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SPECIALIZED OUTDOOR

EXPOSURE TESTING



Enrico Pozzi,1 Valerio Carcano,1 and Antonio Ausilio1

An Attempt at Finding a Correlation Between
Environmental and Accelerated RILEM
TC 139-DBS Weathering for One-Component
Polyurethane Sealants Applied on
Mortar

ABSTRACT: Two sets of butt joint test specimens �ISO 8339 type� with mor-
tar substrate �ISO 13640, Method 1� were prepared without primer using
eight one-component polyurethane sealants; four of low modulus �LM� type
showing a movement capability of 25 % and four of high modulus �HM� type
showing a movement capability of less than 12.5 % �nomenclature HM ac-
cording to ISO 11600 as they show a secant modulus �0.4 MPa at 23°C and
�0.6 MPa at �20°C, but the movement capability of these sealants does not
comply with any of the HM classes stated by ISO 11600�. All specimens were
conditioned according to ISO 8339 Conditioning Method B. Afterwards the
specimens were divided into two sets: the first set was exposed for 24
months in static conditions to the outdoor environment in the urban area of
Milan, facing southeast at an angle of 45°. Periodically, i.e., every four
months, they were evaluated by visual inspection of their exposed surface.
The second set of joints was subjected to accelerated weathering according
to RILEM TC 139 DBS in a light-exposure apparatus �xenon-arc type� with
water spray. At the end of each RILEM cycle �eight weeks weathering plus
one week thermo-mechanical cycling according to ISO 9047� the specimens
were visually inspected. The authors found a good correlation between the
results obtained in outdoor exposure and those observed after the RILEM
durability cycling. In addition to tabulating the findings for crack density and
size, the results are also presented as photographic documentation.
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Introduction

The durability test method elaborated by RILEM TC 139-DBS �1� is a
laboratory-based procedure that is meant to anticipate the weathering resis-
tance of sealants for high movement joints, especially curtain wall joints, such
as in anodized aluminum building façades.

According to the “Significance and Use” statement of the TC 139-DBS pro-
cedure “the correlation of the test data obtained using this experimental proce-
dure with the behavior of a sealant subjected to actual weathering and service
conditions �e.g., geographic locations, sealant orientation� on a given building
is unknown. The use of this method as a predictor of the service life of a sealed
joint for a given climate and location and on a given building has not been
demonstrated”… “The applicability of test data therefore will be at the discre-
tion of the users of this method and depends on their interpretation of the
movement and exposure conditions of a given job site situation” �2,3�.

In fact, as far as we know, until now no correlation data have been pub-
lished between the RILEM test and any kind of outdoor exposure; however, it is
important for the user to know the predictive value of the method in order to
estimate the service life of a sealant in specific conditions.

The purpose of this study is to verify the degree of correlation between the
accelerated RILEM test and outdoor degradation in static conditions carried
out in the urban area of Milan, Italy.

We focused the study on one-component elastomeric polyurethane sealants
sold for high and low movement construction joints on mortar or concrete
substrates, for instance, joints in precast wall panels, floors, parking decks,
balconies, etc.

Experimental Work

Two sets of butt joint test specimens �ISO 8339 type �4�� with mortar substrate
�ISO 13640 Method 1 �5�� were prepared without primer using eight one-
component polyurethane sealants: four of low modulus �LM� type showing a
movement capability of 25 % according to ISO 11600 �6� and four high modu-
lus �HM� sealants rated at a movement capability of less than 12.5 %.

Note that the nomenclature “HM” is used here in accordance with ISO
11600, class 25, as the secant moduli at 100 % extension of these sealants
exceed 0.4 MPa at 23°C and 0.6 MPa at 20°C; however, the movement capa-
bility of these sealants, as rated by their manufacturers, does not comply with
any of the classes stated in ISO 11600 �M�.

These products are today primarily used in the United States and in Europe
as elastomeric self-leveling or thixotropic sealants and often the suppliers claim
to meet a movement capability of 12.5 % for them.

As shown in Table 1, Sealants No. 1, 3, 5, and 7 are laboratory prototypes or
standard commercial products provided by Mapei SpA; Sealants No. 2, 4, 6,
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and 8 are frequently used competitive commercial European products. For
these competitive products the identification of the type of isocyanate was car-
ried out by Infrared �IR� and Nuclear Magnetic Resonance �NMR� analyses and
the identification of TiO2 presence was carried out by X-ray fluorescence analy-
sis �XRF�. All Mapei sealants contain light stabilizers and antioxidants.

A first set of test specimens �three for each type of sealant� was prepared in
the laboratory, without primer, and cured and conditioned for seven weeks
according to ISO 8339, Method B.

After the B cycle their tensile properties according to ISO 8339 are shown
in Table 2.

Afterwards the specimens were exposed on the ground, in static conditions,
to the outdoor environment of the center of Milan, facing southeast at an angle
of 45° degrees for 24 months �the self-leveling sealants starting from March
2006, the thixotropic ones starting from September 2006�.

Figure 1 shows the average data of temperature, relative humidity, global
irradiation, and total precipitation recorded in the center of Milan during the
exposure period as recorded at the Milano Duomo Meteorological Observatory.

Every four months we took a photograph of each specimen in an extended
state—in order to ease the detection of defects—and we visually inspected the
joints for defects—and adhesion loss according to the criteria suggested by the
Recommendation of RILEM TC 190-SBJ: “Service life prediction of sealed
building and construction joints”—Document: SBJ N027 �7�.

The specimens were extended by 100 % for the LM25 class sealants and by
25 % for the not classified HM sealants right before taking the photograph. This
is a more stringent inspection method than the one required in the RILEM
TC139-DBS test protocol, which only requires an extension by 25 % for the LM
25 class sealants.

A second set of test specimens, prepared and conditioned as the first set,

TABLE 1—Sealants studied �M1: Method 1, smooth-surface mortar according to ISO 13640
up: unprimed, notation according to ISO 11600�.

PU-1C Construction Sealants—Type F �ISO 11600�
Class: 25 LM—M1up

Rheology Number Isocyanate Type
TiO2

Presence
Thixotropic 1 aromatic Yes

2 aromatic Yes
Self-Leving 3 aromatic Yes

4 aromatic/aliphatic Yes
Class: Not Classified—�less than 12.5� HM, M1up

Rheology Number Isocyanate Type TiO2

Presence
Thixotropic 5 aromatic Yes

6 aromatic Yes
Self-Leveling 7 aromatic No

8 aromatic/aliphatic Yes

POZZI ET AL., doi:10.1520/JAI101965 5



was statically exposed in a fully automated test chamber �Type Atlas XC2020
Xenon Weather-Ometer, available from Atlas Material Testing Technology, Chi-
cago, IL 60613� having a 6500 Watt cooled xenon-arc lamp irradiating a total
exposure area of 6500 cm2 and water-spray capability. The test specimens were
exposed to three aging cycles consisting of an accelerated weathering period
and a mechanical movement exposure period. One accelerated weathering pe-
riod lasts eight weeks, as defined by the RILEM TC139-DBS protocol, and is
based on repeating the following cycle 672 times: 102 minutes dry period with
light irradiation �65°C black standard thermometer, 60 % r.h.� and 18 minutes
wet period with light irradiation and water spray. After each accelerated weath-
ering cycle, the joints were subjected for one week to thermo-mechanical cy-
cling �two cycles of low temperature extension and high temperature compres-
sion according to ISO 9047, Section 8, Test Procedure, First Week �8��. The
amplitude of mechanical cycling was ±25 % for the LM25 sealants and ±7.5 %
for the not classified HM sealants.

After each ISO 9047 thermo-mechanical cycle we took a photograph �5�
magnified� of the test specimen in extension �by 100 % for the LM25 and by 25
% for the nonclassified HM sealants� and we visually inspected them for defects
and adhesion loss according to the criteria suggested by the Recommendation
of RILEM TC 190-SBJ: “Service-life prediction of sealed building and construc-
tion joints”—Document: SBJ N027—indicated in Table 3.

Results

The photographic documentation in Fig. 2�a�–2�d� and Fig. 3�a�–3�d� shows the
comparative aging results after the first RILEM aging cycle and after twelve
months of outdoor exposure and the comparison between the appearance of

TABLE 2—Tensile properties of the sealants tested according to ISO 8339.

PU-1C Construction Sealants—Type F �ISO 11600�
Class: 25LM—M1up

Thixotropic
No. 1

Thixotropic
No. 2

Self-Leveling
No. 3

Self-Leveling
No. 4

Max. tensile
strength

N/mm2 0.95 0.43 0.73 0.62

Max. elongation % 350 495 503 681
100 % modulus N/mm2 0.39 0.31 0.28 0.16

Class: Not Classified—�less than 12.5� HM—M1up
Thixotropic

No. 1
Thixotropic

No. 2
Self-Leveling

No. 3
Self-Leveling

No. 4
Max. tensile
strength

N/mm2 1.2 0.8 0.62 1.2

Max. elongation % 134 60 100 410
100 % modulus N/mm2 1.1 … 0.7 0.6
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TABLE 3—Evaluation criteria according to RILEM TC 190-SBJ.

Rating Quantity of Cracks Rating Width of Craks
0 None, i.e., no detective cracks 0 Not visible at 10� magnification
1 Very few, i.e., some just significant

cracks
1 Only visible under magnification

up to 10�

2 Few, i.e., small but
significant amount of cracks

2 Just visible with normal
vision

3 Moderate, i.e., medium amount of
cracks

3 Clearly visible with normal
vision

4 Considerable, i.e., serious amount of
cracks

4 Large cracks generally up to 1 mm
wide

5 Dense, i.e., dense pattern of cracks 5 Very large cracks generally more
than 1 mm wide

FIG. 1—Analysis of monthly mean temperature, relative humidity, global radiation,
and total precipitation.

POZZI ET AL., doi:10.1520/JAI101965 7



the specimens after the third RILEM aging cycle and 24 months of outdoor
exposure.

Evaluation of Results

Tables 4 and 5 show the results of the evaluation of cracks density and size
according to the criteria shown in Table 3.

Generally we observed that:

FIG. 2—�a� Appearance of joints specimens for 25 LM Sealant No. 1 and No. 2 after
first RILEM aging cycle and twelve months of outdoor exposure �joints extended by 100
%�. �b� Appearance of joints specimens for 25 LM Sealant No. 3 and No. 4 after first
RILEM aging cycle and twelve months of outdoor exposure �joints extended by 100 %�.
�c� Appearance of joints specimens for HM Sealant No. 5 and No. 6 after first RILEM
aging cycle and twelve months of outdoor exposure �joints extended by 25 %�. �d�
Appearance of joints specimens for HM Sealant No. 7 and No. 8 after first RILEM aging
cycle and twelve months of outdoor exposure �joints extended by 25 %�.
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• More degradation is visible during summer time than winter time.
• The accelerated weathering regime gradually degrades the sealants,

while the outdoor degradation of the sealants shows a seasonal depen-
dence.

For the four self-leveling sealants we verified a fairly good to good degree of
correlation between the surface degradation observed after the first RILEM
cycle and twelve months outdoor exposure and between the third RILEM cycle
and the 24 months outdoor exposure independently of the formulation �type of

FIG. 3—�a� Appearance of joints specimens for 25 LM Sealant No. 1 and No. 2 after
third RILEM aging cycle and 24 months of outdoor exposure �joints extended by 100
%�. �b� Appearance of joints specimens for 25 LM Sealant No. 3 and No. 4 after third
RILEM aging cycle and 24 months of outdoor exposure �joints extended by 100 %�. �c�
Appearance of joints specimens for HM Sealant No. 5 and No. 6 after third RILEM
aging cycle and 24 months of outdoor exposure �joints extended by 25 %�. �d� Appear-
ance of joints specimens for HM Sealant No. 7 and No. 8 after third RILEM aging cycle
and 24 months of outdoor exposure �joints extended by 25 %�.

POZZI ET AL., doi:10.1520/JAI101965 9



isocyanate, presence of TiO2�. We observe that Sealant No. 8 is very stable both
in artificial and outdoor exposure.

In the case of the four thixotropic sealants the degree of correlation be-
tween the first RILEM cycle and the twelve months outdoor exposure is fairly
good for the low modulus Sealant No. 1 and reasonable for the low modulus
No. 2; for the high modulus Sealant No. 6 it is good; however, correlation is
poor for the high modulus Sealant No. 5, for which the first RILEM cycle is
more aggressive than the twelve months outdoor exposure. The degree of cor-
relation between the third RILEM cycle and the 24 months is fairly good or
good for Sealant No. 2, No. 5, No. 6, and reasonable for Sealant No. 1.

Nevertheless, the comparison between Sealant No. 5 �no adhesive failure in
both exposure regimes� and Sealant No. 6 �adhesive failure in both regimes�
shows a clear difference in the quality of the exposure results.

In order to obtain a more objective evaluation of the cracking, which was
carried out visually according to the criteria indicated in Table 3, we tried
examination of the photographic documentation using image analysis based on
8-bit gray-scale images. We used the software Image PRO-PLUS 5.0.1 �supplied
by Media Cybernetics Inc. 8484 Georgia Avenue, Suite 200, Silver Spring, MD
20910� in order to calculate the percentage of the area covered by cracks to the
total area within a given portion of each photograph. This portion represents
about 1.3 cm2, that means about 21 % of the total area of the specimen. The
region was the same size for all the specimens.

Examples of the black and white images obtained by the software analysis
are reported in Fig. 4.

TABLE 4—Low modulus ISO11600 PU 1C construction sealants correlation results.

25 LM—M1up

Number
First RILEM Cycle 12 Months Outside

Correlation
Degree

Cracking Cracking
Density Size Remarks Density Size Remarks

Thixotropic
1 2 2 … 3 2 … fairly good
2 4 5 big

cracks
5 4 … sufficient

Self-
Leveling

3 4 3 … 4 2 … fairly good
4 4 4 … 4 3 … fairly good

Number
Third RILEM Cycle 24 Months Outside

Correlation
Degree

Cracking Cracking
Density Size Remarks Density Size Remarks

Thixotropic

1 3 3 … 4 4 … sufficient
2 5 5 cohesive

failure
into the

bulk

5 5 … fairly good

Self-Leveling
3 4 3 … 5 3 … fairly good
4 4 5 … 4 3 … fairly good
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The results obtained in the automated image analysis confirm the ratings
deduced from the visual evaluation.

Conclusions
1. The systematic study carried out allowed us to demonstrate that the

RILEM TC 139-DBS accelerated weathering method is a good tool for
predicting the static outdoor degradation of PU sealants on mortar. A
fairly good to good degree of correlation between the first RILEM cycle
and the twelve months outdoor exposure was evident in six cases �Seal-
ants No. 1, 3, 4, 6, 7, and 8� among the eight sealants evaluated. A fairly
good to good degree of correlation between the third RILEM cycle and
the 24 months outdoor exposure was observed in seven cases among
the eight sealants evaluated.

The evaluation of the surface degradation was carried out visually
as well as by software-supported image analysis.

However, since we carried out the outdoor exposure in a static
manner, our results cannot be used to completely validate the
RILEMTC139-DBS method.

In order to reach this goal we need to carry out the outdoor expo-
sure in a dynamic manner �with enforced movement of the joints�, as
recommended in RILEM TC 190-SBJ: “Service-life prediction of sealed

TABLE 5—High modulus ISO 11600 PU 1C construction sealants correlation results.

Not Classified—HM-M1up

Number
First RILEM Cycle 12 Months Outside

Correlation
Degree

Cracking Cracking
Density Size Remarks Density Size Remarks

Thixotropic

1 4 2 … 1 1 … Poor
2 4 3 Beginning

of
adhesion
failure in

the
peripheral

region

4 3 adhesion
failure

Good

Self-
Leveling

3 3 4 … 4 4 … fairly good
4 3 3 … 3 2 … Good

Number
Third RILEM Cycle 24 Months Outside

Correlation
Degree

Cracking Craking
Density Size Remarks Density Size Remarks

Thixotropic
1 4 2 … 4 2 … good
2 5 4 adhesion

failure
5 4 adhesion

failure
good

Self-
Leveling

3 4 4 … 5 4 … fairly good
4 3 3 … 3 2 … good

POZZI ET AL., doi:10.1520/JAI101965 11



building and construction joints”-Document: SBJ N027-�edited in De-
cember 2007�, which is easier to carry out than other dynamic expo-
sure methods, such as the use of pre-cast wall panels �9� or the use of
special joints holders �10–13�.

In order to quantify the degree of degradation in natural and arti-
ficial weathering we will take into account the indications of Enomoto
�14�.

2. The systematic study carried out was also very useful for rapidly evalu-
ating the different performance of sealants by comparing the behavior

FIG. 4—Appearance of joints specimens of Sealants No. 3 and No. 5 examinted by
image analysis after the third RILEM aging cycle and 24 months of outdoor exposure.
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of a sealant in accelerated weathering to that of a “benchmark” sealant
of known field performance. Comparing the individual behavior of the
pair of sealants, e.g., No. 1/No. 2 and No. 5/No. 6, allowed us to rapidly
evaluate their different performance already after the first RILEM du-
rability cycle, i.e., after only nine weeks of accelerated testing.
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ABSTRACT: Joint sealants influence decisively the performance and service
life of pavements although they account for only a small fraction of the total
investment. Motivated by the damages observed and the resulting, increas-
ing maintenance efforts, the Federal German Government recognizes the
need for performance-evaluated joint sealing systems with improved capa-
bility �fitness-for-purpose� and durability. A literature study showed that an
identification of the actual mechanical system behavior under realistic loads
as well as a prediction regarding the durability �fatigue, climatic effects� of
joint sealing systems are either completely lacking in most of the relevant
evaluation methods or have only been incompletely addressed previously.
Furthermore an imbalance between commonly used test methodologies and
the actual development status of modern modified sealing materials exists,
i.e., the current test methods are not effective in evaluating the performance
of tailor-made products. In this paper, the authors suggest a methodology to
overcome the present situation. In contrast to the existing, predominantly
empirical evaluation and selection of joint sealing materials and systems for
pavements, the new approach is defined by verified performance under rel-
evant and superimposed loads. This new approach is expected to allow a
more engineered joint design. In addition to the adaptation of performance-
oriented material identification tests, a special focus was placed on the de-
velopment and installation of a complex test facility for the investigation of
the service capability and durability of joint sealing systems in building con-
structions in general. This paper presents an attempt at the realization of this
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approach for pavement joints with the help of our new joint sealant test
equipment utilizing a specific, adapted load function, which comprises cyclic
movements �slow and fast acting�, as well as crucial climatic exposures. The
test data and its interpretation are discussed. For example, the actual me-
chanical behavior of the various joint sealing systems as well as the relevant
maximum loading of cohesive and adhesive bonds can be deduced and
used to differentiate between systems. Furthermore, information gained al-
lows discrimination of products within the various joint sealing systems. The
test results will also enable numerical simulations, e.g., of different joint de-
signs or materials by finite element analysis. The fatigue behavior is detected
by analysis of cycle-dependent changes of the mechanical system charac-
teristics. The evaluation methodology further allows investigation of the deg-
radation mechanisms of specific system failures and, thus, enables service
life prediction by reproducing the performance of the complete system under
realistic conditions. Constructional defects and material flaws can be acti-
vated and detected by the performance-related test methodology, thus iden-
tifying possible corrections to material selection and application procedures.
The potential of the proposed evaluation methodology is discussed for sev-
eral thermoplastic and reactive joint sealing systems.

KEYWORDS: pavement joints, system evaluation, system test
method, superimposed loading, performance, mechanical
characteristics, capability evaluation, durability evaluation, cohesive
failure, adhesive failure

Introduction

A tactical arrangement of regular gaps �joints� is required in order to avoid
uncontrolled cracking of rigid pavements, such as concrete pavements, when
combining different pavement materials, or when connecting the surface
course to technical components such as carriageway drainage or prefabricated
expansion joint systems. Contrary to former strategies, nowadays these gaps
are filled with special materials creating a joint sealing system. A technically
successful solution for a sealed joint has to fulfill the following general require-
ments:

• Seal the pavement structure against penetration by water and pollut-
ants.

• Transfer surface water to the drainage system.
• Avoid accumulation and penetration of dust and soil particles in the gap

�clogging�.
While the installation cost of joint sealing systems is marginal when com-

pared to the total cost of pavement installation, the failure of joint sealing
systems can cause expensive consequential damages to the pavement; �a� by
erosion, �b� by cracking and rupture of pavement slabs, and �c� by bending until
flexural breaks occur in the slabs �See Fig. 1�. These examples emphasize the
significance of capable joint sealing systems according to the requirements
mentioned above.

When considering the functional principles of joint sealing systems, one
quickly arrives at the conclusion that durable deformability and adhesion are
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the general performance characteristics to guarantee suitable fitness for pur-
pose.

Different sealing materials and various joint sealing systems are available
for this type of application. Their classification, use conditions, and installation
criteria as well as their approval process based on the general evaluation and
quality management requirements are specified in national and international
technical standards. However, in spite of all material-based, design-related, or
quality-monitoring developments that have occurred over the past 20 years,
maintenance efforts in this field are still rising. For example, maintenance costs
for highway pavements in Germany increased to �1.64 b€ in 2007 �1�. In ad-
dition to the maintenance efforts, the associated economic loss resulting from
repair- or maintenance-induced traffic interruption comes increasingly to the
fore. For example, the associated economic loss by traffic interruption in Ger-
many was �1.26 b€ in 2007 �1�. These economical data reflect the correspond-
ing feedback from the highway administrations according to which failures of
joint sealing systems such as surface cracking, embrittlement and tearing �Fig.
2�a��, which result in permeable or clogged joints �see Fig. 2�b��, are still being
observed in the field.

Although technical regulations and requirements published in the various
joint sealant specifications as well as approval requirements and appropriate
testing procedures are available, the capability and durability of joint sealing
systems is dissatisfying all too often. So, what is wrong? How can improve-
ments be achieved? What actual capability and durability has to be taken into
account for a realistic maintenance strategy and cost planning? These ques-
tions motivated the authors to initiate a critical review of the testing procedures
used in the evaluation of the capability and durability of joint sealing systems
for pavements. A comprehensive literature review of the state-of-the-art in the
late 1990s with regard to national and international regulations applying to the
qualification of joint filling systems in traffic areas was conducted. The survey
demonstrated that an evaluation of the actual performance of the sealing ma-
terials as well as their system behavior with current methods is possible only to
a very limited extent �2�. Predominantly traditional and indirect testing meth-
ods do not emulate and reflect the actual mechanical behavior of the systems

FIG. 1—Typical pavement damages attributable to incapable joint sealing systems.
�Left� Water shooting out of a pavement joint during traffic loading. �Middle� Flexural
breaks. �Right� Slab blow up.
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under realistic loads and provide only limited correlations to the actual in-
service behavior. Methods for the prediction of durability �mechanical fatigue;
climatic aging� are lacking in most regulations or they are present only in the
short-term characterization of the materials. Furthermore, there is an imbal-
ance between the current testing methodologies and the material composition
of modern modified, respectively “tailor-made,” sealing products which limits
their performance-oriented evaluation. In summary, the categorization, the de-
sign of sealing systems, as well as the selection of relevant sealing materials are
predominantly based on historical experiences and less on methodical,
performance-oriented tests. Despite these conclusions, joint sealing systems are
still categorized in the existing technical regulations according to a wide range
of criteria, e.g., according to their material base or their delivery form, accord-
ing to installation technique or by the area of use, or according to their chemi-
cal resistance; however, also very often according to their mechanical behavior
evaluated predominantly with the testing procedures described above. In sum-
mary and congruent to recent conclusions �3,4� it follows that the adaption or
development of appropriate performance-related test methods can be regarded
a precondition for a simplified performance-based product categorization, a
suitable material selection, and optimized design of joint sealing systems for
their intended use.

Methodology for an Improved Evaluation Approach

The improved approach consists of an adaptation of performance-oriented ma-
terial identification tests and the verification of system performance under rel-
evant and superimposed loads. This approach allows a more engineering-
related design for joint sealing systems. Frequently used, commercially
available products were investigated in the experimental section of this paper.
The representative selection took into account the whole range of materials and
systems approved according to the national technical regulations on joint seal-

FIG. 2—Typical damages of joint sealing systems in practice. �Left� Failures of joint
sealing systems. �Right� Permeable or clogged joints.

18 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



ant systems for highway pavements in Germany. The main categories investi-
gated and discussed in this paper are shown in Fig. 3.

According to German technical regulations the following fundamental me-
chanical behavior and capability requirements �see Table 1� are attributed to
the different joint sealing systems.

Material Evaluation

Additional information about the material’s composition and its mechanical
behavior is required not only for a performance-oriented identification but also

FIG. 3—Approved types of joint sealing systems for highway pavements according to
the technical rules in Germany. �Left� Joint filled with sealant compound �defined by
their application condition, viscoelastic properties, and curability as hot-applied plastic
�PS�, hot-applied elastic �ES�, cold applied reactive �RS�, and hot-melt bitumen strand.
�Right� Joint sealing systems based on sealant profiles �gaskets�.

TABLE 1—Categorization and approval requirements for joint sealing systems for high-way
pavements according to German regulations.

Types of Joint Filling Systems Attributed
System

Behavior

Maximum
Movement
Capabilitya

Durability
�Minimum

Service Life�Main Category Subcategory
Thermoplastic sealants

�hot applied�
Plastic type

�PS�
Plastic �25 % �5 mm� �5 years

Elastic type
�ES�

Elastic �35 % �7 mm� �5 years

Reactive sealants �RS�
�cold applied�b

Elastic �25 % �5 mm� �5 years

Preformed profiles
�PP�

Elastic �30 % �6 mm� �5 years

aMovements capability requirements refer to the joint width at installation of the joint
filling system.
bThese sealants are also classified as fuel-resistant.

RECKNAGEL AND PIRSKAWETZ, doi:10.1520/JAI101961 19



as a precondition for a material-related characterization of the joint sealing
system �5,6�. In order to achieve an improved analysis of the material’s compo-
sition, especially of modified and filled sealant compounds, the method of ex-
traction of formulation constituents by solvents was adapted. Solvent extrac-
tion allows to obtain information on the content of bituminous binder
�modified/unmodified� as well as the content of inorganic filler �mineral pow-
der� and organic filler �rubber crumbs�, or both. A further identification of the
modified bituminous constituent was obtained by the method of size-exclusion
gel permeation chromatography �GPC�. This method allows separation of the
molecules of the organic polymers according to their size, and results in an
analytical fingerprint of the material by determination of the specific molecular
weight and its distribution.

It is known from the literature, e.g., from Refs �5–7�, that analysis of the
dynamic mechanical behavior under temperature variation gives very useful
performance-oriented material information. Therefore, we adapted the dy-
namic shear rheometry as a material evaluation method �see Fig. 4�. With this
method one obtains information on the plastic viscous �loss modulus G�; see
Eq 2� and elastic material characteristics �storage modulus G�; see Eq 1� and
their dependency on variations in temperature �see Fig. 5�, and deformation
rate or frequency. The authors also consider implementation of artificial weath-
ering �based on UV-radiation� in this test procedure. The loss angle � �see Eq 3�
is an indicator of the ability of the material to relax �relaxation indicator�. This
experimental tool allows the assessment of the range of plasticity �mechanical
working range� between glass transition �Tg� and melting point �Tm�. Thus im-
portant fundamental information for the development of a system test appro-
priate to the materials involved is obtained.

Dynamical-mechanical material characteristics resulting from rheometric
analysis are:

Storage modulus:

FIG. 4—Principles of dynamic mechanical material analysis by shear rheometry.
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G� =
�0

�0
� cos � �Pa� �1�

Loss modulus:

G� =
�0

�0
� sin � �Pa� �2�

Loss angle:

� = arc tan
G�

G�
� ° � �3�

System Evaluation

In addition to the optimization of material tests as part of a performance-
oriented identification system, the authors placed a special emphasis on the
development of a performance-related test method for joint sealing systems �8�.
In order to achieve the latter goal, it was necessary to determine the significant
loads exerted on joint filling systems �see Fig. 6�, to transfer these loads into a
practicable load function, and to define the crucial evaluation criteria for the
determination of the general capability and durability of the system. Last but
not least a suitable test facility had to be built.

The key loads that affect the capability and durability of the joint sealing
system by activation of the internal and external aging effects can be catego-
rized in terms of influences resulting from weather and traffic. Weather condi-
tions induce direct climatic and indirect mechanical loads �deformation� on the
joint sealing systems. Due to the strong dependency of thermo-mechanical be-

FIG. 5—Analysis of the temperature-dependent mechanical behavior �PS=red; ES
=yellow; Profile=blue�.
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havior of the different joint sealing materials on the temperature, the actual
temperature variations in service are of particular importance. Temperature
variation results in deformation of the joint sealing systems while simulta-
neously changes in their temperature-dependent mechanical behavior occur. In
order to simulate the aging effects, aging by thermal exposures and UV radia-
tion �energy impact� has to be considered. The bonding behavior of the system
is substantially influenced by the ambient relative humidity or precipitation.
The dynamic deformation associated with passing traffic has to be considered
as a significant influence on joint sealing systems in pavements. An intensified
load and an activation of aging processes �synergism� have to be expected based
on the combined effect �superimposition� of the aforementioned loads. As such,
a load function based on environmental conditions as experienced in service
must take into account a superimposition of simultaneously acting loads.

The intensity of the load parameters shown above corresponds to the aver-
aged climatic and service loadings in highway construction in Germany and
has been used by the authors as the basis for the derivation of a representative
load function adjusted to the conditions of the German highway network and
one year of service. The general concept was to develop a load function repre-
senting one season with the intent to evaluate the general capability of a joint
sealing system during this period of time. Cyclic repetition of this function
activates the fatigue and aging behavior of the sealing system and allows quali-
fication of its durability by proceeding until failure occurs. This failure then
determines the total service life. Furthermore, in order to limit the effort and
expenditure, a minimization of testing time has to be achieved. The authors
suggest that all crucial loads occurring over the period of one year in service
�see Table 2� can be represented by a load function acting over a period of
168 hours. The proposed acceleration appears to be an acceptable compromise
between the test duration and a reasonable simulation of the relevant loading
rates �e.g., for mechanical loading� and loading quantity �e.g., rain cycles or UV
exposure�.

FIG. 6—Schematic representation of crucial annual loads for highway pavement joints.
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TABLE 2—Control parameters of load function �simulating annual loading�.

Phase
Simulated

Season

Deformation
Temperature

Variation

Air
Moisture
Variation

Rain
Cycles

UV
RadiationStatic Dynamic

1 Spring I 0 mm ±0.1 mm
f=3 Hz

15°C from
40

to 70 %

0 ON
�100 %�

2 Summer −1.0 mm ±0.1 mm
f=3 Hz

50°C 70 % 11�1 min
with 5 l /min

ON
�100 %�

3 Autumn 0 mm ±0.1 mm
f=3 Hz

15°C from
70

to 20 %

5�1 min
with 5 l /min

ON
�100 %�

4 Winter +4.9 mm �PS�
+6.9 mm �ES�
+4.9 mm �RS�
+4.9 mm �PP�

±0.1 mm
f=3 Hz

−20°C … 0 OFF
�0 %�

5 Spring II 0 mm ±0.1 mm
f=3 Hz

15°C 20 % 0 ON
�100 %�
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The mechanical load as part of the complex load function �see Fig. 7� con-
sists of a contribution by the slow-moving �quasi-static� part of the deformation
representing the annual horizontal joint movements induced by the tempera-
ture variations occurring over the course of one year. For these slow horizontal
movements one has to consider not only the range of horizontal movements
known by numerous measurement series in the field ��3.5 mm according to
Ref �8��, but also the corresponding approval requirements of the technical
regulations. These approval requirements demand a horizontal movement ca-
pability �deformability� of 5 to 7 mm, depending on the joint dimensions and
the category of the sealing system. In the mechanical loading function, the slow
horizontal movements are superimposed with dynamic deformations of
±0.1 mm representing traffic-induced horizontal movements of the joint. The
climatic load of the complex loading function is predominantly determined by
the annual maximum and minimum temperatures. For this purpose we had to
take into account variations between −20°C and +50°C representing the tem-
perature range typically observed in Germany. The temperature variation is
dynamical adapted to the associated deformation state. The largest joint open-
ing is connected with the lowest ambient temperatures and the minimum joint
width is at the highest temperatures in summer conditions. That means me-
chanical loading under the associated temperature-depending mechanical be-

FIG. 7—Complex load function for joint sealing systems in pavements.

24 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



havior �actual temperature depending stiffness� of the systems. Mechanical and
temperature loadings follow the annual seasons beginning and ending with
spring conditions. The climatic loading is associated with continuous UV irra-
diation during spring, summer, and autumn periods and integrated rain show-
ers.

With regard to the load function, the following characteristics are relevant
for the assessment of the performance of the joint sealing system:

• Demonstration of functional capability in terms of flexibility, cohesive
and adhesive bondstrength, as well as impermeability.

• Demonstration of durability in terms of fatigue strength, long-term co-
hesive and adhesive bond strength �durable bond�, as well as long-term
impermeability �durable impermeability�.A suitable system test method

must have the capability of assessing these properties.
No adequate test facility could be identified based on the analysis of the

existing test methods. Therefore, a test facility had to be developed that was
capable of replicating the key loads in the simplified methodology discussed
above. The general design principle for the test facility was to cover as wide a
range of applications as possible based on a preferably universally adaptable
evaluation of joint sealing systems. The test facility includes a mechanical load-
ing device to simulate quasi-static and dynamic horizontal and vertical defor-
mations, or a combination thereof, in order to emulate various axial and
uniaxial stress conditions, or both �see Fig. 8�.

The loading device is embedded in a climate chamber to simulate simulta-
neously the relevant climatic loads, i.e., temperature changes, rain, humidity,
and UV irradiation. Both loading devices �mechanical and climatic device� are
synchronized by a central control unit, thus allowing operation in single as well
as coordinated, superimposed loading modes in numerous variations. In order
to provide the possibility for investigations on a full size joint specimen under
realistic conditions, concrete plates according to the technical specifications for

FIG. 8—Schematic representation of the mechanical loading device and its technical
parameters.
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concrete pavements were specially prepared for the loading device �see Fig. 9�.
Therefore, the experimental setup is close to the actual conditions in concrete
pavements.

Besides this the design conception allows also the installation of specimens
with a variety of sealant contact surfaces �e.g., steel substrate, asphalt sub-
strate, etc.�.

Results of System Test and Their Interpretation

A technical check of the capability of the new test methodology as well as its
applicability to joint system testing was accomplished by the investigation of in
total five different joint sealing system categories for pavement joints �see Fig.
3� based on eleven different products. Due to the ongoing predominant use, a
special focus was placed on sealing compounds �5,6�, versus profiles, as sealant
compounds are more frequently used with concrete pavements.

Each specimen was exposed to consecutive repetitions of the complex load
function corresponding to the required minimum service-life duration �see
Table 1� or up to the loss of performance, e.g., by cracking, breaking, or deb-
onding. During the test, the forces �F� induced by the static and dynamic dis-
placements as well as the climatic parameters �temperature, humidity, rain
water amount, and UV energy� were measured and recorded. Basing on the
mechanical data measured, additional mechanical parameters such as maxi-
mum stresses 	A;max, spring stiffness kA of the system and work performed
WA;max can be calculated and discussed by normalizing the measured mechani-
cal data to one substrate area �surface element� of the bonding surface:

k =
Fmax − Fmin

smax − smin
�N/mm� �4�

FIG. 9—Example of a full size specimen with hot-applied joint sealing system.
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W =� F � ds �N · mm� �5�

	A max. =
Fmax

l � d
�N/mm2� �6�

kA =
k

l � d
�N/mm3� �7�

WA =
W

l � d
�N/mm� �8�

where Fmax=load �N�, l=length of the specimen’s joint �mm�, s
=displacement �mm�, d=height of the specimen’s joint �mm�.

The dynamically-changing �phase-dependent� evolution of 	A;max allows
calculation of the key stresses within the system and at the adjacent substrates.
The variation of the spring constant kA provides information concerning the
temperature-dependent stiffness of the system during the transition from sea-
son to season. This parameter should allow additional and more detailed para-
metric studies under the decisive load condition at low temperatures during
winter with the help of numerical calculations �FEM analysis� in more detail.
The parameter WA allows information to be derived regarding the capability of
partially absorbing stresses by means of dissipation �see also Ref �9��. Further-
more, the climatic parameters of moisture, radiation, temperature, and, in par-
ticular cases, the interior temperature of the sealants were recorded. Finally, a
visual evaluation of adhesion quality and a test of impermeability completes
the data acquisition for a comprehensive characterization of the system perfor-
mance. The measured mechanical data were visualized in different graphic
modes in order to describe and discuss the correlation between loading and
reaction of the system. Figure 10 shows, as an example, the recorded maximum
and minimum forces as well as the calculated mean force of a joint sealing
system based on a hot-applied sealant of predominantly plastic type �PS� plot-
ted versus the cycle duration time and simulated season. The first observation
that can be made is a nearly symmetrical behavior of traffic-induced �tensile
and compression� forces versus the neutral axis. The evolution of the mean
force shows that the seasonally induced forces or stress conditions are not
completely reduced �dissipated� by relaxation. Contrary to the material’s cat-
egorization �predominantly plastic behavior� one can detect permanent tensile
stresses, especially under winter conditions. Apparently this system shows also
an elastic response even when exposed to slow displacement movements.

In the case of the hot-applied sealant of the plastic type, discussed above,
the majority of mechanical loading of the system does not result from the
relatively large displacements induced by seasonal climate changes but rather
from traffic-induced forces. These small displacements activated by the over-
rolling traffic �“traffic induced”� oscillate with an amplitude of ±0.1 mm around
the mean displacement value which is determined by the annual temperature
changes �please see also the top section of Fig. 7�. However, despite their small
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amplitude, these traffic-induced movements induce stresses that are approxi-
mately 15 times higher than those caused by the climatic loads. During the
winter period, the joint sealing system is permanently under changing com-
pression and tension stresses with highest loading �Fmax of 5.1 kN leading to
	A;max of 0.75 N/mm2�. As expected, the dynamic deformations induce a con-
siderable elastic response. However, what is the exact mechanical behavior of
the system? Are there any plasticity effects �dissipation� under these loading
conditions as one would expect from the system categorization? This question
will be discussed later during the interpretation of the recorded hysteresis
loops. One indication of the system behavior is provided by the local peak of
the compression force at the end of the cycle when the displacement returns
from maximum extension to the initial state. The system does not move volun-
tarily from extension to its initial state without additional �and relatively high�
compression forces. In summary, the forces in Cycle 1 are continuous during all
simulated seasons and do not show any discontinuities indicating a capable
sealing system.

Surprisingly, a similar behavior is observed also for joint sealing systems
based on hot-applied sealant compounds of the predominantly elastic type �see,
for example, the graph shown in Fig. 11�. Contrary to their categorization,
these systems show relaxation effects under seasonally induced displacements
which can be seen in the graph of the mean load level.

Considerable compression forces are required in order to move the hot-
applied elastic joint sealant system from the maximum induced extension to its
initial state. Later the discussion of the hysteresis loops will highlight addi-
tional issues to discuss with regard to the antagonism between assigned and
real mechanical behavior. Systems of this elastic categorization show generally
lower force levels, with accompanying stress levels, which are approximately
three times lower than those of the plastic sealant type. This behavior preserves

FIG. 10—Typical test results of joint sealing systems made of a hot-applied plastic seal-
ant compound. Shown are the seasonally induced mean force �labeled “Mean force”�,
the traffic-induced tensile force �labeled “Tensile force”�, the traffic-induced compression
force �labeled “Compression force”�, and the displacement mean value �labeled
“Displacement”�.
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the cohesive and adhesive bonds and results in a considerably longer durability
of the joint sealing system, as identified in the system tests.

The system studied based on a cold-applied reactive sealant �two-
component polyurethane� shows a completely different mechanical behavior
�see Fig. 12�. Instead of observing oscillating compressive and tensile forces
around the zero-force-axis �see Figs. 10 and 11�, permanent compression
�under simulated summer conditions� or tensile forces �under winter condi-
tions� were measured. In other words, the seasonal deformation states domi-
nate the system behavior. Even in this case small relaxation effects are ob-
served; otherwise all data indicate an authentic elastic mechanical behavior.
Despite the permanent stress situation, the lower stiffness of the system results
in more than five times lower loading of the bond compared to PS systems and
still two times less than the ES systems tested. A repetition of the complex
loading cycle for more than ten times without system failure indicates the long-
est service life within the set of sealants tested. However, because of the perma-
nent stress situation, we cannot exclude that mechanical damages of the seal or

FIG. 11—Typical test result of joint sealing systems made of a hot-applied elastic seal-
ant compound �labeling as in Fig. 10�.

FIG. 12—Typical test result of joint sealing systems made of cold-applied reactive seal-
ant �labeling as in Fig. 10�.
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imperfections, especially in the bond area, may result in rapid premature fail-
ure.

Discontinuities of the graphs provide information on failure processes.
From these discontinuities the kind of failure as well as reasons for failure at
the end of service life �loss of durability� can be deduced. Furthermore, the
graphs also allow detection of inappropriate material selection or combination
as well as design-dependent weaknesses or incorrect installation. Figure 13�a�
shows a typical example of the loss of cohesion in a plastic sealant system with
high filler content. Already at low displacements first internal cracks seem to
have been initiated and immediately after the system went through maximum
extension, water leakage occurred �see circled image in Fig. 13�a�, left-hand
side�. The further, steep decline of the force is an indicator of the final rapid
tearing �picture below Fig. 13�a�, right-hand side�. The test results presented in
Fig. 13�b� are indicative of a system failure caused by an inappropriate primer
selection �Fig. 13�b��.

Figure 14 visualizes a typical example of a fatigue failure caused by advanc-
ing loss of adhesion resulting from progressive cyclic loading which is in fact
characteristic of the end of service life �durability�. Illustrated are the forces
observed in Cycle 5 and 6 �continuous bold lines� in comparison to those of
Cycle 1 �thin lines� together with the corresponding visual appearance of the
specimen. Compared to Cycle 1 a considerable and still ongoing steady de-
crease of the forces is detected in Cycle 5 indicating the beginning of a local loss
of the adhesive bond �Fig. 14�a��. In Cycle 6 the discontinuity of the graph as
well as the force level compared to Cycle 1 indicate nearly complete failure �Fig.
14�b��. Load transmission and impermeability provided by the adhesive bond
are disrupted.

Comparative testing of four representative joint sealing systems based on
plastic sealants �PS� revealed highly differentiated performance profiles featur-
ing a considerable range of varying capability and of durability. Figure 15
shows the tensile stress behavior of different joint sealing systems and the as-
sociated failures.

It is obvious that the behavior of the systems based on plastic sealants PS 1
to PS 3 differ substantially from that of the system based on PS 4. The higher
stiffness of these systems �PS 1–PS 3� is obviously responsible for a two to three
times higher stress level. The lower stress level of system PS 4 is apparently the
reason that only this joint sealing system achieved the durability requirements
for the minimum service life �see Table 1�. Systems PS 2 and PS 3 exhibited
failures after three, respectively, four simulated annual cycles due to insuffi-
ciently durable adhesion to the substrates. System PS 1 was generally inappro-
priate for the intended use. It was not capable of sustaining the loads during
one simulated year due to insufficient cohesive strength. It is obvious from
these test results that the systems PS 1 to PS 3 do not comply with the general
performance requirements. In this case, realistic application areas according to
the evaluated performance must be defined for a failure-free practical use. The
basis for selecting the application areas may be further system tests corre-
sponding to the approach presented here.

After having introduced and discussed the key performance indicators, fea-
tures of the investigation and the technical information about capability and
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FIG. 13—�a� Failure detection; loss of cohesion bond. �Left� Appearance at first visual
observation. �Right� Appearance at second visual observation. �b� Loss of adhesion
caused by an inappropriate primer selection.
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durability of joint sealing systems as derived from the discussion of annual
force-deformation graphs, we now would like to introduce a tool for a physical
exact characterization of the joint sealing systems that will complete the me-
chanical system evaluation. This supporting information can be derived from
the analysis of the hysteresis curves �shape� for single dynamical deformations
�see Fig. 16�. From the slope of the curve, k, the stiffness of the system can be
deduced. As can be seen from the hysteresis diagram shown in Fig. 16 the joint
sealing system type PS 2 shows the highest stiffness. The slope of system PS 2
is approximately 35 times higher than the investigated RS 1 system and the
profile system studied and still 3.5 times higher compared to system ES 2, for
which the performance and durability behavior has been discussed above. A
comparison of the shape and surface areas of the graphs indicates different
mechanical behaviors of the various systems, whereas the shape of the hyster-
esis of system PS 2 indicates even differences between the tension and com-

FIG. 14—�a� Typical failure at the end of system’s service life �durability� indicated by
the beginning of a local loss of the adhesive bond. �b� Nearly complete failure at the end
of system’s service life �durability�.
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FIG. 15—Product differentiation according to capability and durability �photos show
the failure situation of the tested specimen�. �a� PS 1: Failure of specimen after first
cycle. �b� PS 2: Failure of specimen after fourth cycle. �c� PS 3: Failure of specimen after
third cycle. �d� PS 4: Failure of specimen after fifth cycle. �Note to author—please supply
a, b, c, and d on photos for Fig. 15�.
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pression segments. Generally speaking, systems PS 2 as well as ES 2 show
viscoelastic behavior with very pronounced dissipation of the energy intro-
duced. Surprisingly, this behavior is more pronounced in joint sealing systems
based on so-called “elastic” compounds �around 1.5 times higher compared to
“plastic” systems�. Thus, it seems to be necessary to revise the system and
product evaluation, the categorization and the associated simplified model of
the system behavior. During system testing according to the new approach this
mechanical behavior was visualized with the help of temperature measure-
ments in the interior of the sealants. Repetitive cycle deformations induce heat
in the joint sealing systems and with it temperature differences of 
T=7.5 K
�for system ES 2� and of 
T=5 K �for system PS 2� compared to the surround-
ing temperature of −20°C were detected. The energy dissipation for the me-
chanical system behavior is described by the loss angle �phase shift� between
loading and system reaction. This mechanical system parameter can be de-
tected from a visualization of the dynamic loading and system response accord-
ing to Fig. 17. The joint sealing system categories investigated so far, obviously
with some variations depending on the specific product, show a loss angle
ranging from approximately 25° for PS systems to approximately 28° for ES
system and approximately 7° for the RS system and approximately 11° for the
profile system.

Conclusions and Outlook

A performance-related approach was deduced from the analysis of the current
state-of-the-art concerning the evaluation of joint sealing systems. The applica-
tion of this approach to the evaluation of joint sealing systems was accom-
plished with a new system test method which incorporates the ability to vary
the loading over a wide range of values and a complex load function that emu-

FIG. 16—Comparison of hysteresis graphs for various joint sealing systems.
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lates practical conditions. Based on the study of various joint sealing systems
with different sealing products the following can be concluded from the results
thus far:

• The method investigates the performance under practical loading con-
ditions.

• The actual mechanical behavior of the system, including failure mecha-
nisms, can be identified and used to describe the system’s capability
�fitness-for-purpose�.

• The method reveals the system’s fatigue behavior �durability�.
• The structural and material effects �e.g., structural defects or material

flaws� on the system behavior can be evaluated.
• The types of joint sealing systems as well as various products can be

discriminated according to their capability and durability.
• The test results form the basis for further numerical investigations of

material or design variation.
However, one major question remains. Can these results be correlated with

actual field behavior? Observation of a field test section was started in 2002 in
order to identify criteria that allow extrapolation of the laboratory behavior to
field behavior. This installation comprises the joint sealing systems character-
ized by the new system test method discussed in this paper. Thus far, it appears
that for joint sealing systems based on plastic sealant compounds the labora-
tory method reproduces the field behavior with a good correlation. The induced
failure mechanism and the service life ranking are similar �see Table 3�. This
study will be continued until the year 2012.

In addition to the observation of the field test sections, the following fur-
ther elements are considered for inclusion in a future evaluation program:

• Support of the system evaluation by means of numerical analysis
�FEM�.

• System tests under multi-axial mechanical loading.

FIG. 17—Analysis of loss angle �phase shift� between loading and system reaction.
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• Application of the testing concept to other sealing joint systems.
In summary, the results obtained on a representative choice of different

products falling into the various categories of joint sealing systems for pave-
ments indicate that the tools presented in this paper allow an improved predic-
tion of service life, a more realistic maintenance plan, as well as cost estima-
tion.
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Errol D. Bull1 and Gary M. Lucas2

Long-Term Outdoor Weathering Study of
Construction Sealants

ABSTRACT: Long-term weather resistance is an important factor to consider
when selecting a sealant product for use as an exterior weatherseal for con-
struction applications. The weathering performance of sealants used in these
applications can be dependent upon sealant type, sealant chemistry, product
formulation, building location, climate, and joint orientation, among other fac-
tors. This paper compares and shows the long-term performance of three
construction sealant types: silicone, polyurethane, and acrylic terpolymer.
Performance attributes such as toughness, flexibility, adhesion, and physical
degradation �i.e., reversion, cracking, hardness, etc.� are compared after a
22 year exposure to outdoor weathering in South Florida.

KEYWORDS: durability, outdoor weathering, silicone, polyurethane,
acrylic terpolymer, hardness, flexibility, adhesion, elastic recovery,
toughness

Introduction

In 1983, a variety of sealant types were installed and placed on outdoor expo-
sure racks at a weathering facility near Miami, Florida, USA. The original 1983
study was designed to serve two purposes: first, to provide shorter-term �i.e.,
1–2 years� information on streaking/rundown effects of different sealants on
glass and painted aluminum; secondly, to provide weathered and aged samples
for longer-term durability evaluation. This paper addresses only the long-term
durability aspect of the original study and is intended to review only the sealant
materials, not adjacent surfaces or substrates.
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The sealants were applied to glass and painted aluminum panels at the test
site and have remained in position since January 1983. The sealants have been
periodically monitored over the past two decades for various performance cri-
teria such as appearance, flexibility, hardness, and adhesion. In January 2005,
after 22 years of weathering, the samples were inspected and photographed. In
addition, samples of cured sealant product were cut from each individual test
assembly and retained for further lab evaluation.

Test Site Location

Exposures were conducted in Miami, Florida, USA at an exposure field oper-
ated by the Atlas Weathering Services Group—South Florida Test Service
�SFTS�. The site is located in a rural, unpolluted environment with a general
prevailing climate that provides high levels of ultraviolet radiation, humidity,
and temperature in a tropical environment �see Fig. 1�.

FIG. 1—Test site, aerial view �courtesy of Atlas Materials Testing Technology LLC�.
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Test Site Data

Latitude: 25° 52� North
Longitude: 80° 27� West
Elevation: 3 m �10 ft�
Average Temp, high: Summer: 34 °C �93 °F�

Winter: 26 °C �79 °F�
Average Temp, low: Summer: 23 °C �73 °F�

Winter: 13 °C �55 °F�
Avg. Relative Humidity: 78 %
Ave. Annual Rainfall: 1685 mm �66 in.�
Total Radiant Energy: a�295–3000 nm� See web link below b6588 MJ /m2

Total UV:
�295–385 nm� 280 MJ /m2

a Measured at latitude tilt angle �26° South�
b http://www.atlas-mts.com/en/services/natural�weathering�testing/

natural�weathering�testing�sites/north�america/index.shtml

Test Panel Configuration and Assembly

A series of test panels were assembled using 30.5 by 30.5 cm �12 by 12 in.�
pieces of glass and painted aluminum set in aluminum channels fastened to
create a supporting frame �test assembly� which was mounted to outdoor ex-
posure racks at the test site location �see Fig. 2�. The assemblies were posi-

FIG. 2—Test assembly �glass panels shown�.
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tioned on the racks at a 45° angle to the horizon and facing south. Each test
assembly consisted of three glass �or painted aluminum� panels with two hori-
zontal in-plane joints created between the panels �see Fig. 3�. Both joints, of
each test assembly, were filled with the same sealant product. All joints in all
test assemblies were 1.3 cm �1/2 in.� wide and created using small plastic
shims placed at the left and right edges of the panels to maintain separation.
Glass thickness was 0.64 cm �1/4 in.�. Painted aluminum panels used a 90°
bend at the edges to provide sufficient surface length �1.91 cm �3/4 in.�� for
bonding.

All glass and painted aluminum panels were cleaned prior to installation of
the sealant using soap and water. After cleaning, the panels were thoroughly
rinsed with water and dried. No primers were used in this study.

A polyethylene backer rod �held in place with masking tape� was used to
hold the sealant in place. Once the sealants were fully cured, the backer rod was
removed thus allowing the cured sealants to be exposed to the environment
from both the top and bottom surfaces.

All sealants were installed using the procedures outlined by the manufac-
turer on the product datasheets.

In order to enhance the effects of streaking/rundown �one of the two origi-
nal objectives of the study�, the installed sealants were not tooled into the usual

FIG. 3—Test assembly array at test site location.
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smooth concave profile. The lack of tooling during installation of these sealant
beads in 1983 was thought to be of minimal importance for the durability
aspect �from a material perspective� of this study.

Description of Sealants

All sealants in this study were commercially available products sold in 1983 and
marketed for use in construction applications. The sealant products used were
from six different manufacturers. Twelve of the original 13 products used in
this study are commercially available when this paper was prepared. Table 1
provides a brief description of the products in the study.

TABLE 1—Description of sealant products.

ID # Polymer Type, Descriptors Manuf Filler Type Color
1 Silicone, 1PT, ±25 %, Ac A 100 % fumed silica White
2 Silicone, 1PT, ±50 %, Al A Calcium carbonate/fumed

silica
Gray

3 Silicone, 1PT, ±50 %, Al A Fumed silica Trans/Clear
4 Silicone, 1PT, ±50 %, Al A Calcium carbonate/fumed

silica
Gray

5 Silicone, 1PT, ±50 %, Al B Calcium carbonate/fumed
silica

Gray

6 Silicone, 1PT, +100/−50 %,
Am

B Calcium carbonate/fumed
silica

Limestone

7 Silicone, 1PT, ±25 %, Ac B 100 % Fumed silica Black
8 Silicone, 1PT, ±25 %, Ac C 100 % Fumed silica Black
9 Silicone, 1PT, ±25 %, Ac D 100 % Fumed silica Black
10 Polyurethane, 2PT, ±50 % D Fumed silica Black
11 Acrylic Terpolymer, 1PT, XX D Calcium carbonate Black
12 Polyurethane, 1PT, ±25 % E Calcium carbonate/fumed

silica
Limestone

13 Polyurethane, 1PT, ±25 % F Calcium carbonate Gray

In this study the following abbreviated sealant descriptors are used:

1PT=single component product; 2PT=multi-component product; ±25 %, ±50 %,
�100/�50 %�the manufacturer’s published movement capability; Ac�acetoxy chemis-
try; sealant releases acetic acid during cure phase; Al�alcohol chemistry; neutral cure
sealant which releases alcohol during cure phase; Am�aminoxy chemistry; neutral cure
sealant which releases diethylhydroxylamine during cure phase; XX=unknown/not
published.
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22 Year Environmental Exposure History

The data in Table 2 provided by the Atlas Weathering Services Group, South
Florida Test Service Miami.

Evaluation Methods

Surface Appearance & Condition

The aged sealants were visually examined for general appearance and surface
degradation �i.e., cracking, crazing, bubbling, other surface irregularity, etc.,
and discoloration or dirt pickup� and observations of each condition were re-
corded at that time. Surface irregularity descriptions are provided as footnotes
to Table 3. A cursory cleaning �bucket of soapy water using a sponge to lightly
clean the sealant beads including the surrounding glass and/or metal panels in
the vicinity of the sealant beads� of the panels was performed to assist in visual
assessment of sealant surface conditions �attempts were not made to thor-
oughly clean each sample�. Test assemblies were cleaned and photographed
prior to and after sealant cutting and removal to allow for best visual examina-
tion of the sealant surface�s�.

Table 3 provides a qualitative assessment of the physical appearance and
condition of the sealants. The following ratings were assigned and are tabu-
lated in Table 3:

• For surface appearance and condition: Samples were visually and quali-
tatively assessed as Excellent, Good, or Poor.

• For dirt pickup: Samples were visually and qualitatively assessed as
Light, Moderate, or Significant.

• For surface irregularity: Samples were visually and qualitatively as-
sessed as None, Moderate, or Significant.

• For discoloration or color change: Samples were visually and qualita-
tively assessed as None, Moderate, or Significant.

Toughness

This study defines a tough sealant as being resilient, firm, resistant to gouging
or probing, and flexible but not brittle. For toughness, cut samples were as-
sessed by stretching, bending, twisting, probing, etc. Samples were assigned a
score of Excellent, Good, or Poor and are shown in Table 4.

Adhesion

Sections of each sealant were physically cut out from each glass and aluminum
panel test assembly and at that time the adhesion was qualitatively evaluated by
hand pull and visual inspection of the joint bondline for mode of failure �cohe-
sive or adhesive�. See Figs. 4 and 5. Adhesion results are shown in Table 5.
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TABLE 2—Summary of annual weathering data.

Year

Total Solar
Radiation,

direct @ 45°,
MJ/m2

UV Solar
Radiation,

direct, @ 45°,
MJ/m2

Average
Ambient
Temp.,
°F/°C

Average
Black Metal
Panel Temp.,

°F/°C

Average
Relative

Humidity,
%

Total Time of
Wetness, @

45°, h
Total Rainfall

cm / in
1983 5984.6 a 75.2/24 93.2/34 80 4653.8 166.6/65.6
1984 5890.7 a 75.2/24 93.2/34 79 4370.8 166.9/65.7
1985 5920.9 339.39 75.2/24 93.2/34 80 4552.3 145.3/57.2
1986 6517.7 376.21 75.2/24 95.0/35 81 5431.8 166.1/65.4
1987 5440.0 306.90 75.2/24 93.2/34 79 5239.0 122.7/48.3
1988 6146.0 292.30 77.0/25 96.8/36 86 5581.1 155.2/61.1
1989 6639.0 326.26 75.2/24 91.4/33 81 3895.9 76.7/30.2
1990 6352.1 266.51 71.6/22 89.6/32 77 3340.0 70.1/27.6
1991 6001.3 278.04 73.4/23 89.6/32 76 4085.9 105.2/41.4
1992 6233.0 305.53 73.4/23 78.8/26 77 3731.7 107.2/42.2
1993 6297.2 284.21 75.2/24 86.0/30 81 4519.5 91.7/36.1
1994 5568.0 258.90 77.0/25 78.8/26 85 5285.0 178.6/70.3
1995 6211.6 310.75 75.2/24 78.8/26 80 2775.2 135.9/53.5
1996 6681.3 287.65 75.2/24 77.0/25 71 b 159.5/62.8
1997 6166.1 291.07 75.2/24 78.8/26 83 3207.2 111/43.7
1998 6325.7 303.48 75.2/24 78.8/26 82 3116.3 112/44.1
1999 6375.9 273.02 73.4/23 77.0/25 81 2544.4 164.8/64.9
2000 6463.5 278.03 73.4/23 78.8/26 84 3387.8 142/55.9
2001 6143.4 248.88 73.4/23 77.0/25 85 2959.2 202.9/79.9
2002 6157.0 235.71 75.2/24 78.8/26 84 5951.1 148.1/58.3
2003 5989.4 248.28 75.2/24 78.8/26 80 c 149.4/58.8
2004 6128.9 296.51 75.2/24 78.8/26 72 c 116.3/45.8

Averages 6165.1 290.4 74.8/23.8 84.6/28 80.2 4138.3 136.1/53.6
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TABLE 2— �Continued.�

Year

Total Solar
Radiation,

direct @ 45°,
MJ/m2

UV Solar
Radiation,

direct, @ 45°,
MJ/m2

Average
Ambient
Temp.,
°F/°C

Average
Black Metal
Panel Temp.,

°F/°C

Average
Relative

Humidity,
%

Total Time of
Wetness, @

45°, h
Total Rainfall

cm / in
Totals 123 515 5263 78 628 2994.2/

1178.8
Total hours in 22 years „24�365�22…= 192 720

Percent of total measured hours that samples were wet � 40.8 %
Percent of total measured hours that samples were dry � 59.2 %

aTest site was not measuring UV radiation at a 45° angle when the test was initiated �1983 and 1984�.
bData not available.
cTest site stopped recording wet time hours in the beginning of 2003.

Note provided by the test site director: “The black metal panel temperatures show some variation through the years. This variation is
a result of different types on panels used for this measurement throughout the years. There was/is not a “standard” black panel design
type. However, there is activity in ASTM to develop a new standard for black panels which should be published soon.”
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TABLE 3—Surface appearance and condition.

ID
# Sealant Type

Overall
Surface

Condition
Dirt

Pickup
Surface

Irregularity

Discoloration
or Color
Change Photos

1 Silicone, 1PT, ±25 %, Ac Excellent Significant None None 13
2 Silicone, 1PT, ±50 %, Al Excellent Significant None None 14
3 Silicone, 1PT, ±50 %, Al Excellent Significant None Significanta 15 and 16
4 Silicone, 1PT, ±50 %, Al Excellent Significant None None 17 and 18
5 Silicone, 1PT, ±50 %, Al Excellent Significant None None 19 and 20
6 Silicone, 1PT, +100/−50 %, Am Goodb Significant Moderateb Significantc 21 and 22
7 Silicone, 1PT, ±25 %, Ac Excellent Significant None Significantd 23
8 Silicone, 1PT, ±25 %, Ac Excellent Significant None None 24 and 25
9 Silicone, 1PT, ±25 %, Ac Excellent Significant None None 26 and 27
10 Polyurethane, 2PT, ±50 % Poore N/Af Significantg N/Af 28 and 29
11 Acrylic Terpolymer, 1PT, XX Poor Light Significanth N/Af 30 and 31
12 Polyurethane, 1PT, ±25 % Poor Light Significantg None 32 and 33
13 Polyurethane, 1PT, ±25 % Poor Significant Moderate Significant 34
aSurface of sample was white �original color was clear/translucent�. The white change occurred only on the glass test assembly �i.e.,
color change did not occur on aluminum panel test assembly� and only on top and bottom surfaces which were exposed to the
environment �i.e., color change did not occur on the sealant edges on the bond line�. See Fig. 35.
bThis sealant had numerous small surface cavities present across the surfaces on all beads on both the glass and the aluminum test
assemblies. See Fig. 37.
cThis sealant surface was permanently discolored �discoloration was not able to be removed by washing�. See Fig. 36.
dSurface of sample was white �original color was black�. The white change occurred on both the glass and the aluminum test assembly
and only on top and bottom surfaces which were exposed to the environment �i.e., no color change noted on bond line edges�. The cause
for the whiteness is unknown. See Fig. 38.
eSamples were friable in some cases and body mass of some samples exhibited reversion �gummy�. See Figs. 41 and 42.
fAssessment not practical based on poor overall condition of remaining samples. See Fig. 40.
gSurface cracking/crazing. See Fig. 40.
hSurface bubbling and otherwise irregular �charcoal or pumice-like appearance�. See Fig. 39.
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TABLE 4—Toughness.

ID# Sealant Type Resiliency Firmness Flexibility Score
1 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Excellent
2 Silicone, 1PT, ±50 %, Al Yes Mostlya Yes Good
3 Silicone, 1PT, ±50 %, Al Yes Yes Yes Excellent
4 Silicone, 1PT, ±50 %, Al No Yes No Poor
5 Silicone, 1PT, ±50 %, Al Yes Mostlyb Yes Good
6 Silicone, 1PT, +100/−50 %, Am Yes Mostlya Yes Good
7 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Excellent
8 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Excellent
9 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Excellent

10 Polyurethane, 2PT, ±50 % Noc No Yesc Poor
11 Acrylic Terpolymer, 1PT, XX Nod N/Ae Nod Poor
12 Polyurethane, 1PT, ±25 % Barelyf N/Ae Somewhat Poor
13 Polyurethane, 1PT, ±25 % No N/Ae No Poor

aThis material could be slightly gouged if forcibly picked at.
bDuring adhesion testing it was noted that this material was very easily gouged. See Fig. 43.
cSealant had reverted.
dSealant was brittle.
eSealant was hardened.
fSealant was very slow to return to original shape after bending.
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FIG. 4—Adhesion check by hand Pull, start.

FIG. 5—Adhesion check by hand Pull, during.
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Flexibility

Sections of each sealant were physically cut out from each glass and aluminum
panel test assembly. In an effort to qualitatively assess the flexibility and/or
elasticity of each sealant, the cut samples were manually bent 180° and photo-
graphed and flexibility was noted. Results of this 180° bend are shown in Table
5 as either Excellent, Good, or Poor; and defined as follows:

• Excellent–sealant able to withstand 180° bend without breaking or
cracking �see Fig. 6�.

