention in future research.

In principle, the paper is organized in two sections: in the first part, focus is
given to mixing issues of the two components of the adhesive, while in the sec-
ond part, the behavior under tensile loading for structural applications is
addressed. In order to study the effects of the mixing quality, conventional ma-
terial tests are considered, such as tensile tests of dog-bone specimens and shear
tests of H-type specimens similar in adhesive geometry as described in ETAG
002 [1]. In addition, the behavior under cyclic load schemes was investigated
for circular point supports. Furthermore, an attempt is made to link the quality
of the bonding to the mechanical characteristics for the investigated specimens
as a first step, based on monotonically increasing loads. Mixing aspects dis-
cussed in this paper focus, on the one hand, on the variation of the mixing ratios
and, on the other hand, on incomplete mixing procedures; both aspects are
investigated with respect to their impact on basic material characteristics.
Regarding the cyclic loading schemes, the mechanical behavior during the load
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cycles and the post-cycle failure characteristics are of special interest in order to
gain insight into the mechanical performance of the adhesive.

Varying Mixing Ratios

Compared to one-component adhesives, two-component adhesives provide
additional complexity in their application, which is also expected to have an
impact on durability. Although the mixing ratio is clearly defined by the adhe-
sive manufacturers as one key parameter in application, the robustness of the
adhesive with respect to the mixing ratio deviations is of interest for confidence
in, and reliability of, bonded structures. In this section, experimental results are
presented with a focus on pre-defined mixing ratio variations of a two-
component silicone adhesive which has been widely used for structural sealant
glazing for decades. The nominal mixing ratio by volume is defined as 10:1 [2]
while the intended variation of this ratio spans from 7:1 up to 11:1, as shown in
Table 1.

In order to judge the fitness of the adhesive in a first step, tensile tests and
shear tests were performed and post-processed with respect to strength and stiff-
ness properties. All tests were performed at room temperature and at displace-
ment rates of 50 mm/min for the tensile tests and 5 mm/min for the shear tests;
Fig. 1 shows the load curves obtained by tensile tests of all tested dog-bone type
specimens. The nominal size of the specimens was a 25 mm gauge length and a
6mm x 4 mm cross section area. In order to provide more insight, Fig. 2 is
reduced to averaged curves for each mixing ratio. Slight differences in stiffness
are visible with the mixing ratio of 7:1 featuring the highest stiffness, and with
the mixing ratio of 11:1 featuring the lowest stiffness. A similar trend is also visi-
ble for shear tests performed by quadruple ETAG H-type specimens; see Figs. 3
and 4. The nominal dimensions of the adhesive applied in the test specimens are
50mm in length, 12mm in height, and 12mm in thickness (double twinned

TABLE 1—Strength properties for varying mixing ratios.

Mixing Ratio by Volume 7:1 8.5:1 10:1 11:1
Tensile strength® 45.0N 442N 42.3N 43. 7N
1.88 MPa 1.84 MPa 1.76 MPa 1.72 MPa
Tensile deviation® 19N 19N 35N 24N
0.08 MPa 0.08 MPa 0.15 MPa 0.10 MPa
Shear strength® 440.1N 431.7N 491.8N 462.7N
0.88 MPa 0.86 MPa 0.98 MPa 0.93 MPa
Shear deviation® 16.7N 37.8N 23.0N 28.2N
0.03 MPa 0.08 MPa 0.05 MPa 0.06 MPa

“Dog-bone specimen: 25 mm nominal gauge length, 6 mm x 4 mm nominal cross section.
PStatistics based on ten specimens.

“H-type specimen: Strength related to one test specimen with adhesive dimensions of
50 mm in length, 12 mm in height and 12 mm in width.

dStatistics based on four specimens.
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FIG. 1—Tensile test results for varying mixing ratios.

specimens which are loaded in parallel). The conclusion of our findings is that
the mixing ratio cannot be considered a primary parameter in terms of its influ-
ence on the elastic behavior of the two-component silicone adhesive.

Regarding strength characteristics, Fig. 5 presents the maximum loads for
the tensile tests, while Fig. 6 displays the load levels for the shear tests. Interest-
ingly, the shear test results show a superior mechanical behavior for the nomi-
nal mixing ratio, while the tensile tests do not. In general, the variations of the
strength levels is quite small demonstrating a high robustness of the silicone ad-
hesive with respect to mixing ratio errors from a mechanical property point of
view for the investigated test conditions. Nevertheless, for the final conclusions,
the database of ten tensile tests and four shear test specimens is considered to
be quite small.
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FIG. 2—Averaged tensile test results for varying mixing ratios.
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FIG. 3—Shear test results for varying mixing ratios.