• Good–sealant able to withstand 180° bend but with some cracking �see
Fig. 7�

• Poor–sealant unable to withstand 180° bend without breaking �see Fig.
8�.

Elastic Recovery

Immediately after each sealant was manually flexed/bent 180°, the sealant was
released and the elastic recovery was noted and photographed. Elastic recovery
is defined as the percent recovery to original shape within 5 min of release

TABLE 5—Adhesion, flexibility, and elastic recovery.

Adhesion Check
Mode of Failure

Elastic
Recovery

ID# Sealant Type Glass
Painted

Aluminum Flexibility
Within
5 min

1 Silicone, 1PT, ±25 %, Ac Adhesive Cohesive Excellent Yes, 100 %
2 Silicone, 1PT, ±50 %, Al Cohesive Cohesive Excellent Yes, 100 %
3 Silicone, 1PT, ±50 %, Al Adhesive Cohesive Excellent Yes, 100 %
4 Silicone, 1PT, ±50 %, Al Cohesive Cohesive Poor —
5 Silicone, 1PT, ±50 %, Al Cohesive Cohesive Excellent Yes, 100 %
6 Silicone, 1PT, +100/−50 %, Am Cohesive Cohesive Excellent Yes, 90 %
7 Silicone, 1PT, ±25 %, Ac Adhesive Cohesive Excellent Yes, 100 %
8 Silicone, 1PT, ±25 %, Ac Not Tested Cohesive Excellent Yes, 100 %
9 Silicone, 1PT, ±25 %, Ac Adhesive Cohesive Excellent Yes, 100 %
10 Polyurethane, 2PT, ±50 %, N/Aa Cohesive N/Ab N/Ab

11 Acrylic Terpolymer, 1PT, XX Adhesive Cohesive Poor —
12 Polyurethane, 1PT, ±25 %, N/Ac Cohesive Good Yes, 90 %
13 Polyurethane, 1PT, ±25 %, Not Tested Adhesive Poor —
aAssessment not practical based on poor overall condition of remaining samples.
bCould not perform this test due to reversion of the sealant.
cSealant was entirely deteriorated �i.e., no physical material pieces or sample remained�
and could not be evaluated.
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from the 180° bend position. Elastic recovery results are shown in Table 5.
Sealants that broke after the 180° bend test could not be tested for elastic
recovery. See Figs. 9 and 10.

Adhesion, Flexibility and Elastic Recovery

Table 5 shows the results of adhesion, manual bending/flexing of the speci-
mens, and recovery from bending/flexing.

Hardness

Sections of each sealant were physically cut out from each glass and aluminum
panel test assembly. Samples were taken to lab and measured for hardness
using an Exacta Model# EX200/300T hardness tester manufactured by Newage
Industries, Willow Grove, PA �see Fig. 11�. Sealant specimens were cut using a
sharp blade to create a suitable flat surface to take readings. For each speci-
men, a minimum of three readings �instantaneous values� were taken and re-
corded. Average hardness readings are tabulated in Table 6.

FIG. 6—180° manual bend of sealant �rated Excellent�.
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Results and Observations

Survivability

Table 7 summarizes those samples which did or did not remain intact for the
22 year duration. A few sealants no longer remained in the test assembly joint,
see Fig. 12.

Overall Durability Ranking

In an effort to provide a way to quantify the overall durability of these sealants,
the following ranking procedure was used in this study. Only performance char-
acteristics, deemed to have influence on weathering durability, are used �i.e.,
visual appearance or superficial surface conditions are not included�. The fol-
lowing properties are thought to be fundamental requirements necessary for a
product to be capable of withstanding long-term outdoor weathering for use in
building construction applications: flexibility, toughness, elastic recovery, abil-
ity to maintain long-term adhesive bonding �as demonstrated on painted alu-

FIG. 7—180° manual bend of sealant �rated Good�.
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FIG. 8—180° manual bend of sealant �rated Poor�.

FIG. 9—180° manual bend of sealant.
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FIG. 10—Sealant immediately after release of 180° manual bend.

FIG. 11—Hardness tester.
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minum used in this study�, and resistance to hardness change. Table 8 shows
the overall durability ranking of the sealants reviewed in this study.

For ranking, the following rating system is used for Table 8:
• For toughness �see Table 4� →Excellent=3, Good=2, Poor=1
• For flexibility �see Table 5� →Excellent=3, Good=2, Poor=1
• For elastic recovery �see Table 5� →100 % =3, 50–90 % =2, 50 % =1
• For % change in hardness �see Table 6� →0–33=3, 34–66=2, 67–100

=1
• Ability to bond for 22 years �based on results of painted aluminum test

assemblies� �see Table 5� → adhesive failure=1, cohesive failure=3

Summary of Observations

Durability and Adhesion
1. Silicone sealants outperformed the polyurethane and acrylic terpoly-

mer sealants in durability to weathering at this test site location.
2. 100 % fumed silica filled silicone performed better than calcium

carbonate/fumed silica filled silicone.
3. 100 % fumed silica filled silicone performed best of all sealant types in

TABLE 6—Hardness measurements.

ID# Sealant Type
Initial Published

Hardnessa

22 Year Hardness
Readingsb

�Type A Indenter�

Approximate
Change

In Hardnessc

%
1 Silicone, 1PT, ±25 %, Ac 30–35 37 +14
2 Silicone, 1PT, ±50 %, Al 22–25 32 +36
3 Silicone, 1PT, ±50 %, Al 22 31 +41
4 Silicone, 1PT, ±50 %, Al 22 62 +182
5 Silicone, 1PT, ±50 %, Al 30 17 −43
6 Silicone, 1PT, +100/−50 %, Am 15 7 −53
7 Silicone, 1PT, ±25 %, Ac 25 24 −4
8 Silicone, 1PT, ±25 %, Ac 30 23 −23
9 Silicone, 1PT, ±25 %, Ac 24 26 +8
10 Polyurethane, 2PT, ±50 %, 20–40 21 −30
11 Acrylic Terpolymer, 1PT, XX 40–50 79 +76
12 Polyurethane, 1PT, ±25 % 35–45 63 +58
13 Polyurethane, 1PT, ±25 % 38 76 +100

aHardness �measured with Type A indenter�, taken from manufacturers’ published litera-
ture.
bValues in this column represent the average hardness readings taken from a minimum of
three readings per sealant sample cut-out and removed from the test site.
cCalculated using the median value shown when published literature gives a range.
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TABLE 7—Sealant survivability.

Test Assembly,
Glass

Test Assembly,
Painted Aluminum

ID # Sealant Type Top Joint Bottom Joint Top Joint Bottom Joint
1 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Yes
2 Silicone, 1PT, ±50 %, Al Yes Yes Yes Yes
3 Silicone, 1PT, ±50 %, Al Yes Yes Yes Yes
4 Silicone, 1PT, ±50 %, Al Yes Yes Yes Yes
5 Silicone, 1PT, ±50 %, Al Yes Yes Yes Yes
6 Silicone, 1PT, +100−50 %, Am Yes Yes Yes Yes
7 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Yes
8 Silicone, 1PT, ±25 %, Ac Not tested Not tested Yes Yes
9 Silicone, 1PT, ±25 %, Ac Yes Yes Yes Yes
10 Polyurethane, 2PT, ±50 % No Yesa Yes Yes
11 Acrylic Terpolymer, 1PT, XX Yes Yesa Yes Yes
12 Polyurethane, 1PT, ±25 % No No Yes Yes
13 Polyurethane, 1PT, ±25 % Not tested Not Tested Yes Yes

aApproximately half of joint remained intact and available for inspection.

FIG. 12—Example of survivability.
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FIG. 13—Silicone sealant #1, before and after cleaning.

FIG. 14—Silicone sealant #2, before and after cleaning.
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FIG. 15—Silicone sealant #3, before cleaning.

FIG. 16—Silicone sealant #3, after cleaning.
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FIG. 17—Silicone sealant #4, before cleaning.

FIG. 18—Silicone sealant #4, after cleaning.
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FIG. 19—Silicone sealant #5, before cleaning.

FIG. 20—Silicone sealant #5, after cleaning.
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FIG. 21—Silicone sealant #6, before cleaning.

FIG. 22—Silicone sealant #6, after cleaning.
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FIG. 23—Silicone sealant #7, after cleaning.

FIG. 24—Silicone sealant #8, before cleaning.
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FIG. 25—Silicone sealant #8, after cleaning.

FIG. 26—Silicone sealant #9, before cleaning.
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FIG. 27—Silicone sealant #9, after cleaning.

FIG. 28—Polyurethane sealant #10, before cleaning.
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FIG. 29—Polyurethane sealant #10, after cleaning.

FIG. 30—Acrylic terpolymer sealant #11, before cleaning.
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FIG. 31—Acrylic terpolymer sealant #11, close up �before cleaning�.

FIG. 32—Polyurethane sealant #12, before cleaning.
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elastic recovery with instantaneous or near-instantaneous 100 % re-
bound.

4. 100 % fumed silica filled silicone performed best of all sealant types in
toughness.

5. 100 % fumed silica filled silicone showed the least percent change in
hardness.

6. With the exception of one of the single component polyurethane prod-
ucts, all sealant products evaluated in this study demonstrated the abil-

FIG. 33—Polyurethane sealant #12, after cleaning.

FIG. 34—Polyurethane sealant #13, surface appearance �before cleaning�.
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TABLE 8—Overall durability ranking.

ID# Sealant Type Toughness Flexibility
Elastic

Recovery

Change
In

Hardness

Adhesive
Bond

Durability
Rating
Totals

1 Silicone, 1PT, ±25 %, Ac 3 3 3 3 3 �=15
7 Silicone, 1PT, ±25 %, Ac 3 3 3 3 3 �=15
8 Silicone, 1PT, ±25 %, Ac 3 3 3 3 3 �=15
9 Silicone, 1PT, ±25 %, Ac 3 3 3 3 3 �=15
3 Silicone, 1PT, ±50 %, Al 3 3 3 2 3 �=14
2 Silicone, 1PT, ±50 %, Al 2 3 3 2 3 �=13
5 Silicone, 1PT, ±50 %, Al 2 3 3 2 3 �=13
6 Silicone, 1PT, +100/−50 %, Am 2 3 2 2 3 �=12
12 Polyurethane, 1PT, ±25 % 1 2 2 2 3 �=10
10 Polyurethane, 2PT, ±50 % 1 1 1 3 3 �=9
4 Silicone, 1PT, ±50 %, Al 1 1 1 1 3 �=7
11 Acrylic Terpolymer, 1PT, XX 1 1 1 1 3 �=7
13 Polyurethane, 1PT, ±25 % 1 1 1 1 1 �=5
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FIG. 35—Silicone sealant #3, surface discoloration.

FIG. 36—Silicone sealant #6, surface discoloration.
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FIG. 37—Silicone sealant #6, surface cavities.

FIG. 38—Silicone sealant #7, surface discoloration.
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ity to maintain an adhesive bond to the painted aluminum substrate
used in this study.

7. All three acetoxy silicones that were tested on the glass panel test as-
semblies lost adhesion to the 0.64 cm �1/4 in.� thick glass edges.

Surface Appearance and Cleanability
1. One polyurethane sealant evidenced very little dirt pickup.
2. The nonsilicone products exhibited the least dirt retention.
3. The general overall surface condition of the silicone products was bet-

ter than the nonsilicone products.
4. 100 % fumed silica filled silicone samples were more easily cleaned to

original appearance than calcium carbonate/fumed silica filled sili-
cones.

FIG. 39—Acrylic terpolymer sealant #11, degraded surface.

FIG. 40—Polyurethane sealant #10, degraded surface.
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FIG. 41—Polyurethane sealant #10, degraded sealant, friable.

FIG. 42—Polyurethane sealant #10, reversion.
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5. The low-modulus neutral cure silicone product showed a discolored
surface that was not able to be restored back to the original sealant
color by washing or cleaning.

6. The low-modulus neutral cure silicone product exhibited numerous
small surface pot-hole-like cavities spread sporadically across the bead
surfaces on both the glass and aluminum test panel assemblies. It is
worthy of note that the glass and aluminum test panel assemblies were
not located side-by-side but were separated by greater than 25 ft. No
other sealants showed this phenomenon.

7. Two of the 100 % fumed silica filled silicones �one was originally black,
the other clear/translucent� showed a similar white-ish surface discol-
oration that was not able to be restored back to the original sealant
color by washing or cleaning.
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FIG. 43—Silicone sealant #5, easily gouged.
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ABSTRACT: This paper reviews sealant weathering test methods developed
during the past 40 years and highlights the fact that repeated movement
cycles were shown to be important to reproduce some of the damage seen
on real buildings. The studies reviewed further demonstrate that water, sun-
light �especially the UV portion�, and heat are important degradation factors
that act on real buildings.
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Introduction

The most substantial problem with accelerated weathering sealant tests is that
present tests do not closely predict lifetimes of some sealants the way the tests
are done, i.e., in a static condition. It can also take a long time to get meaning-
ful data. In fact, most of the weathering tests recorded for sealants are not done
in a joint configuration and thus do not actually test the fundamental proper-
ties, like the sealing ability of a sealant �a sealant is typically used in a joint and
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under strain and thus must be tested while under strain�. The closest official
method to real life is the method for artificial weathering published by RILEM
�1� and introduced into ISO TC 59/SC 8, the ISO committee dealing with seal-
ants for construction joints. This test was developed at the same time and in
harmony with the new weathering practice in ASTM C24 �ASTM C1519� �2�. In
each of these tests the sealed joint test specimens are weathered in a static
mode but are taken out monthly when the sealant goes through cyclic move-
ment and is examined. These new tests are an improvement but still do not
exactly match the damage in real buildings and walkways. Thus the quest for
an even more realistic and faster test continues.

Selective Review of Weathering Tests

In the early 1980s, this first author, in conjunction with Dr. L. Bogue Sandberg
of Michigan Technological University, ran an outdoor weathering study on a
static rack with ASTM C719 �3,4� type joints, comparing the outdoor-exposed
samples to samples exposed in a UVF weathering machine �fluorescent UV
A-340 weathering machine�. One purpose of this study was to see if the UVF
weathering would duplicate the outdoor weathering. The good result was that
the damage �except for color change� between the accelerated weathering and
the outdoor exposure was almost identical. The bad result was that sealant
damage, on both the weathering rack and the artificial weathering machine,
was dissimilar to the damage normally seen with the same sealant applied to
real buildings. As a follow-up the outdoor part of the study was repeated. This
time the condition of the sealed joint was changed from extension to compres-
sion every 3 months while on the outdoor rack. The sealant soon looked like it
did on real structures. The conclusion from this study was that movement in
the joint was fundamental to inflicting realistic damage to the sealant and must
be part of an improved weathering test �4�. This was also noted in early weath-
ering studies by Karpati �5–7�. The most relevant of her studies incorporated an
outdoor rack where one side of a test joint was attached to a concrete beam and
the other to a metal beam. Thus the joints moved with the weather and pro-
duced damage as seen on real buildings. Depending on the joint’s position on
the beam, the amount of movement could be varied, showing that increases in
movement made huge increases in the amount of damage done. This work set
the tone for almost all the work that followed.

This concept was reinforced by Jones and Lacasse in their review on the
effect of movements on sealant performance �8�. This was almost certainly on
the mind of Linde in the late 1980s �9� as he developed his new weathering test
chamber. It had an extension/compression machine similar to that used for
ASTM C719 testing, but Linde’s movement apparatus was situated inside a
weathering machine. The weathering machine could cool as well as heat. This
was significant since a sealant could be put into extension as it cooled and
became stiffer. Also, after a time in cold, the sealant could be gradually heated,
taken into compression, then held at full compression at full heat for any speci-
fied time until it would again go into a chill and extension cycle. Independent of
the heating/cooling and extension/compression cycles, the machine could im-
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pose water, in the form of water spray or immersion, and UV radiation. Linde
was studying damage to runway sealants, and this device almost identically
reproduced the damage seen in the outdoor joints. The rate of joint extension
or compression could be programmed to virtually any speed, especially the
slow speeds where it would take 12–24 h to complete an extension or compres-
sion cycle. Jones, as part of his thesis with Hutchison, similarly exposed the
sealed joint to movements while inside the weathering machine. Jones used an
electrical stepper motor to move the joint that allowed him to exactly repro-
duce joint movement profiles previously measured on an actual building. By
feeding these movement profiles into the machine, he was able to simulate
whatever joint he desired, e.g., a joint in a south-facing aluminum curtain wall
in London or a pavement joint between concrete slabs in Ireland. The Jones
apparatus is most likely the one that gives the most realistic data �10�. The cost
of these machines limited their broader use.

Since that time there have been many weathering tests with sealants in-
cluding those by Beech and Beasley �11–14�, Fedor and Brennan �15�, Boettger
and Bolte �16,17�, and others. In many of these studies, generalizations are
difficult to find since different generic sealant types have different degradation
mechanisms. Some degrade primarily from water and heat, some from UV
degradation, and some from various combinations of these. There are even
variations of degradation mechanisms within generic types with subtle formu-
lation variations relative to inhibitors, blockers, and stabilizers. Many products
of the same generic type show large differences in stability.

A Karpati study �6,18,19� showed that simply accelerating the rate of cyclic
movement in an indoor test gave comparable damage to sealants outdoors with
comparable movement amplitudes. It was suggested �such as by Fedor �20� and
Beech and Beasley �21�� that with sealants showing measurable changes, time
in the UVF machine varied from about 800 up to 2600 h to achieve comparable
changes to the sealants weathered in outdoor locations after 1 year. Some of
these studies were also done in a machine with a xenon arc lamp radiation
source, but the trend was similar and the sealants exhibited substantial
changes. Damage similar to joints on buildings was only seen when there was
movement while weathering.

Wolf et al. �22� attempted to summarize all this data in a 1999 overview of
all the pertinent weathering studies for building sealants. In their conclusions,
they report that each sealant has a specific response and a general correlation is
not possible, citing the variations in climate and formulation, even within a
generic type. However, they also state: “A realistic minimum accelerated weath-
ering exposure time to provide a rough estimate of the performance after sev-
eral years of outdoor exposure would be 5000 h for statically and 2000–5000 h
for dynamically exposed specimens.” The authors of this paper agree with those
general conclusions with one important exception. Comparing dynamic expo-
sure in the machine and dynamic exposure outdoors, with static exposure in
both the machines and outdoors for any given sealant, the acceleration factor
seems to be the same. The difference is the much more severe damage done
with the dynamic testing. Wolf et al. tried to determine a general number for
acceleration to use as a guide in their work. The damage in sealants from those
tests was measured as a modulus change or a visual change. By dividing the
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machine hours into the time outdoors, based on the tests the reports produced,
the acceleration factor could be as little as 4 or as high as 8 �or even 10 for a
relative non-degrading northern climate with very little warm weather, lots of
snow, and cloud cover�. For purposes of this discussion, the authors of this
paper have used an average of 6 as the typical acceleration factor �approxi-
mately 1500 weathering machine hours to be compared to 1 year in the various
climates� and thus chose the length of time in a single machine cycle before
property testing based on that number.

Thoughts on the Development of Novel Test Concepts

Most users of construction sealants would like the sealants to last 5, 10, or
sometimes 20 years or more. This suggests that if the acceleration factor is
approximately 6, the indications of a sealant’s ability to perform adequately for
a year outdoors would take 8–9 weeks in an accelerated weathering machine.
An estimation for 5 year performance would take about 40 weeks �6000–7000 h�
and 10 years for the range of 1 1/2 years, and 20 year performance estimates
would take a bit over 3 years �26 000–30 000 h� to study in contemporary ac-
celerated weathering machines �Table 1�. Again, the acceleration could be 4, 6,
or 8 depending on the specific sealant and the specific location of the building
to be sealed. Thus the user of sealants should know that to obtain accelerated
data capable of predicting longevity of a given sealant in a given area, one
might need prolonged time in the weathering machines. If the weathering fac-
tor is 4 instead of 6, the time in the weathering machines might be of the order
of 65 instead of 43 weeks. The reality of this is that good acceleration weather-
ing data takes a long time. One might suggest that the short-term aspects of
present specifications give the user a false sense of security and this vividly
speaks to the needs of a good weathering test done over a substantial period of
time.

There is yet another aspect of accelerated weathering to discuss. There
have been several studies since the early 1990s showing how joint movement
during cure introduced damage that further mimics what is seen in real life
�23–29�. This led to an inclusion of this type of curing option in the previously
mentioned RILEM published weathering test that was submitted for consider-
ation to ISO TC 59/SC 8. The conclusion from all of the above studies is that

TABLE 1—Weathering machine equivalence.

Sealants Specification Equivalenta
Time in Weathering Machine

�h� Year
C834 std. spec. for latex 500 0.5
C920 std. spec. for elastomeric joint 250 0.25
C1311 std. spec. for solvent release 1000 1.0
C1518 std. spec. for pre-cured elastomeric
silicone 2500 2.5
C1184 std. spec. for structural silicone 5000 5.0
aUsing the typical acceleration of approximately 6; the equivalent years are noted.
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sealants that move during curing have lesser movement ability than sealants
that are tested after they were cured with no movement. The amount of change
caused by early movement varies with the sealant. The faster curing mix-on-
the-job sealants show less detrimental changes. Again, the amount of damage
depends on the specific sealant, and often the damage does not show the effects
until after several seasons on a building �or several movement cycles�.

Since all or most sealants in outdoor applications will move during the
curing, it is reasonable that a good accelerated weathering test would include
this phenomenon. However, a sealant could move differently each day while
curing or differently according to climate, and this huge variability is difficult
to regulate for a standard test method. One conclusion is that �with few, if any,
exceptions� sealants in real joints might not do as well as the sealants in weath-
ering tests since real joints will almost always move during the curing process
and have compromised adhesion or joint movement ability.

There are yet more observations that come into play. It might take an ex-
pensive machine like Linde produced, with a severe cooling cycle, to obtain
realistic weathering in a machine. That idea is fostered in the Fedor and Bren-
nan study �aided by Klosowski� where sealants were adhered to aluminum
sheets as in ASTM C793 �30�. The test procedure followed ASTM C793 �30� in
that after UV exposure the sealant was cooled to −26°C and bent over a man-
drel. The acrylic sealant studied did not show much damage from the weather-
ing exposure but became very stiff when cold. The bending of the cold sealant
over the mandrel caused the sealant to break and debond so much so that half
stayed bonded and half jutted upward. In the Linde study, the sealants that
stiffen severely in the cold showed adhesion failures not seen with the sealants
that were not chilled. If a primary failure of a sealant is the joint extension
while cooled, then test machines incapable of cold temperatures might miss
this damage and give a false positive relative to the ability of this sealant to
perform in a climate with potentially cold conditions. This is not a mechanism
of failure for all sealants but remains a factor for some and should be included
in tests that are preparing for such conditions.

Some sealants, on the other hand, seem unable to handle high heat. Some
product data sheets carry the warning that the sealants are not to be used at
temperatures above 70 or 80°C. The question is whether these sealants simply
decompose more quickly at this higher temperature �an acceleration of pro-
cesses that happens at lower temperatures� or if there are new decomposition
mechanisms initiated at the higher temperatures. For bronze colored alumi-
num panels with thermal insulation, temperatures of 90–110°C are common.
The artificial weathering machine that does not reach those temperatures can-
not account for a major mechanism of deterioration and could therefore also
produce a false positive. In essence, a test lacking in adequate extreme condi-
tions could make a sealant look better than it is and imply that a sealant can be
used in places where it should not. The converse is also true: In many climates,
on lighter colored surfaces, the more extreme temperatures will not occur, and
thus the test could falsely predict damage where it is not a factor.

Heat is often not the only factor, nor the key factor, in sealant deterioration.
Gorman investigated over 200 jobs to study the condition of actual sealants in
buildings �31�. One of his most important observations was of a urethane ap-
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plied in a wall joint; the sealed joint was on the south side of a building in the
southern United States, and part was painted. He observed that the unpainted
section of the sealant bead had shown severe deterioration and the joint had
failed, becoming tacky and viscous and exhibiting deep cracks. However, the
painted part of the same joint was not viscous and had none of the deep crack-
ing. The painted sealant had not failed. Though not measured, it was assumed
the temperature was similar in both the painted and unpainted parts of the
joint. The conclusion is that a primary failure mechanism was UV radiation.
The assumption is that the paint protected the sealant from UV rays but not
heat. In contrast, the unpainted sealant at the top of the parapet wall received
even more direct sunlight and more heat and completely deteriorated with only
residues of viscous material left. The sealant on the back of the parapet �the
north facing wall� was in very good shape—it experienced neither high heat nor
direct sunlight. The key observation was that high heat alone was not enough to
cause deterioration in a sealant where such a mechanism was previously
thought to be a major deteriorating factor.

This observation gave the authors hope that the common sealants used in
construction would produce damage at temperatures of up to 70°C that would
be indicative of the potential damage at higher temperatures �80 or 90°C�,
though more slowly. Also, if the weathering occurred at 70°C through two-
thirds of the weathering cycle, the time in the machine would compensate for
the lack of the extremely high temperatures. Assuming the Arrhenius equation
holds true—where often the issue lies in there, being several degradation
mechanisms occurring at any given temperature—each of the mechanisms can
be accelerated at a different rate �per differing activation energy� unless there is
a situation where one reaction impedes all other degradation reactions. In this
case the Arrhenius equation works as long as the rate-controlling reaction is
first-order. It may simply be expected that sealants intended for high tempera-
tures in real exposure would require that weathering machines be set to dupli-
cate those temperatures. This would necessitate at least two types of weather-
ing studies: One study in which the machine cycles at very high temperatures
�80, 90, or even 100°C if that is what is expected in some climates� and another
study in which the machine cycles at more moderate temperatures �70°C� to
represent the alternative lower-heat circumstances.

The primary reason for an artificial weathering study is, predictably, to
accelerate real life damage to anticipate material lifespans in various climates.
Obviously, faster tests would be extremely useful. The forerunner in faster test-
ing is the work at NIST under White �32� and the correlating outdoor studies
being done by Williams. These studies use an integrating sphere to generate UV
radiation many times the intensity of the noonday sun but without the extreme
heat that generally accompanies such a high energy output. The studies are at
a stage of focusing on reciprocity and verifying that damage created is close to
that of real structures. If White and Williams are successful, it will be a huge
advancement in rapid weathering tests and in the science of predicting
lifespans of sealants in various climates. However, the tests are likely to be
costly, and there are few facilities in the world where the tests can be run.

Some may not consider these circumstances too large a drawback—
providing predictive weathering data in a reasonable time frame with such a
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device might be considered an acceptable business cost, such that in the future
every manufacturer of reliable products would provide such data. However, the
tests remain costly and the future is not so predictable. Another factor to con-
sider in testing procedure: The report by Carbary and Bridgewater showed that
different colors of the same sealant deteriorated at different rates �33�. The
study Vandereecken et al. �34� investigated changes in sealant because of pig-
mentation. This correlates to the Gorman observation that UV blocking is fun-
damental to longevity in some sealants. Different colors indicate the use of
different pigments, all with different UV-blocking powers �often with different
amounts of chemical sunscreens as well�, and thus the rate of damage induced
by UV absorption can differ with sealants of different colors even within the
same brand. Thus, accelerated weather data �when selling a sealant� would
have to be distinct for each color. For some manufacturers this would mean
dozens of tests for each sealant in the line. Such an exponential expense could
be prohibitive for some small manufacturers. It should also be noted that the
effect of pigmentation has also been observed in silicone sealants �adhesion of
clear versus pigmented sealants�.

However, the more conventional weathering test using standard acceler-
ated weathering machines referred to above, though the required time-span is
greater, are not prohibitively expensive, and thus they might be the most rea-
sonable method of determining durability.

Lastly, this discussion includes comments on joint dimensions and sub-
strates to be used in testing. First we will consider substrates. Since in the field
a common mechanism of joint failure is loss of adhesion, this requires some
serious thought. At least one frequently used sealant shows little damage from
heat or cold or sunlight but stiffens so severely that it commonly loses adhesion
in a relatively short time on job sites with moving joints �4�. Along with this, the
adhesion is quite variable with different surfaces. The authors’ experience is
that hardening with age and exposure is common with many sealants. Some
adhere very well to glass but not on concrete, while others do well on alumi-
num but very poorly on glass and concrete. When studying durability in an
accelerated test, it is prerequisite to consider all common modes of failure. If in
the weathering chamber the sealant adheres well to aluminum but poorly to
concrete, the data generated in an accelerated test on aluminum will be of little
significance to the owner of a building made with concrete panels.

Consider four of the most common reasons for a loss of adhesion. One: The
sealant continues to cure and gets harder with time. The forces generated at the
bond line increase as the sealant continues to stiffen until at high repeated
force, the bond strength deteriorates and an adhesive failure results.

Another reason for adhesion loss is that some sealants stiffen severely in
the cold, and in the cold the joint is at maximum dimensions, putting a high
stress on the bond line because the stiffness of the sealant in the expanded
joint. Again, the bond line sees repeated or sustained high stress, and bond
fatigue leads to bond failure.

Yet another common—possibly the most common—problem is that seal-
ants are often exposed to rain, dew, frost, or sometimes immersion. Water is an
aggressive chemical and will attack the bond between sealant and substrate.
With water attacking the bond, it is generally not a question of whether the
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bond will deteriorate but when it will happen. This is one reason that water
must be an integral part of every weathering test.

The fourth common reason is the bond failure caused by installation er-
rors, such as failure to properly clean or properly prime or sealant applied to a
moist surface and any other conditions that can exist at the job site that con-
tribute to bond loss. In designing an accelerated weathering test, one can ac-
count for cure, UV deterioration, water damage, and even stiffening from cold,
but installation errors are beyond the scope of this study.

In addition to attacking the bond line, water—in conjunction with the heat
and ultraviolet radiation—will sometimes attack the polymeric backbone or
cross-links of the sealant and cause depolymerization. This was shown by Le-
onard and Malik �35� in what they called the “frog pond test,” demonstrating
how a sealant could be made to turn to paste, yet another reason why water
must be part of an accelerated weathering test. The damage created by water is
almost always accelerated by heat. Thus, this mode of deterioration is well
accelerated in a machine.

Relative to joint dimensions and design, there is also much to discuss. A
new experimental joint design was introduced to ISO TC 59/SC 8 by Enomoto,
Sugiyama, and others from the Japanese Sealant Institute �36�. Their very in-
novative joint design has the joint 20�15�100 mm3, different from those
used with ASTM C719 test joints and ISO 8339 test joints. However, their joint
is then placed in a unique fixture that has a pivot in the center; the center
dimension does not change, while the ends can be extended and compressed as
the fixture is squeezed at one end and then the other. For example, when one
end is compressed, the other is extended and the middle remaining at 20 mm.
After some exposure, the compressed end can be extended, and the extended
end compressed. This is a very good design for testing a range of movements on
a single joint and a huge advance in the technology of joints for testing. How-
ever, when tears start at the end, they might continue toward the center point
and cause more damage from tearing than might be seen with some lesser
movements in standard joints.

Conclusions

To reiterate, the authors believe there is a need for a test method that uses
conventional, lower cost, and readily available accelerated weathering equip-
ment; expands the present tests and practices to introduce joint movement,
heat, water, and UV; produces a procedure predictive of building sealant dura-
bility in multiple climates; and can be performed in a reasonable time frame
and at a reasonable cost. If successful, manufacturers should also be able to
test the various pigmented sealants and varying formulas during product devel-
opment without prohibitive cost. Users of sealants could then reasonably re-
quest such data to show the appropriateness of a sealant for a given job and a
given location. This test method should utilize the key learnings gained from
previous studies as outlined in this paper.
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New Weathering Test Method for
Sealants and Preliminary Experimental
Results

ABSTRACT: A new sealant weathering test method expands on existing test
methodologies. In ASTM C719, repeated movement cycles were shown to
be important to reproduce some of the damage seen on real buildings.
Weathering tests done previously demonstrate that water, sunlight �espe-
cially the UV portion�, and heat are all important degradation factors that act
on real buildings. Thus this new test combines water, heat, light, and move-
ment acting on a sealant joint, fabricated to an ASTM C719 joint configura-
tion, in artificial weathering machines. The joints are also subjected to iden-
tical movement in four different climates. Correlations of the damage done to
various sealants in four varied U.S. climates and the artificial weathering
machines are explored.

KEYWORDS: accelerated testing, outdoor weathering, artificial
weathering, sealants, fatigue, silicone, urethane, acrylic

Introduction

As stated in a previous paper �1�, the most substantial problem with accelerated
weathering sealant tests is that present tests do not closely predict lifetimes of
some sealants the way the tests are done, i.e., in a static condition. It can also
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take a long time to get meaningful data. There is a need for a test method that
uses conventional, lower cost, and readily available accelerated weathering
equipment; expands the present tests and practices to introduce joint move-
ment, heat, water, and UV; produces a procedure predictive of building sealant
durability in multiple climates; and can be performed in a reasonable time
frame and at a reasonable cost. If successful, manufacturers should also be able
to test the various pigmented sealants and varying formulas during product
development without prohibitive cost. Users of sealants could then reasonably
request such data to show the appropriateness of a sealant for a given job and
a given location.

The goal of this study is to achieve the above stated objectives; it is not to
compare the durability of various sealants.

Experimental Considerations

The following will frame the present study in progress that is reported here. In
the study there are five silicones, seven urethanes, and one acrylic. Some of the
sealants expected to be especially UV sensitive were tested in two colors: White,
which is expected to be more stable, and beige, which is expected to have less
pigmentation and be less stable. Recall that in the Carbary/Bridgewater study
�2� and in the Gorman study, the more neutral colors �like beige and stone� had
the fastest deterioration.

The study uses two different accelerated weathering machines �UV fluores-
cent �UVF� and xenon arc lamp� and four outdoor locations. The outdoor loca-
tions are Southern Louisiana �hot and damp�, El Paso, Texas �desert
Southwest—hot, dry, and with fairly high elevation�, Denver, Colorado �extreme
temperature changes and high elevation�, and mid-Michigan �moderate UV,
often wet, and mild to cool temperatures�. The UVF uses condensed water, and
the xenon arc lamp uses immersion for the water exposure.

The premise of the study is to use the four most prominent deterioration
factors—heat, water, UV, and joint movement—and to have the same move-
ment on both machines and in all four weathering sites. The same movement is
accomplished both outdoors and in the machines by expanding the samples by
hand, blocking them open, holding them in the extended position for the de-
sired time, then compressing them to the as-cured position for the desired time,
and then putting the samples into compression. The movement cycle chosen
for the outdoor samples corresponds with the start of each season �based on the
seasonal calendar of the United States� so that in the Winter, the samples were
extended and held open with spacer blocks �Fig. 1�. On the first day of Spring,
new blocks of the original dimension were inserted �Fig. 2�. For the first day of
Summer, however, a screw is used in a threaded substrate to bring the samples
together and hold them compressed �Fig. 3�. Then, on the first day of Fall, the
compression is released and the original size spacer was inserted. The samples
were then tested, and on the first day of Winter, they are again extended to
begin another cycle.

The samples in the weathering machine �Fig. 4� change position every 2
weeks for a complete cycle of 8 weeks. Note that sealants are generally incom-
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FIG. 1—Spacer blocks in samples.

FIG. 2—Samples in the relaxed spring and fall position.
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FIG. 3—Setting compression with screw.

FIG. 4—Two weathering machines.
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pletely cured after 3 weeks of typical ASTM cure or 4 weeks of ISO curing
regimes. They continue to cure as they are put into extension or compression in
the weathering machines or put on the outdoor racks at the start of their expo-
sure. If an incompletely cured sealant is taken into compression in this initial
after-cure exposure, it will typically achieve a compression set, and these will
then generally perform more poorly during cycling. If, after cure, the sealant is
put into extension as its first after-cure exposure, it will sometimes achieve an
extension set, though that is much less difficult for the sealant as it goes
through subsequent extension and compression cycles. In order for as many
sealants as possible to survive for correlation data, the authors began weather-
ing in extension mode.

Outdoors the complete cycle is 1 year, changing the position each quarter.
This means that samples in the weathering machines are held in a given posi-
tion about one-sixth as long as those on the outdoor racks. The authors esti-
mate peak sunlight as typically less than 2 h/day and highly damaging sunlight,
less than four. Thus, a machine that reproduces the intensity of peak sunlight at
16 h/day is accelerating the UV factor close to six. This does not suggest that the
acceleration of all damage is a factor of six, but rather the total radiation mea-
sured at 340 mm is approximately a factor of six.

In real conditions, water is present in many forms in the joints. There is
potential for dew, which can last all night or not occur at all, and there is also
the potential for rain, which is extremely variable. Water, in some form, is a
likely factor on most jobs. If the machines are set for water exposure one-third
of the time, it is not a huge stretch on reality and might be a two to six times
acceleration compared to real exposure. However, when one adds 40°C of heat,
the acceleration due to the presence of water should be at least a factor of six.
Substrates temperatures are often greater than 40°C, but typical weather con-
ditions for water exposure �such as cloud cover during rain� tend to produce an
instantaneous cooling to the joint components �including how, after rain, the
initial evaporation will also keep the sealant cooler than temperatures one sees
on the sun heated surfaces�. Thus, having 40–50°C water results in a substan-
tial acceleration factor relative to water damage. Considering this, the UVF was
set to 8 h of condensation per day at 40°C.

The xenon arc lamp uses a different cycle dictated by practicality and not
science. For comparative results between the two machines relative to the dam-
age on the outdoor racks, it would be reasonable to also use the above rationale
with the xenon arc lamp, but matters are complicated in that it typically has a
cycle of 102 min of UV light with heat, followed by 18 min UV light with water
spray or water immersion. These machines are relatively expensive, and some
believe no one would change the machine to handle the unique conditions for
the occasional testing of a sealant. Because of this, the 108 min of light and
heat, followed by 12 min of light, heat, and water occurring in the ASTM C1442
�3� weathering standard were used.

The heat in most of U.S. climates reaches 70°C or higher on dark surfaces.
The heat is most intense during a 2–3 h span in the afternoon. As earlier men-
tioned, holding samples at 70°C for 16 h of the day is an acceleration factor
between five and six �comparative to some climates, the acceleration is greater
when considering milder climates�. This can be considered a rather crude as-
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sumption, as the heat transfer to the sealant is quite different between samples
in a convection-controlled oven and an actual service joint. Bulk and surface
temperatures show different time dependencies in such exposures. In this study
the UVF machine was held at 70°C for 2–8 h cycles per day.

The most difficult consideration was the amount of movement the sealant
should experience. Initially the test began with all sealants, during the first
weathering cycle, opened to the maximum stated in the manufacturer data
sheet. When the sealants were held for 2 weeks at the maximum extension,
nearly half of the samples started to show some degree of adhesion loss. This
had caused the experiment to be stopped, and the amount of movement im-
posed re-thought. There were three key considerations. First and foremost was
that the primary purpose is not to test products to the limits suggested in their
data sheets but to develop a test method. Second, the work must stress and
strain the sealants sufficiently so that damage is produced in both the labora-
tory and at the outdoor sites so that correlations can be developed. Third, the
majority of the sealants needs to be able to survive the test for several cycles to
achieve desired correlations. Slight damage is difficult to compare and corre-
late; severe damage is much easier to compare and correlate. The most con-
vincing reason not to use the full movement amplitude is that a sealed joint will
only be exposed to the full movement over the period of 1 year. Obviously, there
are locations �such as Singapore� where the diurnal and annual cycles are al-
most identical; however, for most locations away from the equator, the diurnal
cycle is closer to 1/2 of the annual cycle amplitude.

The redesign of the test was primarily rationalized on the ideas that a
sealant, when installed at the lowest temperature in the year and when the joint
is fully opened, exhibits all its movement in compression and will see no exten-
sion. A sealant installed in the maximum heat of summer, when the joint is at
its most closed position, will see all of its movement in extension but with no
compression. If the sealant is installed at some intermediate temperature, as is
most common, it will experience some combination of extension and compres-
sion. Thus, if the typical manufacturer’s recommendations are followed and a
+/−50 % sealant is used, it often will not see any more than a total of 50 %
movement. It can all be in compression, all in extension, or, most commonly, in
some combination of the two. In the field it is generally not a total of 100 % but
a total of 50 %. In the ASTM specification ASTM C920 �4�, a +/−50 % a sealant
has to perform at +/−50 % for a total of about 100 % in the ASTM C719 �5�
joint movement test. Similarly, in ISO Specification 11600 �6� a sealant rated
for class 25 would have to pass at +/−25 % movement in the joint movement
test ISO 9047 �7�. Thus, for test development, the movement is chosen as +/
−25 % for a +/−50 % sealant and +/−12.5 % for a +/−25 % sealant. The
UVF is set for 8 h of UV at 0.87 W/m2/nm at 70°C, followed by 4 h of con-
densation at 40°C. The xenon arc lamp is set for immersion at 20°C for 18 min
every 2 h, and a continuous radiation of 0.51 W/m2/nm. The compression/
extension state of the joint is changed every 2 weeks starting with extension,
returning to neutral, and then compression. The joint again returns to the neu-
tral position but undergoes a physical property test after each complete 8 week
cycle. In the outdoor testing, the joint configuration is changed every 3 months,
and the physical properties are measured annually.
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Displacement at a given load was measured initially and again after each
complete weathering/movement cycle. The load �stress� varies with the modu-
lus of the sealant, varying from 0.03 N/mm2 �3.4 g/cm2� to 0.20 N/mm2

�28.5 g/cm2�. The displacement at a given load is easily measured after 30 s in
any laboratory with a normal stress and fatigue setup and does not require a
machine that measures load at a given displacement. In the end, the tests use
conventional low cost weathering machines and simple low cost testing de-
vices.

Procedures

Samples were prepared using anodized aluminum cleaned sequentially with
toluene and heptane. Each solvent was wiped on with a cotton ball and off with
a paper towel. The one-part sealants were extruded directly into joints that
were rectangular in cross-section, 6 mm �1/4 in.� in depth, 12 mm �1/2 in.� in
width, and 50 mm �2 in.� in length. The backing material was partially closed
cell polyethylene foam of rectangular cross-section �Fig. 5�. The surfaces were
primed or not primed according to the manufacturer’s recommendations.

As stated, the one-part sealants were extruded directly into the cavity. The
two-part sealants were mixed in a DAK 150 mixer3 for two 16 s mixes, with a
scrape down between each mixing. These sealants were extracted from the
mixing cup with a modified 10 cm3 syringe and extruded from the syringe into

3FlackTech, Inc., 1708 Highway 11, Bldg. G, Landrum, SC 29356.

FIG. 5—Polyethylene foam backing.
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the joint. This procedure was determined after several procedures were evalu-
ated, and this seemed to yield the most air-free sealants. The sealants were
cured statically for at least 3 weeks in ambient conditions.

After the samples were cured and before they were put in the weathering
machines or on the weathering racks, they were tested by hanging a specific
weight �Fig. 6� from the joint for 30 s and recording the strain �elongation� for
a given stress. This process is then repeated after each exposure cycle. Since the
authors began this procedure in the Winter months, the samples were placed
on or in the respective testing locations and devices while in extension.

Results and Discussion

The experimental procedure followed the plan almost perfectly until stressing
started. The original plan was to take each of the sealants to their advertised
maximum movement ability. However, when the original 21 samples of the first
sealant to be placed on the rack were extended, they stood overnight and then

FIG. 6—Strain testing.
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broke adhesively, as did some of the others. The samples that broke were re-
made, and the experiment continued with all samples extended to half of the
rated movement instead �which is the expected movement on a typical build-
ing�, and by the end of extension in the first cycle, four of the 14 sealants failed
adhesively �Fig. 7�. This was true in both the weathering machine and on the
outdoor racks. This was an unacceptable result in some aspects since it de-
feated the purpose of showing the increased acceleration of the proposed new
weathering test using the movement as part of the weathering cycle. In another
aspect, this result showed the value of introducing movement in the weathering
cycle since adhesion is a common factor in job failure; the failures that oc-
curred would show up on the job but probably not in the standard weathering
tests or tests in the standard specifications without sustained and repeated joint
movement.

The manufacturers of the failed sealants were contacted, and each recom-
mended a modification �priming or change of primer� of the joint preparation
procedure. New specimens of the failed sealants were added to testing. The test
development proceeded with samples of ten sealants undergoing five complete
cycles in the machines and three complete cycles of the outdoor testing. In
addition to the test joint samples, small slabs of each sealant were made, cured,
and placed on the field test racks alongside the test joints, as well as in the UVF.
These are tested for indentation �durometer� after each weathering cycle since
measuring durometer from a test joint is very difficult. Also, some of the seal-
ants underwent substantial shrinkage during cure and thus presented a con-
cave surface, which again is not amenable to measurement with the available
gauge. To compensate, flat slabs were made, cured, and weathered �statically�

FIG. 7—Failures after the first extension at half the rated movement.
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so the durometer gauge could be used. However, there were no small slabs
placed in the xenon arc lamp since the sample area could only accommodate a
few samples and that space was used for sealant joints that would be forced
into expansion and contraction, changing positions every 2 weeks.

Observations

Sealant A

With the urethane labeled Sealant A �Fig. 8�, the adhesion did not withstand
weathering well, which would not be seen with a static conventional weather-
ing test. This same sealant was tested in the Sandberg study �8�. This result
demonstrates that the procedure suggested here—with movement during
weathering—is not just beneficial but fundamental to the user to evaluate the
durability of this product. This is the first and most important conclusion of
this paper. The third year of outdoor weathering, with movement, showed deep
cracks progressing. This was not possible to note when the joints failed in
adhesion, which almost all did. Some were repaired with an adhesive and the
test continued. Adhesion loss is in fact the experience of both authors with this
sealant on actual job sites. Sealants often fail primarily in adhesion, typically
early in their service life. However, on the occasions where adhesion survives,
cracks form and then progress through the joint over the course of several

FIG. 8—Sealant A: Beige urethane one part.
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years. Thus, the outdoor racks, with position change each quarter, reproduced
real-world experience. This was the anticipated result and indeed is what was
realized.

With reference to the correlations between artificial weathering machines
and outdoor racks �with the samples that survived�, the only comments possible
are relative to the static slabs since the joints continued to fail adhesively and
thus were not able to be held in extension while weathering. With the static
weathering slabs, it took about five cycles in the UVF to achieve hardness
changes similar to that seen in the field over 3 years. Also note that for this
particular sealant, the physical changes were similar in each of the geographic
areas. The only climate-unique feature was that the Louisiana samples had
considerable �approximately 50 % of the surface� mold covering and the speci-
men exposed in El Paso had a thin layer of dust. Similar results across climates
were not expected and are not common. In terms of time-line, an estimate of
the acceleration in the UVF to the outdoor damage was approximately four.

Sealant B

Sealant B in this study was also a urethane, but a slow curing one, that also
resulted in cracks and creases �Fig. 9�. These creases progressed through the
samples in all environments. The UVF exposure was particularly hard on Seal-
ant B, with blisters starting to form on the slab after five cycles, and cracks
eventually had progressed to produce cohesive failure. This sealant was unique.
When unstressed in the slab, there was a gradual hardening of the rubber with
the durometer increasing from almost 100 % in the very hot climates and at

FIG. 9—Sealant B: White urethane one part.
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least 25 % in the more temperate climates. The perplexing observation to follow
was that the sealant joints became more pliable with movement and weather-
ing, and the strain under load increased by 100 % or more in the course of 3
years outdoors. The slabs became harder but the joints became softer. If weath-
ering had not corresponded to joint movement, the true nature of this sealant
and its rapid change in performance would never be recognized.

The UVF, after two cycles, showed joint damage and change in rubber
performance comparable to that seen in 3 three years of outdoor exposure.
Again, damage was comparable in each climate. This means acceleration in the
UVF was about ten. The slab samples in the UVF started to bubble after five
cycles. The xenon arc lamp had comparable change in rubber after 3 years,
meaning an acceleration factor of approximately 6 or 6.5 when comparing this
data to the rubber properties of the outdoor samples from any of the sites.

Esthetically �which may be significant for a particular job site�, the white
sealant appeared almost as expected, based on previous experience. The El
Paso samples were covered with dust, resulting in a brown or gray appearance,
tending towards dark gray. Louisiana samples were almost as dark but covered
with mold instead of dust. The Denver samples were not quite as dark with dust
as those exposed in El Paso. Michigan samples had approximately half of the
mold of samples in Louisiana �which is to say, a quarter of the Michigan sample
was covered�. The UVF samples had turned from white to beige, but the xenon
arc lamp samples were near white.

Sealant C

Sealant C was also white urethane �Fig. 10�. In outdoor weathering, dampness
is a factor of change, demonstrated by the Louisiana samples, which softened
with weathering and movement and showed the greatest strain. Next in strain
were the Michigan samples, and Denver and El Paso samples are comparable.
All outdoor samples seemed in relatively good shape and relatively white. The
wet climates of Louisiana and Michigan yielded light mold, and the dry climate
samples were covered with light dust.

As to acceleration of weathering, the xenon arc lamp samples had substan-
tial softening at three cycles—about the same as the El Paso and Denver
samples. Sealant C was useful for this study since changes were substantial, but
also the samples did not fail. For these climates the acceleration of the xenon
arc lamp was approximately six. Note that the third, fourth, and fifth cycles of
the xenon arc lamp had relatively constant data, indicating that perhaps the
system was in some kind of equilibrium. Note also that the xenon arc lamp had
a 102/18 cycle, with water exposure approximately 15 % of the time, much like
El Paso and Denver, but different than Louisiana and Michigan. It might be
that the xenon arc lamp has an acceleration of six for the Denver and El Paso
areas but would not be a good device to simulate the weathering effects on the
sealant unless the wet/dry time is adjusted for accuracy concerning the area of
interest.

The UVF effects were unique in that the sealant turned from white to me-
dium brown and the backside of both the sealant slab and the joint became
very tacky and weak. After movement, cracks quickly propagated through the

KLOSOWSKI AND GORMAN, doi:10.1520/JAI102734 95



sealant and perhaps in another cycle would have achieved total cohesive fail-
ure. Since the damage from the UVF is not indicative of results from yet-as-
seen outdoor damage, it might be that the UVF accelerates damage to this
product with a factor of 20 or more, or it might be that the device is not a good
accelerating tool for the specific sealant’s chemistry. An answer is only deter-
minable with more years of outdoor exposure to find if the machine damage is
eventually duplicated outdoors.

Sealant C was the esthetically “cleanest” in all locations, with El Paso show-
ing some dust for a light gray look, and the Louisiana samples having a light
gray appearance due to mold. Michigan samples had gray mold spots but were
lighter than Louisiana samples. Denver had some dust, though lighter than El
Paso.

Sealant D

Sealant D was a white silicone �Fig. 11�. The outdoor joint samples with move-
ment in all four locations showed no change in performance, with essentially
no change in strain with the given stress. However, the 3 years of static expo-
sure of the sealant slabs demonstrated a moderate hardening in Michigan and
Denver, no change in Louisiana, and moderate softening in El Paso. The
changes to date are small and might not be significant. Extending the study will
provide further insight.

The joint samples in both weathering machines did reveal some slight low-
ering of modulus—a greater strain for the given stress. The UVF required three
cycles for the softening to occur, whereas the xenon arc lamp showed such

FIG. 10—Sealant C: White urethane one part.
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results after the first 8 week cycle. It is interesting to note that once the change
was realized, further cycles in the weathering machines did not cause subse-
quent change. Since there have been no definitive steady changes to note, it is
not possible to define a correlation factor with this sealant—a much longer
time of both outdoor and machine weathering would be needed.

Returning to esthetics, dust was a problem, more so than for urethanes A
and C and less so than for urethane B. The El Paso samples had heavy coatings
of dust �resulting in brownish gray coloring�, followed closely by the Denver
samples in similar appearance, though lighter, and the Louisiana sample was
lighter and the Michigan lighter still �just a hint darker than the samples from
the weathering machines�.

Sealant E

Sealant E was a white urethane �Fig. 12�. Hurricane Katrina affected the results
for this sealant, as the Louisiana joint samples were lost after the adhesion
failed. The sealant joints in the xenon arc and UVF weathering machines failed
in adhesion during the first cycle, though the samples were glued back together
in efforts to obtain correlation numbers relative to rubber properties. The Den-
ver samples also failed in adhesion and were glued. All samples, joints, and
slabs in all locations showed severe weather cracking and crazing. The surviv-
ing joints in Michigan, Denver, and El Paso all had similar rubber changes
�softening� and nearly a doubling of strain with a given stress. The outdoor
weathering of the unstressed slabs was interesting—the El Paso and Denver

FIG. 11—Sealant D: White silicone one part.
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samples softened, while the Michigan and Louisiana rubber slabs showed no
change in hardness, and all outdoor samples had severe crazing.

The slab in the UVF began to bubble by the third cycle, and by the fifth
cycle there was a soft froth with a Shore A durometer much too low to mea-
sure. There are no possible correlations of any kind here. To find a correlation
factor to the weathering machines with this sealant, the study would have to be
restarted, and a different stress-strain measuring device instead of the strain-
stress device would be required. Also, the adhesively failed samples could be
repaired, or the manufacturer could provide yet a better primer.

The repair of urethane sealants with failed adhesion was accomplished by
wiping the surface of the substrate using two wipes with a paper towel wetted
with toluene. Then commercial urethane glue was applied, the joint put back
together, and held with a clamp for at least 1 week before put back into testing.
The repair of the silicones was accomplished with a high strength silicone
structural glazing sealant using the technique noted above. The urethane
samples, in most cases, failed again in adhesion in the next weathering cycle
and for the second time were instead repaired with the structural silicone men-
tioned above. This repair also failed in most cases.

Esthetically, the dust on the El Paso samples for Sealant E was very thick
and consequently had the least crazing of the field samples. The Denver
samples had less dust and very severe crazing in the intense UV. Louisiana
samples had little dust but along with Michigan samples had mold to give a
medium to dark gray look, but the Louisiana samples had more crazing than
those in Michigan.

FIG. 12—Sealant E: White urethane two parts.
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Sealant F

Sealant F was a white silicone �Fig. 13�. It was a very low modulus sealant and
in all outdoor locations and the UVF demonstrated hardening, though in all
cases was still soft and low modulus. The Denver and Michigan sealants dem-
onstrated the hardening in the first year after cure, as did the UVF samples in
the first weathering cycle. The Louisiana and El Paso sealants had this harden-
ing during the second year of weathering. In all cases there were no further
changes or other damage to be noted. The xenon arc lamp samples softened in
the first weathering cycle and stayed that way. The immersion aspect of the
xenon arc lamp may be the cause of the incongruent softening. Since there is
no change over time to note, a correlation is not possible with Sealant F. Again,
a researcher would expect to extend the study for a much longer time.

The Louisiana sample appeared almost entirely black with mold. The El
Paso sample was light beige with dust, as was the Denver sample. The Michigan
sample had a sprinkling of fine black mold spots—at a distance, it would look
appear light gray.

Sealant G

Sealant G was a white urethane �Fig. 14�. Following the manufacturer’s recom-
mendation, no primer was used. All joints failed in adhesion in the first ma-
chine cycle or the first year of outdoor weathering. None were saved. However,
some data was gleaned from the weathered slabs of sealant.

The slab in the UVF became substantially softer in the first cycle and stayed
that way through five cycles. The outdoor slabs either remained relatively un-

FIG. 13—Sealant F: White silicone one part.
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altered or became harder in the first year. As for the third year outdoors, there
were no changes in the slabs as all changes occurred in the first year. Here as
well, no correlations can be made since the changes were either minimal or did
not progress with time. To determine a correlation factor, joints with durable
adhesion must be made and the times of the study lengthened.

Esthetically, the Michigan and Louisiana samples had some mold, with the
Louisiana sample having more crazing than the Michigan sample. The El Paso
sample had a brown tint from dust, as did the Denver sample, though the
Denver sample was closer to a cream color. The sample from the UVF was
beige. Comparatively, this batch had a relatively “clean” appearance. However,
there is no plan to rate samples relative to esthetics; it is merely noted for
consideration.

Sealant H

Sealant H was a white silicone �Fig. 15�. In all exposures the joint samples first
softened then stiffened. Michigan, Denver, and El Paso samples all had minor
softening before stiffening. They remain nearly at initial values, and it will be
interesting to observe their progress in subsequent years. The Louisiana
samples softened more than the others in the first year and have not yet fully
recovered. One Louisiana sample lost adhesion.

The xenon arc lamp samples softened to a greater degree, much like the
Louisiana samples, and after five cycles have not yet fully returned to original
stiffness. Samples across all tests for Sealant H are continuing to harden and
have not hit a plateau. If the span of time required for a sealant to return to its

FIG. 14—Sealant G: White urethane two parts.
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original strain values was used as criteria for determining an acceleration fac-
tor, then the UVF would have a factor of 2.5 relative to Michigan, nearly the
same for Denver, and four for El Paso, but the Louisiana data has a variability
that makes it impossible to determine a factor at this time. The xenon arc lamp
has yet to yield samples which returned to original strain values, so its accel-
eration factor relative to the outdoor locations cannot be determined.

Judging esthetics of Sealant H, the Denver and El Paso samples were both
darkened with dust. Michigan and Louisiana samples had nearly equal
amounts of mold and a brown color—lighter than the dusty samples of the
other locations.

Other than the one sample with an adhesion problem, there were no visible
flaws in the samples, and correlations must be based on changes in rubber
performance after longer exposure beyond this 3 year data.

Sealant I

Sealant I was a beige urethane �Fig. 16�. All samples lost adhesion early. These
were not repaired �as had been attempted with other sealants�, but the study
continued with the slabs. As before, only Shore A durometer and appearance
were studied with the slabs. The Louisiana and El Paso samples showed a slight
softening in the initial year. The Denver sample showed almost no change in
the first year, and the Michigan sample hardened slightly, as did the UVF
sample. However, after the first year the samples remained constant in hard-
ness.

At the time of collecting data for this study, the Denver sample was very

FIG. 15—Sealant H: White silicone one part.
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clean but had some crazing of the surface, though relatively minor. The El Paso
sample was coated with brown dust and had no noticeable crazing—it is pos-
sible that the heavy dust layer protected it from UV damage. The Louisiana
sample was between gray and beige with visible mold and minor crazing. The
Michigan sample had less mold—appearing as a peppering of gray particles—
and minor crazing was present. The UVF samples became tacky but had no
visible crazing.

There is no correlation of damage to be found with either the joints or
slabs. Similar to the results of other sealants, in order to obtain further and
more accurate data, this series would need to be redone with the adhesion
tested and optimized before the start, and repairs made considering the adhe-
sion had failed. The softening of the UVF samples is a possible indicator of
long-term problems in a moving outdoor joint.

Sealant J

Sealant J was acrylic latex �Fig. 17�. This sealant, like many of the others, lost
adhesion quickly after the advertised movement; however, at half of the move-
ment level, it performed quite well. At first touch it seemed hard, and it is, but
a stress relaxation followed and the sealant softened somewhat. The overall
trend for Sealant J was hardening with time and movement. Joints that opened
to between 15 % and 20 % with a given weight after 1 month of cure would then
typically open only near 5 % and often less after 1 year or more of outdoor
weathering. For this sealant, correlations cannot be made for want of more
precise execution in testing.

FIG. 16—Sealant I: A two-part beige urethane.
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The hysteresis of this sealant makes sample-to-sample comparisons diffi-
cult unless the experimental technique is very carefully controlled. Specifically,
the time following the release of compression or extension must be closely
controlled, as the progress to the original cured position is slow and steady.
This influences the strain/stress data. With durometer readings, the technique
must be very precise—the time to take the measurement is controlled to the
second. For each sealant the durometer was noted when measured in the first
few seconds of contact. However, Sealant J showed a rapid drop as the durom-
eter gauge was set on the sample; thus the gauge was kept in place and durom-
eter measured at intervals. The durometer dropped approximately ten points in
the 10 s that followed and approximately another ten points over the next 20 s.

Surface crazing was present and progressing slowly in the Michigan and
UVF joint samples. The UVF samples were clean, as expected, and the Michi-
gan samples were gray with dust and mold, still permitting almost full UV on
the surface. The Denver samples were medium brown with dust and the craz-
ing was less. The El Paso samples were darker with dust, and the Louisiana
samples were very dark, though with mold more than dust. In each case the
covering on the sealant prevented more crazing from occurring.

Accordingly, the second reason for a lack of correlation in this study is due
to all or almost all field samples holding dust and dirt or growing mold, result-
ing in variable performances. Doubtlessly, all accelerated studies must impose
extension and compression stresses to help produce crazing. In actuality, a true
correlation is extremely difficult considering there are at least two deteriorating
mechanisms at work: One being the hardening chemistry and the other the UV
influence, which can be at least partially blocked by dust. However, the UVF

FIG. 17—Sealant J: White acrylic one part.
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and the xenon arc lamp both show the same trends as the field samples, and
with several more years of outdoor weathering—or the imposition of higher
strains—to produce more damage, correlations would be easier to make.

Sealant K

Sealant K was a beige urethane �Fig. 18�. Of 18 joint samples using this sealant,
only one did not lose adhesion and even then only because it had been glued
together after failing on the second yearly cycle in the same manner as detailed
with other sealants. Thus, no moving joint correlations can be made to the
weathering machines. Also as before, further studies require closer work with
the manufacturer and a better primer.

The slabs remained in testing and a unique result occurred: The UVF slab
started to bubble, near to frothing, at its center. This bubbling is inconsistent
with outdoor weathering for all samples. Note, however, that the UVF samples
underwent five weathering cycles in the machines, but the slabs underwent
only three outdoor cycles. Sealant K could be particularly sensitive to UVA
energy, and the cumulative effect of the outdoor exposure had not yet matched
that of the machine. It would mean that UVF machines have a very large ac-
celeration factor with this material.

Focusing on durometer, the UVF samples softened at first, then slowly re-
turned to original hardness in the course of five weathering cycles—recalling
that hardness could only be measured at the edges of the slab where there was
no bubbling. After three years of outdoor weathering the outdoor samples show
very little durometer change.

FIG. 18—Sealant K: Beige urethane two parts.
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For Sealant K, the El Paso samples were dark brown with dust and the
rubber’s physical change in color. The Denver samples were comparably lighter,
with similar color change but less dust. Louisiana samples were more closely
matched to the El Paso samples in color change but with mold growth instead
of dust. The Michigan samples were lighter with less color change, less mold,
and minimal dust.

Sealant L

Sealant L was a white silicone �Fig. 19�. There was neither adhesion loss nor
surface damage. For rubber performance, the modulus softened slightly in all
outdoor samples—Louisiana the most and the machine-weathered samples
even more so. The machine samples’ softening occurred during the first 8
weeks of cycling, with no further change during the other five cycles tested.
Until more damage or more change occurs, no correlation can be made.

For hardness, the samples in the UVF machine softened during the first
cycle, further in the second cycle, experienced no change in the third cycle,
then hardened in the fourth and again in the fifth cycle—some returning almost
to the original hardness. Such softening was typical, but changes were small
and thus elicit little confidence, added to a lack of region-specific distinctions.
All regions tested exhibited similar behavior. A much longer study is needed.

Based on previous trends, esthetics were predictable. The El Paso samples
were dark brown with dust; the Denver samples were the next darkest with

FIG. 19—Sealant L: White silicone one part.
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dust. The Michigan and Louisiana samples grayed with mold, though the Loui-
siana samples had mold that was less evenly distributed and more easily wiped
off.

Sealant M

Sealant M was a white silicone �Fig. 20�. None of the samples exhibited adhe-
sion loss or surface checking. All outdoor samples hardened, generally only
from 3 % to 7 %. The UVF sample softened in the first cycle and then did not
change. The xenon arc lamp samples showed no change for all five weathering
cycles. There is no correlation as of yet. Hardness increased with all samples,
though the outdoor samples hardened at a faster rate, meaning a negative ac-
celeration factor, if possible.

Samples of Sealant M would have yielded the most esthetically successful
results overall, except the Louisiana sample was dark gray with mold. The other
locations had only negligible dust or mold.

Conclusions and Discussion

One of the primary results from this study is the realization that a second more
controlled study would refine data and permit more absolute conclusions. The
damage of many sealants was minor enough that the acceleration factor could
not be estimated. Other sealants demonstrated a wide range between each
other, with factors as low as two for some and as high as ten or 12 for others.

Excepting esthetics, the weathering machines do accelerate outdoor weath-

FIG. 20—Sealant M: White silicone one part.

106 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



ering, but in the conditions used in this study, each resulted in different accel-
eration factors from each other. This is expected in that there was a difference
in heat and water exposures in the two machines. The original plan had the two
machines as identical as possible in heat exposure, water exposure, time, and
cumulative UV radiation. However, the practical concerns stated earlier �the
assumption that adjustments to the machines would not likely be made, as they
deviate from ASTM suggested settings� prompted differences—assuring varia-
tions of acceleration factors for materials sensitive to the combined multiple
variables of weathering. Some sealants also showed unique degradation in the
UV weathering machine not duplicated in the xenon arc lamp or the outdoor
sites in the length of this study.

Among the sealants tested were those, all of the same generic type, that
performed well both outdoors and in the machines �Figs. 21 and 22�. With
sealants like these, correlations between outdoor and accelerated weathering
need longer test periods to produce significant damage or more precise testing.
On the other hand, others showed major deterioration despite the relatively
short duration of the study given their intended purposes. However, some of the
same generic class were still performing adequately throughout this study. This
study emphasizes that there are no possible generic generalizations relative to
durability, adhesion, or esthetics of a urethane. It could also be true of sili-
cones, but longer exposures are needed for such a conclusion. It seems that
generalizations in generic types relative to durability in given climates are dif-
ficult, near impossible, where the stability of a sealant depends on the concen-
tration or types of additives, as is the case with the urethanes. Thus with such

FIG. 21—Laboratory.
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formulation-sensitive products durability needs to be studied product by prod-
uct and color by color.

A significant complicating factor in the correlation of outdoor to acceler-
ated machine testing is the variability in UV protection from dust and mold on
the outdoor samples. The remedy to that is not apparent to these authors.

The next generation of this test should include more than one type of
acrylic and several sealants with polyether polymeric backbones that cure with
an alkoxy silane end. Fewer urethanes are recommended but should represent
both contrasting levels of durability since they demonstrated largely different
chemistries. There should be fewer silicones as well, and all sealants require
more precise property measurements since changes in this study were at times
small and slow to appear.

Some parts of the test regime need changing, such as after each year of
outdoor testing and each cycle of artificial weathering, the sealants should be
tested in a tensiometer, measuring stress with a given strain, instead of strain
with a given stress, as in this study.

Movement during weathering was a primary factor in real-time and accel-
erated testing and a principal cause of the damage indicative of real job situa-
tions. This experiment proved that periodic movement is an acceptable way of
achieving such, and thus a lower cost test method is possible compared to a
machine that has continuous movement built into it. This study proved again
that movement during weathering is necessary in any accelerated or real-time
sealant tests. This study suggests that weathering without movement is not only
less effective but also results in false indications of durability. This cannot be
emphasized too strongly.

FIG. 22—Weathering machines.
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The degree of movement that each sealant is subjected to will be deter-
mined by the purpose of doing the durability testing. If the testing is to com-
pare several sealants all at the same joint movements, the above test with the
modifications suggested could be ideal. The results show that any amount of
movement can be used in the testing, but movement ability is not separable
from adhesion. This study demonstrates the real-world problem of adhesion as
the primary cause of premature sealant failure with many sealants. Adhesion is
highly sensitive to the degree of stress applied, which is related to the degree of
strain �joint movement�. The procedures outlined here are acceptable as official
test methods for societies such as ASTM or ISO or for specific applications like
sealants in buildings or highways. When specifying the amount of movement
needed in any provision, it is critical to use the amount of movement expected
on the job versus exaggerating the movement. Exaggerating the movement does
not accelerate failure but instead produces failure that might not be seen in the
real-world situation.

However, if the primary reason for the testing is to determine the sealant’s
joint movement ability as it weathers, then the suggestion is to use the
Enomoto joint design �mentioned earlier� with the above machine conditions
�9�.

Relative to the machine conditions, for a general study, the conditions out-
lined in ASTM C1442 for the UVF samples would be adequate. In future studies
one should consider keeping the science in tack and trying to match the total
radiation in the xenon arc lamp machine to that of the UVF machine and
match the total water exposure time as well.

Lastly, the goal was a fast and realistic accelerated test. This method pro-
duced realistic damage but no greater acceleration than what was seen before.
However, because there were much smaller changes in the static tests �relative
to time in the machines� and often lesser damage in the static condition, the
cycles in the machines and outdoors could be changed to perhaps give a more
accelerated weathering test. The damage was more significant and realistic
when the sealants were extended and compressed. In the accelerated testing,
the half of the testing time that had the sealant in the non-strained condition
could be eliminated and have the sealants go from full extension to full com-
pression without this neutral time. The one precaution is that in taking the
sealant from full extension to full compression �or vise versa�, the rate of seal-
ant movement should be very slow, and no more than 3 mm/h, so as to allow
sealants that have stress-relation characteristics to relax and change dimension
at low and realistic stresses.
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Effects of Water Immersion on Building and
Civil Engineering Joints and the Use of
the Arrhenius Method in Predicting Adhesion
Lifetime of Water-Immersed Joints

ABSTRACT: Moisture in the form of humidity, condensation, rain, or water
immersion is the most commonly encountered element of the service envi-
ronment and must be considered a critical factor in determining the long-term
reliability of sealed or bonded joints. Moreover, the effects of moisture are
exacerbated by elevated temperature. For many polymeric systems, warm,
moist environments can considerably weaken the bulk or interfacial perfor-
mance properties of the jointing materials formulated with these polymers.
The majority of joint failures in service environments that comprise water
exposure occur by degradation of the interface�s� between sealant or adhe-
sive, primer, and substrate. Therefore, predicting the interfacial degradation
in an actual service environment is of utmost importance. This paper pro-
vides information on the current understanding of the role of water in the
failures of adhesive and sealant joints and discusses the usefulness of the
Arrhenius’ relation in predicting the lifetime of sealed or bonded joints based
on data generated at elevated temperatures. Finally, the paper suggests
some guidelines aimed at improving the reliability of accelerated test and
prediction procedures used in the evaluation of the durability performance of
sealed or adhered joints in immersed environments.

KEYWORDS: durability, lifetime, service life, water immersion, joint,
sealed, bonded, Arrhenius

Introduction

The lifetime of sealed or adhesively bonded joints can be substantially reduced
by environmental stresses such as actinic radiation, elevated temperature,
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moisture, and aggressive gases and fluids, or a combination thereof �1–3�. Mois-
ture in the form of humidity, condensation, rain, or water immersion is the
most commonly encountered element of the service environment and must be
considered a critical factor in determining the long-term reliability of sealed or
bonded joints. Moreover, the effects of moisture are exacerbated by elevated
temperature. For many polymeric systems, warm, moist environments can con-
siderably weaken the bulk or interfacial performance properties of the jointing
materials formulated with these polymers �4�.

Elastomeric sealants and adhesives are used in wet service conditions in a
wide variety of building and civil engineering applications. Repetitive short-
term water immersion is a common environment in many applications, such as
on flat roofs, parking decks, pavements, and walkways. In these applications,
standard building construction sealants and adhesives often function success-
fully and achieve satisfactory service lives. However, repetitive long-term or
permanent immersion such as is experienced in water-retaining tanks and stor-
age reservoirs, sewage treatment tanks, swimming pools, seawalls, culverts,
embankments, and aqueducts places high demands on the jointing material
and its interface with the substrate. Depending on the application, joints may
be exposed primarily to load �stress�, for example in an aquarium or water
storage tank, or primarily to strain, for example in shallow ponds or on roofs
employing evaporative cooling techniques. In some cases additional perfor-
mance properties may also be required, for example, resistance to biological or
chemical attack, abrasion, water flow, pressure, wet/dry cycling, etc.

The majority of joint failures in service environments that comprise water
exposure occur by degradation of the interface�s� between sealant or adhesive,
primer, and substrate. Therefore, predicting the interfacial degradation in an
actual service environment is of utmost importance. This paper discusses the
use of the Arrhenius method in predicting the degradation of adhesion result-
ing from water immersion at various temperatures.

Moisture Ingress into Sealed or Bonded Joints

Water may enter a joint by bulk diffusion through the adhesive or sealant, by
transport �wicking� along the interface at the substrate, and by capillary action
through cracks or pores in the jointing material or in the substrate �5�.

The diffusion of a liquid in an elastomeric matrix can be visualized as a
series of random jumps in which Brownian motion of chain segments of the
polymer produces transient voids in the vicinity of the liquid penetrant, en-
abling it to move within the polymeric matrix �“random walk”�. This type of
Fickian diffusion, in which the rate of relaxation of the polymer matrix is faster
than the rate of penetrant diffusion, is commonly observed in rubbery materi-
als that display high flexibility and mobility of the polymer chains.

Water may also spread close to the interface between jointing material and
substrate. For “weak” interfaces, where secondary bonding forces dominate the
adhesion, failure occurs almost instantaneously as water contacts the interface.
A range of other factors may enhance interfacial moisture transport, accumu-
lation of water at the interface, and ultimately adhesive failure, for example:
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• Shrinkage of the sealant or adhesive at a constrained interface may re-
sult in dilation and increased permeability of the material near the in-
terface.

• Incomplete wetting of the substrate surface may cause nonbonded
areas, where water accumulates, and from which further debonding
spreads.

• Osmotic pressure and subsequent debonding may be promoted by the
presence of hydrophilic sites or salts at the interface, which decrease the
equilibrium vapor pressure and promote water condensation �6�.

• Local inhomogeneities near the interface or a weak boundary layer with
a lower crosslinking density than the bulk of the material may provide a
pathway of increased moisture diffusivity �7,8�.

In general, the rate of interfacial diffusion and the presence of fluid at the
interface become more critical to the lifetime of the sealed or bonded joint as
the strength of the interface decreases.

Moisture may also reach the interface by capillary or bulk diffusion
through the substrate. This mechanism is especially important for porous or
cellular substrates, such as wood, open-cell plastic foams, or concrete and ma-
sonry materials. Water may also enter the joint by capillary action through
cracks or pores in the jointing material. This mechanism may be enhanced by
moisture exposure itself, since moisture can also cause structural damage by
inducing microcavities or crazes in polymeric materials. The formation of these
structural damages can further accelerate moisture diffusion �9–11�.

Effect of Water on Joints

When a joint is exposed to water, one or more of the following phenomena may
occur, depending on the service conditions, and upon the type of jointing ma-
terial and its state of cure �12,13�:

• Water may be absorbed in the bulk of the material, causing softening
�plasticization� of the adhesive or sealant.

• For moisture-curing materials, where the cure is still incomplete at the
time of water exposure, crosslinking may continue, causing an increase
in modulus �14�.

• The polymeric backbone of the sealant or adhesive may degrade hydro-
lytically, causing softening of the material.

• The bonds between the substrate, the primer �if present�, and the sealant
or adhesive may be impaired, resulting in adhesive failure at the inter-
face.

• Water may physically or chemically degrade the substrate or substrate
surface.

Degradation of Bulk Properties

Moisture absorbed in a polymer matrix can lead to a wide range of effects on
the bulk properties of adhesives and sealants. Some effects on the polymeric
materials are reversible and the material’s properties can recover fully upon
removal of water. Others are irreversible and result in permanent changes in
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the performance of the polymeric materials. Water absorption into sealants or
adhesives can cause plasticization and swelling; both phenomena are in prin-
ciple fully reversible, if no other effect occurs simultaneously. By acting as an
external plasticizer to the polymeric matrix, water spreads the polymer mol-
ecules apart and reduces the interactions between the polymer chains. Water
acting as a plasticizer can depress the glass transition temperature of the poly-
mer matrix and reduce the strength, modulus, and indentation hardness of the
jointing material �15–17�. In this author’s experience, small amounts of water
may initially increase some performance properties of sealed and bonded
joints, for instance, resulting in higher elongation at break and tensile strength
values as well as improved practical adhesion. As suggested by Wylde �18� for
epoxy adhesives and generalized by Bowditch �19�, this phenomenon may be
due to the relief of internal stresses within the joints due to the initial plastici-
zation of the bulk resulting in stresses being distributed over a larger region.

Moisture can also lead to unwanted chemical reactions in the adhesive or
sealant and consequently can change the bulk properties of the material in an
irreversible way, for instance by causing hydrolysis �20� or further crosslinking
�21�, as well as by inducing cracking or crazing in the material �9,10�. In
particulate-filled polymeric systems, the absorbed water can attack the
polymer/filler interface and cause interfacial debonding �22,23�. With certain
sealants and adhesives, the absorbed water cannot be completely removed by
drying. The residual water is believed to be one that is strongly bonded to polar
sites �24,25�. Water may also leach formulation constituents such as plasticiz-
ers, pigments, or fillers from the sealant or adhesive; this process then results in
a loss of weight upon drying of the material �26�. For some materials, the water
uptake process does not reach a saturation point and continues under disinte-
gration of the sealant or adhesive �26�. This behavior may be observed, for
example, with aqueous dispersion-polymer based materials that are not chemi-
cally cured, since such polymeric systems can be redispersed in water given
sufficiently long immersion periods. For chemically cured sealants or adhesives
this behavior may occur, especially at substantially elevated temperatures, as a
result of chemical degradation reactions �for more information on the chemical
type of sealants and adhesives as well as their bulk response to humidity expo-
sure see, for instance, Refs. �27,28��.

Degradation of the Interface at the Substrate

As mentioned previously, in most incidences, the eventual degradation of the
interface�s� between the jointing material, the primer, and the substrate is the
primary reason for the failure of a joint �29�. For thin coating films it has been
observed that the rate of loss of adhesion of the film to a substrate is dependent
upon the rate at which water permeates through the coating to the interface
�30�. In the same study, the loss of adhesion has been attributed to the accu-
mulation of water at the interface between the coating and the substrate sur-
face. The most convincing evidence for this hypothesis comes from studies of
the adhesion of coatings and adhesives on metal oxide surfaces. In these stud-
ies, a strong dependence of adhesion strength on the relative humidity of the
environment and, consequently, on the amount of adsorbed water in the coat-
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ing or adhesive was noted �31–38�. Already in 1979, it has been suggested that a
critical water concentration may exist in the bulk material with an associated
critical ambient humidity level below which the interface is not weakened by
moisture �29�. At present, the critical water concentration for a given jointing
system cannot be predicted. Overall, the critical concentration of water hypoth-
esis has not been fully substantiated yet, although experimental evidence in its
favor continues to be published that also provides indications of possible
causes.

Water may chemically degrade the interface by interacting with the chemi-
cal bonds that exist across the interface. Several mechanisms have been pro-
posed to explain the degradation of interfacial adhesion due to water absorp-
tion, though no single mechanism can be applied to explain all the failure
phenomena.

It is generally accepted that water reaching the interface between a sealant
or adhesive and an untreated high-energy surface substrate immediately dis-
rupts all secondary molecular interactions �van der Waals and hydrogen bond-
ing� �1�. Gledhill and Kinloch �39� have suggested that for adhesive joints,
where only secondary forces are involved in adhesion, the intrinsic stability of
the interface in the presence of an absorbed liquid may be evaluated from a
consideration of the thermodynamic work of adhesion. However, it should be
noted that when covalent bonding, inter-diffusion, and mechanical interlock-
ing, or a combination thereof, substantially contribute to the adhesion
strength, the work of adhesion is not suitable to explain adhesive failure.

The capillary pressure forming upon water absorption in the pores and
crevasses on the surface of a substrate may readily disrupt the adhesion com-
ponent resulting from mechanical interlocking �1�. The durability of adhesion
is generally expected to increase with the number of covalent bonds at the
interface �40�. However, practical adhesion may not always be helped by chemi-
cal bonding, since the bonds force a particular orientation of the adhering
molecules at the substrate surface and by doing so modify the morphology of
the interfacial transition region �also termed “interphase”�, which may have a
negative effect on the strength of the adhesive bond �41�. Covalent bonding is
generally expected to effectively reduce the space at the interface for water to
reside, as well as require a hydrolysis reaction for debonding, making the oc-
currence of an adhesive failure in an immersed environment less likely. How-
ever, even with covalent bonding, catalysts, such as acids and bases, which may
form and accumulate at the interface in the presence of water, can have a
substantial effect on the rate of hydrolysis reactions. For example, a sealant or
adhesive that shows excellent unprimed adhesion to stainless steel after water
immersion may fail rapidly on immersed concrete or glass, due to the accumu-
lation of alkalinity at the interface.

Degradation of the Substrate

Water may also degrade the interface by physically or chemically interacting
with the substrate. Due to the multitude of construction materials and associ-
ated degradation mechanisms �42� only a few examples will be discussed here.

Concrete is the most commonly encountered substrate in building and civil
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engineering applications involving elastomeric sealants and adhesives. It is also
one of the most difficult substrates to adhere to �43�. Concrete can be regarded
as a network of interconnected and disconnected micro-pores and micro-cracks
distributed randomly in a solid matrix. Concrete durability depends largely on
the ease with which liquids or gases can migrate through the hardened con-
crete mass. Moisture, directly or indirectly, contributes largely to the deteriora-
tion of concrete. Leaching of concrete constituents as well as moisture-induced
degradation at or close to the interface with sealants and adhesives can cause
loss of cohesive strength in the concrete and lead to spalling. The degradation
of concrete, and more specifically reinforced concrete, by water has been dis-
cussed in detail elsewhere �42,44�.

Metals are probably the second most important substrate present in build-
ing and civil engineering applications of elastomeric sealants and adhesives.
Water may hydrate a metal or metal oxide surface and cause the formation of a
weak boundary layer at the interface �45–48�. Electrochemical corrosion may
occur in joints involving metal substrates and act as a factor that weakens the
performance of a joint. Water at the interface allows formation of an electrolyte
and facilitates ionic mobility, an important aspect of corrosion chemistry. Ex-
amples for aggressive corrosion have been reported for rubber/steel bonded
joints exposed to seawater or salt-spray when an electrochemical potential is
present �49�.

Soda-lime-silica float glass is another important substrate for elastomeric
sealants and adhesives. The main mechanism by which water damages float
glass is by leaching glass constituents. This process results in a depletion of
network modifier ions and a relative enrichment of network formers as well as
the formation of a silica-rich hydrated surface layer �50,51�. The effects of
water in humid air or as a liquid phase are found to be different: characteristic
pits develop in humid air, while the roughness increases in a more uniform way
under water �52�. The corrosion process is accentuated when corrosive gases,
such as SO2 and NO2, are present �53�. In humid air, swelling and formation of
a gel layer are the first observed effects with alkali silicates �52,54–56�. The
leaching process affects glasses more or less strongly, depending on their com-
position. The glass composition and the residual tin left from the float process
can affect the hydrolytic stability of float glass and also sealant adhesion, al-
though no clear trends have been observed regarding the latter �57�.

Methods of Improving the Resistance of Interfacial Adhesion to Water

Limiting the presence of water at the interface slows down the processes in-
volved in corrosion, hydrolysis, substrate hydration, and other mechanisms of
joint degradation. In general, two strategies are being considered to improve
the durability of adhesively bonded or sealed joints:

1. Preventing water from reaching the interface.
2. Improving the strength �durability� of the interface itself.

Preventing Water from Reaching the Interface

Considering the various pathways for water to reach the interface �migration
via substrate, interface, or jointing material�, the following methods of prevent-
ing or retarding moisture penetration are utilized:
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Applying Barrier Coats on Porous Substrates—Primers formulated as barrier
coats are commonly used to moisture-proof and strengthen the surface of po-
rous substrates prior to applying a sealant or adhesive. The thickness and na-
ture of the applied primer layer are generally considered important factors for
the performance of joints in porous substrates exposed to water immersion.

Hydrophobing the Interface—Silane coupling agents formulated into the
primer or into the sealant or adhesive form a hydrophobic poly�siloxane� net-
work on the surface of the substrate �58,59�. For metal substrates, inhibitors
may be added to retard the hydration of oxide layers at the substrate interface.

Reduction of Water Permeation by Proper Selection of the Sealant or
Adhesive—Selection of the appropriate adhesive or sealant can reduce water
permeation into the joint via the jointing material. Because water transport in
the bulk is strongly related to the free volume of the polymeric matrix, the
absorption of water may be reduced by introducing crystallinity or by increas-
ing the crosslink density, both of which lower free volume. Water permeation
can be reduced by decreasing the polymer’s affinity for water, for example, by
reduction of the number of polar or hydrophilic groups.

Improving the Strength of the Interface

Covalent bond formation at interfaces is a particular popular hypothesis used
to explain the role of adhesion promoters and coupling agents in enhancing
adhesion between dissimilar materials. Until about the early 1980s, the only
justification for the covalent bonding hypothesis was the substantial amount of
experimental performance data proving the effectiveness of these adhesion-
promoting additives. More recently, several studies have contributed to the sub-
stantiation of the hypothesis by providing direct evidence that these bonds
actually exist and are responsible for the improved performance �see Refs.
�60,61��.

Organosilanes are believed to bond to metal, glass and other surfaces by
forming Si-O-M bonds by condensation reaction, while the organo-group en-
sures reactivity with or compatibility with the polymeric matrix of the adhesive
or sealant. Until recently, it was thought that reactive hydroxyl groups on the
substrate surface were necessary for the bonding to occur. However, work by
Debois and Zagarski �62� and Blümel �63� using FTIR and solid-state 29Si NMR,
respectively, indicates that alkoxysilanes can also react directly on Si-O-Si sites.

Plueddemann, who has contributed immensely to the use of silane adhe-
sion promoters and coupling agents, including silanes with epoxy �64�, meth-
acrylate �65�, styrene �66�, and cationic vinylbenzyl �67� functionalities, stated
in his 1982 book three conditions for maintaining bonding in the presence of
water �68�:

• A maximum initial formation of M-O-Si bonds.
• A minimum penetration of water to the interface.
• Polymer structures that hold silanols at the interface.
For low molecular weight silanes the first condition can be achieved by

using a suitable transesterification catalyst. The second condition can be met
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by inserting a hydrophobic spacer group on the silane in order to hinder the
penetration of water to the interface. The third condition is met by using tri-
functional or even higher functional silanes capable of forming a network
structure on the substrate surface. However, one should consider that the silox-
ane network structure itself remains sensitive to hydrolysis especially in the
presence of acids or bases.

Prediction of Useful Lifetime Based on Temperature Dependency of
Moisture-Related Diffusion and Chemical Degradation Processes

Acceleration models are usually based on the physics or chemistry underlying a
particular failure mechanism. Successful empirical models often turn out to be
approximations of complicated kinetics models, once the failure mechanism is
better understood. However, simple models with the right response shape have
generally proven to be more useful than elaborate multi-parameter models. The
Arrhenius model has been used successfully for failure mechanisms that de-
pend on chemical reactions, diffusion processes or migration processes.

The degradation of sealed or bonded joints by water-immersion proceeds
faster at higher temperatures �see, for instance, Ref. �69�. This is because an
elevation of temperature results in an acceleration of moisture-related diffusion
and degradation processes �70�. It has long been known that the effect of tem-
perature on the rate of chemical reactions can often be expressed by a relation-
ship proposed by Svante Arrhenius in 1889 �71�. Therefore, the first approach
usually considered when modeling a material’s degradation as a function of
temperature is to use the Arrhenius relationship. According to the Arrhenius
rate law, the rate of a first-order chemical reaction depends on the temperature
as follows �69,72��:

k = A exp�
Ea/RT� �1�

where k is the reaction rate �or degradation rate� for the process, 
Ea is the
activation energy required to initiate the process, R is the ideal gas constant, T
is the absolute temperature �in K� and A is a constant. The activation energy

Ea plays a pivotal role in determining the degradation rate and its value de-
pends on the diffusion and failure mechanisms involved. In the past, the
Arrhenius relation was often interpreted as a “rule of thumb” stating that reac-
tion rates double for every 10 K rise in temperature. This simple rule, however,
only applies, if the activation energy is about 51 kJ/mol. Obviously, the higher
the activation energy is, the stronger the temperature dependence of the rate
constant.

The energy of activation for diffusion is on the order of 40 kJ/mol �73�
while that of thermally induced chemical reactions is likely to be 80 kJ/mol or
higher. The activation energy for the hydrolysis of covalent siloxane bonds to
silanols by water is 98.8 kJ/mol �68�. However, in the presence of an acidic or
basic catalyst the activation energy needed for the hydrolysis reaction drops to
around 25 kJ/mol �68�.

The following form of the Arrhenius equation allows calculation of two
specific rates of reaction, k2 /k1, at two temperatures, T2 and T1:
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log�k1/k2� = log k1 − log k2 = 
Ea/�2.303R��1/T1 + 1/T2� �2�

Therefore, a plot of log �k1 /k2� against 1/T produces a straight line with a
slope of 
Ea / �2.303R�. The Arrhenius equation has been traditionally used in
accelerated thermal or hygrothermal aging tests in the following manner: Some
measure of the rate of reaction is determined at several temperatures �at least
three, preferably more� and the logarithm of those rates is plotted versus 1/T,
the inverse of the absolute temperature. If the Arrhenius relationship remains
valid over the whole temperature range studied, a straight line is obtained.

An alternative approach is to determine the durability time of a material, tp,
which is equal to the inverse of the reaction rate, 1/k:

log tp = log t0 + 
Ea/�2.303RT� �3�

Researchers often measure the time required for one of the key performance
properties, for example, the tensile strength, to degrade to half its original value
�half-life� at each temperature and fit their findings to the following equation
�74�:

log t1/2 = A + B/T �4�

where t1/2 is the half-life property, A and B are material constants, and T is the
absolute temperature at which the aging experiments have been carried out.

Since a key function of structural adhesives is their load-bearing capability,
while that of a sealant is maintaining adhesion under cyclic or permanent
strain, researchers are often interested in assessing the durability of the adhe-
sion to the substrate while the jointing material is under a given load �stress� or
strain. However, it is important to note that placing a sealant or adhesive under
constant load or constant strain generally produces quite different results for
materials with viscoelastic behavior, but even more so when these materials are
exposed to water immersion. When a viscoelastic jointing material is subjected
to a constant stress, it will deform �creep�; and the strain will increase with
time. Similarly, if the material is strained and held at constant dimensions, the
initial stress relaxes with time. Both creep and stress-relaxation have been de-
scribed in terms of disengagements of polymer chain entanglements or break-
age of hydrogen bonds. Since water may act as a plasticizer in the polymer
matrix and also has an effect on hydrogen bonds, exposure to moisture may
strongly accelerate creep and stress relaxation.

Typically, a sealant or adhesive placed under a given load and stress while
being immersed in water will fail faster adhesively than the same material
exposed to immersion without mechanical stress. The reason applied stress
leads to a more rapid rate of degradation is that mechanical tension contributes
to chemical bond scission. The thermal energy of activation, 
Ea, is lowered by
the potential energy of the stress, � 	. Thus, the familiar Arrhenius equation
becomes:

k = k0 exp�− �
Ea − �	�/RT� �5�

where 	 is the stress and � is a constant.
This equation may also be written in the corresponding Zhurkov �75� equa-

tion form:
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log tp = log t0 + �
Ea − �	�/�2.303RT� �6�

Thus, there is a linear relationship between the logarithm of the durability
time and the stress, valid for the action of any mechanical force on any elemen-
tary chemical transformation, independent of its nature �76�. This linear rela-
tionship usually holds, however, only over a limited range of stress, where the
kinetics of the process is determined largely by a single elementary event
�77,78�.

The Arrhenius method is particularly useful for the accelerated testing of
polymeric systems as it allows short-term tests, conducted at elevated tempera-
tures, to be used in the assessment of the effects of long-term exposures at
lower temperatures. Using the general Arrhenius-type relationship for reaction
rate as a function of temperature, lifetime to failure can be extrapolated for
varying temperatures.

Among the limitations of this technique are that the use of a constant
activation energy over the temperature range anticipated may not be valid, and
that extreme extrapolation of higher temperature results to lower temperatures
does not always provide an accurate result due to competing degradation
mechanisms. In addition, the specific failure criterion must be directly appli-
cable to the service conditions and the sealed or bonded joint design. Further
limitations of the Arrhenius approach are that linear specific rates of change
must be obtained at all temperatures used, i.e., the rate of reaction must be
constant over the period of time during which the ageing process is measured,
and that the mechanism of the reaction�s� involved in the aging of the material
at higher or lower temperatures should not differ; otherwise, this would alter
the slope of the Arrhenius plot. This is quite often the case and numerous
examples of nonlinear Arrhenius behavior as a consequence of a change in
mechanism can be found in the literature. Hunlett provides a detailed discus-
sion of reasons for the deviation from the Arrhenius equation �79�.

In the case of reactive sealant and adhesives, the issue of competing �deg-
radation� reactions often leads to non-Arrhenius behavior. If there is more than
one chemical reaction and those chemical reactions have different activation
energies, the Arrhenius model will not correctly describe the rate of the overall
chemical reaction. This is because temperature affects the two degradation
processes differently, inducing nonlinearity into the acceleration function relat-
ing failure times at two different temperatures �80�.

In the case of a simple one-step chemical reaction, Ea would represent an
activation energy that quantifies the minimum amount of energy needed to
allow this reaction to occur. However, in most applications involving tempera-
ture acceleration of a failure mechanism, the situation is much more compli-
cated. As Escobar and Meeker �80� point out, a chemical degradation process
may have multiple steps operating in series or parallel, with each step having
its own rate constant and activation energy. Generally, the hope is that the
behavior of the more complicated process can be approximated, over the entire
range of temperature of interest, by the Arrhenius relationship. This hope can
be realized, for example, if there is a single step in the degradation process that
is rate-limiting and thus, for all practical purposes, controls the rate of the
entire reaction. In such cases, the Arrhenius plot for the degradation results in
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a linear correlation between the logarithmic failure times and the inverse ab-
solute temperatures, indicating that the Arrhenius rate law is valid for the over-
all degradation process. The Arrhenius plot, therefore, is commonly used to
determine if Arrhenius modeling of the temperature dependence for a single,
dominant mechanism is appropriate or if methods to deconvolute the observa-
tions need to be developed. However, even in cases where a good fit with the
Arrhenius relationship is observed, it is likely that more than a single-step re-
action is involved in the degradation mechanism. Therefore, in most acceler-
ated test applications, it would be more appropriate to refer to 
Ea as “quasi-
activation energy.”

Each of the Arrhenius plots generated in this way can be analyzed by fitting
a straight line to the experimental values using the least-squares-method and
calculating the activation energy, 
Ea, from the slope −
Ea / �2.303R�, where R
is the gas constant. However, calculating the activation energy in this manner
for an ensemble of test specimens will not yield a single theoretical value for
the failure mechanism, but rather a distribution of values, reflecting the fact
that a part of the population contains some defects.

Examples of Arrhenius and Non-Arrhenius Behavior and Discussion of
Possible Root Causes

In an internal study, McCann used the Arrhenius method in an attempt to
determine the adhesion lifetime of water-immersed, sealed joints �81�. Sealed
tensile-adhesion joints similar to the one defined in ISO 8339 Building
Construction—Sealants—Determination of Tensile Properties �Extension to
Break� �82� were prepared in triplicate with various one- and two-part sealants
and different substrates �glass, aluminum, and concrete�, allowed to cured for
21 days at ambient laboratory climate, and then immersed in water kept at a
constant temperature of 10, 30, 50, 70, and 90°C. Since, depending on the
application, immersed joints may be additionally exposed to forces induced by
loads �stresses� or strains, McCann chose two different experimental protocols.
In one study, intermittent stress was applied on the joints by removing them
from the water bath once per week, placing each joint under a constant tensile
load for 24 hours in ambient laboratory climate, and finally placing them again
�with the load removed� into the water bath. The load placed on the individual
joint was determined as one-half of the load �weight� that would stretch the
cured, but unaged, sealant in the tensile-adhesion joint to its advertised maxi-
mum joint movement capability, e.g., 25, 50, or 100 %. In the second study, the
sealants in the tensile-adhesion joints were placed under constant strain by
stretching them to their advertised maximum joint movement capability, block-
ing the joints with suitable spacers, and placing them in their extended state in
the water bath. The time-to-failure period in the permanent strain study was
determined by inspecting the specimens visually each day, while failure in the
intermittent stress study was only observed while the sealed joints were ex-
posed to the tensile stress, i.e., once per week. The time-to-failure periods were
determined as averages over the individual values obtained for the triplicate
specimens. By plotting the logarithm of time-to-failure versus the inverse of the
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absolute temperature and fitting a straight line to the data points using linear
regression, McCann obtained Arrhenius plots of the experimental data.

Although most of the sealants exposed to constant strain would eventually
stress-relax to a certain extent, placing the sealants under a constant strain
proved to be considerably more damaging than the intermittent stress expo-
sure. Figure 1 shows, as an example, the Arrhenius plots provided from this
study for a three-part polyurethane sealant exposed either to intermittent stress
or to permanent strain during the water immersion interval. The effect of the
potential energy of the stress, �	, on the overall activation energy �
Ea−�	�
can be easily seen. Using the Zhurkov equation �Eq 6�, the overall activation
energy for the adhesion loss reaction under permanent strain is calculated as
12.8 �kJ/mol�, while the same entity for adhesion loss under intermittent load
is 51.3 �kJ/mol�. However, note the poor fit of the linear regressions, reflected
by coefficients of determination, r2, of 0.82 and 0.64 for the intermittent stress
and permanent strain experiments, respectively. McCann made no effort to
separate out the potential energy contribution by investigating different stress/
strain ratios.

Several of the experiments conducted by McCann showed nearly perfect
Arrhenius behavior. Figure 2 shows, as an example, the time-to-failure plot
obtained for a medium modulus, one-part, neutral cure silicone sealant on
glass exposed to intermittent stress during the water immersion period. How-
ever, several other material/substrate combinations clearly showed non-
Arrhenius behavior when considering the full temperature range. Figure 3
shows, for illustration, the behavior of a low modulus, aminoxy-cure, one-part
silicone sealant on aluminum substrates �with primer� when exposed to inter-
mittent stress during water immersion. Experimentally obtained data points
are shown as well as various linear regressions which are based on the inclu-
sion of different subsets of data. The linear regression trend-lines vary dramati-
cally; only the linear regression of all data points and the one for 10, 30, and
90°C run essentially parallel to each other. Considering the different Arrhenius

FIG. 1—Arrhenius plots for a three-part polyurethane sealant exposed either to inter-
mittent load �stress� �IL� or to permanent strain �PS� during the water immersion.
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plots shown in Fig. 3, it is obvious that the linear regressions made based on all
data points and on the two sets of three data points that include the low tem-
perature �10°C� immersion result, i.e., 10/30/50 and 10/30/90, yield compa-
rable lifetimes for immersion in room temperature �20°C� water, i.e., 1463,
1683, and 1503 h, respectively. However, a linear plot fitted to the two time-to-
failure values obtained at the highest immersion temperatures, i.e., 70 and
90°C, yields a lifetime prediction of 28 219 h for immersion in 20°C water.
This is approximately 15 to 20 times longer than the estimates gained by the
other linear regressions!

Several possible causes of this non-Arrhenius behavior over the full tem-
perature range exist. The most straight-forward interpretation of the data is

FIG. 2—Arrhenius plot for a one-part, medium modulus, neutral cure silicone sealant
on glass �unprimed� exposed to intermittent stress during water immersion.

FIG. 3—Arrhenius plots �based on different subsets of data� for a one-part, low modu-
lus, aminoxy-cure silicone sealant on aluminum �with primer� exposed to intermittent
stress during water immersion.

WOLF, doi:10.1520/JAI101721 123



that one either accepts the time-to-failure periods measured at 50 and 70°C as
outliers or the dataset can be interpreted as suggesting two different degrada-
tion kinetics; one being in force at low to moderately elevated temperatures
�10°C to less than 50°C� and another at strongly elevated temperatures �more
than 50 to 90°C�. However, it is interesting to note that the highest tempera-
ture immersions �70 and 90°C� are the ones that yield the longest lifetime for
this sealant/substrate combination. On first sight, this finding is counter-
intuitive, since one expects higher temperature immersions to result in faster
degradation, not a stabilization of the system.

Interestingly, the same sealant shows almost identical non-Arrhenius be-
havior on glass �without primer�. Calculating the overall activation energy from
the slope of the linear regression obtained based on all data points yields 9.65
and 12.33 �kJ/mol� on primed aluminum and unprimed glass, respectively. For
the same two substrates, linear regression fits based on low to moderate tem-
perature data points �10, 30, and 50°C� yield 19.72 and 11.35 �kJ/mol�, while
for high immersion temperatures �70 and 90°C� overall activation energies of
49.54 and 51.09 �kJ/mol�, each respectively, are calculated.

More surprisingly, the same sealant applied to concrete �without primer�
shows nearly perfect Arrhenius behavior with an overall activation energy of
37.0 �kJ/mol� and a coefficient of determination, r2, of 0.97 for a linear regres-
sion based on all five data points. This behavior suggests that, indeed, two
different degradation kinetics may be observed at lower and higher immersion
temperatures on unprimed glass and on primed aluminum.

One potential cause for this behavior could be incomplete cure �and adhe-
sion build-up� of the slow curing one-part silicone sealant after 21 days of
conditioning in the laboratory climate on nonporous substrates �glass and alu-
minum�, while on the porous, moisture-containing concrete substrate the seal-
ant achieved a more complete cure within the same conditioning period. In the
case of incomplete cure, elevated immersion temperatures would then first ac-
celerate an adhesion build-up before actual degradation of the interface by
hydrolysis reaction occurred. Such behavior has been observed numerous
times with various sealants, where initially hot water immersion causes adhe-
sion to improve and only over longer time periods does degradation of the
adhesion occur. In any case, the various hypotheses would warrant further
experimental work.

In a further internal study, Agger and colleagues also employed the Arrhen-
ius method in their evaluation of the degradation of silicone sealant adhesion
on glass during water immersion �83�. These authors prepared ten �10� tensile-
adhesion specimens as defined in ISO 8339 Building Construction—Sealants—
Determination of Tensile Properties �Extension to Break� per sealant sample.
Specimens were cured at ambient laboratory conditions for one and two weeks,
respectively, for two- and one-part sealants. Each product was tested at five
different immersion temperatures, i.e., 23, 40, 55, 80, and 100°C. The immer-
sion temperature of 100°C was maintained by boiling water under reflux in a
flask with a condenser fitted to it. Every morning after the initial immersion
date, the test specimens were removed from the water baths for a short period
of time in order to test the adherence. This was done by placing the test speci-
mens in a tensiometer and stretching them by 25 %. The extension was main-
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tained for two minutes; the specimen was then removed from the tensiometer
and again placed in the water bath.

One key difference to the previously mentioned study by McCann is that
Agger and colleagues, rather than using the average time-to-failure periods in
their evaluation of Arrhenius plots, based their assessment on the time-to-
failure period for the specimen that failed last. Typically, these researchers ob-
tained rather conclusive results, with some three to six specimens failing on the
same last day, all of them in a purely interfacial mode. Agger and colleagues
employed the longest rather than the average time-to-failure in order to elimi-
nate the effects of poor specimen preparation, such as inclusion of bubbles at
the interface, incomplete or improper wetting, deviations from sealed joint di-
mensions, surface damage during tooling, etc.

While one may argue that similar deficiencies may occur during the instal-
lation of actual service joints, their effect on the lifetime of these joints differs,
due to differences in the dimensioning of the joints. For instance, edge effects
in the short test joints strongly influence the performance of these specimens
and amplify some of their deficiencies.

Using the last-to-fail data, Agger and colleagues observed for all but one of
the sealants tested Arrhenius behavior with linear regressions providing an ex-
cellent fit to the experimental data. Coefficients of determination, r2, of greater
0.98 were observed for all sealants with the exception of the one slower curing
one-part sealant. This sealant showed non-Arrhenius behavior and a linear re-
gression using all data points yielded a poor fit �r2 of 0.80�. Again, for this slow
curing one-part sealant it is likely that the adhesion to the substrate had not
been fully developed during the two weeks conditioning period. Consequently,
as mentioned before, elevated immersion temperatures would then first accel-
erate an adhesion build-up before degradation of the interface by hydrolysis
reaction occurred.

Figure 4 shows, as an example, the excellent fit Agger and colleagues ob-

FIG. 4—Arrhenius plot for a tin-catalyzed, two-part silicone sealant on glass
�unprimed�.
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tained based on first-order degradation kinetics for a tin-catalyzed, two-part
silicone sealant. The slope of the Arrhenius linear regression fit yields an acti-
vation energy of 47.22 �kJ/mol�. An almost identical activation energy was ob-
served for another tin-catalyzed, two-part silicone sealant �48.83 kJ/mol� based
on the same aminosilane adhesion promoter. Note that amines and aminosi-
lanes are known to co-catalyze condensation and hydrolysis reactions of silox-
ane bonds �84–86�. This finding therefore confirms the widely accepted hypoth-
esis that hydrolysis reaction of siloxane bonds are primarily influenced by the
catalyst and co-catalyst system, while the remaining ingredients in the formu-
lation play only a minor role.

The authors of the two internal studies �McCann and Agger� did not ad-
dress the sources of errors and their effect on the variability of their results.
However, Agger and colleagues recorded the complete set of experimental time-
to-failure periods for each specimen as a function of immersion temperature.
Standard deviations calculated for the time-to-failure periods based on these
datasets increase substantially with lower immersion temperatures for all seal-
ants studied. As an example, for the most complete dataset, obtained on a
two-part silicone sealant, standard deviations of 0, 1.76, 6.26, 14.77, and
58.07 days were observed for immersion temperatures of 100, 80, 55, 40, and
23°C, respectively.

Obviously, there are numerous sources of errors ranging from the prepara-
tion and cure of the specimens, over the exposure conditions �variations in
experimental procedure�, to the inspection of the specimens for failure �length
of inspection intervals�. It is, therefore, essential that the population of speci-
mens in a study is large enough to account for this variability, as is the case in
the study by Agger and his colleagues.

Furthermore, in several of the experimental examples reported in this
paper, the deviation from Arrhenius behavior appears to result from incomplete
cure of the sealant material. The author hypothesizes that at least some of the
deviation would disappear, were the sealants allowed to completely cure. This
hypothesis is also supported by the fact that deviations from Arrhenius behav-
ior are observed for the same sealant material on certain substrates but not on
others, suggesting a role of some substrates in accelerating cure �based on
siloxane hydrolysis and condensation reactions� by providing moisture and
catalytically acting species �alkalinity�, or both. On concrete, water-content and
surface pH are highly dependent on the age of the substrate and have been
shown to affect initial adhesion build-up �87�.

Guidelines for Improving the Reliability of Accelerated Test and
Prediction Procedures

Any lifetime prediction approach based on accelerated testing involves extrapo-
lation. This applies as well to the use of the Arrhenius method in predicting the
effects of long-term exposures at lower temperatures based on laboratory data
gained from short-term tests conducted at elevated temperatures. The most
seriously unrealistic projections made in the past can be avoided by determin-
ing and using actual activation energies from the Arrhenius equation instead of
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the “rule of thumb” that reaction rates double for every 10 K rise in tempera-
ture. Even then, accelerated tests should be designed, as much as possible, to
minimize the amount of extrapolation required �88�.

Clearly, it is not advisable to extrapolate the behavior of a sealed or bonded
joint at room temperature from water-immersion data that have been obtained
at 90 and 100°C, if the linearity of the correlation between the logarithmic
failure times and the inverse absolute temperatures has not been previously
demonstrated for the same sealed or bonded joint system over at least a sub-
stantial region of the full temperature range, in the above example say 40 to
100°C. High levels of an accelerating variable, such as temperature, can cause
extraneous failure modes or mechanisms that would never occur at use levels
of the accelerating variable.

In practice, it may often be difficult or impractical to verify the Arrhenius
relationship over the entire temperature range of interest. Still, the aim of the
experimental protocol must be to provide substantial evidence that the rela-
tionship holds true and the same dominant degradation mechanism prevails
over the entire temperature range.

The author suggests the following guidelines for conducting accelerated
hot water immersion tests and predicting lifetime data at use conditions based
on the Arrhenius approach:

The experimental protocol used in the accelerated hot water immersion
and in the determination of joint failure must generate the same failure mode
as observed in the field. Generally, it is the experimenter’s intent to generate
information about one failure mechanism using a relatively simple experimen-
tal approach. However, if more than one failure mode may occur within the
range defined by the experimental protocol, the various failure mechanisms
underlying these failure modes may be accelerated at different rates by an
increase in temperature or mechanical stress. For example, the change of fail-
ure mode from adhesive �interfacial adhesion loss� to boundary �failure in the
interphase� to cohesive �failure in the bulk� and vice versa as a function of water
pick-up in the material has been widely documented �see, for instance, litera-
ture referenced by Bowditch �19��. It is, therefore, essential to verify that there
is a consistent failure mode for all experimental conditions and that this failure
mode is identical to the one observed in the field.

Mixed-mode failures are another type of complication, which may occur
because of a gradient in cross-linking density across the substrate-adhesive
interface. De Buyl and colleagues report a one part room temperature cured
alkoxy silicone sealant applied in a lap-shear joint configuration to show cohe-
sive mode of failure in the outer joint region and adhesive mode of failure in
the inner region �89�. A consistent failure mode often can be achieved by se-
lecting the experimental evaluation procedure �tensile adhesion, peel, lap shear,
etc.� and by adjusting the test parameters �no load, constant load, etc.� specifi-
cally for this purpose.

In order to minimize the amount of extrapolation required in lifetime pre-
dictions based on the Arrhenius methodology, the experimental protocol must
allow for long time periods to failure at low water immersion temperatures.
Time to failure may vary between a few hours or days in boiling water to
months or years at ambient temperature. Therefore, for very slowly failing sys-
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tems, consideration should be given to accelerated aging techniques with two
different stressors acting in synergy, e.g., temperature and mechanical stress.
One option would be accelerated ageing tests with joint specimens exposed to
different, constant loads in water immersion at different, constant tempera-
tures, and extrapolating the results to zero mechanical load at ambient use
temperature.

A further aspect of the exponentially varying failure times is the require-
ment that the intervals for the inspections or tests of the joint specimens for
failure must be adjusted to the length of the time-to-failure periods. As an
example, no accurate determination of time to failure is possible by inspecting
or testing the specimen once per week, if the actual time to failure is shorter
than one week. The inspection or test interval should be in the range of about
10–15 % of time to failure, i.e., if the time to failure is about one week, the test
specimens should be inspected at least on a daily basis.

The use of average time to failure values provides less information than the
use of the actual failure distribution. Given the impracticality of achieving
defect-free test specimens, the population should be large enough to account
for this variability. A minimum of six test specimens is advisable. If a single
value for time to failure is to be used, the maximum failure time is a better
characteristic indicator of the dominant chemical and physical degradation
mechanism, or both �for a nearly perfect specimen�, than the average failure
time. Maximum failure times should be used to calculate quasi-activation en-
ergies for the dominant degradation mechanisms.

Despite the limitations of the Arrhenius approach, it is still capable of pro-
viding a better estimate of actual lifetime in use than test methods that rely on
a single immersion temperature, such as the ETAG 002 Guideline for European
Technical Approval for Structural Sealant Glazing Kits �SSGK� �90� or ASTM
C1247 Standard Test Method for Durability of Sealants Exposed to Continuous
Immersion in Liquids �91�, if used over a sufficiently wide temperature range
with a sufficient number of discrete immersion temperatures; A minimum of
three immersion temperatures is recommended; however, a number ranging
between four and six constitutes a better practice.

Finally, as has been pointed out by Escobar and Meeker, accelerated test
programs should be planned and conducted by teams including individuals
knowledgeable about the product and its use environment, the physical/
chemical/mechanical aspects of the failure mode, and the statistical aspects of
the design and analysis of reliability experiments.

Summary and Outlook

Hot water immersion tests in the absence or presence of an applied mechanical
stress are regularly used to qualitatively evaluate the bond durability for vari-
ous jointing systems exposed to different chemical and thermal conditions. The
first approach usually considered when modeling a material’s degradation as a
function of temperature is to use the Arrhenius relationship. The paper dis-
cussed the effects of water immersion on building and civil engineering joints
and the degree to which Arrhenius’ law can be used to predict the lifetime of
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sealed or bonded joints from data generated at elevated temperatures. Further-
more, the paper suggested some guidelines to improve the reliability of accel-
erated test and prediction procedures for evaluating the durability performance
of sealed or adhered joints in immersed environments. The life prediction ap-
proach discussed in this paper may be applied in the determination of the
durability of bonded and sealed joints in components for building, civil engi-
neering, automotive, offshore, or other engineering applications. However, care
must be taken that the failure rate is adequately defined and measured and that
the temperature range over which extra—or interpolations are made is charac-
terized in sufficient detail. Finally, the paper also showed that the degradation
of a sealant’s adhesion by water immersion is related to the substrate, the for-
mulation, and the cure conditions of the sealant prior to water immersion. The
Arrhenius method can be of predictive value and a useful tool in new product
development only if these underlying degradation causes are well understood
in advance.
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Bernhard Weller1 and Silke Tasche2

Experimental Evaluation of Ultraviolet and
Visible Light Curing Acrylates for Use
in Glass Structures

ABSTRACT: Adhesive joints in glass construction have been realized with
one- and two-component silicones for more than 20 years. However, ultra-
violet and visible light curing acrylates in glass constructions provide addi-
tional design potential due to their inherent transparency, their advantages in
regard to the production process, and their increased material strength. The
aging behavior of these adhesives was comprehensively examined by test-
ing bonded joints of annealed glass and metal to gain in-depth knowledge of
their durability. The study was expanded by testing full-scale samples of
various glass applications.

KEYWORDS: glass, metal, light curing acrylates, structural bonds, ad-
hesive attachment, aging resistance

Introduction

The transparency of glass enables the architect to use it as inconspicuously as
possible in the construction of buildings. There are numerous examples of such
applications in vertical and overhead situations, which show—in combination
with unobtrusive fixations—the potential of glass for lightweight forms of con-
struction. Glass panes and other joining members are often connected to one
another or to the supporting structure by point fixations or clamping plates �1�.
However, regular bolted connections are often not adequate for joining glass
especially when peak stresses occur at the edge of the hole that cannot be
reduced by plastic deformation. The use of adhesives for joining glass is not
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only appropriate to this substrate as a brittle material, but it also allows the
design of simple inconspicuous details. Loads are transferred by larger contact
areas with adhesive fixings, and the load transfer to the supporting components
is evenly distributed throughout the entire area of the adhesive �2�.

UV and VIS Light Curing Acrylates

Single-component solvent-free ultraviolet �UV� and visible �VIS� light curing
acrylates are cured by radical polymerization, which is induced by light. UV
radiation is, like VIS light, a part of the electromagnetic spectrum. The wave-
length of UV radiation falls within a range of approximately 100 to 380 nm.
This range can be divided into ultraviolet C, ultraviolet B, and ultraviolet A
radiations �3�. The latter covers the range from 315 to 380 nm and plays a
central role in the hardening of the acrylates. VIS light ranges from 380 to 800
nm. The curing process of adhesives is dependent on the lamp used, the lamp
intensity, the lamp spacing, the wavelength of the radiation, the thickness of the
radiation permeable joint, and adhesive layer thickness. The duration of the
exposure required for curing acrylates is usually in the second-to-single-minute
range. The duration of the manufacturing process of bonded parts using acry-
lates as adhesives is therefore substantially shorter than that involving com-
monly used silicones.

Acrylate adhesives have a rather watery consistency, i.e., a relatively low
viscosity. Manufacturers of light curing acrylates restrict bond thicknesses to
ensure complete curing of these adhesives. Possible bond thicknesses vary from
0.1 to 2 mm. Existing tolerances of components can therefore only be compen-
sated for within this limited bond thickness. In this respect, these adhesives are
much more suited for bonding glass surface to glass surface than glass edge to
glass edge since imperfections in the glass edge that result from the manufac-
turing process may require a bond thickness larger than 2 mm. By comparison,
suppliers of structural sealant glazing silicones generally recommend a mini-
mum joint thickness of 6 mm to ensure proper filling of the joint �4�; however,
such joints are able to tolerate much larger thermally induced movements than
high modulus acrylate adhesives due to their lower modulus and elastomeric
nature �Table 1�.

UV and VIS light curing acrylates do not yellow or discolor under the harsh
influence of UV radiation �5�. Acrylate adhesives, used either in point or linear
bonded fixations, are of particular interest especially for bonding glass due to
their optical clarity. The bond itself is almost invisible, leaving only the two
bonded materials within the line-of-sight of the viewer. The initial tensile
strength of UV or VIS light curing adhesives is about ten times higher than that
of regular structural sealant glazing silicones �see Table 2�. Assuming similar
durability for both materials, this should allow a reduction in the required
contact surface area. The aging behavior of light curing acrylates is therefore of
special interest and needs to be assessed �6�.

Tests on Small Bonded Specimens

The introduction of alternative adhesives in applications for structural glass
construction is a protracted process, which requires numerous investigations

136 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



TABLE 1—Comparison of basic characteristics of selected acrylates.

Adhesivea

PB 4468 PB 55727 PB 55789 PB 56422 PB 4432

Chemical base
Modified
acrylate

Modified
acrylate

Modified urethane
acrylate

Modified urethane
acrylate

Modified
acrylate

Wavelength range �nm� 320–450 320–420 320–420 320–420 380–450
Color Colorless, clear
Viscosity �mPa·s� 7000 50 000 65 000 70 000 320
Curing time �s� 40 35 18 13 40
Coefficient of thermal expansion �K−1� �170–50�10−6

aThe data shown are according to the technical literature of the adhesive manufacturer �7–11�. W
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TABLE 2—Comparison of physical properties of silicones and light curing acrylates.

Propertiesa SG-500b SG-20c PB 4468 PB 55727 PB 55789 PB 56422 PB 4432
Elongation at break �%� 209.68 382.80 290.43 317.48 238.00 136.00 296.40
Elongation at break �%� after 21 days of water
storaged 281.41 304.25 291.33 269.13 216.09 132.26 281.74
Tensile strength �N/mm2� 1.74 1.89 19.86 18.54 26.14 25.15 18.90
Tensile strength �N/mm2� after 21 days of
water storage 1.67 1.83 9.41 9.49 14.11 14.50 8.89
aThe determination of tensile elongation parameters was carried out in accordance with Ref 12 on a dumb-bell specimen of type 5A
�Fig. 1�. A single specimen was tested at a rate of 5 mm/min.
bTwo-component silicone sealant approved for structural glazing application, Sikasil® SG-500 �13�.
cOne-component silicone sealant approved for structural glazing application, Sikasil® SG-20 �14�.
dThe temperature during water storage was 45°C. The test specimens were reconditioned for 1 day in room climate and immediately
tested afterwards.
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and examinations relating to the aging resistance of the bonding and the entire
building component when exposed to regularly occurring stresses �6,15�. Based
on the test protocol defined in the European Organization for Technical Ap-
provals �EOTA� guideline �4�, the aging resistance of acrylate bonds between
untreated glass �i.e., annealed glass� and metals was examined using the follow-
ing seven metal surfaces: Polished-chrome brass; matt-chrome brass; powder-
coated brass; turned, polished, and sanded stainless steel; and anodized alumi-
num. These metals and surfaces represent state-of-the-art materials for interior
and exterior glass fittings. Each test was conducted in conjunction with five
different light curing acrylates under environmental exposure as defined in the
EOTA guideline �4�. The goal of this assessment was to collect data pertaining
to the long-term stability of 35 different material combinations �MCs�, resulting
from seven substrates and five acrylate adhesives �Table 3�. However, a test
specimen deviating in type and geometry from the EOTA guideline was used. A
cylindrical tensile test was applied to determine the bond strength perpendicu-
lar to the bonded joint �Fig. 2�. Here, a modification of the standardized speci-
men in Ref 16 was used to ensure an improved application of force into the
glass due to plane load application in the glass. The specimen for the determi-
nation of the shear strength �Fig. 3� was a bonded single lap joint �17�. The glass
and metal substrates were cleaned extensively before bonding by following this
procedure.

Standard cleaning procedure of glass substrates in the examinations:
�a� Removal of protective plastic film,
�b� Identification of the tin-bath glass side with UV lamp and marking it

accordingly,
�c� Rinsing of glass with tap water,
�d� Ultrasonic bathing for 5 min in demineralized water,
�e� Storage on lint free cloth,
�f� Degreasing of bond surfaces with ethanol,
�g� Ultrasonic bathing for 5 min in demineralized water,
�h� Perpendicular storage of glass substrates and drying on lint free cloth,

and
�i� Heat chamber drying for 30 min followed by
�j� Immediate bonding.
Standard cleaning procedure of metal substrates in the following examina-

tions:
�a� Ultrasonic bathing for 5 min in acetone,
�b� Cleaning of the bond surfaces using acetone and lint free cloth, and
�c� Allowance for solvent evaporation �5 min� followed by
�d� Immediate bonding.
The tensile testing was carried out with a speed of 1 mm/min and the shear

testing at a rate of 10 mm/min. Five specimens were tested and the mean value
of the results was calculated for each series �6�.

The strength of bonds is dependent on a variety of parameters �18�. An
investigation of all parameters resulting from the various MCs, aging scenarios,
methods of pre-treatments, and other factors would have required more than
10 000 test specimens. Such an extensive approach was not possible within the
time limits of the project. The authors were able to reasonably reduce the num-
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TABLE 3—MCs investigated.

aPolished-chrome brass, untreated annealed glass �B-CP, GU�.
bMatt-chrome brass, untreated annealed glass �B-CM, GU�.
cPowder-coated brass, untreated annealed glass �B-PC, GU�.
dTurned stainless steel, untreated annealed glass �S-TU, GU�.
ePolished stainless steel, untreated annealed glass �S-PO, GU�.
fAnodized aluminum, untreated annealed glass �A-AN, GU�.
gSanded stainless steel, untreated annealed glass �S-SA, GU�.
hMC: Material combination. The numbers resulting from the combination of adhesives and materials were used to label the test
specimens.
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ber of specimens to 3500 by using the subsequently described procedure.
Initially, an investigation of the influence of the different surfaces of the

float glass �atmospheric or tin-bath side� on the tensile strength of the bond was
carried out, considering the fact that the literature states different surface
roughness values for the two glass surfaces �19,20�. Tin diffuses into the bath-
side surface of float glass as a consequence of its production process �21�. As
can be seen from Fig. 4�a�, the tests showed up to 80 % higher tensile bond
strength on the atmospheric side after 30 days of water immersion. The condi-
tions of this test were as follows: Cylindrical specimens �as described above�;
adhesive layer thickness of 0.2 mm; immersion in 45°C warm water bath with
0.5 % �by weight� of a commercially available surfactant �standard cleaning
product� added; 3, 7, 15 and 30 days of aging �immersion�; and 24 h of recon-

FIG. 1—Dumb-bell specimen used for comparison of physical properties of silicones
and light curing acrylates �dimensions in millimeter�.

FIG. 2—Test specimen used to investigate tensile strength before and after aging: �a�
schematic drawing of test specimen with dimensions in millimeter; �b� specimen placed
in the testing machine.
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ditioning of the specimens at room climate before testing. Consequent to this
initial test, all further testing was conducted only on samples where the adhe-
sive was applied on the atmospheric side of the float glass.

In general, higher adhesive bond strength was also observed on the atmo-
spheric glass side after 1 year of outdoor exposure. However, it should be stated
that the adhesive capacity of the atmospheric side decreased significantly after
1 year of natural weathering, while the adhesive strength values for the bath
side remained almost at the same level �Fig. 4�b��.

The strength of all MCs before and after 30 days of water treatment was
examined in a subsequent screening. The conditions for the water treatment

FIG. 3—Test specimen used to investigate shear strength before and after aging: �a�
schematic drawing of test specimen with dimensions in millimeter; �b� specimen placed
in the testing machine.

FIG. 4—Tensile strength before and after aging as determined for bath �B� and atmo-
spheric �A� sides of the annealed glass: �a� after 30 days of water immersion; �b� after 1
year of natural weathering.
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were as follows: Cylindrical specimens �as described above�; thickness of the
adhesive layer of 0.2 mm; and immersion in 45°C warm water to which 0.5 %
�by weight� of a commercially available surfactant �standard cleaning product�
had been added. By evaluating the results of these tests, the most promising
combinations could be chosen for further testing �6�.

The aging of the remaining 15 MCs was carried out on both types of speci-
mens, i.e., tension and shear specimens. For these tests, a uniform thickness of
the adhesive layer of 0.2 mm was used. The glass and metal substrates were
cleaned by the described standard cleaning procedures and not pre-treated.
Moreover, the aging scenarios recommended in the EOTA guidelines �4� were
complemented by two additional tests �alternating climate test and natural
weathering�. The scenarios simulate indoor �heat, UV radiation, humidity,
cleaning agents, etc.� and outdoor exposures �heat, cold, UV radiation, acid
rain, de-icing salt, etc.�, which can affect adhesive joints �see Tables 4 and 5�.
The initial and residual strengths after aging as well as the fracture pattern
�cohesive, adhesive, mixed, or bulk failure of the bonded parts� were evaluated
�22�. Furthermore, it was checked whether the residual strength remained
above 75 % of the initial value prior to aging. A reduction in the bonding
capacity by 25 % is allowed according to the EOTA guidelines �4� for silicone
structural glazing sealants. This verification was also applied to the tested ad-
hesives. Moreover, the characteristic load capacity at ultimate limit state was
determined considering the requirements comprising temperatures of +23,
�20, and +80°C.

The results of the aging tests in an abbreviated format, i.e., the tensile
strengths after aging compared to the initial strengths, are presented in Table 6

TABLE 4—Execution of aging tests in accordance with Ref 3.

Aging Scenario Abbreviation
Bond strength at +23°C �dry� ISa 23
Bond strength at −20°C �dry� RSb 20
Bond strength at +80°C �dry� RS 80
Water immersion with UV radiation—SUNTEST®

equipmentc RS S
UV radiation �dry� RS UV
Water immersion RS WI
Humidity and sodium chloride environment RS SC
Immersion in cleaning product RS CP
Humidity and sulfur dioxide environment RS SO2

Influence of contact materials RS CM
Alternating climate testd RS CT
Natural outdoor weathering for 1 yeard RS NW
aIS: Initial strength.
bRS: Residual strength.
cSUNTEST® Cps+, Atlas Material Testing Technology LLC, Chicago, United States.
dThese aging tests were in addition to the test protocol defined in Ref 4.
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TABLE 5—Details of aging tests.

Aging Scenario
Paragraph Number in Ref 4, Explanation
of Additional Tests

Bond strength at +23°C �dry� 5.1.4.1.1, 5.1.4.1.2
Bond strength at −20°C �dry� 5.1.4.1.1, 5.1.4.1.2
Bond strength at +80°C �dry� 5.1.4.1.1, 5.1.4.1.2
Water immersion with UV radiation—SUNTEST®

equipment
5.1.4.2.1

UV radiation �dry� Storage in climatic exposure test cabinet
WK11-600/40a, 21 days of UV radiation �600
W�, followed by reconditioning for 1 day in
room climate

Water immersion 5.1.4.2.1
Humidity and sodium chloride environment 5.1.4.2.2
Immersion in cleaning product 5.1.4.2.4
Humidity and sulfur dioxide environment 5.1.4.2.3
Influence of contact materials 5.1.4.2.5, testing without UV radiation, seal

assembling made of standard silicone �cure
by-product: Acetic acid�

Alternating climate test 21 days of exposure based on a cycle of 4 h
relative humidity of 95 %; 45°C, 4 h relative
humidity of 30 % and 80°C; 4 h relative
humidity of 30 % and −20°C, followed by
reconditioning for 1 day in room climate
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TABLE 5— �Continued.�

Aging Scenario
Paragraph Number in Ref 4, Explanation
of Additional Tests

Natural outdoor weathering for 1 year Storage of the specimens on the roof of a
university building, 45° incline, direction
South, installation of the specimens in the
weathering rack ensures water drainage,
weekly visual inspection, reporting of
weather conditions provided by national
weather office, after removal reconditioning
for 1 day in room climate

aWK11-600/40, Firma Weiss Umwelttechnik, GmbH, Simulation Equipment, Measuring Technology, Reiskirchen-Lindenstruth, Ger-
many.
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TABLE 6—Tensile strength after aging compared to the initial strength for several MCs.