These results might be interpreted as an indication that the durability of the
investigated two-component silicone adhesive is probably quite insensitive to small
variations in the mixing ratio in view of its mechanical properties. Please note that
this statement is related to mechanical aspects only; the change of chemical charac-
teristics due to varying mixing ratios are not considered within these investigations.

Incomplete Mixing Procedures

In addition to the varying mixing ratios, an adequate physical mixing procedure
itself was also of concern in view of the mechanical fitness of the adhesive and
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FIG. 4—Averaged shear test results for varying mixing ratios.
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FIG. 5—Tensile tests strength for varying mixing ratios.

its impact on durability. The test sequence presented in the section titled
“Varying Mixing Ratios” was also performed for specimens with low mixing
quality, which are described in this section and are shown in Table 2. Again, all
tests were performed at room temperature and at displacement rates of 50 mm/
min for the tensile tests and 5 mm/min for the shear tests. Please note that a
quantification of the mixing quality is quite difficult and the assessment of the
low mixing quality for the test campaign presented in this section is based on an
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FIG. 6—Shear test strength for varying mixing ratios.
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TABLE 2—Strength properties for varying mixing ratios—incomplete mixing.

Incomplete Mixing:

Ratio by volume 8:1 9:1 10:1 11:1 12:1
Tensile strength® 39.5N 39.0N 442N 332N 454N
1.65 MPa 1.63 MPa 1.84 MPa 1.38 MPa 1.89 MPa
Tensile deviation? 71N 42N 51N 9.3N 22N
0.30 MPa 0.18 MPa 0.21 MPa 0.39 MPa 0.09 MPa
Shear strength® 369.2N 389.4N 3944N 441.7N 404.2N
0.62 MPa 0.66 MPa 0.66 MPa 0.74 MPa 0.67 MPa
Shear deviationd 12.4N 10.1N 26.3N 26.6N 16.6N

0.02 MPa 0.02 MPa 0.04 MPa 0.04 MPa 0.03 MPa

“Dog-bone specimen: 25 mm nominal gauge length, 6 mm x 4 mm nominal cross section.
bStatistics based on eight to eleven specimens.

“Strength related to one test specimen with adhesive dimensions of 50 mm in length,
12 mm in height and 12 mm in width.

dStatistics based on five samples.

optical assessment of the specimens showing inhomogeneity, i.e., white or whit-
ish streaks within the otherwise black (properly mixed) material; see Fig. 7. Fig-
ure 8 presents the loads versus the deflection curve for tensile tests on the
inhomogeneously mixed test specimens comparable to Fig. 1. It is obvious that
the scatter of the individual specimens is significantly higher for Fig. 8 than for
Fig. 1, which is expected to some extent, due to the irregularities introduced by
the incomplete mixing conditions in the adhesive material. An average of these
curves is shown in Fig. 9. Compared to Fig. 2, trends are noted towards lower
stiffness for incomplete mixing and towards larger differences in the mechani-
cal properties between different mixing ratios. In addition, the sequence of stiff-
ness versus mixing ratio differs when compared to the homogenous test

—

FIG. 7—Specimens featuring incomplete mixing.
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FIG. 8—Tensile test results for incomplete mixing cases.

specimen described in the section titled “Varying Mixing Ratios.”. Nevertheless,
the drawing of final conclusions is difficult due to the absence of metrics for
incomplete mixing.

The increased scatter in the mechanical characteristics of the specimens is
also visible in the strength values obtained in tensile and shear tests. Compared
to Figs. 5 and 6, it is obvious that in Fig. 10 and Fig. 11, the span between maxi-
mum and minimum values for tensile and shear values is, in general, larger.
Furthermore, the mean values are in general lower with the exception for the
nominal mixing ratio test specimens subjected to tensile loading.

We assume that the exception is an outline due to the low number of speci-
mens. In case of more specimens we would expect that the behavior is in line.