IS 23
�N/mm2�

RS 80
�N/mm2� Verification

RS 20
�N/mm2� Verification

MC 14 17.50 7.20 0.410.75 17.80 1.02�0.75
MC 15 17.80 6.80 0.380.75 15.30 0.86�0.75
MC 16 17.50 5.10 0.29<0.75 17.10 0.98>0.75
MC 17 16.80 6.10 0.360.75 17.90 1.07>0.75
MC 26 16.30 6.90 0.42<0.75 19.80 1.21>0.75
MC 27 16.40 6.40 0.390.75 22.30 1.36>0.75
MC 36 15.30 8.00 0.52<0.75 24.60 1.61>0.75
MC 37 14.40 7.00 0.490.75 21.60 1.50>0.75
MC 56 15.00 6.50 0.43<0.75 22.70 1.51>0.75
MC 57 13.60 6.00 0.440.75 16.50 1.21>0.75

IS 23
�N/mm2�

RS S
�N/mm2� Verification

RS UV
�N/mm2� Verification

MC 14 17.50 10.20 0.580.75 17.40 0.99>0.75
MC 15 17.80 6.80 0.380.75 15.93 0.89>0.75
MC 16 17.50 10.30 0.59<0.75 21.03 1.20>0.75
MC 17 16.80 6.50 0.390.75 18.43 1.10>0.75
MC 26 16.30 10.30 0.63<0.75 18.73 1.15>0.75
MC 27 16.40 7.50 0.460.75 15.69 0.96>0.75
MC 36 15.30 12.40 0.81>0.75 20.48 1.34>0.75
MC 37 14.40 9.30 0.650.75 17.41 1.21>0.75
MC 56 15.00 14.00 0.93>0.75 18.67 1.24>0.75
MC 57 13.60 12.30 0.90�0.75 13.30 0.98>0.75

IS 23
�N/mm2�

RS WI
�N/mm2� Verification

RS CP
�N/mm2� Verification

MC 14 17.50 18.90 1.08�0.75 16.70 0.95>0.75
MC 15 17.80 13.20 0.740.75 14.30 0.80>0.75
MC 16 17.50 19.50 1.11>0.75 14.60 0.83>0.75
MC 17 16.80 12.80 0.76�0.75 16.40 0.98>0.75
MC 26 16.30 13.30 0.82>0.75 13.50 0.83>0.75
MC 27 16.40 10.40 0.630.75 7.90 0.48<0.75
MC 36 15.30 18.60 1.22>0.75 5.60 0.37<0.75
MC 37 14.40 13.20 0.92�0.75 1.10 0.08<0.75
MC 56 15.00 19.30 1.29>0.75 15.90 1.06>0.75
MC 57 13.60 14.40 1.06�0.75 17.80 1.31>0.75

IS 23
�N/mm2�

RS SC
�N/mm2� Verification

RS CT
�N/mm2� Verification

MC 14 17.50 3.98 0.230.75 21.09 1.21>0.75
MC 15 17.80 6.17 0.350.75 17.96 1.01>0.75
MC 16 17.50 9.39 0.54<0.75 21.94 1.25>0.75
MC 17 16.80 5.41 0.320.75 21.45 1.28>0.75
MC 26 16.30 18.78 1.15>0.75 20.91 1.28>0.75
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for several MCs. The tensile strengths and the shear strengths in comparison
are shown in Table 7. In principle a higher reduction in the bearing capacity
with aging was found for specimens under shear stresses in contrast to speci-
mens under tensile stresses. This might be caused by the essentially more dis-
advantageous ratio of the linear perimeter to the square area of the adhesive
joint �0.5 mm−1 compared to 0.2 mm−1 for shear and tensile specimens, re-
spectively�. Eventually the bonding is penetrated quicker and degraded by the
surrounded medium. The result is a larger loss of stiffness. Furthermore, it was
found that different stainless steel surfaces �MC 14: turned stainless steel; MC
15: polished stainless steel; and MC 17: sanded stainless steel� did not result in
essentially different load bearing capacities of the adhesive joint. Good residual
load capacities after aging were attained for bonds to anodized aluminum �see
Table 6�.

The shear strength did not achieve the required residual strength of 75 %
for any of the MCs after exposure in the SUNTEST® Cps+ weathering test
equipment �Fig. 5�. Exposure to pure water produced a similar decrease. Other
aging tests involving permanent humid exposure resulted in significantly re-

TABLE 6— �Continued.�

IS 23
�N/mm2�

RS 80
�N/mm2� Verification

RS 20
�N/mm2� Verification

MC 27 16.40 7.68 0.470.75 18.01 1.10>0.75
MC 36 15.30 19.81 1.29>0.75 22.20 1.45>0.75
MC 37 14.40 0.57 0.040.75 20.45 1.42>0.75
MC 56 15.00 18.10 1.21>0.75 17.04 1.14>0.75
MC 57 13.60 8.94 0.660.75 18.39 1.35>0.75

Note: The italic marked rows indicate the bonding on anodized aluminum. The others
are bonds on several stainless steel surfaces. Text and figures in bold indicate whether
the residual strength remained above 75 % of the initial value prioe to aging.

FIG. 5—Residual strength of selected MCs: �a� after 21 days of SUNTEST® exposure
�RS S�; �b� after 21 days of water exposure �RS WI�.
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TABLE 7—Tensile and shear strength in comparison.

Tensile Strength Shear Strength

IS 23 �N/mm2� RS S �N/mm2� Verification IS 23 �N/mm2� RS S �N/mm2� Verification
MC 14 17.50 10.20 0.580.75 21.90 4.30 0.200.75
MC 15 17.80 6.80 0.380.75 19.40 3.10 0.160.75
MC 16 17.50 10.30 0.590.75 28.70 8.60 0.300.75
MC 17 16.80 6.50 0.390.75 18.80 4.90 0.260.75
MC 26 16.30 10.30 0.630.75 19.40 8.20 0.420.75
MC 27 16.40 7.50 0.460.75 16.20 5.50 0.340.75
MC 36 15.30 12.40 0.81>0.75 27.30 12.40 0.450.75
MC 37 14.40 9.30 0.650.75 16.30 7.90 0.480.75
MC 56 15.00 14.00 0.93>0.75 28.20 16.10 0.570.75
MC 57 13.60 12.30 0.90>0.75 22.80 12.90 0.570.75

IS 23 �N/mm2� RS WI �N/mm2� Verification IS 23 �N/mm2� RS WI �N/mm2� Verification
MC 14 17.50 18.90 1.08>0.75 21.90 9.60 0.440.75
MC 15 17.80 13.20 0.740.75 19.40 9.10 0.470.75
MC 16 17.50 19.50 1.11>0.75 28.70 9.80 0.340.75
MC 17 16.80 12.80 0.76>0.75 18.80 9.50 0.510.75
MC 26 16.30 13.30 0.82>0.75 19.40 8.40 0.430.75
MC 27 16.40 10.40 0.630.75 16.20 5.20 0.320.75
MC 36 15.30 18.60 1.22>0.75 27.30 12.40 0.450.75
MC 37 14.40 13.20 0.92>0.75 16.30 7.70 0.470.75
MC 56 15.00 19.30 1.29>0.75 28.20 17.60 0.620.75
MC 57 13.60 14.40 1.06>0.75 22.80 12.50 0.550.75

Note: Text and figures in bold indicate whether the residual strength remained above 75 % of the initial value prioe to aging.
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duced strength as well. Nonetheless, the residual capacities are still signifi-
cantly higher compared to structural silicones, which possess strength values of
approximately 1 N/mm2. Any water impact is therefore problematic and
should be avoided. The resulting construction must therefore be designed in
such a way that the adhesive joint is not permanently exposed to water and the
drying of the bond is ensured. A mere UV radiation yielded a hardening of the
bond, which may be caused by subsequent cross-linking of the adhesive.

The influence of thermal and climatic cycling proved to be unproblematic.
The results of the alternating climate test �21 days exposure based on a cycle of
4 h relative humidity of 95 % and 45°C; 4 h relative humidity of 30 % and
80°C; and 4 h relative humidity of 30 % and −20°C; followed by reconditioning
for 1 day in room climate� verify that short exposure to condensation water
does not affect the adhesive bond if joint drying is ensured. The reduction in
the strength was significant when exposed to a temperature of +80°C �speci-
mens immediately tested without reconditioning�; however, the transferable
forces are still much higher compared to silicone �see Table 6�.

The acrylic adhesives show excellent performance after 1 year of outdoor
exposure �Fig. 6�. A higher reduction in the tensile strength was observed for
the acrylates PB 4468 and PB 55727 in combination with stainless steel �MC 14,
MC 15, MC 17, and MC 27� and anodized aluminum �MC 16 and MC 26�. In
contrast, the acrylates PB 55789 and PB 56422 showed even higher initial load
bearing capacities or had only a minor reduction in tensile strength, respec-
tively �MC 36, MC 37, MC 56, and MC 57�. At this point the dependence of the
bond strength on the specific acrylate used is particularly obvious.

To improve the residual capacity after 21 days of water exposure for se-
lected MCs �MC 13, MC 15, and MC 35� under shear load Pyrosil®-treatment,
atmospheric plasma treatment and sandblast coating �SACO� surface treatment
methods on the metal surfaces were applied.

Pyrosil® is a pyrolytic chemical pre-treatment process that forms an amor-
phous silicate layer on the treated surfaces. Afterwards the surfaces are coated
with silane adhesion promoters, which are normally a few micrometers thick.

FIG. 6—Residual strength of selected MCs after 1 year of outdoor exposure: �a� tensile
strength; �b� shear strength.
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Basic products are alkoxysilanes applied on the surface by a pen-like torch.
Afterwards a standard silane-based primer is applied on the created SiOx layer.
Surfaces treated with this procedure show increased adhesion and climatic
consistencies �18,23,24�. The substrates were treated ten times at a feed rate of
10 cm/s. Thereafter the primer MP94E3 was applied.

The SACO® method4 connects mechanical abrasion with simultaneous
coating using a chemically modified grit. The high impact energy creates very
high temperatures only on the surface but causes no heating on the joining
parts. Using this procedure a part of the reactive components of the grit �co-
rundum� or of its coating is embedded in the metallic or non-metallic substrate
surface. The chemical modification of the grit includes a silanisation and simul-
taneous adding of activators �metal powder and metallic salts�. Afterwards a
primer coating with a silane-based solution is applied on the surface. The
SACO® procedure increases the adhesion behavior on the surfaces after expo-
sure to moisture and temperature �18�. In these examinations the substrates
were cleaned by the standard method, then sandblasted �Rocatec™-Pre5�, and
thereafter treated with coated grit �Rocatec™-Plus�. Finally the silane adhesion
promoter ESPE™ SIL was applied.

At the Openair® plasma6 pre-treatment procedure, the surfaces are pre-
treated by ionized gas �plasma�. Gas ionizes and changes to plasma at further
energy supply. After contact with material surfaces, the additionally supplied
energy is transferred to the substrate and enables the subsequent surface reac-
tions. Pre-treated surfaces display a higher wettability due to the creation of
polar groups. Thereby the adhesive behavior of the surfaces and the durability
of the bonding can be improved �18,25,26�. The process parameters for pre-
treating the substrates by the Openair® plasma process were adjusted as follow-
ing:

�a� Maximal voltage of 289 V,
�b� minimal speed of 0.6 m/min,
�c� Diameter of vertical duct d=4 mm,
�d� Pressure of 2.5 bar,
�e� Distance duct to surface a=14 mm, and
�f� Surface treatment for two times.
Tests executed on glass-to-glass bonds showed that a subsequent pre-

treatment with the Pyrosil®-process after cleaning and degreasing produced the
best results. In order to examine pre-treatment methods for metal substrates in
glass-to-metal bonds, the glass plates were all pre-treated with the
Pyrosil®-process.

The initial strength of the MC 35 �polished stainless steel, PB 55789� was
effectively increased by pre-treating the surfaces. The least amount of strength
reductions after water exposure was observed after a treatment of the metal
utilizing the Pyrosil® or SACO process �sandblasting coat�. The residual
strength was significantly improved compared to standard surface cleaning

3SURA Instruments GmbH, Jena, Germany.
4DELO Industrial Adhesives, Windach, Germany.
5Rocatec™-Pre, Rocatec™-Plus, ESPE™ SIL: 3M Deutschland GmbH, Neuss, Germany.
6Plasmatreat GmbH, Steinhagen, Germany.
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�Fig. 7�. A prevailing adhesive failure was unavoidable however. MCs 13 and 15
showed no noticeable improvement as a result of this pre-treatment.

In summary, stainless steel and, in particular, anodized aluminum can be
regarded as appropriate metal surfaces for bonds formed by acrylates. A pre-
treatment of surfaces increases the residual adhesive strength.

In these examinations predominately point fixations were investigated. Be-
cause of the different temperature expansion behavior between glass, adhesive,
and especially aluminum, the applicability and the parameters of linear bond-
ing still have to be investigated.

Tests on Life-Size Structural Components

Apart from the investigation of the aging behavior on the basis of small test
specimens, the load bearing behavior of bonded structural members was deter-
mined according to the guidelines and standards valid in Germany. In particu-
lar, panes bonded as part of safety glazing were examined, adhesively joined
overhead glazing as well as bonded glass lamellas �5�. The tests �load bearing
capacity and post breakage behavior� were conducted on non-aged elements.
Homogenously bonded structural members were exposed to the outdoor
weathering. These structures are regularly checked regarding VIS changes in
the adhesive joint and will be tested after 5 years of outdoor weathering. The
results of the bonded glass lamellas will be presented shortly hereafter. The
testing comprised two different glass lamella systems. One was a single span

FIG. 7—Residual strength of the bonding on pre-treated polished stainless steel �MC 35�
compared to standard cleaning �R0 standard cleaning, V1 Pyrosil® treatment based on
R0, V2 atmospheric plasma treatment after R0, V3 sandblasting coat according to R0�.
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beam system �two supports at the end of the glass� and the other was a two-field
continuous system �three supports over the length of the glass�. Two different
fixing systems, point fixation or linear joints, were examined. One UV and VIS
light curing acrylate and one conventional structural sealant glazing silicone
were used �Fig. 8�.

The laminated safety glass �laminate made of two or more glass panes with
an interlayer foil� consisted of two heat-strengthened glass panes with a thick-
ness of d=8 mm with a solar control coating and a 1.52 mm thick polyvinyl
butyral foil as interlayer. Compared to regular annealed glass, heat-
strengthened glass has an increased breaking strength. The glass panes and
high-grade steel fixings were either bonded with silicone Sikasil® SG 500 or
acrylate PB 4432. The adhesive joints were manufactured at constant climatic
conditions with a temperature of approximately 20°C and a relative humidity
of 45 %. The surfaces of the glass and of the high-grade steel fixings were
cleaned and degreased with DELOTHEN® EP solvent-based cleaner4. The
thickness of the silicone layer was adjusted to 4 mm by using a double-sided
spacer tape. The thickness of the acrylate bond was set to 0.2 mm by inserted
spacing wires.

The governing load combination for the bearing capacity tests resulted
from tensile stress �wind suction� with simultaneously overlaid shear stress
�dead load and ice load�. The glass lamellas were installed horizontally into the
testing device �Fig. 9�. The laminated safety glass was suspended from the fixa-

FIG. 8—Tested glass lamella systems �dimensions in millimeter�: �a� single span beam;
�b� two-field continuous beam. Black surfaces show the silicone bonding.
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tion by bonding. The load was applied by the testing machine almost plane on
the glazing. Hence, the bonded joints were loaded by tensile stress. Due to the
horizontal test installation, the dead and ice loads were simulated at the glass
edge by a rope system to generate shear stresses �Fig. 10�.

Glass failure due to direct contact of glass and metal was prevented by
suitable intermediate materials. The investigations at the single span beams
had to be stopped due to large deformations at fourfold characteristic load. The
two-field continuous beam withstood up to the eightfold of the initial load. Two
of four lamellas failed due to glass breakage and in one case the metallic sub-
construction broke. The glass was pulled out completely up to the polyvinylbu-
tyral �PVB� interlayer by the bonded point fixing �Fig. 11�. The bonded joints
remained always intact. The maximum tensile stress of the acrylate bonding
was 0.75 N/mm2 superimposed with simultaneously acting shear stress of
0.05 N/mm2.

Subsequently, the lamellas were successfully tested for their residual bear-
ing capacity after glass breakage �post breakage behavior�. Loaded only with its
self-weight, the broken glass pane had to remain on its supports within 24 h.
This ensures the protection of accessible public areas underneath the broken
glass pane.

FIG. 9—�a� Governing load of the glass lamellas in the bearing capacity test. �b� The
bonded joints were loaded by dead and ice loading �shear stress� as well as wind suction
�tensile stress�.

FIG. 10—�a� Detail of the load application of dead load and ice load into the glass edge.
�b� Load application of dead load and ice load into the glass edge.
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The suitability of the examined structural elements with non-aged adhesive
joints could be proven for both adhesive systems. Both types of bonded glass
lamellas using acrylate are still subject to natural weathering. They will be
examined after 5 years using the same approach.

Summary

The results of the small sample tests and the structural element tests generate
an initial basis to evaluate UV and VIS light curing acrylates relative to the
different criteria of structural glass applications exhibited under interior and
exterior conditions. Continuing investigations need to focus on the improve-
ment of the residual strength after aging and the determination of bearing
capacity of adhesively bonded elements after natural weathering.
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ABSTRACT: Sealants used in weatherseal applications are subject to both
environmental and mechanical aging during their service life. Environmental
aging consists of interaction with sunlight, rain, or moisture, and other atmo-
spheric agents such as ozone. Mechanical aging is linked to the expansion
and contraction of the different substrates �glass, concrete…� due to tem-
perature variations. In order to assess the durability of sealants, the ISO
11600 norm includes separate tests for movement capability �ISO 9047� and
UV irradiation �ISO 11431� but no combinations of those tests. In 1991, the
RILEM TC139-DBS “Durability of Building Sealants” was created to develop
new and more adapted testing. The testing proposed by this comity, was a
combination of accelerated weathering �humidity and UV� combined with
thermo-mechanical cycling. This study compares the durability of silicone
sealants and newly developed Si-modified organic based sealants using al-
ternated cycles of ISO 11431 and ISO 9047 during a one year period. Re-
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erseal applications mostly because of poor UV resistance. Newly developed
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Introduction

The successful performance of a building’s exterior is frequently defined by its
ability to keep rain and the elements outside, away from the building’s occu-
pants. One of the critical links in ensuring a weatherproof building is the joint
sealant.

Due to their in-use functionality, those sealants are subject to both environ-
mental and mechanical aging during their service life. Environmental aging is
caused by interactions with solar radiation, heat, and moisture in the form of
rain, humidity, or dew, and other atmospheric agents such as oxygen and
ozone. Mechanical aging is induced by the expansion and contraction of the
different substrates �glass, concrete…� due to temperature variations between
night and day �diurnal cycles� or summer and winter �annual cycles�. Sealant
movement exposure can range from 10 to 50 % depending on the width of the
joint used and the building design.

In order to assess the relative stability of sealants to environmental and
mechanical factors, the ISO 11600 �1� standard includes separate tests for
movement capability �ISO 9047� �2� and for resistance to ultraviolet �UV� radia-
tion �ISO 11431� �3� but no combinations of those tests. In 1991, the RILEM
TC139-DBS committee “Durability of Building Sealants” was created to de-
velop a new and more suitable testing procedure that better reflected the actual
in-service situation where the sealed joint is exposed to weathering and move-
ment cycles �4�. The test method proposed by this technical committee was
based on a combination of laboratory accelerated weathering �light, heat, and
moisture� with thermo-mechanical cycling. In the present study, stabilities of
sealants were assessed by exposing them to periods of laboratory accelerated
weathering alternating with thermo-mechanical cycling.

In structural glazing applications, resistance of the sealant’s adhesion to UV
irradiation is more important than in standard weathersealing applications
since the UV component of sunlight can reach the sealant/glass interface di-
rectly through the glass. For this specific application, silicone sealants outper-
form organic polymer based sealants. In the early 2000s, most float glass manu-
facturers started the commercialization of self-cleaning glasses. The
effectiveness of those glasses is negatively influenced by contamination induced
by silicone sealants and therefore sealants based on newly developed Si-
modified organic �hybrid� polymers were increasingly evaluated for this appli-
cation. Some of these Si-modified organic sealants were able to pass the re-
quirements of ISO 11600 LM 25G.2

This study compares the resistance to weathering and thermo-mechanical
movement of silicone sealants with those newly developed Si-modified organic
polymer based sealants using cycles of alternating exposure to UV according to
ISO 11431 �3� and thermo-mechanical cycling according to ISO 9047 �2� for an
exposure duration of one year. In all weathersealing applications the sealant is
exposed to sunlight and its UV component and even more so for structural
glazing where the transmission occurs directly through the glass. The objective

2LM=Low Modulus; 25: ±25 % movement capability according to ISO 9047; G
=Glazing applications.
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of this study was to evaluate the long-term behavior of sealants in weatherseal-
ing applications with UV exposure through glass.

Testing Methodology

The requirements of class ISO 11600 LM 25G do not stipulate any serious
durability tests. The resistance of a sealant’s adhesion on glass to artificial light
and water is evaluated according to ISO 11431 �3�, which comprises 500 hours
of exposure to light through glass followed by 24 hours of extension at 100 %.
Furthermore, the sealant’s adhesion and cohesion is evaluated according to ISO
9047 �2�, which comprises four thermo-mechanical cycles of 25 % compression
at 70 °C followed by 25 % extension at −20 °C conducted during a period of
two weeks.

However, it is generally assumed that 500 hours of artificial light exposure
is less than one year exposure to sunlight in a northern location and that the
four thermo-mechanical cycles of ISO 9047 �2� do not reflect the numerous
diurnal and annual cycles that building joint sealants are subjected to during
their service-life. Therefore, in 1991 the RILEM TC139-DBS committee “Dura-
bility of Building Sealants” was created with the objective to develop an im-
proved testing procedure that better reflects the actual in-service situation
where the sealed joint is continuously exposed to weathering and movement
cycles �4�.

The test procedure proposed by this committee is based on a laboratory
accelerated weathering �UV radiation, heat, and moisture� alternating with
thermo-mechanical cycling �4�. Although it was recognized by the RILEM com-
mittee based on previous studies that mechanical cycling during weathering
was more severe than alternate weathering and movement cycles, the latter
approach is generally used for simplicity reasons. In order to compare the
durability of silicone sealants to that of newly developed Si-hybrid sealants, a
similar testing procedure was applied in this study.

The test procedure used in this study exposed the sealant test specimen to
500 hours of fluorescent UVA-340 light, with the light exposure occurring as in
ISO 11431 �3�, and subsequent thermo-mechanical cycling �25 % compression
at 70 °C followed by 25 % extension at −20 °C� as in ISO 9047 �2�. The com-
plete exposure cycle of artificial light exposure and mechanical cycling lasted
for about 600 h. The sealant specimen was considered as having failed if more
than 20 % cohesive or adhesive failure was observed or if the elastic recovery
degraded to less than 50 %, which typically meant that a “chewing gum effect”
was observed. The testing was performed both for ±20 % and ±25 % movement
exposure.

As described in the detailed procedure below, the first thermo-mechanical
movement capability test is carried out only after three weeks cure and 500 h
fluorescent UVA-340 exposure. This leaves enough time for the sealants to cure
and build up adhesion. The method used in this study makes no attempt to
emulate premature failures that can occur in buildings due to movements dur-
ing the cure or due to slow adhesion build up of the sealant but focuses only the
evaluation of the long term resistance aspect. It should be noted that silicone
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based sealants, due to their higher water vapor permeability, generally show
faster cure and adhesion build up than organic or Si-hybrid sealants.

The experimental procedure is described in detail below.

Detailed Procedure

Testing Based on ±25 % Movement Exposure
1. Standard glass tensile/adhesion joints according to ISO 8339 �5� �12 by

12 by 50 mm3� are cured for three weeks under standard climate of
23±2 °C and 50±5 % relative humidity.

Glass supports are 12 by 6 by 75 mm3 in dimensions.
2. The tensile/adhesion joints are placed in an artificial weathering appa-

ratus with a fluorescent UVA-340 light source and subjected to cycles of
102 min light exposure followed by 18 min water spray �light exposure
off during water spray� for a total duration of 500 h �with irradiation
occurring through one of the glass supports as described in ISO 11431
�3��.

3. Test specimens are removed from the fluorescent UVA-340 apparatus
and left for 24 h of reconditioning at standard climate of 23±2 °C and
50±5 % relative humidity.

4. Test specimens are elongated by 100 % and left for 24 h under constant
elongation �with the help of spacers�.

5. After 24 h extension, the spacers are removed and elastic recovery is
recorded after one hour of relaxation �ISO 7389� �6�.

6. Test specimens are conditioned for three hours at 70 °C, and then
stored compressed by 25 % for 21 h at that temperature. Samples are
then conditioned for 3 h at −20 °C and then extended by 25 % during
21 h using a modification of the ISO 9047 standard �2�.

7. Test specimens are then placed back into the fluorescent UVA-340 ap-
paratus to start the second cycle �with irradiation occurring through
the same glass support as in the previous cycle�.

8. The test is stopped when failure �either cohesive or adhesive� of more
than 20 % of the adhesion area �600 mm2� is observed or if elastic
recovery falls below 50 %.

Testing Based on ±20 % Movement Exposure
1. Standard glass tensile/adhesion joints according to ISO 8339 �5� �12 by

12 by 50 mm3� are cured for three weeks under standard climate of
23±2 °C and 50±5 % relative humidity.

Glass supports are 12 by 6 by 75 mm3 in dimensions.
2. The tensile/adhesion joints are placed in an artificial weathering appa-

ratus with a fluorescent UVA-340 light source and subjected to cycles of
102 min light exposure followed by 18 min water spray �light exposure
off during spray� for a total duration of 500 h �with irradiation occur-
ring through one of the glass supports as described in ISO 11431 �3��.

3. Test specimens are removed from the fluorescent UVA-340 apparatus
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and left for 24 h of reconditioning at standard climate of 23±2 °C and
50±5 % relative humidity.

4. Test specimens are elongated by 60 % and left for 24 h under constant
elongation �with the help of spacers�.

5. After 24 h, the spacers are removed and elastic recovery is recorded
after one hour of relaxation �ISO 7389� �6�.

6. Test specimens are conditioned for three hours at 70 °C, and then
stored compressed by 20 % for 21 h at that temperature. Samples are
then conditioned for 3 h at −20 °C and then extended by 20 % during
21 h using a modification of the ISO 9047 standard �2�.

7. Test specimens are placed back into the fluorescent UVA-340 apparatus
to start the second cycle �with irradiation occurring through the same
glass support as in the previous cycle�.

8. The test is stopped when failure �either cohesive or adhesive� of more
than 20 % of the adhesion area �600 mm2� is observed or if elastic
recovery fell below 50 %.

Sealants Studied

Different sealants have been tested using the above described procedure, both
for ±20 % and ±25 % enforced movement exposure. Two silicone polymer
based sealants commonly used in weatherseal applications were used as refer-
ences. Different commercially available sealants based on Si-modified organic
polymers were tested for comparison; conventional polyurethane and acrylic
based sealants were excluded from this study. The Si-modified organic polymer
based sealants tested are classified into silicon-polyether based, silicon-
polyurethane based, and silicon-acrylate based �I�. A new silicon-acrylate based
sealant �II� for self-cleaning glass applications was also part of the evaluation
program.

Table 1 shows results for 25 % movement exposure and Table 2 for 20 %
movement exposure.

Tables 1 and 2 show the excellent resistance of silicone based sealants to

TABLE 1—Sealant durability for 25 % movement capability.

Sealant
Elastic

Recovery
Number of

Cycles Failure
Silicone polymer base I �90 % �10 NF
Silicone polymer base II �90 % �10 NF
Silicon-polyether base 60–75 % 0–1 AF
Silicon-polyurethane base 60–70 % 0 AF
Silicon-acrylate base I 60–75 % 1–2 CF
Silicon-acrylate base II 60–75 % 1–2 CF

AF=Adhesive failure.

CF=Cohesive failure.

NF=No failure observed.
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weathering and cyclic movement and their excellent elastic recovery. After ten
cycles or one year of testing, the test was stopped. At that time, the silicone
based sealants still showed more than 90 % elastic recovery and less than 20 %
adhesive or cohesive failure.

Silicon-polyether and silicon-polyurethane based sealants on the other
hand showed poor resistance to weathering and movement. Some commer-
cially available silicon-polyether-based sealants were able to pass one cycle of
the combined ISO 11431 �3� and ISO 9047 �2� exposures and would therefore
probably be able to fulfill all ISO 11600 LM 25G requirements. However, even
these sealants failed during the second cycle.

Silicon-acrylate based sealants do not seem to suffer from degradation in-
duced by UV radiation and moisture; these sealants do not show adhesive fail-
ure even after five cycles �Table 2�. Previous work carried out by Masaoka et al.
�7� showed that sealants based on silicon-acrylate polymers could undergo
10 000 h of UV exposure under static conditions �without movement� and still
show cohesive failure at the completion of the exposure. However, when ex-
posed to 25 % movement, these sealants fail cohesively after one or two cycles.
The reason for this failure is illustrated in Fig. 1. The 25 % compression test
simulates the compression occurring in weathersealed buildings during hot
days in summer due to glass expansion. When the compression is released the
elastic recovery of the silicon-acrylate sealant is poor. In periods of glass con-
traction during nights and in the winter, or both, sealants will have to compen-
sate for the joint movement and long term durability will depend on their elas-
tic recovery capabilities. Therefore, by reducing the movement exposure
occurring in weathersealing joints, either by modifying the joint design or by
increasing the sealant width, the durability of the sealant could be considerably
increased. Table 2 shows that if a silicon-acrylate based sealant which passes
the ISO 11600 LM 25G requirements is used in an application where the im-
posed movement is reduced to 20 %, its durability can be considerably ex-
tended. Even with this reduced cyclic movement, these silicon-acrylate sealants
still show expected durabilities at least 50 % lower than what is projected for
silicone based sealants based on our testing. However, the projected life expec-
tations for silicon-acrylate based sealants are still reasonable for their use as
weatherseals in structural glazing applications.

TABLE 2—Sealant durability for 20 % movement capability.

Sealant
Elastic

Recovery
Number of

Cycles Failure
Silicone polymer base I �90 % �10 NF
Silicone polymer base II �90 % �10 NF
Silicon-polyether base 60–75 % 1–2 AF
Silicon-polyurethane base 60–70 % 0 AF
Silicon-acrylate base I 60–75 % 5–6 CF
Silicon-acrylate base II 60–75 % 5–6 CF

162 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



Summary

The durability of sealants used for weatherseal applications has been assessed
using repeated alternating cycles of accelerated aging �UV/moisture/heat� and
thermo-mechanical movement since it was considered that the testing needed
to pass the ISO 11600 LM 25 requirements does not reflect the numerous diur-
nal and annual movement cycles that sealants undergo in weatherseals of struc-
tural glazing applications when exposed for 30+years to solar radiation, tem-
perature cycles, and moisture.

The results of this study show that most Si-modified organic sealants have
limited durability in weatherseal applications mostly because of poor resis-
tance to UV light in combination with thermo-mechanical movement. However,
newly developed silicon-acrylate based sealants tested during this work show
improved durability but still demonstrate poor elastic recovery after exposure
to simulated weathering �UV, heat, and moisture� in combination with thermo-
mechanical movement. This poor elastic recovery limits their long term move-
ment capability. However, good durability can still be expected with joint de-
signs resulting in lower imposed movements than those considered in the ISO
11600 Class 25 and Class 20 testing.

This study also confirms the importance of cyclic movement in combina-
tion with UV exposure for the degradation of sealants. This is highlighted by
the fact that a previous study �7� showed no failure of a silicon-acrylate based

Silicon-acrylate
base I

Silicone polymer
base II

FIG. 1—Recovery of silicon-acrylate based sealants �left� and silicone based sealant
�right� after 24 h 25 % compression at 70 °C following 500 h exposure to UV radiation
through glass.
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sealant after 10 000 h of accelerated UV weathering exposure without move-
ment, while for the same sealant technology rapid degradation was observed in
our study when combining the effects of accelerated weathering and cyclic
movement.
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Yoshiki Nakagawa1 and Sadao Yukimoto2

Evaluation of the Durability Potential of
Silyl Terminated Polyacrylate Based
Construction Sealant

ABSTRACT: In this paper, we discuss the durability potential of silyl termi-
nated polyacrylate based construction sealants. The durability and perfor-
mance of a silyl terminated polyacrylate �STPA� based construction sealant
have been evaluated in comparison to a typical silyl terminated polyether
�STPE� and a silicone sealant in order to demonstrate the potential of the
STPA sealant as a high durability, high performance construction sealant that
is also suitable for glazing applications. The polyacrylate backbone of STPA
polymer has higher durability, especially UV stability and heat resistance,
than the polyether one of STPE polymer as shown by accelerated weather-
ing tests using carbon-arc or superhigh irradiance xenon-light sources. Ad-
hesion of the STPA sealant on glass was retained even after 10,000 h expo-
sure to superhigh irradiance xenon-light �180 W/m2 �300–400 nm��. The
performance of the STPA based sealant has been compared to that of the
STPE based sealant by testing according to several industrial International
Organization for Standardization �ISO� and Japanese Industrial Standard
�JIS� standards. The STPA based sealant conforms to a higher durability
class specification than the STPE sealant, for example, the requirements of
class 10030 are passed with the STPA sealant, while the STPE sealant
passes only class 9030 as stipulated in JIS A 5758. Furthermore, a cyclic
movement test of the STPA based sealant in a compression-extension ma-
chine shows no damage to the sealant even after 200,000 cycles of �40 %
movement at room temperature. This performance is much better than that
of sealants based on other materials, such as STPE, polyurethane, polysul-
fide, and silicone. These evaluations suggest a high potential of STPA based
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sealant as durable elastomeric joint sealant, which can be used on a glass,
including photocatalytic self-cleaning glass, which functions by decomposing
organic materials and by providing a superhydrophilic surface.

KEYWORDS: telechelic polyacrylate, silyl terminated polyacrylate,
expansion-compression cycle test

Brief History of Silyl Terminated Polyether „STPE… Sealants

Telechelic polymers with crosslinkable silyl functional groups at both ends are
well known as base polymers for elastic sealants and adhesives. Crosslinkable
silyl functional groups, such as the dimethoxymethylsilyl group, react with
moisture in the air, generating a silanol, which condenses with another silanol
formed to produce a three-dimensional polymer network.

The first telechelic polymer, a STPE for construction sealant applications,
was launched in 1978 �MS Polymer®�. Figure 1 shows the structure of STPE
polymer. STPE polymer based construction sealants became known for their
good application properties, especially high durability and nonstaining in the
vicinity of the joints. STPE polymer based sealants have been applied to a large
number of buildings, including famous high-rise buildings in Japan, during the
past 30 years and, since 1995, enjoy a larger share of the construction sealants
market in Japan than silicone and polyurethane sealants. Historical evidence
proves the high durability of the STPE sealants �1�.

In order to demonstrate the durability of STPE based sealants, during the
inspection of a building an actual sample of STPE construction sealant was
taken. The sealant had been applied 18 years ago and still provided good water-
proofing function �2�. The sealant sample was sliced into 1 mm thick sheet
specimens, and the appearance of the sliced specimens was checked visually.
The top 2 mm layer was damaged and displayed some dirt pick-up, but the
deeper layers were found not to be damaged at all �Fig. 2�.

Tensile test results of the sliced specimen are shown in Fig. 3. All layers
exhibit good physical properties suitable for a construction sealant. While this
inspection of actual service samples clearly demonstrates the high durability of
the STPE based construction sealant, STPE has still some limitations, which
are their limited resistance against strong ultraviolet �UV� light and high tem-
peratures. The UV resistance of STPE sealants is sufficient for construction
applications if one tolerates a certain amount of damage to the surface of the
sealant as mentioned above; however, it is insufficient for window glazing ap-

FIG. 1—Structure of STPE.
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plications, where the interface between the sealant and the glass, which is of
key importance to adhesion, can be attacked by sunlight. The heat resistance of
STPE sealants is considered to be somewhat below 100°C; therefore STPE
based sealants cannot pass the more severe durability class for construction
sealants as stipulated in Japanese Industrial Standard �JIS� A 5758 �3�, which
requires a 100°C test condition.

Features of STPA Polymer Structure

Recently a silyl terminated polyacrylate �STPA� has been developed �Kaneka
XMAP® Polymer� as a higher durability polymer for construction sealants
�4–8�, which allow to exceed the performance limits of STPE sealants men-

FIG. 2—Sliced specimens of 18 year old STPE based construction sealant.

FIG. 3—Tensile test results of 1 mm thick sliced specimens of two-part STPE sealant
after 18 years.
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tioned above. The structure of STPA is shown in Fig. 4. The backbone is a pure
polyacrylate and completely consists of carbon-carbon single bonds without
carrying other susceptible �weak� bonds.

There are numerous commercial products based on functional polyacry-
lates, which are utilized for paints, coatings, and so on. Most of these polymers
have the type of structure shown in Fig. 5. It is produced by random free radical
copolymerization of mainly acrylate monomer and functional acrylate mono-
mer. As the result, the molecular weight, polydispersity, functionality, and the
position of the functional groups are not controlled. On the other hand, STPA
has the well-controlled telechelic structure shown in Fig. 5. The molecular
weight, polydispersity, functionality, and position of the functional groups are
well-controlled thanks to living radical polymerization technology. Such a well-
controlled telechelic structure is considered to be very suitable as “liquid elas-
tomeric polymer,” which is originally liquid when applied but becomes elasto-
meric by crosslinking, for instance, when used as a sealant base material. In the
liquid form, low viscosity is required, and this is being achieved by the narrow
polydispersity. In the crosslinked form, good elastomeric properties, such as
high elongation, are required, and these are achieved by the well-ordered poly-
mer network formed due to the telechelic structure.

FIG. 4—Chemical structure of STPA.

FIG. 5—Comparison between STPA and typical functional polyacrylate.
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Living polymerization is an ideal technology for polymerization. Figure 6
shows a comparison between living polymerization and nonliving polymeriza-
tion. Nonliving polymerization has several side reactions such as termination
and transfer reactions, and the polymer produced does not have a well-
controlled structure. On the other hand, living polymerization results in a well-
controlled structure because of virtually no side reactions, and the consistent
structure of the end-groups can be transferred into crosslinkable functional
groups.

Living anionic polymerization was invented first, followed by living cat-
ionic polymerization; however, living polymerization of acrylate monomer had
to wait until the invention of living radical polymerization in the middle of
1990s. Among several technologies of living radical polymerization �9,10�, atom
transfer radical polymerization �ATRP� �11� was chosen for producing STPA.

In order to show the differences between polymers obtained with different
polymerization techniques, two polyacrylate samples, which had quite similar
number average molecular weight �Mn�, were prepared by ATRP and conven-
tional free radical polymerization. Gel permeation chromatography �GPC�
charts of the samples are shown in Fig. 7. While the number average molecular
weights �Mn� were quite similar for these samples �21700 versus 19900�, their
weight average molecular weights �Mw�, which correlate with viscosity, differed
by more than a factor of three �24300 versus 81600�.

Based on the ATRP technology, methodologies for the scaling up of the
polymerization, purification, and the introduction of silyl end-functional
groups were developed successfully. Furthermore, a wide variety of polyacry-
late backbones, including an oil resistant grade, end-functional groups, such as
thermal and UV curable ones, and formulation techniques and applications,
has been developed.

The degree of functionalization of the STPA polymer with curable silyl
groups is rather high, as evidenced by the high gel percentage of the cured

FIG. 6—Comparison between nonliving polymerization and living polymerization.
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material. The gel percentage value was measured by determining the remaining
weight of cured polymer �gel� after toluene immersion. The gel content of cured
STPA was 90–95 % �12�.

Durability Potential of STPA Based Sealants

STPA polymer has been developed as a good sealant base material as men-
tioned above and has the following excellent properties �4–8,13,14�:

�a� higher durability than STPE,
�b� nonstaining adjacent to the joints,
�c� higher weather resistance than STPE,
�d� durable glass adhesion,
�e� higher heat resistance than STPE ��150°C�,
�f� adhesion to various substrates,
�g� paintability,
�h� nonisocyanate,
�i� nonsolvent,
�j� extremely low volatile organic compound,
�k� storage stability, and
�l� good workability.
Some of these properties are described in the following sections.
STPA polymer can be cured by the same condensation mechanism as

STPE. The methoxysilane group is hydrolyzed by atmospheric moisture in the
presence of a catalyst to a silanol group; afterwards the silanol group condenses
with another silanol or a methoxysilane group to form a stable siloxane group.

FIG. 7—GPC charts of living radical polymerization and conventional free radical
polymerization.
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One silyl end-functional group has two methoxy groups so that a three-
dimensional network structure can be created as a result of the crosslinking
reaction.

For the formulation of a STPA based construction sealant, similar formu-
lation techniques as for STPE can be applied, i.e., calcium carbonate fillers,
plasticizers, heat stabilizers, light stabilizers, UV absorbers, silane coupling
agents, and hardening catalysts may be used. Both one-part and two-part sys-
tems can be designed with STPA polymer similar to STPE, and each system
may be adapted to suit the specific application. Generally the two-part system
can give higher durability than the one-part system, especially in the fatigue
resistance test; however, one-part sealants are easier to apply than two-part
materials.

Adhesion Durability on Glass Exposed to Strong UV Irradiance

The excellent adhesion durability of STPA based one-part sealant on glass ex-
posed to strong UV irradiance was confirmed by the following experiment. JIS
1439 H-shaped test specimens of STPA based sealant with glass and aluminum
substrates were exposed for 10,000 h in superhigh irradiance xenon-light accel-
erated weathering equipment, in3 which the UV irradiance is three times �for
300–400 nm� as strong as in regular xenon-light accelerated weathering
equipment.3 During and after the exposure period, tensile strength and failure
mode were determined �Fig. 8�. Even after 10,000 h, the tensile strength at
break was maintained at almost the original level, and the failure mode re-
mained cohesive in nature.

Surface Weatherability

Cured thin film specimens of 250 �m thickness made from STPA and silicone
sealants were exposed in accelerated weathering equipment with open-flame
carbon-arc light source sunshine weatherometer �SWOM�.4 No change in sur-
face appearance, such as crack formation or chalking, was observed on the
surfaces of both the STPA and silicone sealant even after irradiation for 10,000
h �Table 1�.

Furthermore, cured 3 mm thick sheet specimens of STPA and STPE seal-
ants were exposed in accelerated weathering equipment with open-flame
carbon-arc light source. The surface of the STPE sealant had cracks at 2160 h,
but the STPA sealant showed no damage at all even after 15,500 h of weather-
ing �Fig. 9�.

Based on the results described above, the excellent weather resistance of

3Test condition: irradiation energy=180 W/m2 �300–400 nm�, black panel temperature
at 63°C, water spray for 18 min within 120 min weathering cycle, SUGA TEST INSTRU-
MENTS SX-120.
4Test condition: black panel temperature at 63°C, water spray for 18 min within 120 min
weathering cycle.
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STPA based sealant, including durable glass adhesion as glazing sealant, has
been demonstrated.

Compliance with Standards

STPA based sealants are able to pass some of the more demanding standard
specifications for construction sealants, such as ISO 11600, ASTM C719, and
JIS A1439 �15�.

For example, a STPA based one-part glazing sealant was evaluated accord-
ing to class 25HM type G of ISO 11600 specification. The sealant was cured

FIG. 8—Adhesion durability test on glass with exposure to strong UV irradiance in
superhigh irradiance xenon-light accelerated weathering equipment �black panel tem-
perature at 63°C, water spray for 18 min within 120 min exposure cycle, irradiation
through glass�.

TABLE 1—Weatherability test result of cured thin film �250 �m thickness� obtained in
accelerated weathering equipment with open-flame carbon-arc light source �SWOM�.

Time
�h�

0 300 500 1000 2000 5000 10,000
STPA sealant NC NC NC NC NC NC NC
Japanese general silicone sealant NC NC NC NC NC NC NC

Note: Weatherability is evaluated SWOM �Carbon-arc weathermeter�. NC: no change.
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according to Condition B of the specification. The cured sample had a high
elastic recovery �70.8 % versus 60 % demanded by the specification� and no
failure in 100 % expansion tests after water immersion, thermal cycle, and
weathering. Detail of the specification test is shown in Table 2.

Furthermore, a STPA based one-part glazing sealant was evaluated accord-
ing to ASTM C719±25 specification. The sealant passed all requirements of the
specification including the thermal cycle test at cycling temperatures from �26
to 70°C. Detail of the specification test is shown in Table 3.

Japanese standards for construction sealants feature expansion-
compression cycle test with a rather large number of cycles. The previous ver-
sion of JIS A1439 specification, which is still considered to be important, com-
prises a mechanical cycling test based on 2000 cycles of �30 % expansion-
compression amplitude with compression occurring at certain specified high
temperature and expansion always occurring at −10°C. The highest class of the
specification is JIS 10030, which requires 30 % compression at 100°C for 7
days, then 2000 cycles test at 23°C. Since the Japanese durable construction
sealant market is dominated by two-part sealants, a STPA based two-part con-
struction sealant was evaluated according to the JIS 10030 specification and
passed all requirements without any problems observed. The STPE based two-
part construction sealant is capable of passing JIS 9030 class, which implies
testing at 90°C in compression but not JIS 10030 class because of its lower
heat resistance.

The Japanese Architectural Standard Specification �JASS� established re-
cently a new specification for construction sealant, class CR, which requires
6000 cycles of �30 % expansion-compression cycle test at room temperature
after compression at a certain specified high temperature. The highest class of
the specification is CR100, which requires 30 % compression at 100°C for 1
day, then followed by the 6000 cycle compression-extension movement test. A
STPA based two-part construction sealant was evaluated according to the
CR100 specification and passed all requirements without any problems ob-
served.

In order to determine the limits of various two-part sealant materials, a
cyclic movement test based on a much larger number of expansion-
compression cycles was carried out. The movement amplitude �determined as

FIG. 9—Weatherability test result of cured 3 mm sheet by SWOM method.
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TABLE 2—ISO 11600 Class 25G specification test of STPA based sealant. Curing condition: 23°C�28d→ �70°C�3d+23°C
�1d in water+70°C�2d+23°C�1d in water��3 cycles.Expansion-compression cycle test condition: ±25 %�9.0 mm←12 mm
→15.0 mm�.

Item Condition Data
Skin formation time Initial 1:10

After 50°C�4 week 2:00–2:30
Viscosity �Pa’s� 1 rpm 2760

2 rpm 1590
10 rpm 498

2 rpm/10 rpm 3.19
Viscosity �Pa’s� after storage at 50°C for 4 weeks 1 rpm 3180

2 rpm 1890
10 rpm 684

2 rpm/10 rpm 2.76
Cure in depth �mm� 23°C�2 days 2.9

23°C�7 days 6.3
Residual tacka 23°C�2 days 4

23°C�7 days 5
Tear strength �N/mm� 5.46
Tensile properties of dumbbell �23°C�3 days+50°C�4 days� M50 �MPa� 0.20

M100 �MPa� 0.37
Tb �MPa� 0.96

Eb �%� 560
Tensile properties of dumbbell after storage at 50°C for 4 weeks
�23°C�3 days+50°C�4 days� M50 �MPa� 0.26

M100 �MPa� 0.46
Tb �MPa� 1.00

Eb �%� 510
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TABLE 2— �Continued.�

Item Condition Data

Test Item Requirement Result Judgment
H-shape M100 at 23°C �MPa�, ISO 8339 �0.4: HM 0.43 �NF� HM

�0.4: LM
H-shape M100 at −20°C �MPa�, ISO 8339 �0.6: HM 0.64 �NF� HM

�0.6: LM
Slip-slump, ISO 7390 5°C�24 h, vertical �3 mm 0 mm Pass

50°C�24 h, vertical �3 mm 0 mm Pass
70°C�24 h, vertical �3 mm 0 mm Pass

Recovery of H-shape �%�, ISO 7389 �60 70.8 Pass
Adhesion after immersion in water, ISO 10590 NF NF �0.35� Pass
Adhesion at several temp. �−20°C �25 % elongation�+70°C �25 %��, ISO
9047 NF NF Pass
Weather test �500 h irradiation�, ISO 11431 NF NF �0.45� Pass
aResidual tack: bad: 12345678: good.

Note: HM: high modulus. LM: low modulus. NF: no failure.
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TABLE 3—ASTM C719±25 specification test of STPA based sealant. Curring condition: 7 days at 23°C→7 days at 38°C, 95 % RH
→7 days at 23°C→7 days at 23°C in water→1 day at 23°C. Expansion-compression cycle test conditions: �1� 25 % compression at
70°C for 7 days; �2� ±25 cycle test �9.0 mm←12 mm→15.0 mm� at 23°C�10 cycles �1/8 in./h�; and �3�
�25 % compression at 70°C�20 h�→ �25 % expansion at −26°C��10 cycles.

Condition Result
ASTM C719± �25 %� test of STPA based 1part
sealant

25 % compression, 70°C�7 days Pass
�25 % cycle test, 10 cycles Pass

�25 % compression, 70°C�20 h�
+ �−26°C, 25 % extension�, 10 cycles Pass
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percentage of the expansion or compression movement versus the original joint
width� was chosen as 40 %, and the test carried out at room temperature until
200,000 cycles was reached with a cycling frequency of 5 cycles/min. Cohesive
failure �CF� was defined in this test as a total crack area affecting more than 15
% of the joint area. The shape of specimen �JIS H-shape�, the curing and test
conditions, and the results are shown in Fig. 10. The polysulfide based sealant
failed with 100 % CF at 16 000 cycles. The silicone and STPE sealants showed
15 % CF at 56 000 cycles, and 30 % CF �silicone� and 60 % CF �STPE� at 200,000
cycles.5

The STPA based sealant exhibited excellent durability in this test as it
showed no damage even after 200,000 cycles.

Nonstaining Behavior Adjacent to the Joint

Maintaining the aesthetic appearance of a sealant during aging of the building
may be considered as a kind of durability, and this property is important for
construction sealants. The STPE based sealants succeeded in the construction
sealant market by exhibiting no staining property, which had been an issue
with certain silicone sealants in the past. The STPA based sealant may be for-
mulated to have the same no staining property as STPE sealant. A visual com-
parison between STPA sealant and silicone sealant for staining in the area ad-
jacent to the joint is shown in Fig. 11. The specimens were prepared by jointing
panels of artificial marble and glass with STPA and silicone sealant and expos-
ing them outdoors for 2 years.6

5All of the compared materials, silicone, polysulfide, and STPE, are commercial products
of low modulus two-part sealant in Japan.
6Test condition: panel angle=60°, direction=south, at Takasago, Hyogo, Japan.

FIG. 10—Expansion-compression cyclic movement test with 200,000 movement
cycles.
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Apparent staining adjacent to the silicone sealant joint was observed, but
none was observed for the STPA sealant.

Oil Resistance

One of the prominent features of STPA sealant is the excellent oil resistance at
ambient or even at high temperatures. The cured material of STPA polymer is
very similar to acrylic rubber, which is well known for having excellent oil and
heat resistance and is used in automotive applications. Results of oil and
chemical resistance test are shown in Table 4.7

7Test method of oil resistance: a piece of cured polymer �2 mm thickness� was immersed
in certain oil at certain condition exhibited on Table 4; then the sample was taken out,
swiped on the surface, and the weight change from the original was measured at room
temperature.

TABLE 4—Oil and chemical resistance tests of cured STPA material.

Chemicals Immersion Condition
Increased Weight

�%�
10 % H2SO4aq 23°C, 30 days 3
Isooctane 23°C, 7 days 4
Jet fuel 23°C, 7 days 10
Antifreeze 23°C, 7 days 1
Water 23°C, 7 days 2
ASTM No.1 oil 150°C, 7 days 3
IRM 903 oil 150°C, 7 days 13

FIG. 11—Staining test results for STPA and silicone sealants. Outdoor exposure for 2
years.
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The STPA sealant exhibited very good oil resistance against a couple of
standard oils even at 150°C.

Silicone is also used for applications requiring heat and oil resistance be-
cause silicone has excellent heat resistance and low oil-swelling property; how-
ever, the latter is still higher for silicone than for STPA based materials. Actually
silicone is very durable in oil at high temperature, but some oil is seeping
through silicone without any seal failure occurring. On the other hand, STPA
based materials can almost completely eliminate the oil penetration problem8

Self-Cleaning Glass Glazing Sealant Application

Since several years ago, self-cleaning glass �SCG� has been developed and in-
troduced into the market as easy to clean and low maintenance cost glass. SCG
is standard window glass coated with a photocatalytic layer, typically consisting
of a titanium oxide photocatalyst. The mechanism for the self-cleaning process
on glass is shown in Fig. 12. Activated by actinic UV irradiation, the photocata-
lytic coating on the SCG surface decomposes organic compounds in dirt par-
ticles deposited on the glass.

Furthermore, the photocatalytic surface becomes superhydrophilic with
exposure to sunlight and rain �liquid water� forms a very thin layer, which
washes off the dirt due to displacement from the glass surface. SCG faced a
problem just at the beginning of its market development. Generally, glass glaz-
ing sealants are silicone based, so this type of sealant was also used for SCG.
However, silicone sealants may release volatile silicone compounds that con-
taminate the surface of SCG. The silicone contamination cannot be decom-
posed even by the photocatalyst, and it makes the glass surface hydrophobic. As
a result, SCG loses its self-cleaning function in the contaminated areas. Other
sealant materials, such as polyurethane and STPE, cannot be used for this

8Silicone sealant was tested in the same condition for IRM 903 oil. After the test, bleed-
ing out of the oil was observed on the surface of test piece. Such a phenomenon was not
observed for STPA.

FIG. 12—Self-cleaning mechanism of photocatalytic glass �SCG�.
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application instead of silicone because these materials do not have sufficient
long-term durable adhesion on SCG when exposed to solar irradiance.9

UV Resistance of Adhesion on SCG

Test specimens were prepared as shown in Fig. 13, and these were cured at
23°C and ambient moisture for four weeks. The specimens were placed in an
accelerated weathering equipment with a xenon-light source �Super Xenon
Weathermeter� in such a manner that the adhesion interface was irradiated
through the SCG. After a certain irradiation period, the test pieces were evalu-
ated by a 180° hand peeling method �Table 5�.

The tests confirmed that the STPA sealant had excellent adhesion durability
on SCG under UV irradiation because it showed CF even after UV irradiation
for 10,000 h.

Hydrophobic Contamination

The hydrophobic contamination test of SCG with silicone and STPA sealants
was carried out by using specimens shaped like an actual window �16�. The test
results after 812 days of outdoor exposure are shown in Fig. 14. The photos
were taken after spraying the glass surface with water so that hydrophilicity or

9JASS-8-2008 shows appropriate choice of sealant materials for each type of construc-
tion application, and STPE and PU are not suitable for glass glazing use.

TABLE 5—Adhesion test results after UV irradiation.

1000 h 3000 h 5000 h 7000 h 10,000 h
Silicone CF CF CF CF CF
STPA CF CF CF CF CF

Note: Super Xe Weathermeter. Condition: irradiation energy=180 W/m2�300–400 nm�
�approximately three times as strong as regular xenon WM�. Black panel temp=63°C.
Water spray condition=18 min in 120 min.

FIG. 13—Test piece.
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hydrophobicity of the glass surface could be observed easily. The silicone seal-
ant specimen showed a hydrophobic contamination area along the sealant joint
with of width of 15–90 mm, while the STPA sealant specimen showed no con-
tamination at all with the whole specimen remaining hydrophilic.

Based on the results described above, the compatibility of the STPA based
glazing sealant for SCG has been demonstrated very clearly. Glass manufactur-
ers who were experiencing difficulties with contamination by silicone sealants
at the early stage of SCG development certified STPA based glazing sealant as
suitable glazing material, and several sealant formulators developed STPA
based sealant products for this application.

Conclusion

STPA sealants were developed following the success of STPE sealants, which
were shown to be durable construction sealants during the past 30 years. STPA
based sealants are able to outperform STPE sealants, i.e., they have higher
surface weatherability, are more durable glass adhesion under UV exposure,
and are able to pass higher classes in standard specifications for construction
sealant due to their better heat stability and movement capability. Therefore,
STPA based sealants are considered to have a very high durability potential.

By putting these properties to practical use, STPA based SCG glazing seal-
ant was developed to exhibit good compatibility to this type of glass.

FIG. 14—Contamination test results on window shaped specimens �outdoor exposure
for 812 days; photos taken after spraying the surface with water�.
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Lawrence D. Carbary1

Substrate Durability Guidelines Used in
Silicone Structural Attachment

ABSTRACT: This paper sets forth a procedure for evaluating substrates for
durability for use in conjunction with structural silicone glazing �SSG�. Lap
shear and peel adhesion specimens are evaluated after exposures to vari-
ous conditions using a modified ASTM C794-06, “Standard Test Method for
Adhesion-In-Peel of Elastomeric Joint Sealants,” and ASTM C961-06, “Stan-
dard Test Method for Lap Shear Strength of Sealants.” Conditions of expo-
sure include water, sodium hypochlorite �bleach�, acetic acid �vinegar�, salt
fog, UV florescent accelerated weathering device �UVFl�, ultraviolet light
�UV� exposure, and heat. Evaluation of substrates and the interfaces are
completed after tensile testing and visual surface analysis. The silicone
structural glazing adhesive used in this evaluation is a high modulus high
strength material intended to place the maximum load at the interface. Sub-
strates evaluated include steel, anodized aluminum, galvanized steel, ex-
truded rigid polyvinyl chloride �PVC�, glass reinforced thermoplastic resin
�fiberglass�, and polyvinylidene fluoride �PVDF� painted aluminum. These
evaluated substrates are tested to this procedure to show differences in
performance and suggest a minimum time frame required for testing. The
results and guidelines set forth in this paper provide the foundation for a
practice and or a substrate specification for use in conjunction with structural
silicone attachment methods.

KEYWORDS: structural silicone, lap shear, peel adhesion, durability,
substrate suitability, dimensional stability

Introduction

Silicone structural glazing has been a proven method of glass attachment to
aluminum curtainwalls for greater than 30 years �1�. This attachment method
provides a continuous flexible anchorage of glass that is also an excellent ther-
mal break, continuous air seal, and continuous water seal. The performance of

Manuscript received July 3, 2008; accepted for publication January 13, 2009; published
online March 2009.
1 Industry Scientist, Dow Corning Corporation, PO Box 994, Midland, MI 48686-0994.

Cite as: Carbary, L. D., �Substrate Durability Guidelines Used in Silicone Structural
Attachment,� J. ASTM Intl., Vol. 6, No. 3. doi:10.1520/JAI102009.

Reprinted from JAI, Vol. 6, No. 3
doi:10.1520/JAI102009

Available online at www.astm.org/JAI

Copyright © 2009 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, PA 19428-2959.

185



these systems is unmatched in performance compared to traditional glazing
systems �2,3�. The flexible rubber anchorage that is used to attach glass to
aluminum framing allows the differential thermal expansion between glass and
aluminum on a daily basis while resisting movements induced from windloads
onto the glass. Structural silicone glazing is popular on the unitized curtain-
walls of the high rise buildings of today due to the excellent performance that
has been documented. Structurally glazed unitized curtainwalls are found on
world famous buildings such as the Petronas Towers in Kuala Lumpur Malay-
sia, and the Time Warner Center in New York City.

The method of structural silicone attachment shows clear advantages in the
thermal performance of curtainwalls. Thermal modeling of curtainwalls is
commonly done due to the building code requirements to maintain a certain
thermal transmittance or U value for the façade. This is done much more often
in Europe as compared to the Americas; however, the increased awareness of
energy usage in the United States is making designers, owners, and contractors
much more aware of the energy consumption in buildings. Due to this height-
ened awareness of energy conservation, additional substrates are being evalu-
ated on curtainwalls in addition to the traditional finished aluminum and glass.
As aluminum finishing processes come under scrutiny with regards to environ-
mentally friendliness, new coatings and finishes are being developed.

When one studies the thermal performance of fenestration systems, it be-
comes apparent that the residential vinyl and wood windows can be more en-
ergy efficient in the supporting frame compared to an aluminum framed win-
dow system. Commercial aluminum fenestrations systems used in high rise
buildings will come with thermal break systems built into the aluminum to
minimize the heat transfer through the frame. There are commercial fenestra-
tion systems that use glued laminated wooden mullions to promote energy
savings and interior warmth �4�.

Current practice for designing structurally glazed facades is well docu-
mented within ASTM C1401-07, “Standard Guide for Structural Sealant Glaz-
ing.” This comprehensive guide contains Sections 19–26 that deal specifically
with Component Design Considerations. Section 23.2 states “Prior to substan-
tial system development, the SSG system designer should verify by testing, that
includes both the structural sealant and panel manufacturers, that adequate
adhesion can be obtained.” Herein lies the basis for the writing of this paper.
Structural sealant adhesion testing to a substrate does not qualify that the
substrate is suitable for the intended use. Adhesion testing to the substrate is
one of many prequalification steps required for a successful system. The intent
of this paper is to show that a simple adhesion test without understanding
substrate durability and dimensional stability could have negative conse-
quences regarding the success and longevity of the façade system.

Structural sealant manufacturers offer testing services as suggested above
for projects, as it is in all of the parties’ best interests to know the proper
methods of surface preparation to get an intended structural sealant project to
perform up to expectations. Expectations are no less than perfect performance
for greater than 20 years without adhesion or cohesion failures, which could
result in excess air and water infiltration, not to mention a life safety issue.
When a new finish on an existing substrate or a new substrate is introduced to
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the industry it is submitted to a sealant manufacturer for testing. A test report
is returned to the submitter documenting the results. The sealant testing that is
performed by responsible manufacturers will include a water immersion cycle.
Some areas require a 7 day immersion in room temperature water and others
require 14 days immersion in 55°C water. The test report will recommend a
surface preparation appropriate to obtain optimum adhesion. The recipient of
this test report now believes that the sealant manufacturer has approved this
finish for structural glazing applications. Again, herein lies the intent of this
paper. The substrates have to be qualified and understood with regards to du-
rability, longevity, dimensional stability, and engineering properties in addition
to a simple adhesion test in a sealant manufacturer’s laboratory.

The sealant manufacturer in this test regimen did in no way certify the
longevity, durability, or suitability of this new finish or substrate for the life of
the project. Paints that are applied to aluminum framing members must have
durability and adhesion greater than the adhesion and durability of the silicone
structural glazing sealant used to attach glass to those frames. When paints are
tested on aluminum, the physical properties of the aluminum frame are as-
sumed to be constant based on standard engineering principles. Curtainwalls
are specified to have maximum deflections under specified loads applied to
specified spans. Aluminum, when properly protected with an anodized or
painted finish, has a history of performance and is a standard in the industry.
Aluminum has a known strength, modulus, thermal expansion coefficient, di-
mensional stability, thermal conductivity, hardness, and specific gravity. These
properties are the basis of today’s curtainwall frame designs and performance.

With the economic pressures to develop structures that will save energy,
weight, and installation time, it is inevitable that new materials will arise in
curtainwall applications. A simple adhesion test by a sealant manufacturer to
obtain a proper surface preparation procedure is in no way the only criteria for
use on a curtainwall for sealing and structural silicone attachment.

Structural glazing standards and specifications such as ASTM C1184-05,
“Standard Specification for Structural Silicone Sealants,” and EOTA ETAG 002
�5� put cured tensile specimens through durability tests. The spirit of these
durability tests involves testing tensile specimens after aging in various envi-
ronments, evaluating the data, and determining if the silicone product meets
minimum requirements. The ETAG 002 subjects tensile samples to salt fog and
SO2 environments. The International Conference of Building Officials �ICBO�
Acceptance Criteria for Structural Silicone required tensile samples to be in-
oculated with mold according to ASTM G21-96�2002�, “Standard Practice for
Determining Resistance of Synthetic Polymeric Materials to Fungi,” exposed to
ozone according to ASTM D1149-07, “Standard Test Methods for Rubber
Deterioration—Cracking in an Ozone Controlled Environment,” and immersed
in various chemicals �soap solution, detergent, salt water, and ammonia� �6�. All
of these test protocols involve testing a specimen that is already cured.

This paper is taking a bit of a different approach due to the inevitable
additional change in surfaces and materials that the future will present. Data
are presented below using lap shear and peel adhesion testing in conjunction
with visual observations. The key difference here is that the substrates have
undergone 500 h of aging in various environments before lap shear specimens
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have been prepared. The lap shears and peels are cured for 21 days, and then
tested. A duplicate set of samples are then immersed in room temperature
water for seven days and tested. The intention is to determine if the substrate
has durability before the application of silicone structural sealant, and if the
silicone has durability to the aged substrate.

Experimental

Substrates chosen for this study are clear anodized aluminum, galvanized steel,
cold rolled steel, PVDF painted aluminum, white PVC, gray PVC, and fiberglass.
All of these substrates exist in fenestration applications with the exception of
the unfinished cold rolled steel.

The environments that were chosen to age the substrates for 500 h are UV
exposure according to ASTM C1087-00�2006�, “Standard Test Method for De-
termining Compatibility of Liquid-Applied Sealants with Accessories Used in
Structural Glazing Systems,” at 50°C, 100°C oven, 6 % sodium hypochlorite
solution �bleach�, 5 % acetic acid solution �white vinegar�, UVFL operated in
accordance with ASTM C1442-06, “Standard Practice for Conducting Tests on
Sealants Using Artificial Weathering Apparatus,” and salt fog operated in accor-
dance with ASTM B117-07A, “Standard Practice for Operating Salt Spray �Fog�
Apparatus.” A UV fluorescent artificial aging device was used in lieu of other
devices as that was easily accessible to the author.

A control set of substrates was fabricated and tested at room temperature
without any exposure conditioning.

Lap shear specimens were made in accordance with ASTM C961-06. All
substrates tested were cut into 25 mm by 75 mm coupons for ease of testing.
The dimension of the lap shear joint was 25 mm by 25 mm and the thickness
was 3.4 mm. The silicone was allowed to cure for 21 days at standard lab
conditions and a set of three specimens were pulled. The pull rate was 12.5 mm
per minute and the peak force was recorded. The force reported for each ma-
terial is an average of three specimens pulled.

The structural silicone sealant that was used was a one part material that
meets ASTM C1184-05 and ASTM C920-08, “Standard Specification for Elasto-
meric Joint Sealants,” Type S, Grade NS, Class 50, use NT, G, A, and O. This
material is a one part moisture cure structural silicone material. When tested to
ASTM C1135-00�2005�, “Standard Test Method for Determining Tensile Adhe-
sion Properties of Structural Sealants,” it demonstrates at tensile strength of
1.2 MPa at 200 % strain and the stress at 100 % strain is 0.72 MPa.

Peel adhesion samples were made on each substrate before and after aging.
The peel adhesion was a modified ASTM C794-06. The modification to the
standard was that the peels were 12.5 mm in width, peels were made of alumi-
num screen and data were recorded at both 21 days of cure and after 7 days of
water immersion. The peak peel strength is recorded in Newtons per millime-
tre.

Figure 1 shows both the peel adhesion specimens and the lap shear speci-
mens during cure. Note the lap shear substrates are 25 mm by 75 mm.

Visual observations were recorded as follows in Table 1 and peel strength
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and lap shear strength are recorded in Table 2. Figure 2 shows the control data
for all substrates. Figures 3–9 show the lap shear data for each substrate in
each of the aging conditions.

Discussion of Results

Common construction substrates were placed in this study knowing some of
the visual results. Unfinished steel and galvanized are known to degrade in
environments of salt, bleach, and vinegar. It is important to show the visual and
adhesion data on these substrates that are indeed perceived as being less suit-
able for SSG applications compared to anodized or painted aluminum. Steel is
not used for silicone structural glazing applications unless a high performance
coating is placed upon it. The known corrosion issues prevent its use with
structural silicone due to engineering judgment. Figure 10 shows the visible
corrosion noted on steel after exposure to bleach, and this type of corrosion is
evident in the other environments noted in Table 1. Figure 11 shows the corro-
sion on a galvanized substrate after vinegar exposure.

Anodized aluminum and PVDF painted aluminum are the standards for
which structural sealants are applied to support glass panels in classic SSG
applications. The data of peel strength, lap shear strength on aged and unaged
substrates, and the visual data presented in this study suggest that these are
stable substrates. The anodized aluminum substrates had a slight tarnish after
bleach water aging, but the adhesion and strength characteristics of the
samples show good bonding.

Galvanized steel has been used as an adhesive attachment substrate for

FIG. 1—Control lap shear specimens and peel adhesion specimens.
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TABLE 1—Visual observation of the substrates after exposures for 500 h.

Control UV 100°C Salt Fog UVFl
Bleach
6.0 %

Vinegar
5.0 %

Galvanized no affect no affect no affect severe rust minor
oxidation

heavy
oxidation

heavy
oxidation

Steel no affect no affect no affect severe rust rust severe rust severe rust
White PVDF

Paint
no affect no affect no affect no affect no affect no affect no affect

Anodized no affect no affect no affect no affect no affect bronze-like
tarnish noted

no affect

PVC 1 White no affect no affect specimens
warped in the

oven

no affect specimens
warped and

severely
degraded in

QUV

no affect no affect

PVC 2 Gray no affect no affect specimens
warped in the

oven

no affect specimens
warped and
degraded in

QUV

no affect no affect

Fiberglass no affect no affect no affect no affect no affect no affect no affect
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TABLE 2—Peel strength in N/mm and lap shear in MPa for each substrate and exposure condition.

Substrates Metric
Units Lap Shear
MPa, Peel N/mm

Control 21
Day Cure

Control 21
Day Cure
+7dH2O UV

UV
�

7dH2O 100°C

100°C
�

7dH2O Salt Fog

Salt Fog
�

7dH2O UVFI

UVFI
�

7dH2O
Bleach
6.0 %

Bleach
�

7dH2O
Vinegar
5.0 %

Vinegar
�

7dH2O

Galvanized Lap shear MPa
Peak Peel N/mm

0.95 0.95 0.80 0.90 0.84 0.83 0.60 0.47 1.12 1.31 0.51 0.32 0.88 0.81

7.00 3.85 6.48 6.13 6.30 7.00 3.50 2.98 5.60 4.38 3.68 1.05 7.53 6.48

Steel Lap shear MPa
Peak Peel N/mm

0.81 0.75 0.78 0.97 0.86 1.10 0.85 0.64 1.05 1.14 0.59 0.16 1.03 0.91

5.25 2.10 6.48 5.60 7.17 7.00 3.50 4.73 4.73 4.73 5.95 3.68 6.13 5.08

PVDF paint Lap shear MPa
Peak Peel N/mm

0.72 0.80 0.79 0.83 0.68 0.81 0.86 0.96 0.88 0.82 0.66 0.55 0.63 0.81

6.65 2.98 7.18 3.15 7.00 4.20 4.38 3.68 3.85 3.50 7.18 3.85 6.65 4.55

Anodized Lap shear MPa
Peak Peel N/mm

1.12 0.95 0.88 0.96 0.90 0.81 0.79 0.78 1.13 1.35 0.96 0.91 0.95 0.93

7.35 7.35 4.73 4.38 5.60 5.43 4.38 3.85 5.78 4.38 4.38 4.20 4.55 3.33

PVC 1 White Lap shear MPa
Peak Peel N/mm

0.96 1.14 0.94 0.94 0.38 0.29 0.89 0.86 0.12 0.03 0.88 0.88 0.82 1.01

5.25 5.25 4.73 3.68 4.38 3.50 4.73 3.50 2.98 2.45 3.85 3.50 3.85 3.85

PVC 2 Gray Lap shear MPa
Peak Peel N/mm

0.89 0.99 0.96 0.89 0.65 0.66 0.85 0.84 0.43 0.13 0.81 0.84 0.93 0.92

5.25 5.08 3.68 4.20 4.55 4.55 4.03 2.45 4.55 3.32 3.85 2.45 2.98 3.50

Fiberglass Lap shear MPa
Peak Peel N/mm

0.73 0.80 0.80 0.83 1.05 0.85 0.94 0.81 0.94 0.85 0.85 0.54 0.82 0.76

4.90 4.03 5.95 5.43 7.00 4.90 4.38 4.90 4.38 4.90 5.60 3.15 4.90 4.90
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FIG. 2—Lap shear strength of control data.

FIG. 3—Lap shear strength of galvanized through aging.

FIG. 4—Lap shear strength of steel through aging.
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projects for 20 years �7� without reported failures. The UVFL aging showed
some oxidation of the surface; however, the strength was not affected compared
to the control. Tensile specimens fabricated according to ASTM C1135-00�2005�
and then aged 2400 h in UVFL �8� on galvanized steel showed good durability
based on strength retention. Note: Conditions for this referenced test in the
UVFL were 4 h of UV fluorescent light at 50°C using UVB-313 bulbs followed
by 4 h of condensation at 40°C. Galvanized steel is discouraged as a structural
attachment substrate within 1.6 km of oceanfront due to the potential corro-
sion due to salt exposure. The lap shear testing in this study showed the visible
increased durability of a galvanized substrate compared to a steel substrate
after exposure to salt, vinegar, and bleach.

The PVC specimens were quite visually resistant to bleach, vinegar, UV, and
salt fog exposures. However, the 100°C aging made the samples warp. The PVC
substrates showed severe warping in the UVFL chamber and exhibited color
change. This is shown in Fig.12. It was difficult to fabricate lap shears speci-

FIG. 5—Lap shear strength of PVDF paint through aging.

FIG. 6—Lap shear strength of anodized through aging.
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FIG. 7—Lap shear strength of PVC 1 White through aging.

FIG. 8—Lap shear strength of PVC Gray 2 through aging.

FIG. 9—Lap shear strength of fiberglass through aging.
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FIG. 10—Steel specimens after bleach exposure.

FIG. 11—Galvanized specimens after vinegar exposure.
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mens because the samples had an induced curve. There was also noted along a
substantial loss of strength and adhesion in the lap shear specimens. Figure 12
shows an adhesion loss on the oven aged PVC specimen. Both colors of PVC
showed this same trend, however, the white PVC was worse than the gray PVC.
The color changed and the samples had a large dimensional instability. This
noting of dimensional instability is a key signal for this short study and was an
unexpected result. Designing an SSG system using this substrate would be un-
wise unless the designer was able to account for and mitigate any dimensional
instability that could occur.

The fiberglass substrate showed excellent adhesion and strength in all but
the water immersion after bleach exposure and degradation of the surface was
not noted in any case. Figure 13 shows fiberglass substrate uraffected by the
various conditions. When reviewing Fig. 9 to the controls noted on Fig. 2, the
lap shear strength was a bit lower than the overall average and the one condi-
tion of water immersion after bleach exposure had an impact on the ultimate
strength. The fiberglass substrate showed no visible effects of color change or
dimensional changes through these exposures.

Figures 2–9 are the lap shear test results on the substrates. Figure 2 is
shown as a control set after 21 days of cure and then 7 days of water immer-
sion. This table is shown as it really demonstrates the variability in the ASTM
C961-06 used in this lab. Please note that the average of all the control tests was
0.9 MPa±0.14 MPa. Adhesion was good as noted by a cohesive failure in all of
these instances in the control set. Figure 2 shows that the water immersion
didn’t have any impact on the average lap shear strength. Upon reviewing the
remaining tables it is evident that the bleach immersion of samples did show

FIG. 12—PVC specimens after UVFL exposure and 100°C.
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some impact on the steel, PVDF, and fiberglass substrates due to the reduced
strength of the lap shears.

The anodized and PVDF paint exhibited excellent results in the lap shear
tests. This was expected, as these substrates are the benchmark in the industry
for SSG projects. Table 1 and Figs. 7 and 8 also note the severe degradation of
the PVC substrates after their aging.

Five hundred hours of artificial aging is not an undue amount of time. The
aging conditions here are not a complete list of potential environments. The
ICBO criteria �6� subjects cured specimens to ozone environment and cleaning
chemicals. The ETAG 002 �5� subjects cured specimens to SO2 environment
and various chemicals. None of these internationally recognized standards and
specifications suggests an aging of the substrates before specimen fabrication.
Thus it is the intention of this paper to suggest that new substrates to the
silicone structural attachment application undergo a scrutiny for durability
prior to use.

Guidelines for the Use of New Substrates in Structural Silicone
Attachment

An in depth analysis of data for a new substrate for structural silicone
attachment is required on a substrate by substrate basis. Ensuring the long-
term durability of a substrate is essential for the continued success of structural
silicone attachment method. Referring to the benchmarks that are currently in
place in the curtainwall industry with finished aluminum and glass, the follow-
ing guidelines are provided for new substrates.

1. Physical properties of the substrate material must be documented and
should include thermal conductivity, coefficient of thermal expansion,

FIG. 13—Fiberglass specimens after UV, oven, and bleach exposures and control.
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Young’s Modulus of elasticity, and hardness over the service tempera-
ture that the material is expected to perform. These data allow struc-
tural engineers to properly dimension the material and sealant joints so
that the joints are not overstressed or fatigued during the service life.

2. Dimensional stability over the temperature range that the material is
expected to perform. Based on the dimensional performance of the
PVC tested here, oven aging and UVFL exposure should be done on
substrates to show that they do not deform during their life span. Di-
mensional instability will cause structural sealants to deform and pos-
sibly be overstressed or put into a fatigue situation.

3. Adhesion and durability testing of structural sealants should be done
using this material according to ASTM and or ETAG structural speci-
fications before and after environmental exposure. This can show the
appropriateness for the silicone substrate assembly and compare it to
existing known data.

4. The material must be able to survive an exposure to the environment
for which it is placed. This includes but is not limited to acid rain
environments, salt spray, UV, heat, and cold.

5. The supplier of such a new material must be knowledgeable of the
application of his material and the life expectancy required of that ma-
terial.

This is a short study to show the effects of short-term exposure on sub-
strates that could be used for structural silicone attachment. Changes in
strength after exposures for PVDF paint and anodized specimens were not sig-
nificant. This was expected due to the actual historical performance. There
were changes in the galvanized and steel substrates as they were subjected to
harsh environments beyond where they are expected to perform. Good engi-
neering judgment limits the use of those materials for structural silicone at-
tachment. This test regimen did not show degradation to the fiberglass sub-
strate that was chosen, but did show monumental changes to the PVC
substrates chosen after exposure to heat and UVFL weathering. The changes in
shape and color of the PVC substrates tested here should alone exclude them
from use; however, these dimensional stability and color changes were aug-
mented with the poor adhesion and lap shear strength.

Guidelines and specifications for silicone structural attachment have not
considered aged substrates or dimensional stability, and this informal testing
regimen suggests that new unproven substrates should indeed be scrutinized
for their durability. A simple adhesion test by a sealant manufacturer to obtain
a proper surface preparation procedure is in no way the only criteria for use on
a curtainwall for sealing and structural silicone attachment. Please direct any
comments and questions to the author.
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ABSTRACT: Reliability of a sealed joint is directly related to the durability of
its adhesion to the substrate. The presence of moisture on the surface of
porous substrates caused by changing weather conditions prior to the appli-
cation of sealants, such as the wetting of concrete by rainfall, can lead to
poor sealed joint durability due to adhesion loss. In an attempt to better
understand this mechanism, a method of testing adhesion of sealants on wet
concrete has been developed and the effect of changes in surface conditions
on sealant adhesion has been evaluated during the various drying phases
identified for concrete. In the first 2 h of drying, a significant reduction of the
pH at the surface is observed, which is mirrored with a reduction of the
surface humidity. Both of these properties seem to have reached their pla-
teau value within that timeframe, but in the following hours of the drying
process the concrete continues to lose weight through water evaporation.
Sealants based on different chemistries have been applied at various stages
of the drying process �t � 0, 0.33, 2, 8, 24, 56 h� showing that the critical time
period affecting the development of adhesion is within the first 2 h of con-
crete drying. This indicates that the alkalinity, surface moisture, on both, are
the major factors responsible for the poor adhesion obtained on wet porous
substrates and this is also the same for adhesion development of a primer on
the substrate. The different sealant technologies evaluated in this program
were silicones, urethanes, acrylics, silyl-terminated polyether, and silyl-
terminated polyurethanes. In terms of adhesion development on wet con-
crete, the results highlight that the differences are more related to formula-
tion within a sealant family than to the binder chemistry itself.
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Introduction

Adhesion is one of the most important properties for both adhesives and seal-
ants because, although the primary function of sealants is to seal, in most
applications, they cannot provide this function without proper and durable
adhesion to the substrates �1�. On a porous material like concrete, adhesion is
mainly the result of physical-chemical interactions and mechanical interlock-
ing. While the formation of a covalent bond is strongly recommended to pre-
vent early failure of the seal, interlocking also enhances the strength of the
interphase layer on rough surfaces. On concrete, the use of a primer is gener-
ally recommended prior to the application of the sealant for two reasons.
Firstly, the primer improves the bonding by forming a bifunctional layer at the
interface between the concrete and the sealant and secondly, the low viscosity
of the primer ensures a deep penetration into the pores and consequently im-
proves interlocking �2�.

In the presence of an excess of water, the chemical adhesion is often im-
paired by the displacement of the equilibrium towards the competitive hydroly-
sis reaction. Due to capillary forces and surface adsorption, a wet porous sub-
strate typically retains water for prolonged period of time �3� and thus prevents
chemical bonding from occurring. Of equal importance for most sealants, un-
less they are of the water-borne variety, is the fact that the physical presence of
water acts as a barrier against adequate wetting of the sealant and thereby
reduces interlocking.

The integrity of a joint is a function of the balance between adhesion and
the cohesion strengths in the substrate, in the sealant, and in the interphase. Its
durability strongly depends on how these strengths evolve over time and how
they degrade as a result of weathering. In many cases, degradation of adhesion
strengths is responsible both for early and long-term failure. However, it is
noteworthy that some poorly adhering sealant may still fail cohesively due to
very low intermolecular �cohesive� strength.

In an attempt to better understand the involved mechanisms, a study of the
drying phases of precast concrete has been carried out, as well as development
of a method of testing adhesion of sealants on wet concrete. Additionally, the
durability of adhesion on dry concrete of different sealant technologies has
been studied after exposure to water immersion. The Arrhenius model has been
adapted to serve the purpose of this investigation.

Study of Wetting and Drying Phases of Concrete

Wetting and drying phases were followed using three different testing methods
developed within the frame of this study: water pick-up, tissue testing, and pH
paper testing.

Kinetics of water pick-up of concrete pavers under water immersion de-
pends on many factors, among which the hydrostatic and capillary pressures
are initially driving the water ingress �4,5�. As water migrates into the paver, air
has to be displaced by diffusion from deeper sections, which slows down the
water pick-up process �Fig. 1�a��. During the drying phase, vapor and liquid
diffusion are driving water out of the paver to equilibrate with the external
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FIG. 1—Concrete pavers subjected to water immersion. �a� Wetting phase: weight
pick-up during water immersion. �b� Drying phase: weight loss at 23°C 50 % RH.
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vapor pressure; i.e., relative humidity. The speed of this diffusion slows down
when water comes from deeper section of the paver �Fig. 1�b��.

To distinguish surface water from in-depth water, additional testing was
carried out by soaking up available surface water with a dry, preweighed, non-
woven tissue that was applied with a constant load on the surface of the paver
for a predetermined period of time. As can be seen in Fig. 2, this test exhibits a
higher variability; however, it still highlights the fact that the majority of the
water disappears from the surface within the first two hours.

In order to track alkalinity of the concrete surface, a pH paper was applied
to it and the pH of the substrates was recorded over time. As can be seen in Fig.
3, the variability of this method is rather high but the trend fits relatively well
with the tissue testing. The pH of the water gradually drops to reach a value of
7 after about 2 h; i.e., when water disappeared from the concrete surface. The
fact that our concrete pavers exhibit a pH of 7 at the surface is indicative of a
certain age of the specimen because we know that a fresh concrete surface is
alkaline due to the presence of calcium oxide and hydroxide. Over time, the
carbonation reaction with atmospheric carbon dioxide gradually reduces alka-
linity at the surface of cementitious materials.

In this respect, X-ray photoelectron spectroscopy �XPS� may be a success-
ful tool to explore the differences in surface chemistries between a dry and a
wet concrete. As can be seen in Fig. 4�a�, which compares C 1s spectra of dry
and wet samples, there is a significant decrease of the carbonate content at the
surface of the wet sample. This is aligned with an increase in the binding en-
ergy observed in the Ca 2p spectra indicating that CaCO3 molecules are present
in the dry sample and being replaced by CaO or Ca�OH�2 species in the wet
sample. It is likely that water is dissolving noncarbonated calcium �hydr�oxide

FIG. 2—Tissue testing on drying concrete pavers.
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salts from the bulk of the concrete, which then diffuse to the surface of the
substrate through evaporation of the water.

Based on the results of the previously mentioned testing, we defined the key
wetting and drying phases as described in Fig. 5. A0 corresponds to a dry
concrete paver in equilibrium with environmental moisture as it has been
stored for several days at 23°C and 50 % relative humidity. At A2, the paver has
been subjected to 2 h of immersion, which simulates the surface of the con-
crete after a short rainfall, and it is noted that the paver has not yet reached
saturation. At A24, i.e., after 24 h of immersion, most of the water has reached
the bulk of the concrete paver, which is slowly reaching saturation and simu-
lates a concrete surface after a heavy rain. B0 corresponds to the highest degree
of water pick-up and is defined as a fully saturated wet concrete paver. B2 is the
phase where humidity and alkalinity are disappearing from the surface. B8 is
the time period where the speed of weight loss decreases substantially; how-
ever, the surface still shows signs of humidity. At B24 the surface is totally dry
but there is still humidity in deeper sections of the concrete. At B56, the paver
can be considered as fully dry, but weight pick-up continues to slowly decrease.

Results and Discussion

Table 1 summarizes the technologies of various sealants investigated in this
study. Beads of sealants were extruded from the packaging and applied directly
onto the surface of the drying concrete. Concrete pavers were held vertically in
order to assess the ease of application of the sealant in a vertical joint. On fully
wet substrates �B0�, only a few sealants showed an initial adhesion to the con-
crete; i.e., silicone S2, silyl-polyether SPE1, solvent-borne acrylic SB ACR. and

FIG. 3—pH testing on drying concrete pavers.
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FIG. 4—�a� Comparison of C 1s spectra acquired from dry and wet concrete surfaces.
�b� Comparison of Ca 2p spectra acquired from dry and wet concrete surfaces.
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the silyl-acrylate SA. All other sealants were very difficult to apply and to hold
on the wet surface. After 2 h of drying �B2�, all sealants were showing an ac-
ceptable wetting behavior on the surface of the paver.

Table 2�a� reports the mode of failure observed over the drying period of
unprimed concrete substrates as well as under water immersion aging. It can
be seen that only the silyl-modified polyurethane SPUR1 is showing good ad-
hesion to the wet substrate. This adhesion is already lost, however, when the
pavers are dried for 20 min prior to the sealant application, which shows that
the high level of water is boosting adhesion of the sealant. To a lesser extent this

FIG. 5—Definition of the wetting and drying phases.

TABLE 1—Packaging, generic technologies, and chemistries of sealant benchmarked.

Generic Technology Sealant Codes Sealant Chemistry Packaging
Silicones S1 Silicone alkoxy cartidge 300 ml

S2 Silicone oxima cartridge 300 ml

Urethanes PUR Polyurethane cartridge 310 ml

Acrylics SB ACR Solvented acrylic cartridge 310 ml

Hybrids SPE1 Silyl polyether cartridge 290 ml
SPE2 Silyl polyether cartridge 290 ml

SPUR1 Silyl polyurethane cartridge 300 ml
SPUR2 Silyl polyurethane sausage 600 ml

SA Silyl acrylate cartridge 310 ml
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TABLE 2—Peel adhesion testing on �a� unprimed and �b� drying concrete and after 55 °C
water immersion.
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phenomenon is also observed with SPUR2, which shows a boundary failure on
fully saturated pavers �B0�. Adhesive failure is reported when the drying period
is equal to or higher than 20 min �B20��. The solvent-borne acrylic exhibits a
cohesive failure mode on all pavers. However, the material stays very sticky and
this material exhibits very poor cohesive qualities. It seems that 28 days are
required to obtain a certain desirable cohesion in this product, but adhesion is
only obtained via interlocking, which is acceptable for sealants in joints ex-
posed to low movement. After 20 min of drying, only the silicone S2 and the
silyl-acrylate SA developed good adhesion to the concrete, which was main-
tained for both products over the drying period. With PUR, the adhesion starts
to develop only when the concrete is fully dried and adhesion after 28 days of
cure remains poor, indicating that adhesion strength is relatively weak in com-
parison to cohesive strength, which also increases as curing time is extended.
The two SPE sealants investigated exhibited very poor adhesion on wet and dry
concrete when applied vertically, and a slight improvement indicated by a
boundary failure observed after 28 days of cure when the sealant is applied
horizontally, indicating some improvement that is induced by gravity forces.
However, this weak adhesion is quickly lost during water immersion exposure.
For dry concrete, adhesion increases more consistently when the sealant has
been horizontally rather than vertically applied, but the differences observed
may also be the result of the additional 7 days of cure with these specimens.
After the first week of immersion, the silicone S1 sealant is the only sealant that
maintains a robust adhesion to the substrate. This adhesion is maintained after
a second week of immersion, confirming the long term stability of the bond
existing between this silicone and the substrate.

As can be seen in Table 2�b�, the use of a primer substantially improves
adhesion development and its durability. This is especially true for all sealants
based on silicon-cure technologies; i.e., silicones and silyl-modified organic hy-
brids. On fully wet substrate the primer acts as a barrier between the water and
the sealant. Consequently the accelerating effect of water on adhesion build-up
previously observed with the SPUR sealants cannot be detected once a primer
has been applied to the substrate. Interestingly, the adhesion of the PUR on wet
concrete �B0� has improved substantially on the primed pavers. With most seal-
ants, the adhesive performance now seems to be controlled by the adhesion
properties of the primer itself. This is confirmed by the infrared analysis of the
B0 samples that showed the following. The sealant surface in contact with the
concrete surface was analyzed with an attenuated total reflection Fourier trans-
form infrared spectroscope �ATR-FTIR�. All spectra are showing the presence of
a CvO vibration band at 1726 cm−1 characteristic of the primer used. The
only uncertainty lies with the silyl-acrylate sealant, which also shows an ab-
sorption peak in the same region. As can be seen the adhesion is developed on
concrete after two or more hours of drying, which corresponds to the time
when the alkalinity disappears from the surface. After this period a consistent
adhesion is observed with the two silicones, as well as the sealants SPE2,
SPUR1, SPUR2, and SA. After one week 55°C water immersion the two sili-
cones and SPUR2 maintain good adhesion but the adhesion is lost after the
second week of immersion for the SPUR2 sealant.

In order to better understand adhesion durability the Arrhenius model has
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been used and adapted to track the adhesion loss of various sealant technolo-
gies on glass and concrete �6,7�. On a nonporous substrate, adhesive failure is
primarily observed when there is no chemical bonding of the sealant. Most
sealant technologies are formulated with silane adhesion promoters to enhance
the formation of these chemical bonds and thereby improve the durability of
the joint. During cure, these silanes migrate from the bulk of the sealant to the
interfaces in order to equilibrate the concentration gradient created by their
consumption �8,9�. Generally, after complete cure of the sealant covalent bonds
are formed with the substrate, which on glass and concrete often consists of
silicate or siloxane wSi–O–Siw bonds, as shown schematically in Fig. 6. Ac-
cording to the Arrhenius model, the rate of hydrolysis of these bonds depends
on the activation energy of the transition complex formed.

Equation 1 describes the rate of disappearance of the chemical bonds at the
interface. After mathematical integration based on the initial conditions, Eq 2
is obtained describing the number of chemical bonds present at a given time
elapsed, where nB

0 represents the number of bonds initially present after cure.
For a given first-order chemical reaction, the kinetics constant k given by the
Arrhenius equation �Eq 3� depends mainly on the temperature �T� and the
activation energy �Ea�. If we suppose that the adhesive failure occurs at a con-
stant ratio nB /nB

0 of broken bonds, Eqs 3 and 2 can be combined to provide Eq
4, where the natural logarithm of time for adhesive failure is directly related to
the inverse of the temperature:

dnB

dt
= − knB �1�

nB = nB
0e−kt �2�

k = Ae−Ea/RT �3�

ln t = K� −
Ea

RT
�4�

As can be seen from the Arrhenius plot in Fig. 7�a�, the adhesion of silicone on
glass is very durable and temperature resistant. The linear plot of Fig. 7�b�
shows that more than 50 days are required to impair adhesion at 100°C, while
at room temperature adhesion is maintained for more than 250 days under

FIG. 6—Scheme illustrating chemical linkage between the sealant and the concrete.

GUBBELS AND CALVET, doi:10.1520/JAI101932 209



water immersion. The slope of the graphs, which is related to the activation
energy, is relatively smooth, indicating a relatively low impact of temperature
on the loss of adhesion. On unprimed concrete the slope is steeper, which
shows that the adhesion build-up is involving a different set of chemical bonds

FIG. 7—S1 silicone sealant on glass, on concrete, and on primed concrete �a� Arrhenius
plot; the bottom line indicates a loss of failure after 1 day of immersion. �b� Time to
observe adhesive failure mode on the substrate.
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and hence a different transition complex. Surprisingly, the priming of the con-
crete has a bigger effect on the slope of the graph than on its height. Activation
energies calculated from the Arrhenius plots are reported in Table 3, which
highlights that the loss of adhesion on a primed concrete is likely to occur
through a similar chemical reaction mechanism as that which occurs for seal-
ant adhered onto glass.

Figure 8 illustrates that the adhesion of hybrid systems is somewhat differ-
ent than the adhesion of silicone. Interestingly, the mechanism of failure of the
silyl-acrylate, and to a lesser extent the silyl-polyurethane does not strictly fol-
low the Arrhenius law, especially at high temperatures. This suggests that more
than one type of chemical bond is involved in the adhesion development and
that the activation energies of these bonds are different. The slope and the
height of the SPE1 sealant plot approach those of the SPUR1 sealant, which is
indicative of the similarities of both systems on glass. The polyether backbone

TABLE 3—Activation energies of various sealant technologies calculated from Arrhenius
plots.

Activation Energies �kJ/mol�
Glass Concrete Primed Concrete

S1 15.5 31.4 17.0
SPE1 63.0 57.9 —
SPUR1 54.8 44.6 —
SACR 47.3 26.0 —

FIG. 8—Arrhenius plot of S1, SPE1, SPUR1, and SA on glass; the bottom line indicates
a loss of failure after 1 day of immersion.
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present in both materials and its specific water absorption might be responsible
for this similarity. The silicone product is showing a more durable adhesion
that is especially notable at elevated temperatures. Figure 9 plots the adhesion
failures of the same products on unprimed concrete and while silicone is again
exhibiting superior adhesion durability, the slopes of plots for the various seal-
ants are now very similar, except for the SPE sealant, which does not follow the
Arrhenius model. This means that the sealants that are following the Arrhenius
model have closer activation energies on concrete than onto glass. Both the
silyl-polyether and the silyl-acrylate lose adhesion within 24 h when immersed
in water at 50°C, which confirms previous data indicating that their adhesion
on unprimed concrete is not durable.

Activation energies for the SA sealant on glass and the SPE sealant on
concrete have been calculated based on a linear model �Table 3�. These values
have to be taken with care as the systems do not follow the Arrhenius law. As
can be seen, the activation energies of the hybrid sealants studied are higher
than that of the silicone sealant evaluated. This might be due to the fact that the
hybrid sealants are formulated with tin catalysts, while the silicone studied
here is based on a titanate catalyst. As shown elsewhere, tin-catalyzed silicones
on glass have activation energies of hydrolysis closer to those of hybrid seal-
ants; i.e., 47.2 and 48.8 kJ/mol �8�. This suggests that the adhesion durability of
sealant formulations based on tin catalyst is more sensitive to temperature than
equivalent formulations based on titanate.

As a high value of the activation energy means that temperature has a
bigger influence on the rate of adhesive failure, the following rankings can be
made from the systems studied.

FIG. 9—Arrhenius plot of S1, SPE1, SPUR1, and SA on concrete; the bottom line in-
dicates a loss of failure after 1 day of immersion.
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Robustness of adhesion on glass and concrete over temperature variations:

Silicone S1 � silyl-acrylate SA � silyl-polyurethane SPUR1 � silyl

-polyether SPE1

Durability of adhesion on glass under water immersion:

Silicone S1 � silyl-polyurethane SPUR1 � silyl-acrylate SA � silyl

-polyether SPE1

Durability of adhesion on concrete under water immersion:

Silicone S1 � silyl-polyurethane SPUR1 � silyl-polyether SPE1 � silyl

-acrylate SA

Experimental

Water Pick-up

Water pick-up tests were carried out by immersing 30 by 30 by 4 cm3 precast
concrete pavers in a 20 L bath containing distilled water. In order to study the
wetting phases the pavers were weighed regularly until water saturation, i.e.,
until a stable weight, was measured. To study drying, saturated pavers were
removed from the bath and weighed over time. After saturation, the water
pick-up of the concrete pavers was between 1.6 wt % and 2.3 wt %. As concrete
pavers in this study have different histories and water contents, graphs have
been realigned on the saturation and dry plateaus observed on the drying and
wetting curves.

Tissue Testing

A sheet of 20 by 10 cm2 nonwoven tissue was weighed and then applied on a
drying concrete paver that was previously saturated with water. A brick of
2.23 kg was applied on the tissue for 2 min and immediately afterwards the
tissue was weighed. The measurement is expressed in grams of water absorbed
by the tissue.

pH Paper Testing

A pH paper �pH measurement range: 1–14� was applied on a drying concrete
paver that was previously saturated with water. If needed, a droplet of distilled
water was applied on the pH paper to ensure it was completely wet.
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XPS Analysis

The piece of concrete was removed from the water and bonded to a copper stub
using a double-sided adhesive tape. The concrete sample and stub were im-
mersed in liquid nitrogen to preserve the hydrated state. The sample was then
transferred as quickly as possible to the sample stage, which was maintained at
0°C during analysis. XPS analysis was performed using an Axis Ultra spec-
trometer �Kratos Analytical�. Samples were irradiated with monochromated X
rays �Al K�, 1486.6 eV� with photoelectrons analyzed from a selected area
700 �m by 300 �m, with a take-off-angle of 90°. All of the samples were ini-
tially analyzed in the survey mode �Pass Energy set at 160 eV�. Data processing
software was used to calculate the area under peaks representative of elements
detected, which were then normalized to take into account relative sensitivity
to provide relative concentrations. The samples were also analyzed in the high
resolution mode �Pass Energy set at 20 eV� to determine the chemical states of
the elements present at the surface from the same individual positions on each
sample.

ATR-FTIR Analysis

Sealant samples have been directly applied on the golden gate of the attenuated
total reflectance Fourier transform infrared spectroscope ATR-FTIR. The
equipment used was a FTIR 2000 �Perkin-Elmer�, accessory: MKII Golden-gate
Single Reflexion ATR.

Number of scans: 15; resolution: 4 cm−1; range: 4000 cm−1 to 450 cm−1.

Finger Peel Adhesion Testing on Wet and Dry Concrete

Wet concrete pavers were immersed 56 h prior to application of the sealant.
Sealants were then applied vertically on the drying substrates according to the
time defined. On primed substrates, a primer for silicones was applied verti-
cally at the timing defined by the drying phases and left 1 h to cure prior to the
application of the sealant. Directly after sealant application, a spatula was used
to smooth the bead and apply a gentle pressure to favor initial wetting and grip
of the sealant. Water immersion ageing has been carried out on dry concrete
pavers. On these pavers, the application of the sealant and the optional primer
were done horizontally. For the primed substrates, the primer was applied
1 hour prior to the sealant application. Concrete pavers were left for 28 days to
cure and tested. Afterwards, they were immersed for 2 weeks in 55°C water.
The test was carried out after 1 and 2 weeks. Finger peel testing was carried
out using a sharp razor blade to induce a cut between the substrate and the
sealant. The bead of sealant was then peeled off by hand and the mode of
failure reported.

Arrhenius Testing

Tensile-adhesion joints �“H-pieces”� of 12 by 12 by 50 cm3 dimensions were
prepared in accordance to ISO 8339 �10� with glass or DIN EN 1323 �11� con-
crete from Rocholl GmbH, Aglasterhausen, Germany using polytetrafluoroeth-
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ylene �PTFE� spacers to facilitate demolding. The non-tin side of float glass was
selected using a UV lamp and cleaned with a mixture of isopropanol �IPA�/
acetone 75/25 1 h prior to the application of the sealant. Dust on concrete was
removed with the help of a rigid plastic brush and then cleaned with a mixture
of IPA/acetone 75/25 1 h prior to the application of the sealant. Optionally, the
primer was applied on concrete 1 h prior to the application of the sealant.
Tensile adhesion joints according to ISO 8339 standard �10�, i.e., H-pieces were
left to cure in a climatic chamber for 28 days at 23°C 50 % relative humidity
�RH� prior to water immersion. For each measurement, ten H-pieces were im-
mersed at the defined temperature in water and adhesion was gently tested
every day on all �20� substrate interfaces of the ten H-piece specimens. Adhe-
sion failure was reported when one side of the H-piece started falling apart
from the sealant with a very gentle force applied by hand. The substrates were
left in the water bath until all 20 substrate interfaces have shown failure. The
time of failure reported in the graphs is the arithmetic mean calculated from
these 20 measurements.

Conclusions

Adhesion development of various sealant chemistries has been explored on wet
and dry concrete showing that for most technologies adhesion is enhanced
when sealants are applied after the first two hours of drying. This indicates that
the alkalinity and/or surface moisture are the major factors responsible for the
poor adhesion observed on wet concrete.

This critical timing also affects the adhesion development of the primer on
the substrate.

In terms of adhesion development on a wet surface, the results highlight
that the differences are more related to formulation within a sealant family
than to the binder chemistry itself.

On dry concrete, the adhesion development is primarily related to the seal-
ant �binder� technology and only secondarily to the sealant formulation.

Even if it is not applicable in all circumstances, the Arrhenius model is a
convenient tool to investigate the durability of adhesion and compare sealant
technologies among each other.

Adhesion properties of titanate-catalyzed silicones are the least influenced
by temperature variations under water immersion both on glass and concrete.
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Jerome M. Klosowski,1 Edward S. Breeze,2 and
David H. Nicastro3

Cleaning Silicone Residue from Glass

ABSTRACT: Silicone sealants have been used widely in the waterproofing
industry because they resist deterioration. However, residue from silicone
sealant �or from pre-formed silicone seals� can be difficult to remove from
adjacent surfaces, if it contacts these surfaces inadvertently from improper
application or fluid run-down. This article focuses on the challenge of remov-
ing silicone residue from window glass. Several of the likely sources of the
silicone residue are discussed, along with the difficulty of measuring the
presence of the colorless and odorless thin residue film. The testing used
commercially available cleaners and digesters to attempt to remove the sili-
cone residue. The results were mixed and largely inconclusive; however, the
test methodology developed can be used for further study by additional labo-
ratories.

KEYWORDS: sealant joint, silicone, fluid migration, glass

Introduction

The silicone polymer was developed in the 1930s. It was developed into a build-
ing sealant in the 1950s, with widespread acceptance and international use in
the 1970s. Silicones are now manufactured by at least eight major manufactur-
ers. Many silicone sealants contain silicone plasticizers that are used to in-
crease pliability. The plasticizers lower the modulus of elasticity and allow the
sealant to expand and contract more easily, resulting in greater joint movement
capability and the ability to stretch with less stress on the substrate, aiding
long-term adhesion. These plasticizing polymers do not react post cure with the
other components of the sealant; the plasticizers remain loose within the seal-
ant matrix and can migrate onto exterior building surfaces �fluid migration� �1�.
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The molecules in any cured sealant, including the plasticizers, are in mo-
tion. As the sealant gets warmer, the rate of movement of the molecules in-
creases. This atomic motion is not of consequence for the atoms and molecules
that have reacted and become part of the sealant system; however, the plasti-
cizer molecules that are loose within the sealant matrix will migrate. Some of
the plasticizer molecules eventually migrate to the edge of the sealant and onto
or into the adjacent surfaces �2�.

Plasticizers are not unique to silicone-based sealants. However, silicone
sealants and their plasticizers are highly resistant to degradation when exposed
to weather. The plasticizers used in other sealants tend to degrade and disap-
pear as ultraviolet light, moisture, and heat affect them. The silicone plasticiz-
ers do not degrade within modern building life spans.

If the plasticizer is a short chain molecule, when it gets to the surface of the
sealant it will slowly evaporate because of its solvent properties. These small
molecule plasticizers are good for helping sealant extrusion rates but provide
little value in obtaining the greater elongation and lower modulus properties
that are imparted by the larger plasticizer molecules. As the molecules get
larger and larger, their properties change from solvent-like characteristics,
through oil-like characteristics, to grease-like characteristics; besides increas-
ing the elasticity properties of the sealant, the larger molecules increase the
propensity for dirt pickup and dirt retention ability.

Observations of Plasticizer Performance

At a macroscopic level, the plasticizers feel like a residue. The silicone residue’s
molecular weight and viscosity affect the dirt pickup and clean-ability. It is
comparable to cleaning petroleum-based oil from the garage floor with sawdust
or cat litter: If the oil is low viscosity, almost solvent-like, it will be readily
absorbed into the granules, and when the granules are swept up they will take
the absorbed oil. If the oil is high viscosity, almost grease-like, the absorption
into the granules is very slow or non-existent, and sweeping up the grease and
granule mix just spreads it around.

Now consider low molecular weight, low viscosity, silicone plasticizer resi-
due on glass. Ambient dust hits the glass, and the residue is absorbed by the
dust and gets blown away. However, if the residue is of higher molecular
weight, higher viscosity �more grease-like�, the dust will land on the residue but
the residue will not be absorbed into the dust. Rather, the dust will adhere to
the residue. The silicone plasticizer residue is colorless and invisible but the
accumulation of dirt causes the window to appear to be dirty.

Typically, window washers clean the windows using detergent solutions
that are applied and wiped off with squeegees. On glass with silicone residue,
however, the dirt held by the residue is removed but the residue itself remains.
The glass appears to be clean, but the invisible silicone plasticizer residue is
still there. It then captures and holds more dust, probably at a faster rate than
glass without residue. The added cost of more frequent cleaning is a concern
for facility owners, managers, and maintenance personnel.

The plasticizer in some silicones may continue to migrate for many years
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through bleed out, run-down, or absorption. If the silicone sealant is prone to
plasticizer migration, the normal time for migration to begin to be a problem is
between 1 and 2 years, based on the authors’ experience. If removed from the
glass, it will slowly return during a comparable period.

Residue Removal Tests

Many people have reported success at removing silicone plasticizer residue
from glass as they cleaned the dust off of the glass. We polled contractors that
are members of the Sealant, Waterproofing, and Restoration Institute �SWRI�
to provide information on materials and methods they had used to remove
silicone plasticizer residue from glass. Many responses were received including
commercial products available from building supply stores and specialty prod-
ucts advertised for the removal of silicone. 12 of the most common recommen-
dations received were used in this study.

It was interesting to note that most of those who reportedly cleaned the
glass did not test to confirm whether the silicone plasticizer was actually re-
moved. This type of testing is fundamental for evaluation of cleaning results. A
variety of analytical testing methods were explored and contact angle was the
chosen technique for this evaluation �Figs. 1 and 2�.

Using only one type of glass, the contact angle for clean glass can be repro-
duced with reasonable consistency �surface roughness and surface energy
could attempt to be unitized�. Thus, it was reasoned that the silicone was re-

FIG. 1—The tangent angle of a bead of water on an oily surface at the point of contact
of the water and the oily surface is typically between 90° and 110°. This angle is called
the contact angle.
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moved from the test specimen if the contact angle after cleaning was similar to
that of glass that was similarly cleaned but had never been contaminated with
silicone. This holds true if any surfactant is completely removed, which may
not always be the case in field application.

The study was designed to test cleaning products used in a manner consis-
tent with the methods window washers typically use. While some manufactur-
ers recommended that their product remain in contact with the contaminated
glass for several hours or even overnight �the dwell time�, this study was per-
formed by leaving the products on the glass for a maximum of 45 min. It is our
opinion this is consistent with the practices in glass cleaning using suspended
scaffolding on a zone-by-zone production basis. Longer dwell times may be
realized in other commercial building locations; however, this may be the sub-
ject of future study.

The most difficult silicone plasticizers to clean are generally the ones with
higher viscosity; however, a range of plasticizers are in use by the silicone seal-
ant manufacturing industry. In this study 1,000 cS kinematic viscosity �1,000 cP
cm3/g� silicone residues �trimethylsilyl ended polydimethysiloxanes� were used
to contaminate glass specimens that were then cleaned by the tested cleaners.

Experimental Method

Two sets of experiments were conducted to evaluate the effectiveness of the
cleaning materials. Initially, the cleaners were tested while the glass was lying
in a horizontal position. During evaluation of the findings, it was determined

FIG. 2—The contact angle of a bead of water on very clean glass is typically between 10°
and 60°, depending on the microscopic roughness of the glass surface and the surface
energy of the glass.
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that viscosity may play a role in the cleaning materials efficacy because many of
the materials require extended dwell times for the silicone digesters to react;
however, their viscosity did not allow for continuous wetting in a vertical posi-
tion �matching the orientation of in-place building glass�. Thus, the horizontal
testing application would not reflect field application. A second round of experi-
ments was conducted using glass cleaned in a vertical orientation.

A Goniometer VSA 2000 was used to measure the contact angle. This de-
vice captures video of a liquid bead on the glass surface and expands the pic-
ture 250 times and allows freezing of the picture for analysis. For this study, a
bead of water was touched to the glass and allowed to spread for 5 sec., then
the picture was frozen. The cross section was displayed and the contact points
to the glass, the top of the bead, and the mid-point of each side were electroni-
cally marked. Software within the goniometer then calculated the contact angle
of each side of the bead cross section. This procedure was repeated three times
on each glass slide; the contact angle reported is the average of the six angles
�two sides each of three beads�. In some cases all six values for a cleaning
material were similar, while in other cases the bead was asymmetrical, indicat-
ing potential inconsistencies in the cleaning.

The glass chosen for the study consisted of 2�3 in. microscope slides.
Each slide was washed with commercial grade isopropyl alcohol �diluted 70 %
in water�. The alcohol was applied liberally and wiped off with clean commer-
cial toweling. Each slide was cleaned twice with this technique. When thor-
oughly dry, some clean slides were set aside to serve as controls, and silicone
plasticizer was applied to the remaining slides. The silicone fluids were liberally
applied and allowed to rest on the glass up to 24 hours. The silicone fluid was
then wiped off thoroughly with a paper towel, and then re-wiped with a second
clean paper towel. The thorough wiping of the silicone left only a thin residue,
intended to represent field conditions. To confirm the presence of silicone oil, a
bead of water was applied to the surface of each slide; in each case the bead
held its shape and had a very high contact angle.

The contaminated slides were labeled, and then a contaminated slide and a
control slide were cleaned using the cleaner to be evaluated. The cleaner was
applied to the slide and allowed to rest on the glass for 30 min during horizon-
tal orientation testing and 45 min in vertical orientation testing. Then the glass
was rinsed with flowing tap water and wiped dry with commercial cotton in-
dustrial work towels. The cleaned slides were wrapped in fresh paper towels for
storage, and them the contact angle was measured on each slide �Fig. 3�.

Summarizing, contact angles were measured on the following:
• Glass cleaned with alcohol.
• Glass cleaned with alcohol and then cleaned with each industrial

cleaner.
• Contaminated glass cleaned with industrial cleaner.
• Contaminated glass that was wiped off, but not cleaned with industrial

cleaner.
As with all strong solvent combinations, and strong acid pastes, care in

handling is fundamental. This paper does not purport to address all of the
safety concerns, if any, associated with their use. It is the responsibility of the
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user of any chemical to establish appropriate safety and health practices and
determine the applicability of regulatory limitations prior to use.

Observations

Some of the evaluated cleaning materials consisted of solvents intended to
place the silicone plasticizer back into solution and then be wiped away �often
containing manufacturer’s recommendations for more than one application�.
Others consisted of acids intended to break apart �digest� the silicone plasti-
cizer so that it could be removed from the surface with water.

In order to avoid advertising a single or set of products we have removed
the manufacturer’s names from the sample materials tested. The cleaning solu-
tions are grouped by viscosity, low or high. For each cleaning material, the first
column represents the control sample slide that was not exposed to silicone oils
but was cleaned with the tested cleaning material; the second column repre-
sents slides that were contaminated with silicone oils and then cleaned with the
tested cleaning material. Therefore, a material that cleans well would have a
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FIG. 3—Flowchart of slide evaluation.
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low value in the “Silicone Contaminated” column of Figs. 4, 5, and 6. �Note that
the cleaning solution number is consistent for the material used in Figs. 4 and
5. Low/high refers to viscosity of the cleaning solution. S/D refers to solvent
type or digester type cleaning solution. Samples 6, 7, and 9 were not available
during our initial horizontal orientation experiments; they were received later
and included in the vertical orientation experiments�.

Additional evaluation of the data yielded the following charts for viscosity
and solution type. Chart 3 indicates that the higher viscosity materials, on av-
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FIG. 4—Horizontal slide testing.

Chart 2 : Vertical Testing
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FIG. 5—Vertical slide testing.
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erage, cleaned more silicone residue from the glass than the lower viscosity
materials. Additionally, the silicone digesters, on average, also removed more
silicone residue from the glass surface than the solvent materials.

Findings

Four of the solutions evaluated consisted of high viscosity, paste- or gel-like,
solutions. These products were able to be smeared on the glass in both the
horizontal and vertical orientation and retained their contact with the glass
without flowing off of the surface. Because each manufacturer recommended
dwell times related to their product, we suspected that the high viscosity ma-
terials would fare better in the testing.

Eight of the cleaning solutions were low viscosity and ran easily from the
surface, making dwell times on the vertically tested glass difficult to achieve.
We found that some of these solutions were not effective on vertical or hori-
zontal cleaned glass. One exception to this was a low viscosity solution that
performed particularly well in both applications.

Error and Bias

We found some anomalies in the testing related to isolated cleaning solutions.
The most disconcerting data was the variability in the values achieved with
glass that was never contaminated with silicone residue. There was a low value
of 11° of contact angle in one case for a material cleaned with a high viscosity
cleaner.

For the 11° average, each of the three beads was nearly flat. In trying to
rationalize how this glass could be giving greater wetting than non-

Chart 3: Averages
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contaminated glass cleaned with other techniques, we considered that the
cleaner may have left a surfactant �wetting agent� on the surface that caused a
flatter bead than clean glass. However, if the surfactant was not somehow at-
tached to the glass, it should wash off. Thus, this slide was rinsed with water for
approximately 1 min with constant rubbing. The contact angle was measured
again and there was no change. A second attempt to remove any residual sur-
factant was performed by rinsing the glass with acetone. After the acetone
rinse, a recheck of the contact angle again showed no change.

Next, we considered that this cleaner has a pumice component; on the
slides that were cleaned with scrubbing action using abrasive action, it is pos-
sible that the surface was microscopically flattened. A flatter surface would
allow a flatter bead. An alternative explanation is that the pumice provided a
very finely divided solid that filled in microscopic voids in the surface of the
slide, resulting in a smoother surface than the other cleaned slides, and thus
allowed the water to spread more.

It may be noted that the studies on uncontaminated glass exhibited wide-
spread or inconsistent data. We reasoned that most of the contact angle differ-
ences are based on differences in the microscopic roughness on the surface;
this is most dramatically illustrated by comparing the 80° contact angle on
slides from one manufacturer compared to the 64° contact angle on slides from
another manufacturer. This was performed prior to selecting one type of glass
for each experiment. Note also that this was confirmed by repeated testing on
several different glass slides from these two sources and on two different occa-
sions.

Additional consistency in data may be achieved by the volumetric control
of the water droplet, ensuring that each droplet is identical in size and proxim-
ity to the camera lens.

It is our opinion that the results shown represent the materials tested using
the methods outlined. Different methods may yield varied results. Longer con-
tact times for the low viscosity materials as well as heavier or repeated appli-
cations may also affect the cleaning results. Buffing action of the pumice-
containing solutions may also improve performance.

Additional study in the future may also include measurement of surface
energies of the glass surfaces for consistency between the specimen beds.

Conclusions

Each of the 12 cleaning materials evaluated advertised that they remove sili-
cone from surfaces. We found that few were actually effective when used in this
test to simulate field application. Three of the cleaners tested held promise for
cleaning vertical glass. Two of these were thicker, milky or gel-like consistency,
and one was a watery solvent-type material.

Variability was observed in the contact angle values achieved with glass
that was not contaminated with silicone residue. There was a low value of 11°
in one case only and that was when the slide was cleaned vertically with high
viscosity cleaning material that also contained pumice.

Generally, the strong silicone digestants �like sulfonic acids or citrus type
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acids�, especially in paste consistency, allowed longer duration and constant
contact when applied to vertical glass and appear to give acceptable silicone
removal results. Only one of the commercial solvent �low viscosity� mixtures
was effective in silicone removal under this testing scenario. From a practicable
standpoint, the pastes were more easily controlled on the vertical surface of the
glass and all were water soluble �miscible� and thus easy to rinse off after
cleaning.
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ABSTRACT: Ultra-high performance concrete �UHPC� with its unique mate-
rial properties is suitable for the application of adhesive bonding as a joining
technique. The results presented in this paper were generated as part of a
research project aimed at investigating the properties of UHPC adhesive
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Introduction

Adhesive bonding of structural members made from ultra-high performance
concrete �UHPC� is a new method for joining structural elements in the con-
struction industry. UHPC is characterized by a very dense and homogeneous
microstructure free of capillary pores resulting in a steel-like compressive
strength of up to 200 N/mm2, an improved surface tensile strength of about
6–8 N/mm2, and a significantly improved durability. Thus UHPC is an ideal
material to adopt adhesive bonding technologies to concrete.

In the past, the structural bonding technique has changed the design and
construction methods in other fields of engineering such as automotive and
aircraft construction. Adhesive bonding technology has a number of advan-
tages compared to conventional joining techniques. Shear or tension stresses
are transmitted from one structural element to the other over a large contact
area, thus avoiding the formation of high compression or tension stress con-
centrations. Adhesive bonding allows for the joining of materials with different
structural and surface properties while not affecting the material properties of
the joining partners.

The superior material properties of UHPC are shown in Table 1 exemplarily
for the concrete mixture used in building the Gaertnerplatz Bridge in Kassel,
Germany �1�. This pedestrian bridge spans a river named Fulda over a length of
about 140 m and was constructed with precast concrete �UHPC�. Bridge slabs
of the Gaertnerplatz Bridge are approximately 8–12 cm thick. This bridge is the
first wide span bridge in the world consisting of load bearing structural UHPC
elements being exclusively bonded together using an epoxy �EP�-based adhesive
without any additional mechanical devices �2�.

Adhesives based on organic polymers are widely used in the joining of
assembly parts. EP and polyurethane �PUR� resins are two examples of binders
used in commercially important modern civil engineering adhesives. EP resins
have been used already for a long time in applications involving regular con-
crete surfaces. For the past two decades major applications focused on the
reinforcement of existing buildings by the use of carbon fiber reinforced plastic
plates �3,4�. Another adhesive technique is used in the construction of segmen-
tal bridges, where adhesives are utilized to temporarily fix precast bridge seg-
ments during the construction process �5�. However, in this application, the

TABLE 1—Structural properties of the UHPC composition M1BS with 1.0 vol % steel fibers
in comparison to normal concrete �values given in N/mm2�.

Structural Properties
M1BS

�N/mm2�
NC 30/37a

�N/mm2�
Compressive strength 179 37
Tensile strength 9 �3.7
Flexural tensile strength �beams� 19.6 ¯
Surface tensile strength 6–8 1.5–2
Water/binder ratio 0.19 0.55
Cement content �kg/m3� 650–835 300
aAccording to Ref 6.
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adhesive acts much like a sealant and is not required to bear loads in the
finished bridge. The use of adhesive technology in the load bearing joining of
concrete elements could not be implemented until recently due to the inappro-
priate mechanical properties of ordinary concretes. In this paper, the results
from a research project titled “Adhesive Bonding of UHPC Structural Mem-
bers” are presented. This project was funded by the German Federation of
Industrial Research Associations �Arbeitsgemeinschaft industrieller Forschung
e. V. or AiF�. Project partners are the University of Kassel and the Technical
University of Braunschweig.

Ultra-High Performance Concrete

UHPC is a cement based material with a compressive strength of more than
150 N/mm2 up to 200 N/mm2 �measured on a cylinder specimen; see Table
1�, which is comparable to that of steel. The high compressive strength of
UHPC is achieved by a balanced mixture of different reactive and inert coarse-
and fine-grained mineral fillers. In order to achieve suitable bi- or poly-modal
particle size distributions, particle sizes in modern UHPC range from macro-
scopic grains �sand� to nanoscopic particles with diameters of less than 100 nm
�micro-silica or nano-silica� �7,8�. The high packing density of the particles
results in very dense concrete structures free of capillary pores. Figure 1 shows
the pore size distribution of UHPC in comparison to those of regular concrete
and HPC.

As shown in Table 1, the tensile strength and the surface tensile strength of
UHPC are also much higher than the corresponding properties of traditional
concretes, which is mainly due to the use of steel fibers as reinforcement in

FIG. 1—Pore size distribution of UHPC compared with ordinary concrete and HPC.
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UHPC �9�. In the literature this material is also referred as ultra-high perfor-
mance fiber reinforced concrete. Steel fibers are introduced into the mixture in
order to increase the ductility of the very dense and brittle cement matrix struc-
ture of UHPC. This technique achieves a sufficient level of safety in the design
of buildings made of UHPC.

The UHPC compositions used for the experiments described in this paper
are listed in Table 2. In general the mixtures can be classified as fine-grained
�M1Q and M2Q� �maximum grain size of 0.5 mm� and coarse-grained mixture
B4Q �maximum grain size of 8 mm�. Note that the mixture M2Q contains a
higher amount of cement than mixture M1Q. As shown in Table 2 each of the
three mixtures was used with different amounts of steel fibers varying from 1.0
to 2.5 percent by volume. The steel fibers were of 17 mm in length and 0.15 mm
in diameter. Because of the large sized aggregates, composition B4Q could be
mixed only with a steel fiber content of up to 1.75 percent by volume.

Adhesives

At the beginning of the research project, 14 commercially available two-part
adhesives were considered �10�. These polymer based materials were selected
from adhesives that are regularly used to bond steel, light metals, wood, and
glass or carbon fiber based reinforcements to concrete. After a screening pro-
cess five adhesives were selected for further investigations. Table 3 shows an
overview of the characteristic properties of all of the adhesives, eight of them
being based on EP resins and six of them being based on PUR resins. All adhe-
sives were classified by their density, pot life time, viscosity, and flexural
strength. Five of the adhesives were filled with up to 85 mass percent of fine
mineral quartz powder to improve their rheological behavior and to adapt their
material properties �e.g., thermal expansion coefficient� to those of the con-
crete.

The mechanical strength as the cohesive behavior of the adhesive material
was determined in tests on 20�20�80 mm3 prisms prepared from the two-
part adhesives by molding in a copper form. After 24 h the polymer prisms
were demolded and further on stored for 7 days at 20°C and 65 % relative
humidity. The four-point flexural bending tests on the prisms were performed
in the same device as used for testing cement mortar prisms according to Ref.
11. The results of the flexural tests are shown in Table 3. Due to the high
flexibility of many of the PUR adhesives, the flexural strengths could not be
determined for these materials, as their plastic deformation exceeded values,
where the basic theory of flexural bending is not valid at all. Adhesive No. 5
�two-part EP� showed the highest strength value of 56.4 N/mm2, while adhe-
sive No. 14 �two-part PUR� showed a value of only 16.5 N/mm2.

Pretreatment of UHPC Surfaces

A well balanced combination of cohesion and adhesion is of high importance
for the overall strength and durability of an adhesive joint. Adhesion between
the substrate surface and the adhesive is often differentiated into molecular
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TABLE 2—UHPC mixtures studied.

M1 M2 M3 M4 M5 M6 M7 M8
Flexural tensile bending strength N/mm2 22.9 37.5 45.8 22.7 40.5 45.3 20.2 22.5
Steel fiber content �fibers of 17 mm length� kg/m3 77 134 192 77 134 192 78 136

% 1.00 1.75 2.50 1.00 1.75 2.50 1.00 1.75
CEM I 52,5 HS-NA kg/m3 733 832 650
Water kg/m3 161 166 158
Sand 0/0,5 kg/m3 1008 975 354
Quartz powder 1 kg/m3 183 207 325
Quartz powder 2 kg/m3 0 0 131
Micro-silica kg/m3 230 135 177
Basalt 2/5 kg/m3 0 0 298.53
Basalt 5/8 kg/m3 0 0 298.53
Superplasticizer kg/m3 28.5 29.4 30.4

M1Q M2Q B4Q
Fine-grained Coarse-grained

Note: Bold text indicates denominations of UHPC mixtures and grain size classes in Germany.
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TABLE 3—Properties of the adhesives and binders. EP: epoxy; PUR: polyurethane.

Number Type
Density
�g/cm3�

Application
Temperature

�°C�

Pot Life
at 20°C

�min�
Consistency at

20°C
Mineral Filler

�mass %�
Flexural Strength

�N/mm2�
1 Two-part EP 1.60 10–25 90 Thixotropic 75.7 30.4
2 Two-part EP 1.65 8–30 40 Highly viscous 74.0 53.4
3 Two-part EP 1.50 5–35 60 Highly viscous 48.2 55.4
4 Two-part PUR 1.52 7–35 60 Highly viscous 79.3 54.5
5 Two-part EP 1.65 8–35 60 Thixotropic 79.0 56.4
6 Two-part EP 1.33 8–30 50 Thixotropic 32.6 40.4
7 Two-part PUR ¯ ¯ ¯ Low viscous 18.0 51.5
8 Two-part PUR 1.45 10–30 30 Low viscous 35.7 10.9
9 Two-part PUR 1.50 10–35 60 Highly viscous 50.4 *
10 Two-part EP 1.33 7–35 20 Low viscous 26.1 43.2
11 Two-part PUR 1.49 7–35 35 Low viscous 27.5 24.8
12 Two-part EP 1.35 10–35 90 Thixotropic 80.5 29.7
13 Two-part EP 1.31 10–35 60 Thixotropic 42.7 42.5
14 Two-part PUR ¯ ¯ ¯ Low viscous 48.9 16.5

Note: �*� indicates inability to perform measurement.
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interactions and mechanical interlocking on rough surfaces. The specific adhe-
sion �molecular interaction� originates from electrostatic interactions and van
der Waals forces and has an effective range of only a few nanometers �12�. The
mechanical adhesion depends on the surface roughness of the substrate and
the wetting ability of the adhesive on the substrate; the latter property is im-
proved by a high specific surface energy of the substrate and a low viscosity of
the adhesives, allowing it to permeate into the microstructure of the substrate
surface. Therefore, it is important to maximize the contact area between adhe-
sive and substrate by increasing the surface roughness of the substrate.

Another important effect of the roughening of UHPC surfaces is the re-
moval of a potentially weak surface layer �layer in contact to the formwork�
caused by segregation of cement lime or water from the concrete �“laitance”� or
by residues of form release agents used in the molding process of UHPC. The
methods used for pretreatment are sandblasting or grinding of the surface of
the hardened concrete or the application of a retarding agent to the surface of
the fresh concrete, preventing the cement paste from hardening thus enabling
easy removal of the laitance from the hardened concrete to expose the aggre-
gates. Examples of the differently pretreated surfaces are given in Fig. 2.

Sandblasting was done manually by the use of fine-grained slag granulates.
The increase in surface roughness was controlled visually. As shown in Fig. 2,
by sandblasting and the application of a surface retarder, a layer about 1–2 mm
thick of the UHPC surface was removed and thus single steel fibers were ex-
posed. Embedding the exposed fibers into the adhesive can reinforce the poly-
mer joint by improving the flexural strength as well as the ductility of the
bonded specimen. If the surface was ground with a rotary diamond bur tool, a
layer of approximately 1–2 mm was removed. However, in this case, the texture
of the surface was smooth with microfine grooves and steel fibers were com-
pletely cut off; no fibers were exposed.

In order to evaluate the surface roughness of specimens with the different
pretreatments, the topography of selected specimens with sandblasted �Fig.
3�a��, ground �Fig. 3�b��, and retarded �Fig. 3�c�� surfaces was determined in
comparison to a non-modified formwork surface �Fig. 3�d�� using a stripe pat-
tern light projection device with a height resolution of about 10 �m. Figure 3
shows the textures. From the topographical data the roughness coefficients Ra
�arithmetic average of absolute height data� and RRMS �root mean squared
height data� were calculated �13�. Ra characterizes the surface roughness am-
plitude parameters based on the vertical deviations of the roughness profile
from the mean line. Table 4 shows the roughness data of differently pretreated
UHPC surfaces. The roughest surface texture is achieved by sandblasting �Ra
=40.0 �m�. The roughness values achieved by grinding or the application of a
retarding agent are lower—the latter due to the fact that a fine-grained UHPC
has been tested. The roughness data calculated from the topography measure-
ments conforms to the visual impression of the surfaces.

Selection of Adhesives and Ultra-High Performance Concrete
Composition

From the list of 14 adhesives given in Table 3, five appropriate adhesives were
selected in a prescreening process for evaluation in comprehensive strength
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and durability tests on bonded composite specimens. UHPC prisms of 40
�40 mm2 cross section and 160 mm length were prepared, each consisting of
two halves �40�40�80 mm3�. The concrete prisms were made from mixture
M4. They were cast and stored according to Ref 6. After 7 days they were sawn
in the center and stored for another 4 days at 20°C and 65 % relative humidity.
Then the sawn surfaces were pretreated �see Fig. 2� and glued together without
applying any further pressure. The adhesive was allowed to cure for 7 days at
20°C and 65 % relative humidity. The prisms were tested in a four-point flex-
ural strength testing setup as shown in Fig. 4 according to Ref 11. The defor-
mation rate was 0.02 mm/s �measured at mid span�.