Cyclic Tensile Loading of Point Supports

The following experimental results for cyclic tensile loading of point supports
were already presented in detail in an earlier paper [3]. A brief discussion is
given here, additionally covering the durability aspects. Regarding the
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FIG. 9—Averaged tensile test results for incomplete mixing cases.
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FIG. 10—Tensile tests strength for incomplete mixing cases.

performance of the silicone adhesive under cyclic load regimes, a representative
application was selected in the form of a planar bonded circular point support
[3]; see Fig. 12. If the silicone material is free to deform, a significant lateral con-
traction of the material appears under tensile loads, such as is observed in case
of a dog-bone test specimen used in the section titled “Incomplete Mixing
Procedures” during the study of varying mixing ratios. If the silicone adhesive is
bonded to a significantly stiffer material as in the case of the point supports, the
lateral contraction of the almost incompressible silicone [4] is suppressed at the
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FIG. 11—Shear test strength for incomplete mixing cases.



HAGL, doi:10.1520/JAI104061 275
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Compression

FIG. 12—Point support geometry.

interface leading to complex 3D stress states and an increased effective stiffness
of the bonding under tensile loads [5].

This specific behavior is also observed with respect to the failure of the sili-
cone material. Under simple one-dimensional loading schemes such as tension
or shear, the silicone adhesive suddenly fails, as shown in Fig. 1 and Fig. 2 for
dog-bone tests and in Fig. 3 and Fig. 4 for ETAG 002 shear tests. On the con-
trary, it is well-known that the failure of point supports under tensile loads
shows a more complex pattern [6]. In Fig. 13 the test setup is shown using a spe-
cial point support specimen which is made from stainless steel for improved
bonding geometry accuracy. Cross-checks with conventional point support
specimens bonded to glass samples have demonstrated similar mechanical
characteristics. Figure 14 shows the load curve obtained for a 5mm thick sili-
cone adhesive bonded to a 50 mm diameter button, measured at room tempera-
ture and a 1 mm/min displacement rate. The load curve features three distinct
areas of behavior similar to those previously observed for U-type bonding

attachment simulating
point support

Silicone
adhesive

attachment
simulating
glass unit

FIG. 13—Test setup for bonded point supports.
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FIG. 14—Load curve for bonded point supports under tensile loads.

geometries [7]. The first area is characterized by a high stiffness, visible by the
large positive slope at the beginning of the diagram, which indicates a fully
functional adhesive material. The second area differs by a significantly reduced
slope of the curve which is obviously related to damage mechanisms in the ad-
hesive material. Finally, the bonded point support fails due to the propagation
of cracks in the adhesive until total separation occurs.

Cyclic loading has been applied to bonded point supports for various load
levels in order to check mechanical integrity. In order to avoid problems of a
backlash nature evoked by load direction changes, the lower reversal point of
the cycles was set to a minimum tensile load of 100 N. Taking the non-linearity
of the material behavior into account, the upper reversal point was determined
by displacement levels, not by load levels. The upper boundaries (reversal
points) were varied between 0.25 mm for the smallest amplitude and 1.5 mm
for the largest amplitude leading to cyclic loads between 0.4 MPa and 1 MPa,
which are higher than the usual design strength level of 0.14 MPa. Therefore,
these tests can also be seen as exploratory tests for the potential future modifi-
cations of design stress limits and safety factors. Regarding the load history,
100 cycles were selected as a compromise between the test duration on the one
hand, and a sufficiently high number of loadings in order to introduce some
fatigue on the other hand. After the last cycle, the specimen was loaded until
complete failure.

Two aspects are of great interest with respect to the cyclic loading of point
supports: the behavior during cyclic loading and the behavior after cycling. The
degradation of the material during the cycles was assessed by the displacements
for the lower reversal point and the maximum loads at the upper reversal point.
Since only one load rate was investigated during the campaign, it is not possible
to differentiate between visco-plastic and visco-elastic effects of the adhesive
material in the analysis. The failure behavior of the specimens after the cyclic
loading is of special interest with respect to the remaining load bearing capabil-
ities after the cyclic loading scheme.
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FIG. 15—Cycles slope range for low amplitude [3].