Results of the flexural tests on bonded prisms are shown in Table 5. The
flexural tensile strengths range from 1.9 to 28 N/mm2. The adhesives were
classified by their fracture patterns as well. In general, three typical fracture
patterns were detected: Sudden cohesive failure within the adhesive itself, sud-
den fracture directly at the interface between adhesive and UHPC, and a ductile
failure of the concrete in a range of 3–6 mm beneath the bonded joint, which
can be clearly separated from boundary failure modes because of visible fibers

FIG. 2—Typical surface of UHPC prisms cross section of 40�40 mm2 before and after
modifications: Sandblasting �a�, ground �b�, retarder �c�, and unmodified form surface
�d�.
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pulled out of the concrete matrix. In the first two cases, respectively, the cohe-
sive strength of the adhesive or the adhesion forces between the adhesive and
the substrate were too low. The latter case is a ductile failure of the concrete
under full activation of the fibers and has a fail safe characteristic. For safety
reasons a ductile fracture behavior is more desirable than a high bending
strength value if this is combined with sudden failure. The ductile failure mode
was observed for adhesive Nos. 1, 4, and 5. Considering the processability prop-
erties of the adhesives listed in Table 3, as well as the fracture behavior and the
flexural tensile strengths provided in Table 6, five adhesives, Nos. 1–5, were
selected for further experiments.

In order to select the most suitable UHPC mixture, all mixtures �M1–M8�
and all methods of surface pretreatment were tested in combination with the
selected adhesives Nos. 1–5. In addition a non treated plain surface was in-
cluded as reference. In general the specimens were prepared and stored in
accordance with the procedure used for the screening tests and the same four-
point flexural tensile test method was performed. Comparing the results �Fig.
5�a�–5�d��, it can be seen that the sandblasted surfaces �a� tend to result in
higher strengths while ground �b� and retarded surfaces �c� are generally of
lower strengths and have larger variability in the values. Unmodified surfaces

(c)

(d)

(a)

(b)

FIG. 3—Surface structures of UHPC specimens after pretreatment. �a� Sandblasted, �b�
ground, �c� retarding agent, and �d� non-modified formwork surface.

TABLE 4—Comparison of roughness data.

Sandblasted Ground Retarding Agent Smooth Formwork Surface
Ra ��m� 40.0 36.8 35.4 33.8
RRMS ��m� 51.2 46.3 44.1 42.3
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�d� achieved more uniformly distributed values because of the cement rich
laitance. Typically, adhesive No. 5 achieved higher strengths than the other
adhesives, while adhesive No. 3 often gave the lowest strengths. To reduce the
variables and influences associated with the surface treatments and adhesive
materials listed in Fig. 5, the load bearing capacity of all specimens is displayed

FIG. 4—Test setup for four-point flexural tensile strength experiments according to Ref
11.

TABLE 5—Flexural tensile strength and fracture pattern in the pretests used to select the
adhesives.

Adhesive
Number

Max. Flexural Strength
�N/mm2� Fracture Pattern

12 10.2 In adhesive layer
2 21.2 In concrete
3 22.9
6 18.7
13 22.0
1 17.6 Close to interface

in concrete4 16.1
5 28.0
10 24.4
11 15.7
14 10.9

7 10.9
At interface,

foaming
8 1.9 At interface
9 2.9
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TABLE 6—Combinations of temperature and relative humidity studied.

Temp.

20°C −15°C/20°C 40°C 5°C
Outdoor
Exposure

Relative
Humidity 65 % �90 %

10 times: 1 day water,
3 days, �90 %,

3 days 65 %

28
freeze-thaw

changes 65 % �90 %

10 times: 1 day,
water, 3 days

�90 %,
3 days 65 % 65 %

Under roof
�180 days,
360 days�

Free
�180 days,
360 days�

�1� �1� �1� �1� �1� �1� �1� �1� �1� �1�
�2� �2� ¯ ¯ �2� �2� ¯ ¯ �2� �2�

Note: �1� Short-term load �four-point-bending strength test after 56 days of exposure� �prisms�. �2� Exposure under shear load �test
specimen B�.

K
R

E
LA

U
S

E
T

A
L.,

doi:10.1520/JA
I101990

237



(a)

(b)

(c)

(d)

FIG. 5—Flexural tensile strengths of �a� sandblasted, �b� ground, �c� retarded, and �d�
non-modified UHPC surfaces, depending on the concrete mixture and adhesive used.

FIG. 6—Averaged flexural tensile strengths with adhesive Nos. 1–5 and all methods of
surface pretreatments.
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for the eight different UHPC mixtures as substrate materials in Fig. 6. When
comparing the mean strengths and the deviations, mixture M6 achieved the
highest strengths and the fracture behavior was most often ductile. Therefore
this mixture was used for further experiments on the durability of bonded
UHPC specimens.

Figure 7 shows the flexural tensile strengths of bonded �adhesive No. 5� and
non-bonded �homogeneous� UHPC prisms made with mixture M2Q and differ-
ent steel fiber contents �mixtures M4, M5, and M6�. In general, the maximal
flexural bending strength of bonded prisms is about half the value observed for
homogeneous prisms. For this test, UHPC prisms were cut in half and bonded
on the formwork surface side with the two-part EP resin adhesive No. 5. No
significant difference can be observed between prisms with no surface modifi-
cation and those prepared by sandblasting before adhesive bonding. However,
the influence of steel fiber content in homogenous as well as in bonded UHPC
prisms is evident. As the steel fiber content is increased from 1.0 to 2.5 vol %,
the bending strength nearly doubles.

Durability of Ultra-High Performance Concrete and Adhesively Bonded
Joints

In service, concrete substrates as well as adhesively bonded joints are exposed
to all kinds of environmental and weather conditions. Numerous test methods

FIG. 7—Flexural bending strength of bonded prisms of UHPC mixture M2Q with in-
creasing fiber content, bonded with adhesive No. 5, in comparison to homogeneous
UHPC prisms.
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involving different climates and specific environments were developed in order
to predict the estimated lifetime of new materials or new material combina-
tions within a reasonable amount of time �14,15�. In general, test specimens are
exposed to a range of temperature levels and to water in all three states of
phase-behavior. Corrosive chemical attack using various salts or acids is also
considered as part of the exposure environment if this can be expected during
the bonded component’s service life �16,17�.

Accelerated Aging

Material aging is a complex process driven by interior material degradation and
external boundary conditions like thermal, hydrothermal, or mechanical
stresses as well as corrosive attack. The process can take decades or centuries
until noticeable changes occur, and most degradation processes are slow under
standard conditions with low temperatures and a dry environment. A more
intensive exposure to aging environments, such as elevated temperatures or
higher concentrations of moisture and corrosive substances, is applied to ac-
celerate material property changes and the degradation of strength and stiff-
ness �18�.

Standard climate conditions are suitable as reference conditions with al-
most no acceleration in aging. Tests at elevated temperatures on concrete parts
for construction are performed at temperatures beyond 80°C, although these
extreme environmental conditions do not represent usual in service aging. The
glass transition temperature of most two-part EP adhesives is around 60°C.
Above this temperature the mechanical properties decrease significantly. On
the other hand elevated temperatures can cause a post curing effect in typical
adhesives, which are usually cured at room temperature levels. Storing speci-
mens in moisture at about 95 % relative humidity and in water is commonly
used for durability testing of substrates and especially the adhesive endurance
of substrates.

The rapid freezing and thawing as employed in ASTM C666 �19� is a severe
durability testing method conducted in a very low temperature environment.
The cycle runs 2–5 h and has a freezing cycle from +4°C down to −18°C and
afterwards a warming cycle from −18 to +4°C. The test is conventionally car-
ried out over 300 cycles. The use of salt water �typically 2 % sodium chloride in
water� instead of regular water is considered as a modification of ASTM C666
when de-icing by salt is expected during service exposure. Salt-spray testing is
a commonly used method for direct or indirect corrosive attack on structural
materials and is performed in specially equipped salt-spray chambers. A stan-
dard concentration of about 5 % sodium chloride in the brine is conventionally
used throughout various industries.

Hygrothermal Testing

Adhesive No. 5 �two-part EP� and adhesive No. 4 �two-part PUR� were chosen
for the durability tests in moisture and water as well as freezing in air down to
−15°C and thawing in water of 20°C according to Ref 20. After sandblasting
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and bonding prisms on the formwork surface, specimens were stored in cli-
matic chambers and exposed to different climate conditions. Table 6 shows the
various combinations of temperature and relative humidity as well as test con-
ditions. After 56 days �70 days with alternating cycle included�, the prisms were
tested with respect to their flexural tensile strength. The center-bonded prisms
�40�40�160 mm3� used for the four-point bending tests were described ear-
lier. During exposure to the different climates, the specimens remained without
mechanical load.

Figure 8 shows the results from a completed test series conducted with
adhesive No. 5 �EP�. High humidity �greater than 90 % relative humidity� in
combination with a temperature near the glass transition temperature range
�40–65°C� exerts a strong negative influence on the tensile flexural strength of
the specimens. Fracture occurred at the interface between prism and adhesive,
with the steel fibers not activated during failure. The flexural tensile strength
decreased from 20.5 N/mm2 �at 20°C and 65 % relative humidity� to
12 N/mm2 �at 40°C and 90 % relative humidity�, and all specimens failed by
sudden fracture.

Permanent shear loading tests were started with simultaneous exposure to
moisture and water using symmetrical specimens �test specimen type B� as
shown in Fig. 9�a� and 9�b� with two adhesive layers. This specimen was made
of three prisms �40�40�160 mm3 each�. The overlap length of adhesive
bonding is 80 mm on both sides with a thin adhesive layer of about 1–2 mm
thickness depending on surface treatment. Permanent shear loading of the ad-
hesive layer is achieved by mounting the symmetrical specimen in the frame of
a tensile/compression machine and applying a compression load of about 20

FIG. 8—Maximum flexural bending strength of bonded prisms with adhesive No. 5
after different hygrothermal exposures.
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KN. Table 6 shows the different climate conditions for shear tests �index 2�. The
first test series with adhesive No. 5 showed an obvious influence of the pretreat-
ment by sandblasting of the UHPC substrate on the results of the shear tests.
Untreated specimens failed after 14 days on average, prisms with a sandblasted
surface did not fail even after 56 days. These results are shown in Fig. 10.

Combined Test Cycles

The exposure to a single aging treatment gives specific results, which help in
determining a possible cause-and-effect chain. Over the past few decades, the
need for a realistic assessment of different environmental aging effects has led
to the development of combined testing cycles. This approach assumes that the
acceleration of conventional seasonal weather conditions can be carried out in
a single composite climate cycle. The Association of German Automobile
Manufacturers �Verband der Automobilindustrie e. V. or VDA� established an
accelerated test method for the evaluation of the endurance and durability of
painted vehicle bodies as VDA 621-415 �1982-02� �21�. This method comprises a
complex test cycle. First, test specimens are exposed to tropical moisture and a
temperate climate followed by a subtropical hot environment, after which the
freezing part of the cycle follows immediately with temperatures down to
−20°C. After thawing, the specimen rests at a temperate climate for two days.
After repeating this 3 day cycle, 1 day further of salt spraying completes 1 week

(b)(a)

FIG. 9—Test specimen type B, dimensions and overlap �a�, mounted specimen in frame
�b�.
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FIG. 10—Duration of permanent shear loaded specimens type B under 40°C and 90 %
relative humidity. Compressive load is 20 KN. Comparison between untreated form-
work surface and sandblasting before bonding with adhesive No. 5.

FIG. 11—Test cycle of combined changing climate and corrosive attack by salt-spray
according to modified VDA 621-415 �1982-02� test method.
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of cycle of accelerated aging of the modified VDA 621-415 �1982-02� �see Fig. 11
for a graphical representation of the temperature and relative humidity varia-
tions during the exposure cycle�. The test procedure was adopted early on by
many users of adhesive bonding since there are many similarities between
paints and adhesives and the respective adhesion problems associated with all
kinds of substrates.

Adhesively Bonded Specimen for Accelerated Testing

An overlap shear specimen was designed for easy modification of the glue lines,
thickness of adhesive layers, or the length of overlap between parts. Figure 12
shows some specimens with differing geometries. Specimens of types 12 �c� and
12 �d� were used for the detection of the maximum shear stress of bonded joints
and for determining whether the breaking pattern occurs in the concrete sub-
strate, at the adhesive layer interface, or within the adhesive layer. These geom-
etries were chosen because they form a very good analogy to specimens with
slantwise orientated joints type 12 �a� and 12 �b�. The test method was also used
to determine various effects caused by overlap length and adhesive layer thick-
ness �22,23�.

The geometry of a simple single overlapped joint allowed for a great variety
of positions in two directions when choosing basic prisms with a cross section
of about 20 mm thickness and a width of 50 mm. The ratio of overlap as a
function of length to width and the thickness of the adhesive layer were of
special interest when investigating the mechanical performance of the joints.
The thickness range of the adhesive layers in this investigation varied from thin

FIG. 12—Specimen geometries of different slantwise orientated joints: Prismatic speci-
men �a� and �b� with inclination of 60° used by Refs. 16 and 18, variable single overlap
shear specimen made of cubic prisms with large overlap �c� and small overlap �d�.
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glue lines of about 2 mm to thick layers of up to 6 mm. Thick layers were of
great interest because they fill larger gaps and compensate for tolerances.

A modified double cantilever beam �MDCB� specimen was designed for the
prediction of the increasing crack growth in larger adhesive layers under initial
stress and climatic change conditions. A compact geometry for storing in a
standard climatic chamber was chosen with two adhesively bonded UHPC
prisms of 50�50 mm2 cross section and a length of 400 mm. The adhesive
layer between the UHPC substrates was 300 mm in length, which leaves a notch
of 100 mm. The load was applied by extending the adhesive layer with a screw
supported in a drive-in nut at a range of 25 mm measured from the open end of
the notched specimen �Fig. 13�. Each specimen was extended to failure at an
extension of 1.2–1.6 mm �measured at the open end of the notched specimen�
depending on the type of adhesive and the adhesive layer thickness. The initial
crack length on both sides of the specimen was measured. A 10-week period of
the modified VDA 621-415 �1982-02� climatic changing test with additional salt
spray was performed while periodically measuring the increasing crack length
of the prestressed specimens. An outer reinforcement made of steel bars was
bonded on both sides of the specimen in order to avoid early cracking through
the cross section of the UHPC prisms.

Preparation of Test Specimens

The UHPC substrate material was prepared as described earlier. Adhesive
bonding was performed after a minimum storage period of 3 days at temperate
climate conditions of 20°C and 50–65 % relative humidity. All different speci-
men geometries �short prisms for four-point bending tests, symmetrical overlap
shear specimen, single overlap shear specimen, and MDCB specimen� were
bonded in suitable fixtures where substrates are clamped with the appropriate

FIG. 13—MDCB specimen with outer steel reinforcements for storing in climatic
chambers.
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spacing and overlap position. This is due to geometrically precise forming dur-
ing the hardening process. Reliable wetting on both substrates was assured
through the pyramidal and amply coating with adhesive to avoid the inclusion
of air into the paste-like adhesive. Adhesive material that was squeezed out
from a slightly overfilled gap was removed whenever possible. A curing period
of 7 days at temperate climate completed the test specimen preparation.

Specimens for accelerated aging by modified VDA 621-415 �1982-02� test
method were exposed to a 10-week period and were compared with similar
prepared specimens, which were tested without aging right after the curing
cycle was completed. In general a non-modified formwork surface and a sand-
blasted surface were compared in these experiments by varying overlap length
�15, 30, and 60 mm� and the adhesive layer thickness �2, 4, and 6 mm�. A typical
specimen mounted in a testing machine with a short overlap of 15 and 2 mm
joint thickness is shown in Fig. 14. The compressive overlap shear experiments
were conducted with a rate of 1 mm/min. After testing, the maximum overlap
shear strength and the fracture pattern were both analyzed.

Results and Discussion

In almost every case, sandblasting as a method of surface treatment appeared
to be the better preparation method for adhesive bonding when compared to
the unmodified formwork surface. The abrasive treatment removes the thin
weaker layer and leaves a rough but cleaned surface without any dust. In addi-
tion, the exposed steel fibers can be wetted by the adhesive and thereby im-
prove the performance of the composite joint due to better fiber reinforcement
of both materials, i.e., the UHPC and polymer adhesive.

Figure 15 shows the general performance of adhesive No. 1 on the unmodi-
fied formwork surface and the sandblasted UHPC material after 10 weeks of
aging according to the modified VDA 621-415 �1982-02� test compared with not
aged specimens. Thicker adhesive layers tend to perform not as well, but the
effect was noticeable mostly on short and mid overlap lengths, while the long
overlap exhibited less influence. The accelerated aging reduced the structural
behavior in different ways, depending on surface conditions and the area ex-
posed to corrosive attack in the salt-spray testing and freezing cracks.

In Fig. 16, the performance of adhesive No. 5 under similar conditions
shows a better structural behavior than adhesive No. 1 and a lower degree of
degradation when aged in the 10-week VDA aging process. The fracture pattern
of these specimens mostly showed failure in the UHPC near the adhesive layer.
Figure 17 shows some surface fracture pattern of non-aged and VDA aged
specimens after testing. The following fracture patterns were observed:

• Failure near the adhesive on non-modified formwork surface or directly
at the interface between adhesive and UHPC �Fig. 17�a� and 17�d��

• Cohesive failure within the adhesive layer �Fig. 17�f��
• Fracture within the UHPC close to the surface layer �Fig. 17�c��
• Fracture through the UHPC core material �usually this failure occurred

with larger overlap lengths� �see Fig. 17�b��
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• Fracture partly through the adhesive and UHP concrete with varying
ratios �Fig. 17�e��

The steel fiber reinforcement within the UHPC material is hardly affected
by the corrosive attack, although partial corrosion was observed on exposed
steel fibers on the sawn prisms and especially on exposed fibers on sandblasted
UHPC surfaces. The alkaline environment of the UHPC substrate protects the
steel from further oxidation reaction in the UHPC core material.

The crack propagation during changing climate test and corrosive attack
according to Ref 21 as observed on the MDCBs is exemplified in Fig. 18 for

FIG. 14—Test setup for compressive overlap shear experiments. Overlap length is 15
mm with a 2 mm adhesive layer thickness.
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adhesives No. 3 �EP type� and No. 4 �PUR type� and two different adhesive layer
thicknesses. The initial crack length differs within a range of 5–67 mm, depend-
ing on the type of adhesive and the adhesive layer thickness. In general thicker
layers provide faster crack propagation �Fig. 18�c�� than the thin adhesive layers
except for the case of brittle EP on unmodified surface �Fig. 18�a��. The propa-
gation of crack length is determined as non linear in all cases. An accelerated
growth and slow down are visible in most cases due to the stress relaxation
within the specimen when crack length increases. Due to their elasto-plastic
properties, EP-based adhesives show a more brittle behavior than the PURs.
This brittle behavior results in faster crack propagation. The cracks propagate
within the boundary layer of the concrete.

Lo = 15 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8

m
a
x

.
o

v
e
rl

a
p

s
h

e
a
r

s
tr

e
n

g
th

[N
/m

m
²]

Lo = 30 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8
adhesive layer thickness [mm]

Lo = 60 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8

no aging unmodified

no aging sandblasted

10 weeks VDA aging
unmodified

10 weeks VDA aging
sandblasted

Lo = 15 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8

m
a
x

.
o

v
e
rl

a
p

s
h

e
a
r

s
tr

e
n

g
th

[N
/m

m
²]

Lo = 15 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8

m
a
x

.
o

v
e
rl

a
p

s
h

e
a
r

s
tr

e
n

g
th

[N
/m

m
²]

Lo = 30 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8
adhesive layer thickness [mm]

Lo = 30 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8
adhesive layer thickness [mm]

Lo = 60 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8

no aging unmodified

no aging sandblasted

10 weeks VDA aging
unmodified

10 weeks VDA aging
sandblasted

Lo = 60 mm,

adhesive 1

0

5

10

15

20

25

30

35

40

0 2 4 6 8

no aging unmodified

no aging sandblasted

10 weeks VDA aging
unmodified

10 weeks VDA aging
sandblasted

FIG. 15—Maximum compressive overlap shear strength for various overlaps and vari-
ous adhesive layer thicknesses �average strength with adhesive No. 1 on sandblasted
and unmodified surface�.
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FIG. 16—Maximum compressive overlap shear strengths of 15, 30, and 60 mm overlap
and various adhesive layer thicknesses �average strength with adhesive No. 5 on sand-
blasted and unmodified surface�.
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Summary and Outlook

Comprehensive experiments were carried out to explore the characteristics of
adhesive joints considering various UHPC mixtures, surface pretreatments, and
adhesives. According to the results of the initial prescreening experiments, the
number of adhesives was reduced from 14 to 5. One UHPC mixture was iden-
tified for use in further investigations. Various surface pretreatments were
evaluated quantitatively depending on their roughness coefficients. The experi-
ments for predicting the durability of the adhesively bonded UHPC were per-
formed with a single overlap shear geometry in a combined test method of
climatic changes with freeze-thaw cycling and corrosive attack using salt spray.
The VDA 10-week accelerated weathering period decreased the bonding perfor-
mance in almost every case. Adhesives with a poor durability showed a de-
crease in strength of 50 % or more. Structural adhesives suitable for the appli-
cation in civil engineering, such as adhesive No. 5, show a decrease of less than
25 %, depending on the bonding geometries. Specimens with short overlap and
concentrated stresses over a small area typically caused a larger variance in

FIG. 17—Surface fracture pattern and failure of UHPC specimens after compressive
overlap shear testing. Specimens with no aging treatment: �a� Adhesive failure on the
unmodified concrete; �b� forced diagonal crack through huge overlapped specimen; �c�
failure deep in the concrete with ductile behavior; �d� failure in the concrete boundary
layer. Specimens after 10-week VDA aging: �e� Sandblasted surface with mixed fracture
pattern; �f� cohesive failure through mid overlap length.
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results due to imperfections in the manufacturing process. The aging proce-
dure exceeded the glass transition temperature �Tg� of the tested two-part ad-
hesives. This leads to an additional acceleration of the aging effects. On the
other hand, elevated temperatures could cause a post curing effect on the ad-
hesives, which are commonly designed for hardening at room temperature.

A great variation in fracture pattern was observed; however, the most criti-
cal case of adhesive failure at the interface to the substrate could easily be
avoided by bonding on mechanically pretreated UHPC surfaces. Hygrothermal
environmental conditions such as extended periods of storage in water or ex-
posure to moisture under various temperature levels were started, and some
results for shorter exposure periods of 56 days were provided in this paper.
These results emphasize the need for a necessary pretreatment of the UHPC
formwork surface prior to adhesive bonding. Further experimentation is ongo-
ing and investigations into the effect of the initial conditions of the UHPC
substrates prior to bonding �in particular the water content� have been started
in order to create a basis for guidelines and specifications for adhesive bonding
on less preconditioned construction sites under varying climates. Most critical
for polymer adhesive applications are very low temperatures below +4°C be-
cause of poor wetting performance and imperfect curing reactions of the adhe-
sives. To avoid undesirable interruptions in the Winter season at the construc-
tion sites, a non-polymeric adhesive based on the same chemistry as the UHPC
substrate should be considered. Further experiments will be carried out to
evaluate the durability of UHPC adhesive joints under stress and hygrothermal
conditions.
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Anneliese Hagl1

Durability by Design: New Results on
Load-Carrying Silicone Bonding

ABSTRACT: In the year 2000, the Herz-Jesu church in Munich, Germany
was finalized featuring a glass façade with advanced bonded load-carrying
structures. The façade was stiffened in such a way that wind- and dead-
loaded glass elements were joined to stainless steel channels by a two-
component silicone adhesive for load transfer. Durability aspects related to
this type of bonding were already presented by the author at the previous
symposium in 2003. The technical questions raised by the design of the
Herz-Jesu church initiated detailed research investigations within Germany
concerning the application of complex bonding geometries for structural en-
gineering purposes. These studies comprised experimental and theoretical
activities which were focused on the mechanical properties of two-
component silicone adhesives as well as on the behavior of various bonding
geometries resulting from the use of L- and T-type steel elements. In the
context of these research activities, attention was also paid to different as-
pects directly or indirectly related to durability issues. Regarding adhesive
material behavior, tensile, compression, and shear tests were performed on
aged and unaged specimens in order to analyze the impact of an aggressive
environment. Several degradation modes were induced into the specimens
in a systematic manner in order to evaluate the load-bearing capacities and
failure mechanisms of the different bonding geometries and in order to as-
sess the behavior in the view of partial failure. This paper presents an over-
view of the obtained experimental results complemented by detailed finite
element analysis results. Former results obtained for the U-type bonding
geometry are reviewed in the light of new experimental findings. Further-
more, bonding geometries like the T-type bonding are assessed in a similar
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way as previously done for the U-type bonding geometry. Finally, the paper
concludes by directly comparing all investigated bonding geometries with
respect to durability aspects.

KEYWORDS: structural glazing, bonding design, durability design,
joint geometry, FE analysis

Nomenclature

BSL � baseline
ETAG � European Technical Approval Guideline
FE�A� � finite element �analysis�
FRD � front region disabled

Lf � length of flange
PFC � parallel flange channel
SRD � side region disabled

Introduction

Beyond architectural highlights—clearly visible in Fig. 1—the Herz-Jesu
church in Munich, Germany, offers also highly sophisticated technical solu-
tions from a civil engineering point of view. One of the highlights related to the
glass façade of this building is the extensive use of load-bearing U-type bonding
joints based on a two-component silicone structural adhesive. The bonding
connects horizontal and vertical glass beams to attachment fittings for the pro-
vision of load transfer in order to ensure the structural integrity of the entire
glass façade �see Fig. 2�. References �1,2� present additional details of this spe-
cial design.

The horizontal glass beams are intended to primarily counteract wind
loads acting on the façade. Façade dimensions are 19.00 m by 16.00 m �62.3 ft
by 52.5 ft� in one direction �front face� and 47.04 m by 16.00 m �154.3 ft by
52.5 ft� in the other direction �side face�. The wind loads change in time but are
typically approximated by quasi-static loads; i.e., inertia effects of the façade
structure are assumed to be small compared to other load sources.2 A wind load
sizing hypothesis based on German regulations had to be taken into account
regarding the required strength of the structural bonding.

The main function of the vertical glass beams consists of keeping the hori-
zontal glass beams in position in order to ensure structural integrity of the
façade framework. The nature of the related loads is dictated mainly by dead
loads of both horizontal and vertical glass beams; i.e., constant loads are acting

2This assumption neglects inertia dominated cases like bomb blast loading and related
high speed phenomena.
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FIG. 1—Glass façade of Herz-Jesu church, Munich.

FIG. 2—Bonding design and glass façade of Herz-Jesu church.
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during the service-life on the structural bonding. Thus, for designing and sizing
of the structural bonding, the potential for creep had to be accordingly antici-
pated.

The Herz-Jesu church building was finalized in 2000. Although inspected
regularly in detail, neither global nor local defects related to the structural
bonding were observed until now. Figure 3 shows the façade in the year 2008.
Only minor optical deficiencies were observed based on material incompatibil-
ity and cracks with respect to locally applied sealing material of high stiffness3

�see Fig. 3, right�.
In Ref �2�, durability aspects of structural bonding geometries as used in

the glass facade of the Herz-Jesu church were discussed in detail. Table 1,
which is mainly based on the outcome of Ref �3�, presents an overview of major
important topics for joint durability. In view of the glass façade design process
or more general building design processes, some of these key issues can be
favorably resolved while others might be determined by requirements other
than durability.

Taking into account the considerations listed in Table 1, this paper is in-
tended to mainly address issues regarding joint design and stress distributions.
These areas of interest are illustrated by some experimental results which were
aimed at baseline physical properties of a two-component silicone adhesive
certified and typically applied for structural glazing. The conclusions can be
easily extended to other adhesive materials in case they fulfill the following two
conditions: they show a certain level of incompressibility, which is the case for
all elastomeric materials, and the adhesive bonding layers have a comparable
thickness leading to a certain geometric similarity. The main objective of this
paper is to extend the knowledge of special joint configurations as used in the
structural bonding of façade components of the Herz-Jesu church. This will be
achieved first, for the U-type joint design, by considering not only fully func-

3Fast curing mortar according to the manufacturer’s description.

FIG. 3—Glass façade in the year 2008.
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tional bonding, as in the previous papers by the author, but also some degraded
bonding configurations and second, by investigating other bonding geometries,
such as T-type, L-type, and E-type joint designs. In the following section the
paper introduces first some adhesive material test results which will form the
foundation for experimental and numerical results in the remaining sections.

Adhesive Material Test Results

Although silicone adhesives differ from a chemical point of view from other
elastomeric materials with respect to their inorganic Si-O backbone, they share
a lot of mechanical peculiarities with—chemically speaking—more conven-
tional elastomeric materials such as organic rubbers. Typical characteristics
are, for instance, the large elastic deformations known as hyperelasticity, the
Mullins effect, the near-perfect incompressibility, and the non-viscous damping
behavior. An adequate comprehensive description of this complex mechanical
behavior of elastomeric materials for general applications is still the aim of
extensive research activities around the world and is outside the scope of this
paper. Nevertheless, appropriate assumptions and approximations allow a ben-
eficial use of the current knowledge by accordingly reducing the required com-
plexity of material description for civil engineering purposes. In view of the
glass façade of the Herz-Jesu church, wind and dead loads are the main param-
eters for sizing which allow for a quasi-static material modeling approach, thus
skipping time-dependent phenomena such as viscoelasticity. Furthermore, it is
assumed that the critical load cases are not governed by a cyclic loading
scheme with previously experienced stress states, in order to neglect the Mul-
lins effect. As a result of these approximations, representative material tests can

TABLE 1—Parameters affecting joint durability.

Environment The arrangement of bonded structures inside
the glass façade is favorable regarding the
effects of external humidity and temperature.

Adhesive type The selection of silicone adhesive is
dominated by structural glazing requirements.

Adherents The selection of glass beams resulted from
façade design; stainless steel channels were
selected for reduced corrosion sensitivity.

Adherent surface
pretreatment

The cleaning of glass surfaces was performed
with
aspecial cleaning agent, additionally priming
of
channel surfaces.

Moisture/Stress/
Temperature

Effects of moisture, stress and temperature
are
determined mainly by bonding geometry;
careful
consideration of bonding design is required.
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be reduced to quasi-static load conditions. Furthermore, hyperelastic material
laws available in commercial finite element �FE� codes such as Mooney-Rivlin
or Ogden can be applied favorably for related numerical investigations. For the
adhesive behavior, the numerical results in this paper are based on a strain
energy function of the Mooney-Rivlin kind �4�. The coefficients were derived
from tensile dog-bone test results and shear tests of ETAG 002 H-type speci-
mens �5�. For the description of the almost incompressible behavior of the
adhesive, results of Ref �6� were used.

Generally, test procedures were adopted from the European guideline
ETAG 002 �5�, where applicable. Figure 4 shows the results of a tensile test
comparing aged with unaged specimens of the standard dog-bone type. The
aged specimens were exposed to artificial aging according to the following pro-
cedure �7�, assessed to be more challenging than ETAG 002:

• 3 days at 80°C �dry�
• 10 days at 45° in de-mineralized water with cleaning agent �5 %�
• 3 days at 80°C �dry�
• 10 days at 45°C in de-mineralized water with simultaneous UV radia-

tion 50±5 W/m2

• 1 day at 23°C �dry, baseline laboratory conditions�
• 8 days at 45°C in salt-water �50 g salt/L� with simultaneous UV radia-

tion 50±5 W/m2

• 2 days at −30°C �dry�
• 1 day at 23°C �dry� prior to testing.
With respect to the experimental results shown in Fig. 4, the strength of the

specimens was obviously not affected by this procedure, but a modification in
the elastic behavior, i.e., in effective stiffness �and flexibility respectively�, is
visible. The aged specimens show a somewhat softer behavior.

A similar test campaign comparing aged and unaged behavior was per-

FIG. 4—Comparison of tension tests: aged versus unaged conditions4 �7�. Representa-
tive specimen results selected from ten specimens �unaged� and five specimens �aged�.
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formed with specimens exposed to shear. The same artificial aging procedure as
presented above for the tensile tests was applied to the specimens. Figure 5
shows the experimental shear results confirming the previous observations in
tension that aging leads to lower stiffness. Contrary to the tensile tests, the
maximum load of the aged specimen in shear is slightly reduced compared to
the unaged counterpart. Nevertheless, as will be shown later, the importance of
shear strength is lower than the importance of tensile strength for the investi-
gated bonding geometries when studied in the undamaged state of the U-type
bonding.

The presented results are related to a baseline test environment under labo-
ratory conditions at 23°C for both unaged and aged specimens. Tension and
shear tests were performed additionally at high and low temperatures in order
to study the impact of temperature on strength. Figure 6 demonstrates the
impact of temperature on the tensile test results. Regarding strength, a clear
trend is visible, with lower temperatures leading to higher maximum loads and
vice versa. Regarding elastic behavior, no unique trend is visible for the three
temperature levels investigated. While stiffness values are very similar for me-
dium and high temperatures, the test at low temperature shows a substantially
higher stiffness.

Figure 7 shows the corresponding results for shear loading. Concerning
strength characteristics, the trend of increasing maximum loads for decreasing
temperatures, already identified by the tensile test results, is confirmed. Re-
garding the elastic behavior, similar stiffness values are obtained for all inves-
tigated temperature levels. Figures 8 and 9 present a compilation of all results
including additional statistical information for both tension and shear �using a
database of at least five specimens for each test configuration�.

In addition, creep tests were performed within the framework of the tensile
test campaign. A constant tensile loading was applied to the specimens for a
duration of 105 days. The loading was adjusted to a load level obtained by

FIG. 5—Comparison of shear tests: aged versus unaged conditions5 �7�. Representative
specimen results selected from five specimens each.
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extension of such kind of specimens to 20 % of the maximum strain of baseline
test conditions.4 Figure 10 presents comparisons of regular specimens with
those exposed to creep loading prior to tensile testing. As can be clearly iden-

4Nominal 50 mm/min.

FIG. 6—Comparison of tension tests at different temperatures �7�. Representative speci-
men results selected from ten specimens �23°C� and five specimens �other�.

FIG. 7—Comparison of shear tests at different temperatures �7�. Representative speci-
men results selected from five specimens each.
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tified in Fig. 10, there is a similar behavior of both sets of specimens concerning
stiffness and maximum loads in the highly loaded regime. Differences in the
low to medium level can be explained by the Mullins effect due to the cycle of
creep loading, unloading including recovery for 24 h and strength testing after-
wards. For the tested conditions, there is only limited impact on the highly
loaded adhesive facilitating the consideration of creep loading in the design
process significantly.

FIG. 8—Overview of tensile test results: all specimens.

FIG. 9—Overview of shear test results: all specimens.
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The experimental results presented above were used to allow the assess-
ment of the impact of various environmental parameters on joint strength for
structural engineering purposes. With respect to the scope of this paper, special
importance is seen in the determination of the impact of aging on maximum
loads showing almost no effects on tension specimens and a minor degradation
for shear specimens. Compression tests are of less interest because on the one
hand, elastomeric materials are assumed not to fail under pure compression
loads for representative load levels, and on the other hand, it is difficult to
design appropriate compression tests without running into problems with re-
spect to buckling and friction. For future applications, other test parameters
might be of interest as well such as high speed loading; e.g., for analysis of a
bomb blast.

U-type Bonding Geometries without and with Degradation

Since the beginning of the consideration of the U-type bonding geometry, focus
was put on physical insights into the failure mechanisms observed under ten-
sile loading. Recalling the issues in Table 1, one key element for joint durability
is joint stress; thus, knowledge of stress and related failure is also important for
assessing durability aspects of the joint design. Other load cases are less critical
because either they are easier to understand or they are less important regard-
ing strength issues.

Shear loading is an example for simple mechanical behavior. In the case of
shearing the glass components relative to the steel framework, pure shear as-
sumptions for each part of the bonding allow one to estimate stiffness and
strength of the entire bonding with adequate accuracy. For sizing purposes,
design values of shear stress and shear strain can be compared with shear test
data obtained, for instance, on ETAG specimens. Low shear stiffness and miss-

FIG. 10—Comparison of tension tests, without and after creep loading �7�. Representa-
tive specimen results selected from ten specimens �baseline� and five specimens �creep�.
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ing stiffening effects lead to low shear stresses beneficial for thermal loading
cases.

The case of compression loading of the bonding is an example of a less
critical case concerning strength issues. In this case, the primary load path is
established by compression of the adhesives in the front region of the U-type
bonding. Based on engineering practice, it is widely accepted that elastomeric
materials do not fail under high compression loads experienced in the frame-
work of conventional civil engineering applications.

When analyzing tensile results obtained with specimens of the U-type
bonding geometry, as used in the glazing of the Herz-Jesu church, significant
differences were observed in comparison to tensile H-type ETAG specimens.
Based on theoretical and numerical test results, it was hypothesized that the
specimens of the U-type bonding fail stepwise �see Refs. �1,7��, which can be
explained by the fact that front and side regions of the U-type bonding are
acting in different manners. Numerical predictions revealed a highly stressed
front region evoked by the almost perfect incompressibility of the applied sili-
cone adhesive in combination with an effective suppression of the lateral con-
traction of the silicone. The hereby required constraining of the adhesive is
caused by relatively stiff components surrounding the bonding area such as the
glass body or the steel channels in addition to the small portion of free, i.e.,
unconstrained, adhesive surface. The nearly incompressible material responds
to this loading primarily by high effective stiffness in tension. The related high
stress levels induce material damage already at low load levels in the front
region. The impact of this deterioration mechanism can be identified as a sig-
nificant drop of stiffness, as seen in the experimental results. As tensile loading
continues, loads are shifted from the front region to the side regions until the
side regions finally fail due to the shear strength limits.

Since the publication of the 2003 symposium paper this hypothesis was
experimentally investigated by the analysis of degraded U-type bonding geom-
etries as presented in Ref �8�. Degradation was emulated by preventing the
adhesive from adhering with the help of an inserted polyethylene foil. Two
types of degradation were studied: one with the side regions disabled �SRD�
and one with the front region disabled �FRD�, as shown in Fig. 11. Figure 12
presents experimental results comparing the fully operational bonding �BSL�
with degradations in the side and front regions. At first glance, the behavior of
the BSL configuration can be understood as a superposition of the SRD and
FRD configurations. The dominant role of the front region for small displace-

FIG. 11—U-type bonding test configurations.
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ments is clearly visible when one compares the BSL case with the SRD case,
both featuring a fully operative front region at the beginning of the test and
both showing high initial stiffness. The behavior at large displacements is easily
identified as guided by shear loading when the BSL case is compared with the
FRD case. The conclusion drawn from these results is that the hypothesized
failure mechanism, beginning at the front region and finally propagating to-
wards the side regions, is clearly confirmed by these experiments.

What are the consequences of these findings with respect to joint design,
strength, and durability? First, the failure mechanism which occurs stepwise
can be utilized in tailoring a dedicated safety concept of the bonding. It is
desirable that after experiencing an overload condition, bonding strength is not
completely lost; rather, a certain amount of mechanical integrity should still be
preserved until repair will be performed. Such a safety concept might be based
on the activation of the load-bearing capability of the side regions in case of
front region failure. This approach leads to design rules for the sizing of the
side regions which depend on the demanded strength levels after partial failure
of the front region due to overload. Second, the side regions also effectively
encapsulate and shield the highly loaded adhesive regions at the front of the
U-type bonding which is beneficial to the long-term durability of the joint. It is
worth mentioning that the geometry of the side regions not only affects the
stress levels at the exposed surfaces but also the diffusion of aggressive envi-
ronmental media into the adhesive.

In order to assess the loading of the side region and the related impact on
durability, stress distributions in U-type bonding geometries were investigated
using finite element analysis. In these studies, maximum principal stresses are
considered as representative stress level indicators for the silicone adhesive �9�.
Maximum principal stresses of the finite elements are evaluated along the
bond-line at three different levels within the bonding thickness: in the vicinity

FIG. 12—U-type bonding geometry: test results. Averaged results obtained from five
specimens for each configuration.
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of the interface to steel, in the vicinity of the interface to glass, and in the center
of the bonding. In this context, it should be noted that the use of averaged
element stresses avoids stress singularities in the corner region expected from
theory. However, the stress levels obtained by averaging with respect to the
element volume are assumed to be lower than those directly related to the
interface.5 Figure 13 presents two-dimensional FEA results based on plane
strain states for the baseline configuration with fully operational bonding start-
ing from the end of the flanges �0 % bonding length� towards the symmetry axis
in the front region �100 % bonding length�. Special locations along the bond-
line are

• A: end of flange
• B: corner
• C: center of adhesive.
It should be noted that the corner of the bonding geometry �location B� is

located at approximately 52 % along the length of the bond-line for all investi-
gated adhesive cross-sectional levels in the figure.

5In addition, one should note that in the numerical model, the interfaces are geometric
boundaries with stepped properties, while in nature, interfaces at least of the glass sur-
faces show a different behavior on the micro-scale level �10�.

FIG. 14—Maximum principal stress distributions in U-type bonding for load transfer
via symmetry axis �1 N/mm2=1 MPa�.

FIG. 13—Maximum principal stress distributions in U-type bonding for load transfer
via flanges �1 N/mm2=1 MPa�.

266 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



Two different load transfer attachments were analyzed: one with loads
transmitted to the flanges �Fig. 13� and one with loads transmitted along the
symmetry axis of the front region of the U-type joint configurations �Fig. 14�.
The first configuration is often used in specimen testing while the latter one
represents a typical case occurring in actual service. The load levels of the
numerical models were chosen in such a way that a stress level of approxi-
mately 2 MPa is achieved in the front region. The selection of this limit value is
based on experimental findings; see also Ref �9�.

The following conclusions can be drawn based on the findings which were
shown in Figs. 13 and 14:

• In the front region, the highest stress levels are experienced near the
interface to glass.

• In the side region, the highest stress levels are primarily experienced
near the interface with steel.

• Stress levels in the side region are generally lower for the configuration
with load transfer along the symmetry axis; a situation which is as-
sumed to be more favorable for durability. It should be noted that the
difference in the stresses resulting from the different load introduction
locations is due to flexibility of the PFC element given by thickness and
material �the presented studies are based on stainless PFC elements of
3 mm thickness�.

• By adjusting the loading in the FEA model to the limit stress level, a
different total load is obtained for both load transfer configurations; this
result is again related to the flexibility of the PFC element.

In the next step, parameter studies were performed by varying the length of
the flange Lf from 22 mm �baseline value� down to 2 mm for the smallest
flange length. Figure 15 shows the stress levels calculated for the side region
near the interfaces to glass and steel. In this figure, the stress level curves span
across the bonding length defined by abscissa values from 0 mm corresponding

FIG. 15—U-type bonding: maximum principal stress distributions for different flange
length �1 N/mm2=1 MPa�.
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to the location of the exposed edge of the adhesive in the side region to the
interior edges of the glass pane and the steel profile. For a flange length of
12 mm, the stress level curve near the glass interface spans across 12 mm
towards the glass edge, while the corresponding curve near the steel profile
interface spans across 17 mm �12 mm flange length plus 5 mm bond thick-
ness�. The results shown in Fig. 15 lead to the following conclusions:

• The variance of stress levels between glass side and steel side is small.
Typically the glass side shows slightly higher stress values.

• The curves for flange lengths of 12 mm and 22 mm are very similar
when applying a shift of 10 mm which corresponds to the difference in
the bonding geometry. Thus, it can be concluded that for these bonding
geometries, the loading in the interior of the U-type joint is quite similar.
The stress levels, calculated for the 2 mm flange length, differ which is
caused by the close vicinity of the bonding corner.

• The curves for 12 mm and 22 mm flange lengths show small stress lev-
els at the exposed adhesive surface; this is beneficial for durability. For
the 12 mm flange length case, stress levels immediately increase inside
the bonding, while for the 22 mm flange length case, stress levels are
negative up to approximately 8 mm bond length.

• If a representative penetration depth of an aggressive environmental
medium is known in advance in addition to a related allowable stress
level, an optimized flange length can be approximately calculated by
horizontally shifting the 22 mm curve in such a way that it passes the
allowable stress level at the bond-line length related to the penetration
depth. This horizontal shift then determines the enlarging or shortening
of the flange for an optimized configuration.

Nevertheless, the size of the flange also affects other characteristics such as
the failure characteristics in an overload situation. In this case, additional de-
sign guidelines might have to be considered as well.

T-type Bonding Geometries without and with Degradation

Similar to the U-type bonding, experiments have been performed for the T-type
bonding with degradation �FRD� and without degradation �BSL� �11�. Figure 16
presents the results obtained for a fully operational T-type bonding and a bond-
ing intentionally degraded in the front region. The overall behavior shows sub-
stantial similarities to the U-type bonding without and with failed front region.
As for the U-type bonding, the front region in the T-type bonding causes high
bonding stiffness and loads at the beginning of the tensile test, but is also
subjected to early failure after 4 mm to 6 mm displacement. After the failure of
the front region, the curves generated for non-degraded and degraded speci-
mens are almost coincident, indicating that loads are transmitted mainly by
shear for large displacements. These findings confirm that the conclusions
reached for the U-type bonding in terms of the failure mechanics, i.e., that the
failure starts in the front region; can also be applied to T-type bonding geom-
etries. Furthermore, it is assumed that these statements do not only hold for
U-type and T-type bonding geometries, but for all bonding geometries with
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horizontal �i.e., perpendicular to the tensile load axis aligned� front regions and
vertical �i.e., parallel to the tensile load axis aligned� side regions. This assump-
tion leads to the following conclusions:

• Bonding areas perpendicular to the tensile load axis and thus subjected
to tension stresses lead to higher overall joint overall stiffness. The level
of stiffness increase depends on the level of suppression of the lateral
contraction.

• Due to the high stiffness of these bonding areas, local loads and stress
levels will increase very rapidly with growing displacements. Thus, fail-
ure of the bonding will also start in this area.

• If bonding areas perpendicular to the tensile load axis start failing, load
transfer will increasingly be established via shear by the bonding areas
parallel to the applied tension loads.

• Therefore, the maximum load capacity can be expected to exceed the
load level at which failure starts. The related margin depends on the
bonding geometry, as shown for instance in Fig. 16. Thus, post-failure
characteristics can be tuned by design means.

The last four statements are fundamental concerning the general mechani-
cal behavior of these joints. When one additionally takes into account the du-
rability aspect, a fifth conclusion should be added, stating that for favorable
durability behavior, the bonding areas perpendicular to the tensions loads
should be encapsulated, as explained below. In a similar manner as for the
U-type bonding geometries, maximum principal stress levels6 are shown for
T-type bonding geometries in Fig. 17. In contrast to the U-type bonding geom-
etry, high stress levels are observed in the vicinity of the freely exposed bonding

6In this case, only load transfer along the symmetry axis is considered.

FIG. 16—T-type bonding: test results �7�. Averaged results obtained from five specimens
for each configuration.
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surface �label A� giving the T-type bonding geometry a very low ranking with
respect to durability aspects. Furthermore, a variation of the length of the
flange does not significantly alter stress levels in the area critical for the fully
operative bonding �see Fig. 18�. Results for two T-type bonding geometries are
shown differing significantly in the length of the flange. Nevertheless, the stress
levels at the freely exposed bonding surface are quite similar. Obviously, the
behavior of these two different bonding geometries changes in case of failure of
the front region caused by overloading or due to environmental attack of ag-
gressive media. In these situations, the size of the flange will define the remain-
ing maximum load capacity and will lead to different load-bearing and dura-
bility characteristics.

FIG. 17—Maximum principal stress distribution in T-type bonding, Lf=35 mm
�1 N/mm2=1 MPa�.

FIG. 18—T-type bonding: maximum principal stress distributions for different flange
lengths �1 N/mm2=1 MPa�
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Other Bonding Geometries of Interest: L- and E-types

U-type and T-type bonding geometries can be considered as baseline geom-
etries which can be used for the derivation of conclusions for other geometries;
for example, L- and E-type bonding geometries. The L-type bonding geometry
can be interpreted as a modification of a U-type bonding geometry by eliminat-
ing one of the two side regions. Figure 19 presents experimental results for this
bonding geometry, confirming close relationship between U-type and L-type
bonding geometries. The mechanical characteristics are very similar; thus, a
similar test campaign with degraded bonding was not taken into account. In
the view of durability, L-type bonding geometries are assumed to be less favor-
able than U-type bonding geometries as one of the two exposed surfaces of the
bonding geometry is located at the highly loaded front region. Depending on
whether this side of the bonding is exposed to environmental attack, the highly
loaded front region might fail faster due to these conditions. In this case, the
size of the side region will determine the actual load capacity.

Figure 20 shows the stress levels for front and side regions in the usual way,
confirming the above-mentioned statements. While the stress distribution with
respect to the side region is qualitatively in good agreement with the side region
of the U-type bonding geometry, the stress distribution in the front region and
especially at the exposed surface shows similarities with the front region of the
T-type bonding geometry.

Thus, it can be concluded that the exposed surface at the front region �label
C� is the weak point of the L-type bonding with respect to durability in case
both surfaces are exposed in the same way to the environment. Otherwise, it is
recommended, if possible, to place the side region of the L-type bonding geom-
etry towards the more aggressive environment in order to shield the highly
loaded front region.

The E-type bonding geometry can be considered as an extension of the

FIG. 19—L-type bonding: test results �7�. Averaged results obtained from five specimens
for each configuration.
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U-type bonding geometry by adding the inner flange or alternatively as an ex-
tension of a T-type bonding geometry by adding two outside flanges. For the
E-type bonding geometry, no experimental tests were performed. Nevertheless,
it can be hypothesized that the mechanical behavior is similar to a superposi-
tion of U-type bonding and T-type bonding. In terms of durability aspects, the
E-type bonding geometry is assumed to correspond to U-type bonding geom-
etries. These assumptions are supported by Fig. 21 showing the stress distribu-
tions for the E-type bonding geometry. The stress distribution obtained with
respect to the outer side region is in qualitative agreement with that of the
U-type bonding geometry, while the inner flange loading is in qualitative agree-
ment with the corresponding behavior of the T-type bonding geometry.

Summary and Conclusions

This paper outlines two topics of high importance for structural joint durabil-
ity. First, the jointing material itself was in the focus of research activities.
Tensile and shear tests were performed for unaged and artificially aged speci-
mens. Furthermore, corresponding tests were performed for unaged specimens
at different temperatures. Finally, creep behavior was also tested within the

FIG. 20—Maximum principal stress distribution in L-type bonding, Lf=30 mm
�1 N/mm2=1 MPa�.

FIG. 21—Maximum principal stress distribution in E-type bonding, Lf=22 mm
�1 N/mm2=1 MPa�.
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framework of the tensile tests. The experimental results are summarized as
follows:

• Regarding tension tests, aging leads to increased flexibility but no sig-
nificant changes in strength are visible.

• Regarding shear tests, aging leads to increased flexibility and to reduced
strength.

• Regarding tension tests, increasing temperatures lead to increased flex-
ibility, but no clear trend is visible for strength.

• Regarding shear tests, increasing temperatures lead to increased flex-
ibility and to reduced strength.

• Regarding tension tests, creep does not show significant impact on flex-
ibility and strength at higher loads.

As not all experimental results show unique trends, additional test activities
in this field are recommended. In addition, other adhesive materials should be
investigated as well in order to broaden the experimental database.

As a second step, different bonding geometries were analyzed with respect
to durability issues, working with the hypothesis that the maximum principal
stress level in the vicinity of the exposed bonding surface is a measure for
durability. This assumption is based on the concept that the environmental
impact of aggressive media and solar radiation is related to the penetration
depths into the adhesive. The highest impact of environmental effects is ex-
pected at the exposed bonding surface. In addition, it is supposed that an at-
tenuation of these effects appears with increasing depth from this surface. For
aggressive media, this assumption is guided by the physical principles of diffu-
sion into the adhesive, while for radiation, physical principles of absorption of
the radiation seem applicable for the adhesive. Although it is quite difficult to
quantify the impact of these mechanisms on material strength in terms of exact
numbers, this approach allows the derivation of design rules for different bond-
ing geometries such as U-type, T-type, L-type, and E-type bonding designs
which were numerically and, in part, also experimentally analyzed. Further-
more, the design considerations can be generalized to a class of bonding geom-
etries with planes parallel and perpendicular to the tensile load axis. Regarding
durability it can be concluded that:

• Bonding geometries with all exposed surfaces located only at the end of
side regions are expected to show good durability properties in the con-
text of applied stress.7 Examples are U-type bonding geometries and
E-type bonding geometries.

• Bonding geometries with at least one free surface located at a front
region are expected to show lower durability properties in the context of
applied stress. Examples are T-type bonding geometries and L-type
bonding geometries. One should note that these statements hold true for

the fully operative bonding. The situation of post-failure behavior is not treated
in this paper with the exception of the presentation and discussion of experi-
mental results for degraded bonding geometries.

7An adequate flange length Lf is assumed.
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Evaluation of Silicone Sealants at High
Movement Rates Relevant to Bomb Mitigating
Window and Curtainwall Design

ABSTRACT: Silicone sealants have a long history of successful use in high
performance windows and curtainwalls, such as structural glazing systems.
With the recent threat of terrorist attacks, there has been an increased use of
windows designed to mitigate the impact of bomb blasts. Due to the high
strength and durability characteristics of silicone sealants, structural silicone
sealants have been utilized in new bomb blast mitigating window designs.
Effective bomb blast mitigating window designs allow the window system to
withstand a moderate bomb blast without causing significant injury to build-
ing occupants from the blast itself or flying glass shards. The occupants are
protected because laminated or filmed glass, which can withstand the blast,
is attached in the framing with a silicone sealant. Silicone sealants provide
unique benefits to these window designs due to their strength properties and
their ability to anchor the laminated glass in the framing during a blast situ-
ation. In this paper, three commercially available high strength structural sili-
cone sealants are evaluated at applied load velocities �movement rates� up
to 5.0 m/s. These elevated load velocities are intended to simulate loads
encountered during a bomb blast. Sealant joints are fabricated to evaluate
the sealant in tension, shear, and combined tension and shear loads. Seal-
ants joints are also exposed to accelerated weathering �heat, water, and
artificial light through glass�. Results show that the sealant strength values
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increase substantially at elevated rates of applied load. The paper discusses
the effect of joint configuration, load velocities, and accelerating weathering
on the performance and durability of the silicone sealants tested.

KEYWORDS: bomb blast, silicone, sealant, movement rate, loading
rate, high speed, window, curtainwall

Introduction

The increased threat of terrorist attacks over recent years has highlighted the
need for enhanced physical security features to be incorporated into building
façades �1�. Historically, the majority of serious injuries or fatalities in blast
events sustained by building occupants and the general public in and around
the buildings were caused by high-velocity glass fragments originating from the
building’s exterior window systems that were fragmented by the forces of the
bomb blast �see, for instance, Refs. �2–6��. Figure 1 shows, as an example, the
glazed curtain wall of a building adjacent to the Australian Embassy damaged
by the Sept. 16, 2004 bomb blast in Jakarta, Indonesia. Nine persons were
killed and more than 170 injured in this bomb blast. It is estimated that in a
bomb attack up to 80 % of injuries and fatalities are attributable to flying glass
shards and falling debris. For example, in the April 19, 1995 bombing of the
Alfred P. Murrah Building in Oklahoma City, 40 % of the survivors within the
building cited glass as contributing to their injuries. Within nearby buildings,
laceration estimates ranged from 25 to 30 % �2�.

FIG. 1—Glazed curtainwall damaged by bomb blast �note the remaining shards of
glass� �Source: Associated Press�.
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In addition to posing a hazard to humans, glass fragments can contaminate
the work place and cause business disruptions after a bomb blast event. For
example, following the 1993 Bishopsgate bombing in the City of London,
United Kingdom, the whole air conditioning and ducting system in the building
had to be replaced as no other efficient means of removing the contamination
was deemed viable �7�.

Due to the hazardous behavior of regular glazing systems in bomb blast
events, there is a clear conflict between the need to construct secure facilities
on the one hand and the importance of designing warm, open, and welcoming
buildings such as embassies, hotels, or office blocks on the other. This has led to
a renewed effort in the design of transparent facades that mitigate injuries and
structural damage from blast loads and has prompted an increase in the use of
bomb blast mitigating glazing designs globally during the past decade, espe-
cially in new construction for government, institutional, and some high profile
commercial buildings. Furthermore, existing window designs, which were not
originally designed to withstand bomb blast, also have been retrofitted with
specially developed protective films bonded by silicone sealants to the frame
�8,9�. In summary, the primary objective of the various blast-mitigating protec-
tive glazing systems is to protect people in and around buildings by minimizing
the quantity and hazard of broken glass and blast-induced debris.

Despite the amount of research that has taken place into the fracture be-
havior of architectural glazing under blast loads, this remains a field in which
science is still evolving and the levels of expertise vary greatly. One of the great-
est difficulties lies in anticipating the interactions between the high-speed dy-
namic behaviors of the various materials involved in these glazing systems.
Various factors, such as momentum transfer, natural period of vibration, dy-
namic increase in material strength, aspect ratio, energy adsorption, and load
path, need to be carefully considered for a balanced design. One of the key
materials is the structural sealant, whose proper use and selection is critical to
the performance of protective glazing systems.

In this paper, three commercially available high strength structural silicone
sealants which are currently marketed for bomb blast mitigating window de-
signs are evaluated in high speed testing to simulate loads imposed on the
sealant joint during a bomb blast. Sealant joint designs similar to those used in
current bomb blast mitigating windows are tested in tension as well as shear
and results are analyzed to determine mechanical performance parameters at
high loading rates that are useful for optimum sealant joint design.

The performance of a window system is the result of the interaction of all
of the components of the system based on their attributes, including design,
materials, and construction. The information provided in this paper is intended
to help the designer of these systems to better understand the characteristics
and behaviors of silicone sealants for bomb-blast mitigating window designs.

Bomb Blast Characteristics

When a high explosive, such as trinitrotoluene �TNT�, is detonated a rapid
decomposition of the condensed phase material occurs, resulting in the release

YAROSH ET AL., doi:10.1520/JAI101953 279



of a gas at extremely high temperature and pressure. Typically the pressure at
the origin of the detonation is of the order of 20 GPa. The sudden release of a
gas at high pressure results in an outward directed pressure wave in the air
with an extremely steep pressure rise. This shock wave, consisting of highly
compressed air, is traveling radially outward from the source at supersonic
velocities �up to 10 000 m/s at the explosion origin� �10�. As the shock wave
expands, the pressure decreases rapidly with distance �as a function of the cube
of the distance�. However, when it meets a surface that is in line-of-sight of the
explosion, it is reflected and, for planar surfaces, typically amplified by a factor
of 8–12. The amplification factor may be much higher for geometrically com-
plex structured building surfaces at which double or even triple reflections
occur �11�. The magnitude of the reflection factor is a function of the proximity
of the explosion, the topology of the building envelope, and the angle of inci-
dence of the shock wave on the building surface. It is not uncommon for a
building structure in the path of the pressure wave to be subjected to blasts
with peak pressures of the order of hundreds, if not thousands, of kilopascal
�kPa�. As the detonation wave passes over a given point, the pressure initially
rises almost instantaneously to its peak, followed by a rapid, i.e., exponential,
decay �see Fig. 2�. The positive pressure phase has a very brief span of exis-
tence, measured in milliseconds. Late in the explosive event, the shock wave
becomes negative, creating suction. While the negative pressure phase can have
a longer duration �typically at least twice as long as the positive pressure
phase�, it is limited to the maximum negative pressure of one atmosphere
�100 kPa�, and, therefore, represents only a small fraction of the initial positive
impulse. The positive phase of the pressure trace is generally simplified to an

FIG. 2—Blast pressure as function of time at a given location �Ta: Time of blast pres-
sure arrival, Tso: Time of first return to atmospheric pressure, P0: atmospheric pressure,
Pso: maximum blast pressure�.
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equivalent triangular pulse and for engineering calculations only two param-
eters, the peak pressure and effective duration, are used to characterize the
load. The duration of the positive blast pressure phase is directly related to
blast damage. For a given value of peak air blast pressure, damage increases as
duration increases, because the air blast forces act for a longer period �12�.
Alternatively, peak pressure and positive phase impulse are used to describe a
blast wave. The positive phase load impulse is the integrated pressure load over
time, from the pulse arrival time �Ta� to the time when the pressure first returns
to atmospheric pressure �Ta+Tso�, or the area under the pressure duration
curve between those two time intervals.

Bomb Blast Mitigating Glazing Design

Any attempt to design glazing that minimizes bodily injury and property dam-
age during a bomb blast requires an understanding of the fracture behavior of
architectural glazing subjected to blast loading. Traditional window glass de-
sign methodology, which assumes that loads act quasi-statically with durations
measured in seconds or longer periods, is not suitable for designing blast miti-
gating windows.

It is important to emphasize the principal differences between static, dy-
namic, and short-duration dynamic loads. Static loads, such as gravity loads,
are assumed to act on a building structure for long periods of time and are not
time dependent. Dynamic loads, such as induced by earthquakes or wind gusts,
have strong time dependencies and their durations are typically measured in
tenth of seconds up to several seconds. Short-duration dynamic loads, such as
those induced by explosions or debris impact, are pulse loads with a duration
that is about 1000 times shorter than the duration of a typical earthquake. In
addition to their short-duration dynamic nature, air blast pressure loadings
tend to have much larger magnitudes than wind and snow loadings that typi-
cally govern window glass design.

The damage potential of explosive blasts lies in their ability to deliver ki-
netic energy to the glass pane. Under static loading the glass pane reacts by
bending, i.e., the deformation occurs while the load is acting on the glass pane.
Dynamic wind or seismic loading increase relative slowly when compared to
the structure’s natural frequency. When resisting the acceleration from such
slow dynamic forces, the strain distribution is similar to the one observed
under static loading; therefore, such situation can be treated in a quasi-static
approach. However, if the positive phase duration of the blast pressure is
shorter than the natural period of vibration of the glass pane, the response is
described as impulsive. In this case, most of the deformation of the glass pane
will occur after the blast loading has diminished. The dynamic air blast pres-
sure loading associated with an explosion excites higher vibration modes in a
window glass pane and causes much higher stresses and deflections than a
quasi-static loading having the same magnitude of pressure �5�.

Figure 3 shows qualitatively the relative amplitude-frequency distribution
for different dynamic loads acting on a building. In this figure, for nonoscilla-
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tory pulse loads, such as blast load, frequency is to be considered the inverse of
pulse duration.

The best protection from a bomb is standoff distance since the loading
associated with a given bomb decreases rapidly with increasing standoff dis-
tance. Therefore, typically a perimeter wall is constructed at the property
boundary to restrict access to the site and to achieve a certain minimum stand-
off distance. However, the building’s façade is often its first and only defense
against the effects of a bomb. The manner in which a façade responds to blast
loading substantially affects the behavior of the building’s structure. Typically,
the design philosophy is to focus on the post-damage behavior with the aim of
having the building and its cladding components standing or attached long
enough to evacuate every person and to protect occupants from injury or death
resulting from flying debris.

Generally, the least hazardous post-damage behavior is achieved when the
window units are composed of laminated or filmed glass. For a range of blast
pressures and impulses, failed laminated or filmed glass panes retain the shards
of glass, thereby limiting the extent of flying debris. Even when cracked by blast
pressure, the outer glass layers of a laminated glass pane remain bonded to the
inner plastic interlayer rather than forming free-flying shards, so long as the
blast does not exceed the postulated maximum peak pressure and impulse used
in dimensioning the blast mitigating glazing system �14–16�. For the laminated
or filmed glazing system to be effective, the glass must remain attached to the
suitably enhanced mullions or window frame. This is typically accomplished by
means of a sufficiently strong structural silicone sealant. For laminated glass,
retaining the glass pane may also be achieved by a sufficiently deep rebate.
Standard glazing bites with gaskets will not restrain fractured laminated glass
under air blast pressure loading and the entire glass pane may be pulled out
from the rebates and dislodged from the frame as the glass deflects. On the
other hand, the use of very deep bites with gaskets might restrain the blast-

FIG. 3—Qualitative amplitude-frequency distribution for different dynamic loads act-
ing on a building �adapted from Ref �13� and modified by authors�.
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resistant glazing, but could lead to other problems such as thermal breakage in
annealed laminated glass �5�.

Maximum protective performance is achieved by securely bonding the
glass pane to its frame or mullions by means of a structural silicone sealant,
thus enabling the cracked laminated or filmed glass to behave as a ductile
membrane that bulges inwards, assuming an external explosion event. If the
impact-absorbing interlayer or film remains intact and the fixation of the glass
pane is maintained, the glazing prevents blast pressures from entering the
building and at most a fine glass dust is detached from the surface of the inner
laminated glass pane. Most of the causes of injury are thereby removed.

Stretching the laminated glass polyvinyl butyral �PVB� interlayer beyond
the limit of its ductility �ca. 200 % at room temperature� causes it to tear. Even
after tearing has commenced, the laminated glass pane will continue to offer
some blast resistance until the opening is substantial. This is because as it
deforms and ruptures, the applied blast pressure will diminish over time so that
the residual blast pulse, which does eventually enter the interior of the build-
ing, will be less than the full pulse �17�.

The ability of laminated or filmed glass to absorb and dissipate blast energy
is well proven, both in tests and actual terrorist bomb explosions �5,7,8�. How-
ever, in order to effectively utilize the membrane capacity of laminated or
filmed glass and to transfer the blast load to the window frame or mullions, the
glazing must be securely adhered to its supporting structure. Silicone sealants
provide unique benefits to these window designs due to their inherent strength
properties, resulting in their ability to anchor the glazing in the framing during
a bomb blast event. However, the silicone sealant is only one component of a
glazing system. A glazing system that meets the testing and code requirements
for bomb-blast resistant glazing must successfully integrate the frame or mul-
lion and its anchorage, glass or other glazing materials, protective film or in-
terlayer, and silicone sealant into a system capable of transferring the sustained
forces to the structural building slabs. Various recommendations and standards
dealing with the testing, classification, and guidance for installation have been
developed �see, for example, Refs. �18–26�, and the discussion of International
and European Standards in Ref �27��.

The most commonly used performance specifications for bomb blast miti-
gation in the United States are the GSA �Government Services Administration�
Levels C and D �18�. The GSA levels are defined in terms of �1� an overpressure,
and �2� an impulse �integrated pressure duration product�. Level C specifies a
peak pressure of 27.6 kPa and an impulse loading of 193 kPa·ms, while Level
D specifies a peak pressure of 69.0 kPa and an impulse loading of 614 kPa·ms.
The behavior of the glazing under the given pressure impulse conditions is then
classified in terms of the breakage mode with the classification ranging from
Category 1 �no break� to Category 5 �high hazard�. The intent of these criteria is
to reduce, but not necessarily eliminate, the potential hazards, recognizing that
not all windows will survive a bomb attack.

However, it is important to note that terrorist bombing is a very low prob-
ability event. Most of the time during their service life, bomb-blast resistant
windows and façades must provide their regular function, which is to protect
the building and its inhabitants from the exterior environment while allowing
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light to enter the building and its occupants to visually observe the outside
world. Furthermore, since one cannot predict if and when a building will be
exposed to a blast event, all materials used in the building façade must have
durability characteristics that will allow them to withstand the blast regardless
whether the building just has been completed or already has been in use for the
past 10 or 20 years. Silicone sealants excel in their long-term elasticity, adhe-
sion and durability; properties that are important for the proper functioning of
a façade, both during regular weather exposure as well as during a bomb-blast
event �28�.

Behavior of Bonded Architectural Glazing Subjected to Bomb Blast
Loading

When a window glazed with a laminated or filmed glass that is bonded to the
frame successfully passes air blast pressure loading, the following stages can be
observed �as shown schematically in Fig. 4�:

1. The glass pane deforms elastically and stores some of the impacting
blast energy.

2. The glass pane�s� fracture�s�, and the fracture dissipate�s� the stored
energy.

3. The film or interlayer remains bonded to the glass shards as it deforms
�stretches� in an elastoplastic manner and the deformation dissipates
most of the impacting blast energy, causing the filmed or laminated
glazing to deflect considerably �300 to 400 mm is not uncommon for
larger glazing sizes�.

FIG. 4—Schematic model of window behavior upon impact of blast load.
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4. The frame and support system �mullions� deform and dissipate the re-
maining blast energy.

The overall design philosophy for bomb blast mitigating windows requires
the laminated or filmed glass to break as this consequently allows the interlayer
or film to stretch, causing the large-scale dissipation of blast energy. Because of
this successful energy dissipation less load is transferred into the structural
frame.

In order for a blast-mitigating window to fail properly, the glazing must be
held in place long enough to develop sufficient stress to cause glass failure.
Fundamental to the behavior of the window or curtainwall is the ability of the
laminated or filmed glass to remain attached to the frame or mullions. The
silicone sealant, essential for retaining the glazing, is first compressed by the
glass bearing against the frame or mullions, and then subjected to a complex
triaxial state of superimposing bending, shear, and tensile stresses as the glaz-
ing is crazed and deformed. Since the deformation process occurs within a few
milliseconds, giving rise to stresses in the silicone sealant close to its perfor-
mance limits, it is of importance when selecting products in the design of blast-
mitigating glazing systems to know the response of silicone sealants to high
strain rates and high stress loads.

Some of the deformation conditions that the silicone sealant experiences
can be approximately derived from actual blast tests on laminated or filmed
glass. In a simplistic �quasi-static� approach, the maximum force acting on the
sealant at the center of the long edge of the glass pane can be estimated by
replacing the three-dimensional membrane with a two-dimensional cross sec-
tion represented by a flexible “rope” fixed between two points under constant
load �see Fig. 5�. In this model, the load is acting perpendicular on the rope at
any point along its length. Simple static considerations allow derivation of the
line load and its perpendicular components at the fixation points and at the
center of the membrane, as follows:

FIG. 5—Two-dimensional model for the laminated glass membrane deformation.
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where

b � Span �m�
h � Deformation of the membrane in the middle �m�
p � Pressure load �kPa�

H0 � Horizontal line load on fixation �N/mm�
V0 � Vertical line load on fixation �N/mm�

Qm � Tension line load in the middle of the membrane �N/mm�
Q0 � Resulting line load on fixation �N/mm�

� � Directional angle of resulting load Q0

Obviously, a more sophisticated approach should be based on
finite-element �FE� or computational fluid dynamics �hydro-codes� modeling
considering the silicone sealant as a hyper-elastic material attached to the glass
plate edges. However, for the purpose of deriving the key experimental
parameters for sealant testing, only the simplistic approach is considered here.

Kranzer and colleagues report pressure and displacement versus time
histories measured on laminated glass panes �two panes of 3-mm thick float
glass laminated with 1.52-mm thick PVB film� exposed to blasts generated by
high explosive field charges or pressurized air releases in shock tubes �29�. The
glass area loaded by the blasts was 1.0�0.8 m2 and the blast impulses were
designed to take the laminated glass to the point when the glass pane just crazes
�referred to as the Break Safely/No Hazard level�. Under these conditions,
center pane displacements of around 15 mm and maximum center pane
velocities of 4.9 to 7.5 m/s were measured using a noncontact, laser-optical
displacement measurement technique.

Laminated glass can be made from preprocessed glass panes �annealed,
heat strengthened, or fully tempered� of different structural strength �and
post-breakage behavior�. Furthermore, many secondary effects, such as the age
of glass, scratches at the glass surface, the adherence of the laminate to the glass
surface, the stiffness of mounting, the moment on the support, dry or wet
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glazing, ambient temperature and humidity, etc., result in changes of the
window’s resistance to explosive blast �29,30�. In general, however, for
laminated glass with a size of 1.0�0.8 m2 made from two float glass panes with
an individual thickness of up to 6 mm and laminated with PVB film of up to
2.28-mm thickness, the Break Safely/No Hazard Level is achieved for a
displacement ratio h /b0.03. However, much higher displacement ratios, in
the range of h /b�0.2, may be observed for high impact implosions, taking the
laminated glass to GSA/ISC performance levels of 3 or 4.

Considering the above experimental blast testing information, and using
Eqs 4 and 5, typical deflection angles of 4° to 40° and typical line loads in the
range of 60–160 N/mm were estimated for a laminated glass of 1.0�0.8 m2

size. Using a range of 5 to 20 milliseconds for the positive pressure phase and
the typical displacement ratios given above �h /b ratios of 0.03 to 0.2�, maximum
center pane velocities for successful blast tests, i.e., without the pane
dislodging, are estimated to fall in the 4 to 30 m/s range. Considering the
post-breakage ductility of the laminated glass at high strain rates �31�, an
estimate for maximum movement rates on the sealant ranged between 1 and
15 m/s. However, it should be emphasized that the cornerstones of this range
represent an attempt at a conservative “educated guess;” a better defined range
should be derived from direct experimental measurements.

Behavior of Silicone Sealants at High Strain Rates Relevant for Bomb
Blast Mitigating Window Designs

Overview of Test Program and Sealants Tested

Three commercially available high strength structural silicone sealants, which
are currently marketed for bomb blast mitigating window designs, were se-
lected for evaluation.

Sealant A is a two-component �alkoxy cure� silicone sealant used for struc-
tural glazing applications. Sealant A complies with ASTM C1184 Specification
for Structural Silicone Sealant �32�.

Sealant B is a two-component �alkoxy cure� silicone sealant used for struc-
tural glazing applications. Sealant B complies with ASTM C1184 and ETAG 002
Guideline for European Technical Approval for Structural Sealant Glazing Kits
�33�, EN 13022 Glass in Building—Structural Sealant Glazing �34�, and GB
16776-2005 Structural Silicone Sealants for Building �35�.

Sealant C is a one-component neutral cure �alkoxy� silicone sealant used
for structural glazing applications. Sealant C complies with ASTM C1184,
ETAG 002, EN 13022, and GB 16776-2005.

Table 1 provides an overview of the test program. Different test specimens,
described below, were exposed to tension, compression and shear tests as well
as tests with combined tension and shear loads. Furthermore certain tension
tests with glass substrates were performed after artificial aging. Movement
rates of 50 mm/min �v1�, 0.5 m/s �v2�, 1.0 m/s �v3�, 2.5 m/s �v4�, and
5.0 m/s �v5� were selected. Each test series comprised between three and six
replicate specimens.
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The test specimens were assembled and allowed to cure for 28 days at
ambient laboratory conditions �23±3°C and 50±10 % r.h.�. The specimens
were then shipped to an external, independent test laboratory for high speed
testing �36�, and prior to testing were conditioned at ambient laboratory con-
ditions for a minimum of 24 hours. In total, the specimens were conditioned
�cured� for a minimum of 40 days prior to the testing.

Test Specimen Configurations

Silicone sealant properties and constitutive response are often derived from
specimens in which the stress fields remain parallel during uniaxial loads. Ac-
tual sealed joints in blast mitigating windows or curtainwalls, however, are
exposed to extremely complicated stress fields that are still difficult to model
based on the constitutive behavior of the sealant. Furthermore, the simple
specimens used in deriving the constitutive response do not take adhesion or
joint geometry into account; these factors need to be considered in the math-
ematical modeling of the actual joints. As an interim step, the authors of this
paper considered various specimen configurations that mimic actual sealed
joints in blast mitigating window and curtainwall designs.

Specimen Type H0 �Tension and Compression Tests�—Test specimens were
fabricated as tensile adhesion joints �H-pieces� as described in ASTM C1135
Test Method for Determining Tensile Adhesion Properties of Structural Seal-
ants �37� and ETAG 002 Guideline for European Technical Approval for Struc-
tural Sealant Glazing Kits with a sealed joint of dimensions 12 by 12 by
50 mm3 �width by height by length� between two �mill-finished� aluminum sub-

TABLE 1—Overview of test program.

Load
Test Specimen
�Cross-sectional area� Sealant

Movement Rates
0.00083
m/s

0.5
m/s

1.0
m/s

2.5
m/s

5.0
m/s

Tension Type H0 �12 mm by 12 mm� A X X X X X
B X X X X X
C X X X X X

Type HW after A … … … … X
UV—Exposure B … … … … X
�12 mm by 12 mm� C … … … … X
Type HS �12 mm by 6 mm� B X X X X X
Type HL �24 mm by 12 mm� B X X X X X

Compression Type H0 �12 mm by 12 mm� A X X X … …
B X X X … …
C X X X … …

Shear Type M �12 mm by 12 mm� B X X X X X
Tension &
Shear

Type L B X X X X X
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strates of dimensions 40 by 5 by 50 mm3 �width by height by length�.

Specimen Type HW �Tension�—Test specimens of Type HW were of the same
configuration as Type H0, however, with one of the �mill-finished� aluminum
substrates replaced by a float glass plate of dimensions 40 by 6 by 50 mm3

�width by height by length�.

Specimen Type HS �Tension�—The tension test specimens of Type HS were
similar to those of the Type H0, however with a smaller cross-sectional area,
i.e., with a sealed joint of dimensions 12 by 6 by 50 mm3 �width by height by
length� between two �mill-finished� aluminum substrates of dimensions 40 by 5
by 50 mm3 �width by height by length�.

Specimen Type HL �Tension�—The tension test specimens of Type HS were
similar to those of the Type H0, however with a larger cross-sectional area, i.e.,
with a sealed joint of dimensions 24 by 12 by 50 mm3 �width by height by
length� between two �mill-finished� aluminum substrates of dimensions 40 by 5
by 50 mm3 �width by height by length�.

Specimen Type M �Shear�—The configuration of specimen Type M is shown
in Fig. 6. The specimen configuration comprises two symmetrically arranged
joints, each having sealed joint dimensions of 12 by 12 by 50 mm3 �width by
height by length� between two �mill-finished� aluminum substrates.

Specimen Type L �Combined Tension and Shear�—The configuration of
specimen Type L is shown in Fig. 7. The specimen configuration comprises a
U-shaped joint holding two L-shaped sealed joints between two �mill-finished�
aluminum substrates.

FIG. 6—Configuration and dimensions of specimen Type M �dimensions given in
millimetres�.

YAROSH ET AL., doi:10.1520/JAI101953 289



Artificial Accelerated Weathering

Prior to the tension tests, specimens of Type HW were subjected to artificial
accelerated weathering according to ETAG 002, Clause 5.1.4.2.1. In this proce-
dure, test specimens are exposed to 1000 hours of immersion in hot deminer-
alized water with a water temperature of 45±1°C while simultaneously under-
going irradiation by artificial light �UV, VIS, IR� through the nonimmersed
upper glass plate. Immersion and light exposure was carried out in a Heraeus
Xenon Test 250 T accelerated weathering device. At the beginning and the end
of the weathering, the intensities of the global �300–800 nm� and ultraviolet
�UV� �300–400 nm� radiation were determined. The global intensity fell from
440 W/m2 �initial� to 437 W/m2 �final�, the UV intensity from
27.3 W/m2 to 26.9 W/m2 �note that ETAG002 and ISO 11431 �38�, referenced
in the ETAG, stipulate an irradiance at the surface of the test specimens be-
tween wavelengths of 290 nm 800 nm of �550±75� W/m2�. After the test speci-
mens were removed from the chamber they were conditioned for about
48 hours at ambient laboratory conditions prior to performing the tension
tests.

Mechanical Test Procedure

The tension, compression, and shear tests at the low movement rate �v
=50 mm/min� were performed using a conventional, screw-driven 10 kN me-
chanical test machine �Zwick GmbH & Co., Ulm, Germany�. For higher move-
ment rates �v2=0.5 m/s to v5=5 m/s� a 20 kN servo-hydraulic mechanical test
machine �Zwick REL 1856 with a clamp speed range of 1 to 10 m/s� was used.
All machines were fitted with precision strain gage load cells for continuous
operation at maximum dynamic loading. Different adapters were fabricated to
mount the specimens in the test equipment �see Fig. 8�.

In tests with higher movement rates �v2 to v5� the striking cylinder of the
testing machine was accelerated up to the required speed before making con-
tact with the receptor on the specimen holder. The impact of the striker against
the receptor caused an elastic compression wave �incident wave� to propagate
along the specimen holder. Therefore, in the tension tests a conical attachment

FIG. 7—Configuration and dimensions of specimen Type L �dimensions given in
millimetres�.
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was used as a receptor to minimize vibrations induced by the impact in the test
specimen, as the vibrations, which increased with higher movement rates, in-
terfered with the measurement of the force signal. The amplitude, frequency
and damping behavior of these vibrations depended on the test setup including
the adapter used and the specimen type, especially its mass, stiffness, and
damping characteristics. The tensile responses of the silicone sealants were
measured to the point of fracture of the specimens. The experimental setup
allowed for a constant movement rate in all tension tests until rupture of the
specimen occurred.

In the compression tests the striking cylinder decelerated towards the end
of the test, however, the experimental setup was such that it always achieved a
displacement of about 9 mm after making contact with the test specimen
holder.

The ambient conditions during the test were 20±2°C and 50±5 % relative
humidity. The load-displacement histories were recorded by digitally measur-
ing the signals of force F�t� and displacement x�t�. Fast piezoelectric quartz
load-cell devices were used to measure the forces at higher movement rates �v2
to v5�. A fast noncontact optical displacement sensor was employed in the com-
pression tests with higher movement rates �v2 and v3�. The maximum sampling
rate was 15 kHz �used at v5=5 m/s� and the sampling rate was adjusted such
that the load-displacement curves within time intervals down to below 10 ms
were represented by a minimum of 100 measurement values.

The measured data were evaluated to determine the maximum stresses,
	max and �max, and the corresponding strains �max and �max, in tension or shear,
respectively, at maximum loads Fmax. The stresses and strains were related to
the actual values of the cross-sectional area �width �W� by height �H� by length
�L�� determined for each test specimen with an accuracy of ±0.1 mm.

Tensile/shear strength:

FIG. 8—Adaptors used for mounting the various specimens in the test equipment
�shown from left to right: adaptors for specimens H0, M, and L�.
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	max = Fmax/�W · L� �max = Fmax/�W · L� �6�

Strain at maximum load:

�max = xmax/H � 100 % �max = xmax/H � 100 % �7�

The maximum loads in the compression tests were given by the limits of load-
ing devices Fmax=10 kN and 20 kN, respectively. In this case stresses 	50 % at
strains of �=50 % were evaluated:

Compressive stress at �=50 %:

	50 % = F50 %/�W · L� �8�

Results

In general the specimens failed 100 % cohesively unless otherwise stated below.
For a few specimens, imperfections due to air entrapment �bubbles� during
mixing and application as well as insufficient mixing �streaking� were observed.

Tension Tests—Table 2 and Fig. 9 provide a summary of the tension test
results obtained with specimen Type H0. Figure 10 shows, as a representative
sample, the individual stress-strain curves measured for Sealant A at the differ-
ent movement rates.

Test results for specimen Type HW were obtained after accelerated ETAG
002 weathering for all sealants at a movement rate of 5 m/s. Table 3 and Fig. 11
show a comparison of these test results with those obtained for the �unweath-
ered� H0 specimens.

The fracture behavior of Sealant A specimens was completely cohesive in
the sealed joint. For some specimens of Sealants B and C partially adhesive
failure was observed between the sealant and the substrate �aluminum or
glass�.

For Sealant B, the effect of sealed joint cross section on the tension test
results was investigated for all movement rates. Table 4 and Fig. 12 summarize
the results obtained for specimen Types HL and HS in comparison to Type H0.
Due to the smaller sealed joint volume the results for the specimen Type HS
were considerably more affected by vibrations induced by the striker than those
obtained for specimen Types HL and H0. The superimposed vibrations did not

TABLE 2—Tension test results for H0 specimen configuration at various movement rates.

Sealant Mean Stress and Strain 50 mm/min 0.5 m/s 1.0 m/s 2.5 m/s 5.0 m/s
A stress 	max �MPa� 1.41 2.37 2.79 3.13 3.46

strain � �%� at F=Fmax 72 100 155 174 180
B stress 	max �MPa� 1.38 2.16 2.36 2.74 2.85

strain � �%� at F=Fmax 91 170 155 193 177
C stress 	max �MPa� 1.02 1.90 2.06 2.25 2.44

strain � �%� at F=Fmax 141 214 218 235 238
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allow a meaningful analysis of stress maxima for movement rates �1 m/s,
although the stress-strain curves showed a clear trend towards increased tensile
strength for higher movement rates.

Shear Test—Table 5 summarizes the results of the shear tests carried out on
Sealant B using specimen Type M.

Combined Tension and Shear Test—Table 6 summarizes the results of the
combined tension and shear test carried out on Sealant B using specimen Type
L.

Compression Test—Table 7 summarizes the results of the compression test
carried out on all sealants using specimen Type H0.

Discussion

The three silicone sealants studied all toughened and also appeared to stiffen
with increasing movement rates. The toughening of the sealants results from a
simultaneous increase in maximum strength and strain, which translates into
substantially increased fracture energy, which corresponds to the area under
the stress-strain curve. For a well-balanced blast mitigating window design, the

FIG. 9—Tension test results obtained with specimen Type H0.
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increased toughness results in greater blast capacity, assuming the silicone seal-
ant represents the weakest link in the performance chain of the design.

In tension, both tensile strengths and corresponding strains increase by a
factor of about 2 to 2.5 for all three sealants with an increase in movement rate
from 50 mm/min to 5.0 m/s �see Tables 2 and 4 and Figs. 9 and 12�. In the

FIG. 10—Individual stress-strain curves measured for Sealant A at the different move-
ment rates.

294 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



TABLE 3—Tension tests results for H0 �unweathered� and HW �weathered� specimen con-
figurations at a movement rate of 5 m/s.

Sealant Mean Stress and Strain H0 �Unweathered� HW �Weathered�
A stress 	max �MPa� 3.46 2.89

strain � �%� at F=Fmax 180 126
B stress 	max �MPa� 2.85 2.46

strain � �%� at F=Fmax 177 168
C stress 	max �MPa� 2.44 2.36

strain � �%� at F=Fmax 238 217

TABLE 4—Tension test results for Sealant B for different specimen configurations �H0, HL,
and HS� at various movement rates �effect of sealed joint sizes�.

Geometry Mean Stress and Strain 50 mm/min 0.5 m/s 1.0 m/s 2.5 m/s 5.0 m/s
H0 stress 	max �MPa� 1.38 2.16 2.36 2.74 2.85
�12�12� strain � �%� at F=Fmax 91 170 155 193 177
HL stress 	max �MPa� 1.36 1.91 2.30 2.50 2.95
�24�12� strain � �%� at F=Fmax 69 148 135 159 171
HS stress 	max �MPa� 1.40 2.12 2.38 … …
�12�6� strain � �%� at F=Fmax 55 64 35 … …

FIG. 11—Tension tests results for H0 �unweathered� and HW �weathered� specimen
configurations at a movement rate of 5 m/s.
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TABLE 5—Shear test results for Sealant B obtained with specimen configuration M at
various movement rates.

Geometry Mean Stress and Strain 50 mm/min 0.5 m/s 1.0 m/s 2.5 m/s 5.0 m/s
M stress �max �MPa� 0.64 1.46 1.74 2.09 2.22

strain � �%� at F=Fmax 111 210 210 230 234

TABLE 6—Shear test results for Sealant B obtained with specimen configuration L at
various movement rates.

Geometry
Mean Stress
and Strain 50 mm/min 0.5 m/s 1.0 m/s 2.5 m/s 5.0 m/s

L Force Fmax �N� 2411 3384 3867 4717 5201
Displacement u �mm�
at F
=Fmax

3.7 6.1 7.5 7.3 7.6

FIG. 12—Tension test results for Sealant B for different specimen configurations �H0,
HL, and HS� at various movement rates �effect of sealed joint sizes�.
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shear experiment on Sealant B, a corresponding increase in shear strength by a
factor of 3.5 and strain by a factor of 2.1 is observed �see Table 5�. Furthermore,
in the combined shear and tension experiment carried out on Sealant B, in-
creases in the force and displacement by factors of 2.2 and 2.1, respectively,
were measured over the range of movement rates �see Table 6�.

Earlier studies on the strain rate sensitivity of silicone sealants were limited
to much slower movement rates �0.01 to 125 mm/min� in tension �see, for
example, Ref �39� as an early study�, but had found similar results.

In compression, the increase in strengths with movement rates showed a
stronger dependency on the formulation of the sealants than the corresponding
increases in tension, shear, or in combined load. As can be seen from Table 7,
the strengths at 50 % compression increased by a factor of 2.5, 1.3, and 1.5 for
Sealants A, B, and C, respectively, with an increase in movement rate from
50 mm/min to 5.0 m/s.

As can be seen from Fig. 10, an increase in movement rate typically also
appeared to result in an increase in Young’s modulus of the sealant.

The relation between microstructure and constitutive response of rubbers
is well understood �see, for example, Ref �40��, and can be summarized as
follows. The viscoelastic nature of amorphous rubbers �such as silicones above
glass transition and crystallization temperatures� derives from the mobility of
the polymer chain on the atomic scale �rotations between molecular units� and
on the macroscopic scale �straightening of the chain between cross-links�. The
strain rate sensitivity reflects the timescale required for these polymer chain
reorientations to take place. At low strain rates the polymer chains have suffi-
cient time to reorientate themselves and the storage modulus of the rubber is
low. At high strain rates, the deformation of the polymer chains is restricted to
bending and stretching of the chemical bonds, and the storage modulus of the
rubber can increase by up to three orders of magnitude.

Accelerated weathering according to ETAG 002 does have an effect on me-
chanical properties and adhesion of the sealants. A decrease in strengths �−3 to
−17 %� and strains �−5 to −29 %� at maximum load in relation to nonweath-
ered specimens is observed. Furthermore, while specimens of Sealant A all
failed cohesively, some specimens of Sealants B and C displayed partial adhe-
sive failure.

The geometry of the sealed joint has little effect on the maximum stress
levels achieved, however, a thinner glueline �specimen Type HS� results in lower
strains at maximum force.

TABLE 7—Mean compressive stress 	50 % �MPa� at strain �=50 % obtained with specimen
configuration H0 at various movement rates �50 mm/min to 1.0 m/s�.

Sealant 50 mm/min 0.5 m/s 1.0 m/s
A 4.26 8.04 10.70
B 4.04 4.79 5.12
C 2.50 3.56 3.77
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Summary

Bomb blast mitigating window designs are clearly growing in popularity in
response to increased terrorist risks. These window designs are complex with
many variables affecting their performance. One essential component needed
to develop a successful bomb blast mitigating window system is the silicone
sealant. Only a silicone sealant can reliably meet the demands of these systems:
strength to anchor the laminated or filmed glass in the frame, flexibility, long-
term adhesion and proven structural glazing durability. Testing of silicone seal-
ant in a manner simulating bomb blast conditions in terms of movement rates
shows an increase in tear energy �toughness� and often also in Young’s modu-
lus. By providing data on the behavior of silicone sealants at high movement
rates, a design professional is armed with information needed to innovate,
model, and develop systems, which will perform successfully and hopefully
save lives.
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Factors on Weatherability of
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ABSTRACT: This paper presents information on the weatherability of con-
struction sealants based on a newly developed test specimen design that
allows simultaneous exposure of the sealant to forced compression and ex-
tension movement in a single specimen. In this study, exposure to cyclic
movement and weathering is carried out simultaneously. Furthermore, an
evaluation method for surface cracks induced by weathering is presented
that allows an assessment of the overall “degree of degradation,” a single
number characterizing the state of degradation of the sealant surface. In
order to study the effects of the extent of extension and compression as well
as the regional exposure factors on the degree of degradation, twelve seal-
ants were exposed to outdoor weathering for four years at three exposure
sites, located in the northern, central, and southern areas of Japan. The
evaluation of surface cracks was carried out according to the rating provided
in ISO 4628-4, with the modification that new rating criteria were introduced
to evaluate minute cracks. A mathematical equation determining the “degree
of degradation” was obtained for each sealant, which is based on a compo-
nent reflecting aging under static condition and another component reflecting
the dynamic conditions induced by mechanical movement and regional ex-
posure factors. This equation provides a reasonable relationship between
the experimental observation and calculated degradation over the exposure
period.
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Introduction

A construction sealant is a material used to maintain the waterproof and air-
tight functions of a joint over the long term, and the weatherability of the
sealant is an important performance criterion for maintaining these functions.
Although the degradation of sealants in the outdoors proceeds by UV irradia-
tion, heat, water, and many factors in general, the dynamic movement to which
the sealant is exposed in actual joints accelerates the degradation.

The quantification of the surface degradation on a particular exposure site
�1� was reported by using the newly devised test specimen �2�.

The purpose of this study is to evaluate the extent to which the geographic
location of exposure influences the surface degradation by carrying out the
exposure test at three different sites in Japan.

Experimental Procedures

Sealants and Tested Sealants

Eight sealants, commercially available in Japan �see Table 1�, which are con-
forming to JIS A 5758 �3� and are tested in accordance with JIS A 1439 �4�, were
used to carry out the exposure test.

The configuration of the test specimen that enabled exposure of the sealant
to continuous degrees of extension and compression in a single specimen is
shown in Fig. 1.

TABLE 1—Sealants tested.

Sealant Mark

Physical Propertiesa

50 %M.
�N/mm2�

Tensile
Strength
�N/mm2�

Elongation
�%�

2 part Silicone SR-2 0.14 0.81 1170
2 part Polyisobutylene IB-2 0.11 0.38 490
2 part Modified Silicone
�General Purpose type�

MS-2
�GP�

0.15 0.49 650

2 Part Modified Silicone
�Stress Relaxation type�

MS-2
�SR�

0.12 0.43 480

1 part Modified Silicone MS-1 0.12 0.56 560
2 part Polysulfide PS-2 0.14 0.40 550
2 part Polyurethane PU-2 0.15 0.53 570
1 part Polyurethane PU-1 0.14 1.03 950
aPhysical Properties: based on JIS A 1439.
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Outdoor Exposure Conditions

The exposure test was carried out at three sites in Japan. The exposure condi-
tions and a summary of the weather indicators at the exposure sites are given in
Tables 2 and 3, respectively. The test specimens were exposed to both static and
dynamic conditions, i.e., the static condition was without any movement and
the dynamic condition exposed the specimen to extension and compression
cycles that were periodically reversed once every month. The evaluation of sur-
face degradation on the specimen was determined at four locations on the
sealant surface, i.e., for the statically exposed specimens at ±0 % movement
amplitude, and for the dynamically exposed specimens at ±1.5 %, ±15 %, and
±25 % movement amplitude. The center of the dynamically exposed specimen
was undergoing a movement of ±1.5 % due to the offset between the rotary pin
and the edge of the specimen.

FIG. 1—Test specimen.

TABLE 2—Exposure conditions.

Location of
Exposure

Term of
Exposure

Direction/
Angle

Interval of
Extension/Compression

Exchange
Position of
Evaluation

North None �Static� �0 %
Oct. 1, 2002 �1.5 %

Central �
Sept. 31, 2006

South/45° Twice/week
�Dynamic�

�15 %

South �25 %
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Evaluation

Determination of Degradation

The determination of the degradation was based on the rating scheme provided
in ISO 4628-4 �5� with additional rating criteria introduced to determine the
influence of minute surface cracks �see Tables 4 and 5 as well as Fig. 2�.

Evaluation of Degree of Degradation

The degree of degradation �QS-value� is based on the product of the rating of
Quantity �Q� and Size �S� of cracks as shown in Eq 1. The approximate rela-
tionship between the QS-value and the surface condition is indicated in Fig. 3.
The digital photos of the cracked sealant surfaces given in Fig. 4 illustrate the
effectiveness of the QS-value to assess the state of degradation of the sealant.

QS�t� = Q�t� � S�t� �1�

where QS�t� is the QS-value after t months, Q�t� is the rating of Q after t
months, and S�t� is the rating of S after t months.

TABLE 3—Summary of weather indicators.a

North Central South
Temperature
�°C�

Max. 33.6 28.8 33.1
Min. −25.5 −2.1 13.5
Ave. 6.6 14.2 23.7

Accumulated total solar
radiation
�0° ·M/Jm2�

16,962 20,345 22,694

Accumulated
precipitation �mm�

3,994 7,156 8,392

aTerm: Oct. 1, 2002 to Sept. 31, 2006.

TABLE 4—Crack rating index of quantity.

Rating Quantity of Cracks �Q�
0 None

0.5a Trace
1 Very few
2 Few
3 Moderate
4 Considerable
5 Dense

aNewly introduced rating.

ENOMOTO ET AL., doi:10.1520/JAI101949 305



Test Results

The changes in the QS-value for the different sealants are provided in Fig. 3. A
summary of the test results is given below.

1. Although the degree of degradation increases with an increase in the
extent of extension and compression, the degree to which this change
occurs with an increasing extent of extension and compression de-
pends on the type of sealant.

2. The two-part silicone sealants did not show surface degradation for any
of the test conditions.

Discussion

Model of QS-Value Change

A three-dimensional model �response surface� of the QS-value as a function of
exposure time and extent of extension and compression was generated from the
test results as shown in Fig. 5.

Based on Fig. 6, the equation for the QS-value can be stated as shown in Eq
2.

TABLE 5—Crack rating index of size.

Rating Size of Cracks �S�
0a Not visible�100 magnification

0.3a Only visible under magnification up to �50
0.5a Only visible under magnification up to �30

1 Only visible under magnification up to �10
2 Just visible with normal corrected vision
3 Clearly visible with normal corrected vision
4 Large cracks generally up to 1 mm wide
5 Very large cracks generally more than 1 mm

wide
aNewly introduced rating.

FIG. 2—Crack patterns for quantity.
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FIG. 3—Change of QS-value of sealants.
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FIG. 4—Surface degradation condition rating.

FIG. 5—Response surface model of dependency of QS-value on exposure time and de-
gree of extension/compression.
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QS�� · t� = QS0�t� � B = �a · tb� � �1 + c · �d� �2�

where QS�� · t� is the QS-value at � % after t months, QS0�t� is the QS-value
under static condition after t months, t is the exposure duration �in months�, �
is the extent of extension and compression ratio, and a, b, c, and d are con-
stants.

Dependency of QS-Value on Geographic Exposure Location

The changes of QS-value with exposure location can be approximated by Eq 3,
in which the factor R provides a relative comparison between the specific ex-
posure site and the central �reference� site. The relative comparison factor is
calculated by dividing the QS-value of the specific exposure site by the
QS-value of the central �reference� site as shown in Eq 4 and Fig. 6.

The equation of the central site derived for each sealant is given in Table 6,
and the relative comparison factors of the specific exposure sites are shown in
Fig. 7.

FIG. 6—Model of QS-value change in each exposure site.

TABLE 6—Equation of each sealant at central site.

Sealant Equation for QS�� · t�
SR-2 QS�� · t�= �0· t1.0�� �1+0·�1.0�
IB-2 QS�� · t�= �0.04· t4.0�� �1+2.2·�0.5�
MS-2�GP� QS�� · t�= �0.006· t3.0�� �1+27.4·�0.3�
MS-2�SR� QS�� · t�= �0.04· t4.0�� �1+0.3·�0.9�
MS-1 QS�� · t�= �0.06· t4.0�� �1+5.4·�0.4�
PS-2 QS�� · t�= �0.4· t0.6�� �1+1.5·�0.3�
PU-2 QS�� · t�= �1.3· t0.7�� �1+0.07·�0.7�
PU-1 QS�� · t�= �0.2· t0.9�� �1+0.003·�2.2�
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QS�� · t� = R � 
�a · tb� � �1 + c · �d�� �3�

where R is the relative comparison factor.

R = Average of QS-value�each site�/QS-value�central site� �4�

Relationship between Observation and Calculation

The relationship between observed QS-values and those calculated are shown
in Fig. 8.

Conclusions

The following conclusions can be drawn from this study:
1. The equation for the QS-value of each sealant shows a reasonable cor-

relation between the experimental observation and the calculated value
for each exposure site.

2. Although the one-part polyurethane sealant shows a dependency of the
degradation on the location of the exposure site �which matches the
commonly held opinion that degradation is affected by the exposure
location�, the surface degradation of the other sealants does not show
many differences between exposure locations.

FIG. 7—Relative comparison factor for each sealant.
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FIG. 8—Relationship between observation and calculation.
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Using Rheology Test Methods to Assess
Durability of Cured Elastomers Undergoing
Cyclic Deformation

ABSTRACT: The current measurement test method to assess elastomeric
sealant durability is ASTM C719. This method requires a minimum of five
weeks of curing and conditioning before being subjected to ten movement
cycles at room temperature and then ten movement cycles at variable tem-
peratures. This method is a fine predictor of sealant movement capability for
products used in moving joints in commercial construction applications.
ASTM E1886 suggests that building assemblies be subjected to 9000 cycles
of wind pressure. Sealant materials are typically used to anchor glazing as-
semblies into frames, and the choice of the correct sealant is critical to pass-
ing the test criteria specified in ASTM E1866. Rheological instruments have
the capability to characterize the dynamic mechanical behavior of elasto-
meric materials undergoing oscillatory �cyclic� deformation under controlled
test conditions and, therefore, provide a laboratory tool for assessing dura-
bility. Cyclic testing can be conducted under controlled strain �deformation�

conditions at frequencies that simulate joint movement due either to thermal
expansion differentials or seismic events, or under controlled stress �load�

that model hurricane-force wind loads or design pressures. An immediate
stress-softening response was observed from controlled-strain experiments
at 15 % movement that was ascribed to the Mullins effect; however, three of
the four cured silicone sealants exhibited a modest recovery over the re-
maining four days of cyclic testing. Under controlled-stress cycling at 0.138
MPa for 150 minutes at 0.5 Hz, the silicones exhibited ultimate deformations
well below their rated movement capabilities. The results from both types of
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rheology test methods did not reveal outward signs of fatigue and suggest
which elastomeric materials will perform better under the drastic cycling that
occurs in ASTM E1866 and ASTM C719 testing.

KEYWORDS: cycling, deformation, durability, elastomers, movement,
rheology, rheometry, sealant, silicone

Introduction

Durability evaluation of sealant-materials is a science unto itself. The existing
assessments of sealant durability include the ASTM C719-93 “Standard Test
Method for Adhesion and Cohesion of Elastomeric Joint Sealants under Cyclic
Movement �Hockman Cycle�” �1�, ‘‘JIS-A 5758 Sealing Compounds for Sealing
and Glazing in Buildings� �2�, and ‘‘ISO 9047:2003 Building construction—
Jointing products—Determination of adhesion/cohesion properties of sealants
at variable temperatures� �3�. These methods use a block of sealant approxi-
mately 12 mm by 12 mm by 50 mm extruded between two parallel plates
made from a selection of available substrate material�s�. The sealant is allowed
to cure and the adhesion and cohesion properties are evaluated after extension
and compression cycles. For example, ASTM C719 requires a minimum of five
weeks of curing and conditioning before being subjected to ten movement
cycles at room temperature and then ten movement cycles at variable tempera-
tures. These methods are used by the global industry to assess movement ca-
pability of high performance sealants. Other custom assessments of durability
use the same joint design and will subject the specimens to conditions that are
specified in structural glazing specifications such as the European Organization
for Technical Approval �EOTA� ETAG 002 Guideline for European Technical
Approval for Structural Sealant Glazing Systems �4� and ASTM C1184-00a
Standard Specification for Structural Silicone Sealants �5�. These specifications
assess the properties of structural sealants after aging in environments such as
salt fog, water immersion, heat, cold, hot water, and SO2 environments by
comparing the stress-strain properties and adhesion to control samples.

After Hurricane Andrew blew by South Florida in 1992, the destruction and
devastation that occurred prompted the development of glazing standards for
the hurricane-prone areas in the United States. ASTM E1886-02 “Standard Test
Method for Performance of Exterior Windows, Curtain Walls, Doors, and Im-
pact Protective Systems Impacted by Missile�s� and Exposed to Cyclic Pressure
Differentials” �6� proposes that building assemblies be subjected to a total of
9000 cycles of wind pressures after the glazing is impacted with specified flying
debris, simulating hurricane conditions. This full-scale test requires the proper
glazing, frame design, and structural attachment of the glazing. The spirit of
the test is to ensure that the glazing remains in the frame after being impacted
during a hurricane. When the glazing remains in the frame after the impact
event, the interior of the building is protected from the windblown debris and
rain damage that can occur.

ASTM E1886 requires the sealants, framing system, and glazing system to
harmoniously perform for the duration of the test. This harmonious perfor-
mance has several times been a study in trial and error. There is no sealant
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durability test that really predicts the performance of a sealant in this full size
assembly. This paper is an attempt to take a different approach to determining
a method that can predict sealant performance undergoing either strain- or
stress-dependent movement cycles.

Rheology, the study of the deformation and flow of matter, provides test
methods to determine material functions that describe the viscous or elastic
response of a material. For example, a rheology test method was applied to
examine the temperature dependence of the dynamic tensile properties of vari-
ous sealants as a diagnostic tool in durability assessment �7�. Building upon
this data, an attempt is made to further understand the use of this tool to
predict durability of elastomeric materials.

Rheometry

Two types of rheometers used as laboratory research tools have historically
been commercially available: controlled-strain or controlled-stress instruments.
In the former, strain—represented by � for shear deformation—is defined as the
input test parameter and stress 	 is the output response based on the geometry
of the test material; in the latter, a force �or load� is the controlled parameter
and the corresponding deformation is measured. The current state-of-the-art
instrumentation allows for both types of control from a single instrument,
handles a wide range of samples, and provides a footprint that requires mini-
mal laboratory space.

Rheological instruments have the capability to characterize the stress-
strain behavior, transient properties such as creep and stress relaxation, and
dynamic mechanical behavior of elastomeric materials undergoing oscillatory
�cyclic� deformation. The modes of deformation include tensile, compression,
bending, torsion, and shear. Therefore, rheometry would appear a suitable test
method overall for characterizing the properties of cured elastomers including
sealants and adhesives.

Rheometers capable of oscillatory testing provide a tool for assessing the
durability of a material in terms of fatigue resistance. Cyclic testing can be
conducted under �1� controlled strain �deformation� at low frequencies to simu-
late joint movement due to thermal expansion differentials or at intermediate
frequencies �1 to 103 Hz� corresponding to seismic events, and �2� controlled
stress at frequencies that model hurricane-force wind loads or design pres-
sures. Although a sinusoidal waveform, shown schematically in Fig. 1, is the
default standard for defining a dynamic deformation cycle, arbitrary wave-
forms can be programmed in some instruments including the �1� triangular
waveform in ASTM C719, �2� square waveform found to relate to real joint
movements at constant temperature �8�, and �3� trapezoidal waveform being
recommended in current RILEM durability test methods �9�. A sinusoidal
waveform may also be viewed as a suitable representation of both daily and
monthly temperature cycles. Figure 1 depicts an output sinusoidal response
lagging the input pulse if the material being tested was not completely elastic.

A rheological instrument �10� can be accessorized or lend itself to be
custom-modified to expose a test specimen to a controlled �oxidizing, inert, or
pressurized� atmosphere either at a constant temperature or a dynamic range
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anywhere from −170°C to 1000°C, controlled humidity between 5°C to 80°C,
total immersion in fluid media, or ultraviolet or visible radiation energy. Rhe-
ometers that accommodate disposable geometry fixtures provide the option of
defining a desired size for the test specimen, constructing substrates from dif-
ferent materials, or allowing test specimens to be cured off-line. Using smaller
fixtures will shorten the time required to fully cure and condition one-part RTV
sealants, for example.

Experimental

Materials

Table 1 summarizes the four moisture curing materials used for this work: a
pair of one-part RTV and a pair of two-part structural silicone sealants. The
listed movement capability that ranged from 12.5 % for the two-part sealants to
50 % was determined following ASTM C719. Each test specimen was allowed
to cure in situ, to optimize material-substrate contact with the rheometer plate
fixtures, at ambient conditions �23°C and 40 % RH� for one week under static
conditions. For future considerations and in the event that proposed standard
testing parameters are established �11�, rheometers can also be used to cure
specimens under dynamic conditions while simultaneously measuring its
change in rheological properties over time.

γ
(t

)
an

d
σ

(t
)

t

Output

Input

1 cycle

FIG. 1—A sinusoidal waveform used in cyclic testing in shear deformation mode where
the output response will lag the input pulse if the test material was not completely
elastic.

TABLE 1—Description of moisture curing silicone sealants.

Sealant
Designation Type Si Cure Chemistry

Rated Movement
Capability, %

Shear Modulus,
MPa

A One-part Acetoxy 25 0.4
B One-part Alkoxy 50 0.7
C Two-part Alkoxy 12.5 1.5
D Two-part Alkoxy 12.5 1.4
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Using dimensions defined by the rheometer fixtures described in the next
section, full cure of the 8-mm diameter test specimens under ambient condi-
tions �22°C, 40 % RH� was predicted to be 73±25 h and 81±10 h for the
one-part RTV sealants A and B, respectively. This was based on preliminary
in-house experiments using �1� rheometry to monitor the modulus build up to
an asymptotic �full cure� value using small-amplitude deformation �1 % strain�,
and �2� cure-in-depth measurements of one-part RTV sealants. After the seven-
day cure period, the environmental test chamber for the rheometer was en-
gaged to compartmentalize the test setup and the cured sealant was allowed to
equilibrate at 25°C for 24 hours. A preliminary stress-strain test was con-
ducted to approximate the shear modulus of the elastomer �Table 1�.

Instruments

Rheometers—TA Instruments �New Castle, DE� Advanced Rheometric Ex-
pansion System �ARES� controlled-strain and AR550 controlled-stress rota-
tional rheometers were used to conduct post-cure dynamic deformation experi-
ments. The full-scale torque was 200 mN·m and 50 mN·m for the ARES and
AR550, respectively. In dynamic testing mode, the frequency range capability of
the ARES and AR550 was 10−5 to 500 rad·s−1 �10−5.8 to 80 Hz� and
10−3.2 to 250 rad·s−1 �10−4 to 40 Hz�, respectively. The ARES was equipped
with a forced �air or N2� convection oven while the AR550 used a controlled
convection/radiant-heating environmental chamber.

Plate Geometries—Rotational rheometers are typically accessorized with
two different plate geometries shown schematically in Fig. 2. Plate geometry
fixtures with a radius R of 4 mm were used to impose a shear deformation,
represented in Fig. 2 by the angular displacement �, on the test specimens
based on the instrument design specifications, the modulus of rigidity of the
cured sealants, and the testing parameters. The parallel-plate fixture was the
primary geometry used. It had the advantage of allowing for a gap h between
the plates, corresponding to the specimen thickness, to be specified, which can
be useful if a certain aspect ratio of the test specimen is desired. In this work,
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FIG. 2—Schematic diagrams for parallel-plate �left� and cone-and-plate �right� geom-
etries with a plate radius R.
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the thickness of the sealant test specimens was approximately 1.5 mm. An au-
totension capability allowed the gap to be adjusted automatically during the
cure cycle to compensate for forces generated as a result of volume shrinkage
from leaving reaction by-products. The ARES was equipped with plates con-
structed from stainless steel whereas a stainless steel upper plate and alumi-
num bottom plate was utilized with the AR550. Both rheometers had the op-
tion of using disposable plate fixtures constructed from different materials.

A cone-and-plate geometry was used in controlled-strain experiments with
the ARES rheometer to validate the results obtained with the parallel plates.
The cone angle � was 0.0999 radians and the cone tip was truncated to a gap of
0.044 mm. This truncation gap needed to be maintained regardless of tempera-
ture, which, unlike the parallel plate geometry, did not permit the thickness of
the test specimen to be varied.

Discussion

Shear Deformation

The parallel-plate geometry imposes a torsional deformation; the strain on the
material varies from zero at the center to a maximum at the rim �edge� of the
moving plate. Therefore, the deformation geometry is defined by plate radius R
and the gap h between the plates such that the maximum shear strain on a test
specimen arising from an angular displacement � relative to its initial state of
rest is

�R =
R

h
� �1�

This is not the case for the cone-and-plate geometry where, for cone angles
�6°, the variation in shear strain across the plate radius is less than 1 % �12�
such that the following approximation holds

� =
�

�
�2�

The mathematical relationship between � and joint movement can be de-
rived following the schematic diagram in Fig. 3. A unit volume originally at
rest, represented by the solid line, is deformed by shearing its top surface re-
sulting in a change of shape denoted by the dotted line. Noting that the bottom
surface remains fixed, shear strain is the ratio of the change in shape defined by
the displacement 
 to the height of the unit volume h

� = 
/h �3�

If joint movement can be defined as m�100 %, then geometrically according
to the Pythagorean theorem

��1 + m�h�2 = h2 + 
2 = h2 + ��h�2 �4�

�1 + m�2h2 = �1 + �2�h2 �5�
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m = 	1 + �2 − 1 �6�

For example, a 15 % movement corresponds to a shear strain of 56.8 %.

Controlled-Strain Cyclic Deformation

A method for evaluating the fatigue properties of structural silicone glazing
materials was recently proposed by Carbary et al. �13� to simulate shear defor-
mation typical in curtainwall designs due to daily thermal movement differen-
tials. The proposed test method subjected specimens, prepared according to the
ASTM C1135-00 “Standard Test Method for Determining Tensile Adhesion
Properties of Structural Sealants” �14�, to 36 500 cycles of 15 % movement at a
frequency of five cycles per minute. A total of nine �one- and two-part� silicone
sealants representing movement capabilities from 12.5 to 50 % were investi-
gated. The results from ASTM C1135 tensile adhesion testing before and after
the fatigue test revealed a modulus reduction for each sealant.

Figure 4 reproduces some of the results from Ref �13� in terms of the 25 %
secant modulus. In general, the trend suggested that sealants with a higher
initial modulus �t=0� exhibited a larger modulus reduction �approaching 40 %�
compared to the lower modulus elastomers ��20 % reduction�. Nevertheless, it
was evident that this approach, which produced only two data points from each
experiment, provided no degrees of freedom in proposing an appropriate fa-
tigue mechanism that was not linear with time �or number of fatigue cycles�.

A test protocol was set up for the ARES controlled-strain rheometer to
follow the deformation history described in Ref �13�. From Eq 6, a shear strain
of 56.8 % using a dynamic frequency of 0.083 Hz was defined. For each sealant
listed in Table 1, more than 104 data points of the stress response, starting
approximately 12 s after starting the test, were collected over more than five
days of cycling. Figure 5 shows the results obtained using the parallel-plate
geometry where, for the purpose of clarity, only every 300th data point was
plotted.

All four sealants exhibited an overall shear stress reduction ranging, as
listed in Table 2, from 10 % for the one-part alkoxy Sealant B to 17 % for the
one-part acetoxy Sealant A. This reduction was consistent with the 25 % secant
modulus data plotted in Fig. 4; however, the results in Fig. 5 revealed more

FIG. 3—Schematic diagram for a unit volume in shear deformation.
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FIG. 4—Effect of cycling at 15 % shear movement on the 25 % secant modulus from
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Time, days

0 1 2 3 4 5

σ
( t

),
M

P
a

0.10

0.15

0.20

0.25

0.30

0.35

0.40

A

B

C

D

FIG. 5—Effect of cycling at 56.8 % torsional strain �15 % movement� on the stress
response for four cured silicone sealants �Table 1� at 25°C. Data edited for clarity by
plotting every 300th point.
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aspects to the stress response. First, the majority of the stress/modulus reduc-
tion occurred within the first 24 hours of cycling at 57 % shear strain. This
strain-induced stress-softening phenomenon with successive cycling is typical
in filled systems and has been referred to as the Mullins effect �15�. This effect
was attributed to polymer chains, having reached its limit of extensibility, de-
taching from the filler surface or slipping on the filler surface �16�. The Mullins
effect has been closely related to the mechanical fatigue of elastomers and,
consequently, has received a lot of attention in addressing the durability and
service life of these systems. To be consistent with the experimental protocol in
Ref �13�, the test specimens were not preconditioned by imposing a strain
greater than 57 % to remove the Mullins effect. Therefore, the stress-softening
response in Fig. 5 was not unexpected, noting that shear is the least damaging
such that the Mullins effect is small relative to other types of deformation �17�.

More noteworthy was the subsequent stress recovery observed for the re-
mainder of the test period in three of the four sealants, which is listed in the
last column of Table 2. Relative averages for the standard deviation �0.006 %�
and range �0.13 %� of the actual strain data over each five-day test period could
not account for a significant contribution to the observed stress recovery. To
determine if this response was a consequence of torsional �nonuniform� defor-
mation, two of the sealants were tested at uniform shear strain using the cone-
and-plate geometry where similar trends were observed as well �Table 1 and
Fig. 6�. Hence, it would appear that some sealants are able to exhibit a modest
recovery during the remaining four days of cyclic deformation. While noting
that the magnitude of the Mullins effect depends in part on the sealant formu-
lation, White and Hunston �18� also observed recovery from the Mullins effect
given sufficient periods of time between repeated loading cycles. For future
considerations, it may be revealing to investigate both the effects of cycling
frequency and strain amplitude on the rate of recovery from the Mullins effect.

Another issue of concern was the nonlinear mechanical response of seal-
ants. Figure 7 shows the stress-strain profile for two sealants tested using the
cone-and-plate geometry and a dynamic frequency of 0.083 Hz. A deviation
from a linear correspondence �given by each straight line� was evident well

TABLE 2—Sealant response to 0.083 Hz sinusoidal deformation of 56.8 % shear strain at
25°C.

Silicone
Sealant

Shear stress �MPa�

Initial
Minimum
�time, h�

1− Minimum/ Initial,
%

Final
�5.1 days�

1− Minimum/ Final,
%

Parallel plate
A 0.167 0.139 �23� 17 0.142 1.5
B 0.200 0.181 �18� 9.7 0.184 1.9
C 0.283 0.245 �122� 14 0.245 N/A
D 0.375 0.325 �20� 13 0.330 1.6

Cone-and-plate
B 0.179 0.164 �15� 8.5 0.167 1.6
D 0.271 0.236 �8� 13 0.249 5.2
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sponse for two cured silicone sealants �Table 1� at 25°C using the cone-and-plate ge-
ometry. Data edited for clarity by plotting every 300th point.
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FIG. 7—Stress-strain response in dynamic shear deformation for two cured sealants at
25°C.
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below the 57 % shear strain applied during the cycling testing. A sinusoidal
waveform cannot be expected from a nonlinear response to a sinusoidal input.
An example is shown in Fig. 8 for Sealant D, where the input and output wave-
forms were monitored using the RheoChart software accompanying the Wave-
form & Fast Data Sampling Option with the ARES rheometer. A distorted out-
put waveform was evident relative to the input sinusoidal waveform. Therefore,
no attempt was made to decompose the dynamic response into its elastic �stor-
age� and viscous �loss� modulus components �19�.

Controlled-Stress Cyclic Deformation

The ASTM E1886 test method evaluates the performance of entire fenestration
designs and impact protective systems after missile impact by subjecting the
unit to static pressure differentials to determine its ability to remain un-
breached during a windstorm. Eight loading sequences are used to generate
4500 positive and 4500 negative air pressure cycles, where the duration of each
cycle shall not be less than 1 s and not more than 5 s. The applied air pressure
is anywhere from 20 to 100 % of the design pressure under service load condi-
tions.

Rheometry can be utilized as a screening tool to characterize the perfor-
mance of any sealant or adhesive component in a fenestration design or an
impact protection system that is subjected to a controlled-load cyclic deforma-
tion. Therefore, a test protocol was constructed using the following test param-
eters after the sealant test specimen was cured between the parallel-plate fix-
tures and subsequently equilibrated at 25°C: �1� a stress amplitude of
0.138 MPa �20 psi� equivalent to the specified design pressures of silicone seal-
ants; �2� an oscillatory frequency of 0.5 Hz that simulated the fastest oscillation
cycle specified in ASTM E1886; and �3� a total of 4500 cycles �as drawn in Fig.
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FIG. 8—Waveform of the stress response relative to the input sinusoidal strain of Seal-
ant D using the cone-and-plate geometry.
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1, one oscillation cycle corresponds to a test specimen experiencing a maxi-
mum deformation amplitude once each in the positive and negative direction�.

Figure 9 plots the measured deformation profiles of the controlled-stress
experiments at 25°C in terms of movement following Eq 6. After an equivalent
of 2.5 h of oscillatory stress cycling at 0.138 MPa �round 1�, each sealant was
allowed to recover for a period of 24 h before undergoing a second round
under the same set of test conditions. In general, the results from the first
round �unfilled symbols� were consistent with the sealant modulus listed in
Table 1 �lower modulus�more movement�. The deviation from a 1:1
correlation—particularly with respect to Sealants C and D—infers that the seal-
ants have distinct stress-strain profiles, which may be a function of multiple
variables including formulation and cross-link density.

The ultimate movement observed for each sealant was significantly less
than its rated capability �Table 1� as well as the magnitude used for the
controlled-strain cyclic testing. In these controlled-stress experiments, there ap-
peared to be minimal to no distortion in the output sinusoidal waveform as
visually observed from the waveform display feature of the AR550 Advantage
Instrument Control software.

Overall, the more rigid the sealant, the faster was its response to a steady-
state strain. After a 24-hour recovery period, the initial response to a second
round of oscillatory stress �dotted symbols� revealed that complete recovery
from the initial round was not achieved. Nevertheless, the ultimate movement
did not vary significantly to that from the initial round and, more importantly,
no obvious signs of fatigue were observed.

Summary

The potential of rheology test methods as a screening tool to isolate and evalu-
ate the mechanical durability of the elastomeric silicone sealant component in
building assemblies undergoing cyclic deformation was demonstrated. In ab-
sence of other artificial degradation pulses, the stress reduction observed in
sealants undergoing controlled strain sinusoidal deformation at five cycles per
minute was attributed to the Mullins effect. The stress-softening phenomenon
occurred within the first 24 hours of cycling; however, three of the four sealants
subsequently exhibited signs of recovery during the remainder of the testing
period lasting at least four more days.

Under controlled-load cyclic testing at its design load of 0.138 MPa, the
sealants exhibited an ultimate deformation within the 2.5-h test cycle well
below its rated movement capability with no apparent signs of fatigue. There-
fore, these sealant materials tested should be acceptable in an impact-resistant
assembly if the frame remains rigid and the stresses induced from the design
wind pressures are transferred to the fully cured and adhered sealant joints.

A next step to further characterize the sealants is to ascertain that the cyclic
strains or stresses imposed upon the sealants in real systems are quantified
properly so that the rheology test methods presented can better assess the per-
formance and durability of an individual material.
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Effect of Strain on the Modulus of Sealants
Exposed to the Outdoors

ABSTRACT: The effects of applied strain on sealants exposed to outdoor
weathering were examined for two sealant formulations, Sealants A and C.
Both static and dynamic strain was applied to the sealants during the sum-
mer in a Gaithersburg, MD outdoor location. Both sealants exhibited a re-
versible change in equilibrium distance. Stress relaxation studies on all
samples revealed that, for Sealant A, two mechanisms affected modulus
change; exposure without applied strain increased the modulus while addi-
tionally applied strain decreased the modulus. Only one mechanism that
decreased the modulus was found for Sealant C. A 7 % dynamic strain and
a 25 % static strain were observed to produce equivalent modulus changes
in both systems.

KEYWORDS: sealant, strain, modulus, outdoor weathering,
characterization

Introduction

Sealants are expected to seal gaps between dissimilar materials in the building
envelop that change dimension with changes in either temperature �differential
thermal expansion coefficients� or humidity �wood frame construction�. The
ability of a sealant to maintain its physical integrity, thus maintaining a seal as
the gap dimensions change, is a critical function of the sealant. The time de-
pendent response to applied strain is critical in the in-service environment and
yet is often neglected in the test methods employed to evaluate the sealant.

The current evaluation methods for sealants are either threshold-based or
based on long-term exposure outdoors. The most typical example of a
threshold-based test is the ASTM Standard Test Method for Adhesion and Co-
hesion of Elastomeric Joint Sealants under Cyclic Movement �Hockman Cycle�
�ASTM C719�. In this test, the sealant is exposed to a series of environmental
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stresses, such as exposure to elevated temperature, immersion in water, and
cyclic mechanical testing, each conducted in sequence. At the end of the serial
exposures, the sealants are evaluated visually for failure in adhesion or cohe-
sion. ASTM C719 based testing has been effective in creating a minimal-
performance threshold; however, it does not have the ability to predict in-
service performance or differentiate between products that perform above this
minimal threshold.

Typical commercial outdoor exposures are performed with no strain on the
sealant. If strain is included in the outdoor exposure experiment, a static strain
is developed using gage blocks to strain the sealant to a set tension level or clips
for a set compression value. These strains do not reflect the dynamic strain that
occurs in the in-service environment on the sealant.

There are several examples of outdoor weathering devices that impose
strain on the sealant that are constructed of two materials with dissimilar co-
efficients of thermal expansion. Upon thermal change, these devices impose a
strain on the sealant. Examples include unplasticized polyvinyl chloride �PVC�
and steel �1�, wood and aluminum �2�, concrete and aluminum �3�, and steel
and aluminum �4� devices. Manually operated devices have also been used to
create cycling effects �5�. Results from these devices have indicated that joint
movement is a predominate factor in sealant failure �6�. From these limited
results, it is clear that imposed strain on the sealant is a critical part of the
exposure environment.

These studies illustrate that applied strain strongly affects the response of
the sealant �7�. What is not clear is what the expected response of the sealant
would be under long-term exposure to a dynamically or static applied strain.
Additionally, a modulus characterization of the sealant was used to track the
changes in the sealant. Changes in the time dependent modulus can be specifi-
cally attributed to molecular level mechanisms �8�.

In previous studies, the sealant was evaluated both before and after expo-
sure by visual inspection �6�. While useful for determining cracking and mor-
phological changes, such evaluation does not anticipate the fundamental
changes of the sealant that occur at the molecular level.

An additional complication is the nonlinear viscoelastic nature of the seal-
ant. The sealant responds to deformation by dissipating �viscous� or storing
�elastic� the resulting stress that is imparted to the sealant during the applied
strain. The viscoelastic response is both time- and strain-dependent. To sepa-
rate this time and strain dependence and to characterize the viscoelastic nature
of the sealant, stress relaxation experiments were performed to evaluate the
sealant both before and after exposure.

Experimental

Characterization

Sealant specimens for two formulations �A and C� were fabricated by our in-
dustrial partners �see Acknowledgments� according to ASTM C719 a commonly
referenced industrial standard. Sealant A exhibits a reversible stable dimen-
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sional change when exposed to applied strain, while Sealant C does not exhibit
a dimensional change when exposed to applied strain. The specimen geometry
is shown in Fig. 1. Fabrication involved bonding a sealant sample �W
=50.8 mm, B=12.7 mm, and H=12.7 mm� between two aluminum blocks
with dimensions of 76.0 by 12.7 by 12.7 mm. The fabricated specimens were
subjected to tension tests by pulling the metal beams apart in a direction per-
pendicular to their longitudinal axis and to compression tests by pushing them
together in the opposite direction. One limitation of this geometrical system is
that the sealant is constrained at the point where it attaches to the metal bars
so that it cannot deform laterally �perpendicular to the imposed load� when it is
either stretched or compressed. Consequently, the deformations are not uni-
form throughout the sample and the modulus calculated from these tests will
be somewhat different from that obtained in a tension experiment. Neverthe-
less, the wide acceptance of this geometrical system makes it a useful starting
place, and as long as an identical geometry is used for all tests, comparisons
should be meaningful.

The stress-relaxation experiments were conducted on either a Model 1125
Instron machine with computer control2 or a custom load-displacement appa-
ratus described elsewhere �9�. The main difference between these two machines
for the purposes of this study is that the custom apparatus can characterize up
to 30 samples simultaneously. The sealants were soft and thus a rigid loading
fixture was used so that the crosshead displacement could be obtained as
sample deformation with no correction for machine compliance. Deformation
is defined in terms of the extension ratio, �= 
1+ �
 /H��, where 
 is the dis-
placement and H is the sample height. The stress, 	, is defined as 
L� /WB�,
where L is the load and W and B are the sample width and thickness, respec-
tively. These expressions assume that the samples were incompressible, which
is generally an acceptable assumption for elastomers. The specimens were
loaded rapidly �100 cm/min, cross-head speed� up to a given extension ratio, �,
and maintained that value while the load was monitored as a function of time.

2Certain commercial materials and equipment are identified in this paper in order to
specify adequately the experimental procedure. In no case does such identification imply
recommendation or endorsement by the National Institute of Standards and Technology,
nor does it imply necessarily that these items are the best available for the intended
purpose.

50.8 mm12.7 mm
12.7 mm

Aluminum
block

Sealant

FIG. 1—Illustration of the ASTM C719 sealant sample size employed in these studies.
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The time required to load a specimen was less than 1 s, so the first data point
was not obtained until after 5 s to avoid transient effects associated with load-
ing. An apparent modulus, Ea, was calculated using a relationship based on a
statistical theory of rubber-like elasticity �8,10�.

Ea�t,�� =
3L�t�

WB�� − �−2�
�1�

The modulus is termed apparent because of the assumptions used in the deri-
vation of the equation and the complications discussed above with regard to
the constraints on the specimen.

The standard uncertainties for the measurement of specimen dimensions
and displacements were ±0.5 mm and ±0.01 mm, respectively. In all but one
case, the standard uncertainties in the stress measurement and modulus deter-
mination were ±2.7 % and ±5 %, respectively. For experiments that were com-
pleted in minutes, such as the stress-strain tests, the uncertainty in the load
measurement produced by zero drift was ±0.1 N. The stress relaxation tests,
however, required measurements over 10 to 20 h and, under these conditions,
the uncertainty in the load measurement associated with zero drift increased to
±0.4 N.