Figure 15 shows the cyclic loading scheme related to the low amplitude test
case of the 0.25mm upper limit (reversal point) for a bonding geometry of
50 mm in diameter and 7 mm in the adhesive thickness. For a quantitative com-
parison of the different load levels, the slopes of the various cycles obtained by
secants through the upper and lower reversal points were added to the figure.
For low amplitude cycles the slopes do not significantly change for an increasing
number of cycles, which obviously implies that there is no significant loss of ma-
terial integrity during small load cycles. In Fig. 16, the stress versus displacement
cycles for the high amplitude test case are plotted. In contrast to the low ampli-
tude case, the slopes significantly decrease for an increasing number of cycles,
probably evoked by material damages. In order to allow a quantitative assess-
ment, the relative change of loads is plotted for the various test cases in Fig. 17.
As expected, the amplitudes are linked to the load reductions. Furthermore, the
low and medium amplitudes show an asymptotic behavior, while for the large
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FIG. 16—Cycles slope range for high amplitude [3].
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FIG. 17—Relative load degradation for various cycle amplitudes.

amplitude test case it is not obvious whether an asymptotic value is obtained for
a very high number of cycles.

In order to allow an assessment of the remaining load bearing capability after
cyclic loading, Fig. 18 shows the loads experienced during the final test step until
failure. In this figure, the cyclic load history is deleted from the curves by con-
necting the load history before cyclic loading directly to the load history after the
cyclic loading. In this figure, it is quite obvious that the maximum load bearing
capability after the loading cycles is significantly reduced for the largest ampli-
tude, which is not the case for the lower amplitudes. The step decrease observed
for the largest amplitude is related to the reduction of loads during the cyclic load
scheme, which is eliminated from this figure. Since there is apparently no recov-
ery of the bonding for the high amplitude case, the high load cycles lead to signifi-
cant material damage beyond the Mullins effect. The Mullins effect only refers to
a softening of the material below the experienced maximum load but does not
affect the material behavior beyond the experienced maximum loading.

This test campaign demonstrated that the impact of cyclic loading might
have an impact on the ultimate load bearing capability of the adhesive, depend-
ing on the dynamic load levels. The test results are in agreement with the
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FIG. 18—Owverall load curve for various amplitudes (cycles suppressed) [3].
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current strength design limit used in actual field applications (0.14 MPa) since
no obvious degradation effects have been observed for low stress levels. The
effect of dynamic loading on structural integrity is covered today by the exist-
ing, quite conservative, and thus quite high, safety factors with respect to design
stress values derived from quasi-static tests. The current test results demon-
strate that a more precise determination of design limits aimed at higher design
stresses, and thus lower safety factors, should also consider the impact of
dynamic loading on the performance of the adhesive.

Adhesive Imperfections and Fracture Behavior

Figure 14 presents an obviously perfect behavior of point supports under tensile
loading for a monotonic load history. Despite the special test fittings allowing
an almost perfect bonding geometry and despite careful application of the adhe-
sive to the specimens, the mechanical characteristics of the tested point sup-
ports show a significant scattering, as can be seen in Fig. 19.

The ultimate failure of the specimens occurs at different strain and load lev-
els. Furthermore, samples 5 and 3 show a degradation of the mechanical charac-
teristics significantly before the final failure. This poses the question of why the
investigated specimens differ in their mechanical characteristics although manu-
facturing was carefully done under laboratory conditions. In order to identify
indications for the different failure behavior, the fracture surfaces of the circular
bonding specimens were investigated. Figure 20 displays photographs of the frac-
ture surfaces of the specimens corresponding to the load curves shown in Fig. 19.

The following statements can be drawn by studying these fracture surfaces in
detail:

e Only two specimens do not show any flaws and can thus be considered
perfect; these are specimen 1 and specimen 8. The test of specimen 8
was stopped bevore total break. Afterwards the specimen was cut up in
two pieces for analysis of the core material.
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FIG. 19—Load curves for point supports with and without adhesive defects.
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FIG. 20—Characteristic fracture surfaces of specimens.

e Specimen 4 shows a flaw near the center of the circular bonding, i.e.,
within an inner circle of 30% of the total test specimen radius.

e Specimens 2, 3, and 5 show flaws in offset positions with respect to the
centre, i.e., in an annulus ranging from about 30 to 60% of the total test
specimen radius.

e Specimen 1 and 8 present a fracture surface of high regularity, i.e., a
“rose” pattern almost perfectly centered in the circular bonding.

e This rose pattern is disturbed in the other specimens by the flaws. The
severity of the disturbance of this pattern is as follows: specimen
4 > specimen 2 > specimen 5 > specimen 3.

As a next step, the establishment of a relationship between the fracture sur-
face pattern and the mechanical fracture behavior was considered. According to
Fig. 19, specimens 1, 4, and 8 show a high performance in terms of successfully
resisting high loads and/or high strains. This high performance can obviously
be attributed to the total absence 