Instrumentation

A custom-built, outdoor exposure device to impose dynamic strain on the seal-
ant, based on the differential coefficient of thermal expansion between the PVC
pipe and wood, was used in this study. The details of this apparatus are found
elsewhere �11�, but a short summary is included here. This device imposes a
strain on the sealant sample based on the relative expansion of the PVC pipe
relative to the wood frame to which the PVC pipe is attached. The applied
strain is designed to be ±25 % of the sealant joint height based on the expected
temperature range in Gaithersburg, MD. There are two versions of this appa-
ratus, one that imposes a compression strain on the samples with increasing
temperature and one that imposes a tensile strain on the samples with increas-
ing temperature.

Experimental Design

All 30 sample replicates for Sealants A and C were characterized with a tensile
stress-relaxation experiment �strain of 15 % ±0.2 %� prior to exposure. Follow-
ing the characterization, four samples of Sealants A and C were placed in the
outdoor custom dynamic strain devices in the early spring of 2007. Additional
sample sets of three replicates of Sealants A and H were placed in the same
exposure environment with gage blocks to impart static 0, 5, 10, 20, and 25 %
tensile strains and clips to impart 5, 10, 20, 25, and 30 % compressive strains;
these replicates were placed in the same outdoor environment as the dynami-
cally strained samples. All specimens were monitored over the summer �May
10–September 1�. In the fall �September 1�, the samples were removed from the
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testing fixtures, forced into their original configurations, and characterized
again by stress-relaxation experiments.

Results and Discussion

Dynamically Strained Samples

During the summer, the dynamic strain on the samples was recorded and is
shown in Fig. 2. In this figure, the average strain was 7 % with peaks of 16 %
strain based on a zero-point strain of a warm day, May 10.

Sealant A shows deformation upon removal from the testing fixtures as
shown in Fig. 3. The dynamically strained Sealant A samples showed a signifi-
cant compressive or tensile set when first removed from the testing apparatus.
After the samples were forced into their initial pre-exposure sample dimensions
for a period of ten days �using gage blocks or clips�, both replicates that expe-
rienced either tension or compression were stable at the sample dimensions
observed prior to exposure.

Stress-relaxation tests on these samples, shown in Fig. 4, reveal an interest-
ing pattern. The baseline data for samples that did not experience summer
exposure are shown as circles. The samples that experienced no strain during
exposure �squares� increased in either modulus or stiffness with no change in
curve shape. This finding most likely represents a change in the molecular
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FIG. 2—Plot of the strain versus date for the summer exposure �May 10–September 1�
of the dynamically strained samples.
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FIG. 3—Width of Sealant A immediately after removal from dynamic outdoor exposure
on September 1 �before� and after ten days of forced return to the dimensions prior to
exposure �after�.

Outdoor: Sample A

Time (s)
100 101 102 103 104 105

A
pp
.M
od
ul
us
(P
a)

0

2e+5

4e+5

6e+5

8e+5

1e+6
Baseline
0 % Strain
Summer/compression
Summer/tension

FIG. 4—The stress-relaxation modulus for Sealant A shown for prior to any exposure
�Baseline�, after exposure with no strain �0 % strain�, after exposure to dynamic com-
pression �shown in Fig. 2� �Summer/compression�, and after exposure to dynamic ten-
sion �shown in Fig. 2� �Summer/tension�. The points represent the mean values and the
error bars are the relative standard uncertainty.
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weight between cross-links. The samples that experienced compression during
the summer �inverted triangles� have a modulus lower than the zero-strain
samples, but greater than the baseline, again with the same curve shape. The
samples that experienced tension during the summer decreased in the modulus
and had a much flatter curve shape compared with the baseline samples. This
finding suggests that the sealant responded differently to exposure with or with-
out strain, and the type of strain �compressive or tensile� also had an effect.

Sealant C had more dimensional stability as shown in Fig. 5 than Sealant A
shown in Fig. 3. Both before and after exposure, the dimensions of the Sealant
C did not differ within the experimental uncertainty. Again, after exposure, the
sealant was forced back into the pre-exposure sample dimensions and main-
tained for ten days.

The stress-relaxation data for Sealant C �Fig. 6� revealed that with just
exposure and no strain, the sample modulus decreased, but was not signifi-
cantly different within the experimental uncertainty. The samples that experi-
enced dynamic compression during exposure showed a decrease in the modu-
lus that was statistically different from both Sealant C samples with exposure
and no strain or Sealant C without exposure. The samples that experienced
tension during the summer showed larger decreases in the modulus. This result
suggests that for Sealant C, there is a single mechanism that affects modulus
change, but the introduction of both strain and the type of strain has a signifi-
cant effect on the resulting modulus.

Statically Strained Samples

The Sealant A samples that were statically strained in both compression and
tension during exposure also exhibited a change in dimensions consistent with
the results from the dynamically strained Sealant A samples. The degree of
dimensional change in both tension and compression is proportional to the
extent of the static strain as shown in Fig. 7 �before treatment�. Again, these
samples were removed from exposure and forced back into the pre-exposure
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FIG. 5—Width of Sealant C immediately after removal from outdoor exposure on Sep-
tember 1 �before� and after ten days of forced return to the dimensions prior to exposure
�after�.
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sample dimensions for ten days. All samples, from both static tension and com-
pression, were returned into the pre-exposure sample dimensions �dotted line�
after treatment �Fig. 7�.

Results of the stress-relaxation tests on the Sealant A samples exposed to
tension are shown in Fig. 8. The data are similar to the dynamically strained
data from Fig. 4. The 5 %-strain data are intermediate between the no exposure
and exposure with no strain values. Again, these data have a similar curve
shape. The 10 %-static strain with exposure data is virtually identical to the
no-exposure, no strain data, suggesting that a 10 % static-tensile strain de-
creases the modulus as much as the exposure increased the modulus. For val-
ues of greater strain, such as 20 and 25 % tension, the rate in change of modu-
lus decreases as can be seen in the shallower slope of the stress relaxation curve
over time. The 25 % static-strain data, with a value below baseline, had an
almost identical curve shape and value to the dynamically strained tension
sealant. This finding suggests that a dynamic strain of 7 % tension produces the
same amount of molecular change monitored by a change in the complex
modulus similar to a 25 % static-strained sample.

The compressively strained Sealant A samples are shown in Fig. 9. In this
figure, all values for the statically and compressively strained samples had a
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FIG. 6—The stress-relaxation modulus for Sealant C shown for prior to any exposure
�Baseline�, after exposure with no strain �0 % strain�, after exposure to dynamic com-
pression �shown in Fig. 2� �Summer/compression�, and after exposure to dynamic ten-
sion �shown in Fig. 2� �Summer/tension�. The points represent the mean values and the
error bars are the relative standard uncertainty.
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modulus greater than either the samples with no exposure or the dynamically
strained �compression� samples. This result suggests that the static-
compressive strain on the samples, up to 30 %, was insufficient to produce an
effect on the modulus similar to the 7 % dynamic-compressive strain.

The Sealant C samples again had more dimensional stability when re-
moved from static strain �Fig. 10�. Again, the dimensional changes were pro-
portional to the degree and direction of the static strain with the larger strains
producing larger changes in sample dimensions. All of these Sealant C samples
were able to return to their pre-exposure sample dimensions after ten days
under original conditions.

The stress-relaxation data for the statically strained Sealant C samples are
shown in Fig. 11. Consistent with the dynamically strained Sealant C samples,
the modulus values decreased with the addition of either strain or exposure.
Both the 5 and 10 % static tensile-strain values are intermediate between the
zero strain and the dynamically strained values. The static strains of 20 and 25
% produced results similar to the dynamically strained Sealant C results. There
was no apparent change in curve shape in these results, again consistent with
the dynamic data.

The stress-relaxation data for the compressively strained Sealant C samples
are shown in Fig. 12. The modulus values of 5 and 20 % compressive strain
were comparable to the modulus value of exposure with no strain. The 25 %
compressive strain modulus was analogous to the modulus value of the dy-
namic compression for Sealant C. This finding suggests that a dynamic strain
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FIG. 7—Width of Sealant A immediately after removal from static outdoor exposure on
September 1 �before� and after ten days of forced return to the dimensions prior to
exposure �after�.
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of 7 % compression produces a similar decrease in the modulus as a static
compressive strain of 25 %. Again, the decrease in modulus is much smaller in
compression than in tension.

For both Sealants A and C, a static strain of 25 % tension produced a
similar change in the modulus value to the dynamic-strained samples with an
average 7 % strain. This result suggests that even a small dynamic strain creates
a much more aggressive strain compared with a long-term static strain. If the
sealant had a viscous response on the order of days, it could relax applied strain
in a matter of days; consequently, a static strain could be relaxed by lowering
the internal stress within the sealant. A dynamic strain would be much more
difficult for the sealant to relax by either molecular reorganization or network
reformation due to a faster timescale of the applied strain in comparison with
the viscous dissipation of the sealant.

Summary

Two sealant formulations �A and C� were exposed to outdoor weathering either
with static tensile or compressive strain or with dynamic strain. The dynamic
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FIG. 8—The stress-relaxation modulus for Sealant A shown for prior to any exposure
�Baseline�, after exposure with no strain �0 % strain�, after exposure to static tension of
several levels �5, 10, 20, 25 % strain�. Also shown is the stress relaxation data for
dynamic tension �Summer/tension� from Fig. 4. The points represent the mean values
and the error bars are the relative standard uncertainty.
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strain on the samples was produced by an instrument composed of two differ-
ent materials with different coefficients of thermal expansion. The resulting
changes in the complex modulus were quantified with stress-relaxation experi-
ments. One of the formulations, Sealant A, exhibited significant dimensional
changes in response to the applied strain. These dimensional changes were
reversed by maintaining the samples at the pre-exposure sample dimensions
for ten days. Sealant A also exhibited two apparent mechanisms that affected
the modulus. Exposure with no strain produced an increase in the modulus.
With the addition of strain to the exposure, either a reduction in the modulus
was observed or a decrease in the modulus and a change in the curve shape
were noted.

For Sealant C, a greater degree of dimensional stability was observed, but it
also was able to return to pre-exposure sample dimensions within ten days
under original conditions. The stress-relaxation data for Sealant C revealed a
single mechanism that affected the complex modulus as all exposures either
with or without strain exhibited a decrease in the modulus. The decrease in the
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FIG. 9—The stress-relaxation modulus for Sealant A shown for prior to any exposure
�Baseline�, after exposure with no strain �0 % strain�, after exposure to static compres-
sion of several levels �5, 10, 20, 25 % strain�. Also shown is the stress relaxation data for
dynamic compression �Summer/compression� from Fig. 4. The points represent the
mean values and the error bars are the relative standard uncertainty.
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FIG. 11—The stress-relaxation modulus for Sealant C shown for prior to any exposure
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several levels �5, 10, 20, 25 % strain�. Also shown is the stress relaxation data for
dynamic tension �Summer/tension� from Fig. 6. The points represent the mean values
and the error bars are the relative standard uncertainty.
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FIG. 10—Width of Sealant C immediately after removal from static outdoor exposure
on September 1 �before� and after ten days of forced return to the dimensions prior to
exposure �after�.
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modulus was greater for the tensile-strained samples compared with the
compressive-strained samples for both static and dynamic applied strains.
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Development of Accelerated Aging Test
Methodology and Specimen for
Bonded CFRP Systems

ABSTRACT: Determining long-term behavior of bonded CFRP systems re-
quires developing an accelerated aging test method for CFRP applications.
This paper examines the development of test methodology and specimen for
both flexure and direct tension behavior of bonded CFRP materials using a
specimen submerged in a water bath subject to elevated temperature. Test
results of three commercial CFRP systems are presented. A discussion of
accelerated aging is included in the developmental effort.

KEYWORDS: accelerated aging, CFRP, bond strength, flexural
strength, tensile strength, strength reduction factor, durability

Introduction

In recent years, fiber-reinforced polymer �FRP� composites have been increas-
ingly used in various fields such as aerospace, automotive, athletic, recreational
equipment, military, and infrastructure facilities. Glass, carbon, and aramid
fiber polymers are currently the three most commonly used advanced polymer
composite materials. Compared to glass and aramid fiber polymers, carbon
fiber polymers exhibit superior resistance to harsh environmental exposure and
fatigue load, making it more practical for civil engineering applications �1–3�. A
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great deal of research, including laboratory tests and short-term field applica-
tions, has identified that externally bonded CFRP composite systems could ef-
ficiently improve load carrying capacity �4–6�. The short-term behavior of CFRP
composites has been studied, and construction specifications for bonded repair
have been developed under NCHRP Project 10-59A �7�. Despite this research,
the long-term performance of CFRP applications is not fully quantified and
durability issues remain unanswered. The lack of real-time test data has made
it difficult for investigators to completely understand the deterioration mecha-
nism of FRP bonding in composite systems. This knowledge is necessary for
establishing a uniformly accepted durability assessment criterion for externally
bonded CFRP applications. Lack of a uniform test method and variability of
CFRP systems further complicates this situation.

Moisture and temperature are commonly regarded as two predominant
factors affecting the bond performance of FRP composite systems �8–11�. Lefe-
bvre et al. �8� investigated adhesion loss at interfaces between adhesive and
inorganic substrates. The adhesive was air-cured at room temperature with a
high relative humidity. They found a critical relative humidity �RH� value,
which was an intrinsic property of the adhesive. When the environmental RH
was higher than the critical RH, some permanent changes in the internal state
of the material took place and an abrupt adhesion drop occurred. RH values
exceeding the critical threshold humidity resulted in moisture accumulation at
the bond line. Ultimately this resulted in a loss of adhesion between the adhe-
sive and substrate. Au et al. �9� used interface fracture toughness as the quan-
tification parameter of CFRP-adhesive resin-concrete systems to investigate
bond deterioration mechanisms by peel and shear testing accelerated by mois-
ture conditioned specimens. They obtained a similar conclusion as Lefebvre,
that there existed a threshold value of moisture accumulation beyond which
the fracture toughness could decrease by 60 %. Malvar et al. �10� conducted
three separate investigations to evaluate short-term effects of temperature,
moisture and chloride content on the CFRP adhesion using pull-off tests and
had strength reduction results similar to Lefebvre’s results.

Karbhari and Engineer �11� investigated short-term environmental expo-
sure effects on the bond performance between composite laminates and the
concrete substrate. They concluded that the use of low Tg resin systems re-
sulted in deterioration and loss of efficiency of the CFRP retrofit. The selection
of appropriate resin systems was critical to successfully retrofitting and reha-
biliting infrastructure applications. Further research performed by Abanilla
and Karbhari �12–14� indicated that moisture uptake and other environmental
factors could appreciably deteriorate the strength characteristics at the matrix
and interface levels. They reported that increasing the number of CFRP layers
of samples increases the rate of degradation at the matrix and interface levels
and concluded that exposure to aqueous solutions results in deterioration in
interlaminar and intralaminar characteristics. Toutanji and Gomez �15� studied
the effect of harsh environmental conditions such as wet/dry cycling using salt-
water on the performance of FRP-bonded concrete beams and on the interfa-
cial bond between the fiber and the concrete. A pronounced bond strength
reduction in specimens subjected to wet/dry cycling was observed; further-
more, fibers did not break but rather the adhesive resin debonded at the fiber-
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concrete interface. They postulate that the strength reduction may be attrib-
uted to deterioration in the interface and the bond between the fiber and the
concrete.

In practical applications, engineers are concerned with how to select an
appropriate CFRP composite system under specific environmental conditions
and make proper predictions regarding service life. Accelerated aging has long
been used to determine the suitability of new materials for structural engineer-
ing applications to characterize long-term behavior. In CFRP bonding applica-
tions, accelerated aging is typically attempted by increasing the temperature or
concentration of conditioning agents to speed up chemical or physical pro-
cesses in an effort to study changes in bond strength �16�. The objective of this
study is to investigate the effects of elevated temperature water baths on bond
strengths of externally bonded CFRP concrete beams, and to develop a conser-
vative accelerated aging test specimen for bonded CFRP systems. Three com-
mercial CFRP composite systems were bonded to saw-cut plain concrete beams
and exposed to different elevated temperature water baths. These specimens
were tested at regular intervals by three-point bending and direct tension tests.

Materials, Specimens, and Test Methods

Three commercial CFRP composite systems �A, B, and C� were supplied by
manufacturers. CFRP System A consists of unidirectional fabric sheet and a
two-part adhesive resin with a mixture ratio 2.9 to 1.0 by mass. CFRP System
B consists of unidirectional fabric sheet and adhesive resin system which is
composed of primer, putty, and saturant, The mix ratio is 100 to 30 �Part A to
Part B� by mass for primer, 100 to 30 �Part A to Part B� by mass for putty and
100 to 34 �Part A to Part B� by mass. CFRP System C consists of precured plate
laminate and a two-part adhesive resin, Part A and Part B with a mixture ratio
3 to 1 by volume. According to the technical specifications of manufacturers,
the general properties of the above CFRP materials and adhesive resins are
listed in Table 1 and Table 2.

The concrete beams used in this study were supplied by Rocky Mountain
Prestress, Denver, CO, with dimensions of 100 by 100 by 380 mm �4 by 4 by
15 in.� and 28-day compressive strength 70.9 MPa �10 130 psi�. The cement
used was Type I and the ratio of cement: sand: coarse aggregate �pea gravel�

TABLE 1—Properties of CFRP materials.

Composite
System

Reinforcement
Type

Tensile Modulus
�ASTM D638�

MPa

Tensile Strength
�ASTM D638�

MPa
Ultimate Rupture

Strain �ASTM D638�

A
Unidirectional

fabric
234 500 3793 1.5 %

B
Unidirectional

fabric
227 000 3793 1.67 %

C
Pre-cured
laminate

165 000 3100 1.69 %
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was 1:2.07:2.30 by weight and the water/cement ratio was 3:2.
Prior to applying the CFRP, a 50 mm �2 in.� deep saw cut was made at

mid-span of each beam to maximize environmental exposure at the point of
flexural failure. Next, CFRP fabric or laminate strip with dimensions 200 mm
by 25 mm �8 in. by 1 in.� was bonded to the beam using adhesive resin of each
system. This external reinforcement was centered on the tension side of the
flexural specimen as shown in Fig. 1. The development length of the CFRP
bonding system is supported by the findings of other investigators. Chajes et al.
�4� tested different development lengths of FRP by performing force-transfer
tests. An approximate 90 mm �3.5 in.� effective length could develop the failure
load of the CFRP, beyond which no further increase in failure load could be
achieved. Dai �17� conducted a comprehensive literature review on effective
development length of FRP externally bonded concrete applications and sum-
marized that an appropriate development length should range from 75 mm
�3 in.� to 200 mm �8 in.�. The 200 mm long CFRP strip used in this study had
a development length of 100 mm �4 in.� on each side. A 90 mm by 90 mm
�3.5 in. by 3.5 in.� fabric square was bonded to one end of the concrete beam
for Systems A and B for a direct tension test. For System C, the size of the
laminate square is 50 mm by 50 mm �2 in. by 2 in.�. Both flexural and tension
testing are available from a single specimen.

The surface preparation of concrete is another important factor affecting
the ultimate strength. The bonding surface must be sound, free from dust,
chlorides, and other contaminants. Sandblasting, water jet, mechanical abra-

TABLE 2—Properties of Adhesive resins.

Composite
System Adhesive Resin

Glass Transition
Temperature

Tg �°C�

Tensile Modulus
�ASTM D638�

MPa

Ultimate
Rupture Strain
�ASTM D638�

A Resin A 85 1724 3 %
B

Resin
B

Primer 77 717 40 %
Putty 75 1800 7 %

Saturant 71 3040 3.5 %
C Resin C 62 4482 1 %

FIG. 1—Specimen configuration and dimensions.

DENG ET AL., doi:10.1520/JAI101976 345



sion, and needle gun chiseling are common methods to increase strength of
FRP composite system �18–20�. The concrete surface preparation can remove
weak material, surface laitance, and other contaminants. The roughened con-
crete surface effectively increases the contact area and mechanical interlocking
between adhesive and concrete. In this study, after 28-day standard curing, all
the concrete beams were dried and sandblasted to a minimum ICRI profile of 3
�7�, and cleaned using compressed air. CFRP strips and squares were applied to
the prepared surface according to the manufacturer’s specification.

After curing 14 days in ambient conditions, CFRP System A, B, and C
specimens were placed into steel tanks filled with water at elevated tempera-
tures ranging from 30°C to 60°C. Commercial heaters were installed in each
tank to maintain a constant temperature within ±4°C. The top of these tanks
were sealed with plastic sheets and covered with 50 mm �2 in.� thick insulating
foam board. The sides of each tank were surrounded by 150 mm �6 in.� thick
insulation to maintain constant temperature. The maximum and minimum
water temperatures in each tank were recorded daily using a commercial ther-
mometer whose sensor was immersed in each tank. Before testing, the speci-
mens were removed from tanks and immediately placed into a room tempera-
ture water bath for one day to cool. After cooling for one day, the specimens
were allowed to air-dry for one day in the laboratory.

A three-point bending test setup modified from ASTM C78-02 �21� was used
for flexural testing to determine flexural strength of CFRP composite speci-
mens. The specimens were loaded using a servo-controlled Instron 1332 testing
machine with a 45 kN �10 kip� load cell as shown in Fig. 2 �www.instron.com�.

FIG. 2—Three-point bending test setup.
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Load was applied at a constant rate of 0.84 mm/min �0.033 in./min� to cause
failure in three to five minutes.

After beam flexural testing, the half of the specimen with a CFRP square
bonded on the end was tested in direct tension to evaluate the tensile strength
of CFRP systems based on ASTM D4541-02 �22�. The CFRP square was cored
2.5 mm �0.1 in.� deep with a 50 mm �2 in.� diameter coring bit. A James In-
struments bond testing apparatus �Fig. 3� was used to test the tensile bond
strength between the CFRP composite and concrete substrate �www.ndtja-
mes.com�. A quick setting adhesive resin was prequalified to ensure that adhe-
sive bond strength was greater than tensile bond strength of the concrete sub-
strate and CFRP composite. The observed failure modes were recorded along
with the tensile strength results.

In this study, flexural strength from three-point bending tests and direct
tension tests were used as a baseline measurement to quantify the degradation
of exposed specimens. The exposed specimens were submerged in elevated
water baths for up to 18 months. Groups of three specimens were evaluated for
exposure times of twelve months or less and the number of specimens was
increased to five for 18 months of exposure.

Test Results

Adhesive bonding between CFRP and concrete is affected by both the flexural
and tensile strength. The strength and failure mode are related to the following
five parameters: �1�mechanical properties of CFRP materials; �2� adhesive

FIG. 3—James 007 Bond Test apparatus, James Instruments Inc., Chicago, IL.
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strength; �3� concrete strength; �4� concrete surface pretreatment; and �5� effec-
tive length of FRP bonding. Currently many different definitions of failure
modes exist in CFRP research �23,24�. The research team defined five failure
modes in this study listed below and shown in Fig. 4–8.

1. Flexure/shear failure in concrete: Diagonal crack initiated at the end of
the CFRP on one end of the specimen; CFRP remains intact and fully
attached to the concrete specimen �Fig. 4�.

2. Substrate failure: Cohesive failure with rupture surface through con-
crete paste and aggregate. Concrete remains adhered to CFRP compos-
ite �Fig. 5�.

3. Adhesive failure: Adhesive failure with rupture surface between CFRP
and concrete surface. CFRP failure surface is clean or covered with
thin layer of adhesive �Fig. 6�.

4. Mixed failure mode: A combination of substrate and adhesive failure
�Fig. 7�.

5. Composite delamination: CFRP composite splits between laminations.
Laminates remain adhered to concrete �Fig. 8�.

FIG. 4—Flexure-shear failure mode.

FIG. 5—Substrate failure mode. �a� Flexure test. �b� Direct tension test.
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In this study, Failure Mode 1 is undesirable because it does not identify the
adhesive bond strength. The specimen geometry, concrete strength, and CFRP
length were selected to ensure Failure Mode 2 through 5 �25�. For three-point
bending testing, Failure Mode 2 depends on the concrete strength and bond
strength between CFRP composite and adhesive resins, while Failure Modes 3,
4, and 5 depend primarily on the bond strength which is a function of the
adhesive strength. An ideal externally bonded composite is stronger than the
substrate concrete throughout the life of the structure and minor flaws in the
adhesive are not fatal to the system �16�. The heterogeneities from a variety of
materials involved in this interface complicate evaluating the bond strength.
For externally bonded CFRP applications, the interface between CFRP and con-
crete substrate is often the weakest zone.

Control specimens were tested for flexural and tensile strength after curing
for 14 days in air conditions. Additionally, a number of control specimens were
air cured and tested at the conclusion of exposure testing. The investigators
designed the specimens to fail in a substrate mode. Conditioned specimens
tested later in the program failed by mixed-mode or adhesive failure indicating
a loss of strength due to the accelerated aging protocol. A natural log curve was
fit to each set of test results based on the 60, 180, 365, and 550 day test results;

FIG. 7—Mixed failure mode �a� Flexure test. �b� Direct tension test.

FIG. 6—Adhesive failure mode. �a� Flexure test. �b� Direct tension test.

DENG ET AL., doi:10.1520/JAI101976 349



this type of curve is consistent with the Arrhenius equation for strength degra-
dation.

The three-point bending test and direct tension test results of CFRP System
A versus time are shown in Fig. 9 and Fig. 10, respectively. Strength in flexure
tests rapidly decreases during the first two months of exposure at elevated tem-
peratures and then begins to stabilize after twelve months of exposure. Two
months of exposure to different elevated temperature results in a reduction of
tensile strength of 30 % to 50 % at different temperatures. With the exception of
30°C the same trend is observed in direct tension test results. After six months
of exposure the 30°C test results decreased rapidly also.

When compared to the bending test results, direct tension tests show a
larger variance. Three possible factors are attributed to this increased variation:
test time, potential water exposure or damage during coring, and bond flaws

FIG. 8—Composite delamination failure mode. �a� Flexure test. �b� Direct tension test.

FIG. 9—Failure load ratio versus time for beam tests for CFRP System A.
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between adhesive and concrete surface. Direct tension tests were performed
two days after the flexural bond tests. An automated coring and testing process
may decrease the coefficient of variation of the direct tension test results. Flaws
or voids between adhesive and concrete surface will have less of an effect on a
flexural test and a larger effect on the direct tension test �16�. Thus, a larger
coefficient of variation would be anticipated from a tension test versus flexural
tests.

The observed failure modes also change as the strength ratio decreases.
Before exposure, a substrate failure is observed for both bending and direct
tension tests. The failure modes change into adhesive or mixed-mode failure for
bending tests and mixed failure for direct tension tests after exposure times of
two months or longer. A 35 % decrease in strength was observed after submer-
sion in water at 30°C and a 55 % strength degradation was observed after
submersion at 60°C.

Test results of CFRP System B are shown in Fig. 11 and Fig. 12 for bending
and direct tension tests, respectively. Exposure to a 60°C water bath results in
a 35 % degradation of bending strength in the first two months that tends to
stabilize after six months exposure to the same conditions. At higher tempera-
tures, the flexural strength degradation is worse and stabilizes at a lower value.
Direct tension test results show a similar degradation trend at the same tem-
perature intervals. As observed in System A, test results of direct tension tests
have a larger variation than flexural tests. The strength degradation is higher
for flexural specimens than direct tension specimens for the same exposure
conditions. As with CFRP System A, the failure modes change from substrate
shear/interfacial failure mode to interfacial failure mode for flexural tests. Di-
rect tension tests also change from substrate failure to interfacial or mixed
failure modes.

FIG. 10—Failure load ratio versus time for direct tension tests for CFRP System A.
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Other investigators �8,15,26� report similar losses and suggest this loss can
be partially recovered after drying. To evaluate this theory further, five beam
specimens of Composite A and B Systems were removed from the 60°C water
bath tanks at 16 months exposure, and placed in a dry environment for two
months. After drying, these beam specimens were tested. Test results are pre-
sented by an open circle in Fig. 9 to Fig. 12. Compared to the specimens with

FIG. 11—Failure load ratio versus time for beam tests for CFRP System B.

FIG. 12—Failure load ratio versus time for direct tension tests for CFRP System B.

352 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



18 months of continuous exposure at 60°C, the flexural strength of dried speci-
mens showed a 5 to 15 % flexural strength recovery. These tests imply that only
a partial strength recovery is possible after drying.

CFRP System C test results are shown in Fig. 13 and Fig. 14 for flexural and
direct tension tests, respectively. These test results indicate that exposure at
60°C water bath over 28 day leads to a 100 % reduction of flexural and tensile
strength, and the corresponding failure mode is composite delamination as

FIG. 13—Failure load ratio versus time for beam tests for CFRP System C.

FIG. 14—Failure load ratio versus time for direct tension tests for CFRP System C.
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shown in Fig. 15. The degradation was so severe in this epoxy system that a
power curve was used to keep strength ratio positive. The flexural beam
strength of the plain concrete prisms with the saw cut and without CFRP was
approximately 20 % of the control strength. Consequently, once the strength
ratio of the CFRP flexural specimens drops below 20 % it is equivalent to zero
additional strength from the CFRP. After six months of exposure, CFRP System
C specimens at 50°C and 60°C lost nearly all the flexural strength due to FRP
material. Specimens subjected to 30°C and 40°C exposure degrade 50–65 %.
Twelve month exposure results indicate that CFRP System C lost all bond
strength at 40°C and nearly all bond strength at 30°C. Direct tension test
results show the same trend as flexural tests. Eighteen month tests were unnec-
essary since visual deterioration of CFRP material �Fig. 15� confirmed mea-
sured test results of 100 % loss of bond strength.

Using the curve fit data for each system, an extrapolation of the strength
ratio for periods between one to five years is plotted in Fig. 16. Although direct
tension test results are higher, there is more variation in these data. An appro-
priate strength ratio for System B based on flexural results would be between
0.55 and 0.6. System A would have a knock down factor between 0.35 and 0.4
based on this extrapolation. For practical purposes System C has no remaining
strength after exposure.

Five main theories of adhesion contribute to bond strength: mechanical
interlock; adsorption; diffusion; chemical bonds; and electrostatic forces �27�.
Mechanical interlock occurs when the liquid adhesive penetrates the rough-
ened concrete surface and then solidifies to enhance bond strength by forcing
material failure in the adhesive. The irregularities, concrete surface pores, or
any rough surfaces improve the bond strength. Water absorption into the ad-
hesive decreases epoxy stiffness and dramatically decreases bond strength be-
tween the epoxy matrix and concrete. This leads to a lower Tg, a lower modulus
of elasticity, and an increase in the creep rate. All of the above factors accelerate
the adhesive bond failure, and the adhesive becomes more sensitive to in-
creases in temperature. Water uptake is a thermodynamic property that de-
pends on the sensitivity of the material to absorption, inherent water content,
and relative vapor pressure. Submerging the specimen provides the highest

FIG. 15—Comparison of CFRP System C Specimens before and after exposure. �a� Con-
trol specimen. �b� After twelve months of exposure.
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vapor pressure and maximum absorption. Elevated temperature accelerates the
absorption rate. The absorption has a direct impact on the chemical bond.

Conclusions

Three commercial CFRP external application systems are considered in this
study to evaluate strength degradation of CFRP specimens submerged in el-
evated temperature water baths. The accelerated aging in this study directly
results in a rapid strength reduction, but different composite systems exhibit
different strength losses. In terms of the test results, the failure load ratio for
direct tensile strength is generally higher than that of flexural tests, which is in
agreement with other investigators �28�. Although direct tension tests show
higher variation than flexural tests, the degradation trend from direct tension
tests is generally consistent with those observed in the flexural tests. Test results
from the 18 month samples indicate that strength degradation of CFRP exter-
nal application systems is closely related to water present at the bond line,
exposure temperature, and inherent properties of the CFRP composite systems.
No CFRP rupture failure or concrete shear failure was observed after
18 months exposure at the highest temperature for CFRP System A and B. For
CFRP System C, composite delamination failure occurred, which indicates that
the composite of CFRP System C experienced 100 % strength degradation and
should not be used when exposed to moisture and elevated temperatures.

Based on the test results and above analysis, the following conclusions are
drawn:

FIG. 16—Extrapolation of data for time periods between one and five years.

DENG ET AL., doi:10.1520/JAI101976 355



• An effective adhesive will develop the strength of the concrete substrate;
• After environmental exposure, bond between adhesive and concrete sur-

face is often the weakest zone for externally applied CFRP;
• Water and temperature are two key variables that affect the bond per-

formance of CFRP;
• Different composite systems exhibit different bond performance when

subject to submersion in elevated temperature water baths, and the
bond performance appears related to the composition of CFRP and ad-
hesive materials;

• Selection of CFRP composite systems should be based on the specific
service environment and mechanical and chemical properties of CFRP
and adhesive materials;

• Using elevated temperature water baths as an accelerated aging method
is conservative for CFRP composite applications in a wet environment,
but may be too harsh for a completely dry environment; and

• Two months of submersion in elevated temperature water baths is a
conservative predictor of accelerated aging.

Since the mechanical and chemical composition of commercial CFRP com-
posite systems vary, additional data on the long-term bond performance of
CFRP composite systems must be developed experimentally on a product-by-
product basis at various field conditions.

To fully understand accelerated aging of externally bonded CFRP applica-
tions without testing each resin individually, researchers must develop an un-
derstanding of mechanical and chemical bond properties of the CFRP system
and the influence of water content and temperature on bond. Further research
may provide a logical categorization of CFRP composite systems based on bet-
ter defined mechanical and chemical properties of adhesive materials and dif-
ferent environments. Presently the proposed strength reduction factor for du-
rability is the strength ratio of specimens submerged in water at 60°C for
60 days, which provides a lower bound durability strength reduction factor for
CFRP applications. Investigators are looking into tests at different relative hu-
midity ratios and wet/dry conditioning.
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Water Penetration of Cladding
Components—Results from Laboratory Tests
on Simulated Sealed Vertical and
Horizontal Joints of Wall Cladding

ABSTRACT: Considerable work has focused on the deterioration of jointing
compounds used to seal building joints; less emphasis has been placed on
understanding the consequences of seal failure, particularly in respect to
watertightness. Jointing products are subjected to different climate effects;
some induce aging in the sealant that in time leads to deficiencies. Deficien-
cies may also come about from design faults or improper installation. Water
entry at deficiencies may lead to a number of different deteriorating effects
on the building fabric that may induce failure of other envelope components
or premature failure of the joint sealant. Joints are also subjected to substan-
tial wind driven rain loads, in particular atop multi-story buildings. The ap-
proach taken in this study focuses on determining the fault tolerance of joint
systems of a simulated wall panel when subjected to watertightness tests
that emulate heightened wind-driven rain loads. Vertical and horizontal joints
of 20 mm width and sealed with a one-component polyurethane product
were subjected to water spray rates ranging between 1.6 and 6 L/�min-m2�
and pressures of up to 2 kPa. Faults introduced to the sealed joint and
representative of deficiencies through which water could penetrate consisted
of cracks of 2 to 16 mm long introduced along the sealant to substrate inter-
face. For specific crack lengths, the crack size related to the degree of joint
extension, the extension reaching a maximum of 10 % of joint width. Rates of
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water entry across the joint were determined for cracks of different lengths
and size and the nature of water entry at deficient joints in which cracks were
introduced was also examined. Results on vertical joints indicated that water
readily enters open cracks in relation to the crack size, quantity of water
present at the crack, and pressure across the opening. Water may also
penetrate cracks of nonextended “closed” joints.

KEYWORDS: fault tolerance, joint deficiencies, sealant failure,
watertightness, water penetration, testing

Introduction

Overview

Considerable work has focused on the deterioration of jointing compounds
used to seal building joints, either to determine suitable methods to evaluate
loss in their pertinent physical or chemical characteristics or establish test
methods to evaluate their expected long-term performance. Less emphasis has
been placed on understanding the consequences of seal failure along joints, in
particular in respect to the expected loss in air and watertightness at the joint.

Jointing products are subjected to a number of climatic effects, some of
which induce aging in the sealant that in time may lead to openings or defi-
ciencies along the joint. Deficiencies may also come about from design faults or
improper installation. Indeed, deficiencies due either to the effects of aging or
from lack of attention to details or installation practice are inherent to any
jointing system.

Joints are also subjected to substantial wind-driven rain loads atop multi-
story buildings, in particular those located along an exposed coastline. Water
entry at deficiencies along joints may lead to: leakage to the interior living
space resulting in the formation of mold; moisture uptake by moisture sensitive
components in the wall assembly, such as corrosion prone metal substrates or
rot sensitive wood components; the premature loss in adhesion of the sealant.
To what extent are joints, having small deficiencies through which water enters,
vulnerable to water leakage when subjected to a substantial rain event, such as
a typhoon, as might be experienced in Japan, or a severe thunderstorm or
hurricane as in North America? Indeed, what wind-driven rain loads might be
associated with a typhoon or hurricane and how often do these occur in a given
climate? In other words, what risk might there be of water entry for any loca-
tion, given a specific building height, façade type, and joint configuration and
inherent deficiencies in the jointing system? How fault tolerant is the façade
jointing system?

As an initial step, it is useful to briefly review the incidence and nature of
failure at joints and thereafter, gain some insight into the nature of climate
loads atop buildings subjected to wind-driven rain and loads associated with
typhoon, hurricane, and storm events.
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Defects in Buildings Envelopes and Jointing Systems

Few comprehensive surveys have been published on the incidence of failure in
building joints; there is literature that is of some value, notably that from sur-
vey work carried out in the U.K. �1�, the results of which are reportedly �2�
emulated by a similar work in Japan �3�. The highlights of the survey conducted
in 1990 in the U.K. indicated that 55 % of joints failed within less than ten
years, and only 15 % lasted more than 20 years.

In North America, interestingly, little has been published on this topic al-
though there is information on individual buildings, specifically that published
by Huff �4� who provides examples of two surveys, one of which was carried out
on a newly constructed eleven-story building and the other, on a twin eighteen-
story condominium in Long Beach, CA. It the latter case, a 5.6 % failure rate
was detected in the EIFS cladding joints based on 1, 5, and 10 % sampling
rates. Interestingly Huff �4� determined from this that the failure rate remained
constant irrespective of the sample size.

The former example �4� of the eleven-story building had a total of ca.
10700 m �35 000 ft� of jointing product installed. The survey was conducted on
two of 24 grid locations representing an 8.3 % sampling rate. From this study,
14 adhesive failures were detected on one grid section, and 20 on the other,
yielding an average of 17 failures per grid section. Based on this information an
estimate of the number of failures in adhesion of the entire building was 408
whereas, following a survey of the entire building 427 adhesive failures were
uncovered �i.e., a 0.2 % failure rate�. The author notes that although the failure
rate appears small, there are nonetheless 427 failure locations that represents,
based on an average length of failure of 50 mm �2-in.�, approximately 21.6 m
�71-ft� of product that has failed and through which water can enter.

An investigation of defects and complaints of execution of constructed
works in Japan was reported by the Building Construction Society of Japan,
results for which are summarized in Fig. 1 �5�. The results indicate that 65 %
relate directly to water leakage, of which 44 % can be attributed to water leak-
age of the wall system and of this proportion, 32 % of the defects are due to

FIG. 1—Investigation of defects and complaints of building work in Japan �5�.
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leakage at the exterior of the wall, that is, at the jointing system. Hence, based
on the results of this study, it is evident that a considerable proportion of de-
fects accrue from water leakage alone. Thus understanding the nature of wind-
driven rain is important when assessing the loads to which the building enve-
lope is subjected. Additionally, considering the relatively high portion of defects
attributable to jointing systems suggests that attention be placed not only on
the nature of failure at joints but also, the consequences of failure.

In respect to the nature of failure at joints, the Building Construction So-
ciety of Japan reports on the different types of failure of jointing products, as
summarized in Fig. 2 �6�. The greatest proportion of failures can be attributed
to failure due to adhesion �56 %�, whereas, the proportion of failures in cohe-
sion is reported as 24 % �6�.

This may broadly suggests that when attempting to determine the signifi-
cance of jointing product failures on the watertightness of joints, defects such
as those that accrue due to adhesion failure should first be investigated as these
are perhaps the more likely to occur in building joints.

In general then, deficiencies in building façade joints are inherent in any
façade jointing system even those for which proper installation procedures
have been conscientiously followed. These deficiencies would typically be ad-
hesive in nature and could lead to leakage across the wall joint. However, given
that openings exist along joints, water leakage evidently can only occur if water
is present at the opening and if there are forces driving water through these
deficiencies. The presence of water on the façade is in part a function of the
climate loads, specifically, the intensity of wind driven rain, that varies, not only
in relation to the basic climate parameters of wind speed and rainfall intensity,
but also in respect to the height and width of the building, and orientation of
the building to the prevailing direction of the driving rain. Features on the
façade such as overhangs and balconies necessarily affect local deposition of
water on the façade, such features shielding the façade from direct rainfall.
Once water is deposited on the façade, it migrates downwards, the concentra-
tion of water being determined by different vertical and horizontal features that
form part of the cladding proper �7�. In this paper, some basic information

FIG. 2—Cause of failure of sealed joint in Japan �6�.
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relating to wind speed and rainfall intensity during key climate events is given
such that these can be related to test loads used in assessing wall and cladding
weathertightness performance.

Characteristics of Climate Loads

Wind driven rain is necessarily characterized by two basic climate parameters:
wind or wind speed, and rainfall intensity, the latter parameter typically re-
ferred to as the rainfall rate and reported in mm/h. Wind driven rain events are
associated with tropical cyclonic events such as tropical storms, typhoons �in
the Western Pacific�, and hurricanes �in the Eastern Atlantic�. Table 1 provides
the range of wind speeds and related velocity pressures in relation to different
categories of tropical cyclonic events.

The values provided in Table 1 are those that occur at a height of 10 m, the
height at which meteorological data are collected. Thus these would suffice for
estimating the wind loads for a residential building of three stories or less.
Wind loads atop buildings of greater height can be estimated by using the
following equation for velocity pressure, qz, given in ASCE-7 �8�:

qz�Nm−2� = 0.613�2.01�z/zg�2/��KztKdV2I �1�

where z=height above ground �m�; zg=213.36 m �atmospheric boundary layer
reference height�; and assuming, �=7 and �=11.5 for exposure categories B
and D, respectively, and I �Importance factor�; Kzt �topographic factor�; Kd
�wind directionality factor�=1.

For example, using this relationship, and assuming wind velocities at 10 m
consistent with the range of speeds associated for a severe tropical storm �i.e.,
69–103 km/h�, information on velocity pressures at different building heights
for different exposure categories such as urban �Exposure Category B� and flat,

TABLE 1—Characteristic wind speeds and related velocity pressures for different categories
of tropical cyclonic events.

Category Wind Speed
�km/h�

Velocity
Pressurea

�Pa�
WEAK TROPICAL STORM

Speeds/velocity pressures 42–69 82–224
Gust speeds/pressures 64–103 198–515

SEVERE TROPICAL STORM
Speeds/velocity pressures 69–103 224–515

Gust speeds/pressures 105–151 550–1080
Category 1 HURRICANE/MINIMAL TYPHOON

Speeds/velocity pressures 105–132 515–840
Gust speeds/pressures 153–193 1130–1850

Design wind pressure/speed for
Southern Coastal U.S.

113 581 �12 psf�

aP� �Pa�=1/2 ��2; �air=ca. 1.2 kg m−3; � �ms−1�.
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open terrain �Exposure Category D� can be estimated as given in Table 2. The
information is important because it shows that the pressures are not linearly
proportional to the height but vary exponentially in height, thus the severity of
the wind can be significantly more important atop tall buildings as compared to
low-rise structures. This may be self-evident, however, it bears directly on the
risk to water entry through small openings in exposed joints of tall buildings as
the risk to entry is itself proportional to the pressure difference across the joint.

Rainfall Intensity during Storms—An example of the amount of rainfall that
can occur during a typhoon is provided in Fig. 3 �9� that shows the temporal

TABLE 2—Velocity pressures at different building heights associated with severe tropic
storms for buildings subjected to ASCE Exposure Categories B �urban, suburban� and D
�flat, unobstructed�.

Height
�m� Storya

Velocity Pressure �Pa�
Exposure

Category B
Exposure

Category D
10 3 183–417 258–587
30 10 250–571 313–711
75 25 326–742 367–834
150 50 398–904 413–941
aEstimate assuming a 3-m story height.

FIG. 3—Temporal rainfall variation during Typhoon Gloria and Herb, 1996 �10�.
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variation in rainfall intensity for an occurrence of two typhoons in Taiwan in
1996. Taiwan receives an annual rainfall of 2500 mm of which 80 % of the
annual rainfall occurs in May to October and especially during typhoons. Rain-
fall intensity during some typhoons may exceed 100 mm/h and 1000 mm over
a 24-h period with the recorded maximum one-hour and 24-h rainfall before
1996 being 300 mm and 1672 mm, respectively �9�. As can be seen in Fig. 3, the
recorded 96-h rainfall for Typhoon Herb was accompanied by heavy rain that
reached 1994 mm over this period, the bulk of the rain falling in a 48-h period
�1987 mm� with maximum rainfall rates attaining values in exceedence of
110 mm/h.

Relating Test Conditions to Weather Parameters—A summary of extreme
wind-driven rain �WDR� conditions in relation to the return period in years is
provided in Table 3 for different locations across the United States including:
Boston, MA, Miami, FL, Minneapolis, MN, Philadelphia, PA, and Seattle, WA
�11�. Information on rates of wind-driven rain �L/ �min-m2�� and driving rain
wind pressures �DRWP� are given as average extreme hourly values. The DRWP
is the velocity pressure exerted on a surface �e.g., wall� normal to the wind
direction during rain. The analysis from which these values were determined
also indicated that the wind driven rain values provided for Miami, FL would
be overestimated for shorter return periods �i.e., �10 years�, and underesti-
mated for the longer return periods ��20 yrs�; the extent of under or over
estimation has not yet been determined as this would require a more detailed
analysis of the effects of tropical cyclonic activity on the wind-driven rain and
driving rain wind pressures.

In the United States, design wind pressures are derived from information
based on a 1 in 50-year return period �12�. With reference to this return period,
extreme WDR conditions in Miami, FL indicate a water deposition load of
3.9 L/ �min-m2� and a DRWP of 553 Pa, whereas in comparison, Seattle, WA
provides for much reduced WDR loads; 0.3 L/ �min-m2� and a DRWP of
198 Pa. It should be emphasized that these values represent extreme values
associated with each individual driving rain parameter and are unlikely to oc-
cur coincidentally.

This implies that testing at conditions in which both extremes are used
would subject a specimen to an event that would have a much heightened
return period as compared to the return period associated with a particular
extreme WDR parameter. Typically, for nontropical cyclonic events, at height-
ened rates of wind-driven rain, the corresponding DRWP are lower than those
of the extreme values shown in the table and likewise, rates of WDR are lower
when extreme values of DRWP are evident.

However, what is evident from this information is that tests undertaken at
the 700 Pa level and 3.4 L/ �min-m2� adequately represent expected extremes
for the different locations of the United States provided in Table 3. The WDR
rates at which tests were conducted �i.e., 0.8, 1.6, and 3.4 L/ �min-m2�� may be
slightly higher than that provided in Table 3 for Seattle and Boston; however,
the threshold value for WDR rate of 0.8 L/ �min-m2� is reflected in values given
for Minneapolis at a 1 in 10-year return period �0.76 L/ �min-m2��, Philadel-
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TABLE 3—Summary of extreme WDR values.

Location BOS MIA MSP PHL SEA
Return
Period

WDR,
L/ �min-m2�

DRWP,
Pa

WDR,
L/ �min-m2�

DRWP,
Pa

WDR,
L/ �min-m2�

DRWP,
Pa

WDR,
L/ �min-m2�

DRWP,
Pa

WDR,
L/ �min-m2�

DRWP,
Pa

2 0.40 197 0.883 121 0.45 105 0.466 122 0.167 109
5 0.483 247 1.85 259 0.633 134 0.6 172 0.2 137
10 0.55 280 2.48 351 0.766 153 0.7 206 0.233 156
20 0.617 311 3.1 439 0.833 171 0.783 238 0.266 174
30 0.65 329 3.45 490 0.95 182 0.85 256 0.266 185
50 0.70 352 3.88 553 1.033 195 0.9 279 0.3 198
100 0.75 383 4.483 638 1.15 212 1 310 0.316 216

BOS=Boston, MA; MIA=Miami, FL; MSP=Minneapolis, MN; PHL=Philadelphia, PA; SEA=Seattle, WA.

366
JA

I
•

S
T

P
1514

O
N

B
U

ILD
IN

G
/C

O
N

S
T

R
U

C
T

IO
N

S
E

A
LA

N
T

S
A

N
D

A
D

H
E

S
IV

E
S



phia at a 1 in 20 year return period �0.78 L/ �min-m2��, and every other year in
Miami �1-in-2 yr: 0.88 L/ �min-m2��. It is cautioned that for Miami, FL the val-
ues provided are likely an overestimate of WDR.

Overview of Approach

The question of fault tolerance in jointing systems has not yet been broadly
explored and the approach taken in this study provides some fundamental in-
formation on the nature of water entry at joints. In this paper, information is
provided on results from a laboratory study on the weathertightness of vertical
and horizontal joints of a simulated wall system when subjected to water pen-
etration tests in which test conditions emulate heightened wind-driven rain
loads. An account of the experimental program is provided that includes a
summary of the approach, and a description of the test apparatus, specimen,
methods, and parameters. Thereafter, results of watertightness tests on both
vertical and horizontal joints are given in terms of the rates of water entry
across the sealed joint in relation to simulated wind-driven rain loads. The
discussion focuses on the nature of entry through openings of deficiencies of
the jointing product and the function of the backer rod in providing a water-
tight seal.

Approach and Description of Test Apparatus, Specimen, and Methods

Approach

The fault tolerance of simulated vertical and horizontal panel joints was as-
sessed in a laboratory study in which the degree of watertightness of defective
joints was determined by subjecting the joints to a range of simulated wind-
driven rain loads, loads that were consistent with those that might be found
atop tall buildings in a severe storm event. The joints were 20 mm wide and
consisted of a one-component polyurethane product and closed cell backer rod.
Small deficiencies �cracks�, ranging in size between 2 and 16 mm in length,
were purposely introduced in the jointing product, thus permitting water to
pass through these openings. The joint was extended up to a maximum of 10 %
of joint width so that the nature and size of the crack could be varied. Conse-
quently, joints with cracks of varying length and size were subjected to water
spray rates ranging between 1.6 and 6 L/ �min-m2� and pressures of up to
2 kPa. The watertightness tests were carried out using a purposely developed
test apparatus described in detail in the subsequent section.

Test Apparatus

The water penetration tests were carried out using a recently developed test
apparatus �Fig. 4� in which both the quantity of water applied to the surface of
the test specimen and the air pressure difference across the assembly were
automatically regulated. An elevation view of the test frame of the Mini-
Dynamic Wall Testing Facility �m-DWTF� is shown in Fig. 5; a vertical sectional
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view of the same apparatus is given in Fig. 6. Other basic components of the
apparatus including the air and water pressure control systems, data acquisi-
tion and control systems, and the PC-based central processing unit are illus-
trated in Fig. 5. The automated setup permits acquiring information on spray
rate, pressures differentials, and water collection rates in real-time over the
course of a test sequence.

The water spray attachment �rack or individual nozzle� is located on the
test frame; the rate of water supplied to the spray attachment is monitored
from a flow sensor �Kobold; Model DPM-1170N2F300�. The supply water is
drained through an opening at the base of the test frame. Likewise, a drain is
provided at the base of the test specimen �Fig. 5� to remove water leakage that
accumulates in the space just beyond the interior plane of the jointing system.
This water may also be collected in a calibrated vessel �Fig. 6� in which is

FIG. 4—Mini-Dynamic Wall Testing Facility configured for testing vertical joint.
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placed a water level sensor �Intempco; Model LTX20RP-B-3�. This permits de-
termining the rate of water collection in the container and hence establishing
the rate of leakage through the jointing system.

Air pressure sensors �Druck, Model LPM1110� are located in the test frame
portion as well as in the test specimen portion; the pressure in the test frame
measures the driving pressure across the entire joint, whereas the pressure
sensor located in the test specimen measures the pressure in the space between
the weather seal �exterior portion of joint� and the air seal, or the inside of the
joint. There is an adaptor to the test frame that permits connecting to an air
leakage test device; thus, the air leakage of the test assembly can also be deter-
mined using a laminar flow element �Meriam; Model 50MW20-1� coupled to a
pressure sensor �not shown�.

Hence the basic wind-driven rain parameters at a panel joint can be repli-
cated �i.e., rain deposition, pressure differential� using this apparatus and the
conditions at the joint thus simulated in a reproducible manner.

Test Specimen

The configuration of the vertical and horizontal joint are illustrated in Fig. 7
and Fig. 8, respectively. The overall size of the test specimen was 610 mm by
610 mm �Fig. 7�. The vertical or horizontal joint was located at the middle of
the specimen �width 20 mm; depth 15 mm� that was sealed with a one-part

FIG. 5—Test frame apparatus of Mini-Dynamic Wall Testing Facility.
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polyurethane sealant4 �white; no primer�. The sealant was applied to a closed-
cell polyethylene backer rod having a diameter of 25 mm and cured in labora-
tory conditions �20°C; 35 % RH� for two weeks before initiating the test. The
crack introduced in the jointing product was located approximately at mid-
length of either the vertical or horizontal joint. The panel assembly, and sub-
strate to which the sealant was applied, was made of transparent acrylic
sheathing; this permitted visual observation of water penetration along the
joint in different test conditions over the course of the investigation. One por-
tion of the panel assembly was fixed to the test frame �Figs. 7 and 8; fixed

4ISO 11600-F-25LM; ASTM C920, Type S, Grade NS, Class 35, Use NT, M, A, G, and 1;
Canadian Specification CAN/CGSB-19.13-M87, Classification MCG-2-25-A-N.

FIG. 6—Vertical sectional view of Mini-Dynamic Wall Testing Facility.
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portion�, the other was moveable thus permitting the width of the joint to be
changed up to a maximum of approximately 25 % of a joint of 20 mm in width
�i.e., ca. 5 mm�.

Test Parameters

An overview of possible test parameters is provided in Table 4. Not all param-
eters given in Table 4 were tested in this study; as an initial test series reported
in this paper, rates of water leakage across a deficient joint were evaluated in
relation to simulated wind-driven rain loads �i.e., water deposition rate and
pressure differential�. The degree of deficiency of the joint was dependent on
the degree of joint displacement �i.e., movement in extension� and specific
“crack characteristics,” such as crack location �adhesion� and crack length. Es-
sentially, and as will be discussed in a subsequent section, the size of the crack
opening in the deficient joint and through which water might penetrate, is a
function of the degree of joint extension and crack length.

However, the notional list of possible test parameters permits considering
those results that might be obtained from, for example, testing joints: of differ-
ent width and depth �or varying W/D ratios�; with backer rods of varying size or
type; in compression as opposed to expansion; having different types of cracks

FIG. 7—Front elevation of test specimen showing 20 mm vertical joint and nominal
degree of movement of transparent acrylic panel.
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FIG. 8—Front elevation of test specimen showing horizontal joint, location of crack in
joint.

TABLE 4—Experimental parameters.

Environmental parameters
1. Water deposition rate 1.6, 3.4, 4.0, 6.0 L/ �min-m2�
2. Pressure differential Static pressure: �0, 75, 150, 500, 1000, 2000 Pa�
Building �façade� condition
3. Joint characteristics Cross section type Single joint

Joint orientation Linear vert. or horiz. joint
4. Jointing product Type Working joint

Joint width 20 mm
Joint depth 15 mm
Backer rod Yes �25 mm�

5. Movement Wall movement type Expansion/Compression
Movement ratio 0 %, 2.5 %, 5 %, 10 %

6. Crack characteristics Crack condition Yes/No
Crack location 1 Linear joint
Crack location 2 Adhesion failure
Crack length No crack, 2, 4, 8, 16 mm
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�i.e., adhesive at the interface of the sealant and substrate as compared to a
crack along center of joint�; and cracks of increased size as compared to that
evaluated in this study.

The different water deposition rates to which the specimens were subjected
are provided in Table 4 and the corresponding rates of water flow necessary to
produce these rates are given in Table 5. On the vertical joint, the “rainfall
area,” was the area over which water was deposited to ensure a uniform rate
over the crack �i.e., 0.1 m wide by 0.55 m high�.

Test Methods

The water penetration test method is summarized in Fig. 9. The quantity of
water deposition on the surface of the specimen and the air pressure difference
across it was controlled according to the prescribed parameters as provided in
Table 6 for tests on vertical joints, and Table 7 for those on horizontal joints.
Testing undertaken at 4.0 L/ �min-m2� was consistent with the requirements of
the Japanese Institute of Standards A 1414-15 �13� whereas those completed at
3.4 L/ �min-m2� replicated conditions specified in the ASTM E331-006. Testing
at the other two spray rates �i.e., 1.6 and 6 L/ �min-m2�� permitted subjecting
the crack opening to a broader range of water deposition rates perhaps consis-
tent with that found on the exterior of tall buildings.

The rate of water deposition �L/ �min-m2��, pressure differential �Pa�, and
rate of water leakage �L/min� was recorded automatically by the data acquisi-
tion system. The behavior of water leakage was verified by visual observation,
as depicted in Fig. 9. Figure 9 provides a horizontal sectional view of the verti-
cal joint test specimen at the crack location. Transparent acrylic plates were
used to form the panel face, and the face and sides of the joint, thus permitting
observation of water entry at the crack location. The eye icon in Fig. 9 indicates
the position of the observer in relation to that of the crack location in the
vertical joint.

The back of the specimen was sealed with an adhesive tape �Fig. 9� permit-

5JIS A 1414-1: Water-Spray rate 0.4 L/ �min-m2�, Maximum test-pressure: 2303 Pa,
Minimum test-pressure: 49 Pa.
6ASTM E331-00: Water-spray minimum rate of 3.4 L/ �min/m2�, Test-pressure of at least
137 Pa.

TABLE 5—Rainfall area.a

Flow Rate
L/min

L/min-m
�width�

Deposition
Rate

L/ �min-m2�
0.088 0.88 1.6
0.187 1.87 3.4
0.22 2.2 4
0.33 3.3 6

aWidth 0.1 m, height 0.55 m
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ting control of pressure differences across the joint. The joint strain to the
prescribed displacement was adjusted with a clamp. Tests were carried out over
a period of ten minutes for each test parameter.

Results from Laboratory Tests on Sealed Vertical Joints

Crack Width Related to Joint Movement and Crack Length

The nature of the degree of crack opening is illustrated in Fig. 10 and a repre-
sentative photograph of the different crack lengths when not extended, and

FIG. 9—Horizontal sectional view of the vertical joint test specimen at crack location;
the eye icon indicates the position of the observer in relation to that of the crack
location.

TABLE 6—Test matrix for water penetration tests on vertical joints.

Crack
Length
�mm�

Joint
Displacement

�mm�

Quantity of Water L/ �min-m2�

1.6 3.4 4 6
No crack �0� 0 0.5 1 2 … … … 6a

2 0 0.5 1 2 6a 1b 6a 6a

4 0 0.5 1 2 … 1b 6a …
8 0 0.5 1 2 … 1b 6a …
16 0 0.5 1 2 6a 1b 6a 6a

aSix tests at: 0, 75, 150, 500, 1000, 2000 Pa.
bOne test at: 150 Pa.
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when extended by 0.5, 1, and 2 mm is given in Fig. 11. As is evident from the
photograph, the greater the degree of joint extension, the more apparent the
crack opening size. This is more evident in the case of the 16 mm and longest
crack length shown in Fig. 11 �displacement 2 mm; joint width 22 mm�.

The results obtained from joint movement at prescribed displacements and
the relation to crack width and crack length is shown in Fig. 12. There is a
linear relationship between joint displacement and crack opening �width� for
the largest crack length. For shorter crack lengths, this relationship approaches
linearity. As well, when the joint is displaced, the longer crack lengths provide
for a broader crack opening. Hence, as might be expected, the largest crack
openings occur for 16 mm crack lengths at a joint displacement of 2 mm �10 %
joint width�.

Water Penetration Test Results for Vertical Joint

A summary of the results from water penetration tests on the vertical joint is
provided in Fig. 13. In this summary, the degree of water penetration is given in
terms of water leakage �L/min� as a function of pressure difference across the
test specimen �Pa� for 16 test conditions for which the crack length was 2, 4, 8,
and 16 mm and the joint displacement �
� varied from 0 to 2 mm �
=10 %
joint width�.

Quantity and Pattern of Water Leakage—The quantity and pattern of water
leakage is very complex because the parameters affecting leakage are interre-
lated. However, in general, greater rates of water leakage occurred through
cracks in the sealed joint, given either higher water deposition rates on the
specimen surface or higher pressure differentials across the specimen.

The pattern of water leakage and the effect of the backer rod on water entry
across the joint are characterized in Fig. 14. Specifically, when the diameter of
the backer rod �nominal size 20 mm� was greater than the joint width, water
flowed downwards along the gap between sealant and backer rod which is
illustrated as Type “A” water leakage in Fig. 14. Whereas, when the rod diam-
eter was less than the joint width, i.e., when the joint was extended from its
original width of 20 mm, water flowed from the opening across the gap at the

TABLE 7—Test matrix for water penetration tests on horizontal joints.

Crack
Length
�mm�


-Joint
Displacement

�mm�

Quantity of Water L/min

0.088 0.187 0.22 0.33
2 1 2 … … 6a 6a

4 0 0.5 6a 6a 6a 6a

8 0 0.5 1 2 6c 1b 6a …
16 0 0.5 1 2 … … 6a …

aSix tests at: 0, 75, 150, 500, 1000, 2000 Pa.
bOne test at: 150 Pa.
cSix tests only at 
 of 1 mm.
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substrate-backer rod interface, towards the back of the joint; this pattern of
water leakage is illustrated as Type “D” in Fig. 14. When the rate of water entry
was less than or equal to the drainage capacity along the gap, water flowed
down the gap as in Pattern “B,” �Fig. 14�, whereas, if the rate of entry exceeded
the drainage capacity along the gap, excess water flowed up the gap as in Pat-
tern “C” �Fig. 14�.

FIG. 10—Sealed joint condition.
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Discussion of Water Penetration Results for Vertical Joint

The discussion focuses on two principal aspects that affect water leakage across
deficient vertical joints, specifically, the influence of joint displacement and
crack length, and the effect of the backer rod. Each is dealt with in turn.

Influence of Joint Displacement and Crack Length—Given the presence of a
crack, at no joint displacement �0 mm�, water leakage nonetheless occurred.
Additionally, and excluding results obtained with no joint displacement
�0 mm�, the longer the crack length and the greater the joint displacement, the
greater the rate of water penetration. Hence, the crack length and joint dis-
placement provided a multiplicative effect on water leakage rates. As well it can
be observed that at the largest joint displacement, water readily penetrated the
joint, even at low pressure conditions. From this, it follows that the greatest
water penetration rate �0.05 L/min� occurred at the maximum test joint exten-
sion �2 mm�, largest crack length �16 mm�, and highest test pressure differen-
tial �2000 Pa�.

Some additional observations from the results include the following:
• The greater the driving pressure across the joint, the greater the rate of

water penetration.
• When the crack length is “small” �e.g., �2 mm�, regardless of the rate of

water deposition at the crack location, at the low pressures, there are
few differences in the rate of water penetration across the joint.

• However, given the “small” crack lengths, at high pressure differences

FIG. 11—Crack opening of vertical sealed joint.
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across the joint, increases in the rate of water penetration are evident for
corresponding increases in the rate of water deposition at the crack
location.

• When the crack length is large �e.g., 16 mm�, the higher the rate of
water deposition at the crack, the greater the rate of water leakage.

• At larger joint displacements �i.e., 5 and 10 %� and for low water depo-
sition rates at the crack �i.e., 1.6 L/ �min-m2��, even at high pressure
differences, the increase in the rate of water leakage with increase in
pressure difference are not as significant as compared to leakage rates
achieved at more substantial water deposition rates; hence occlusion of
the opening with water is a factor that affects gross water entry rates.

Effect of Backer Rod—The closed-cell polyethylene backer rod acted as a
gasket providing a secondary barrier to water entry at the joint. When leakage
occurred at the crack, and given that the backer rod was compressed, water
leakage was arrested beyond the position where the backer rod interfaces with
the substrate; this typically occurred in conditions of no joint extension or
when the extension was no greater than 0.5 mm. However, when the joint was
extended �e.g., 1 and 2 mm� and the width of the backer rod was then smaller
than the extended joint width, the rod no longer acted as a gasket. It is to be
noted that the backer rod �nominal diameter 25 mm� once compressed in the
20 mm joint did not recover its size upon extension of the joint. Hence the
degree of compression set of the rod affected its capability to seal the jointing

FIG. 12—Relationship between vertical joint displacements and crack opening.
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product. It appears critical to consider the diameter of backer rod and its de-
gree of compression in a joint to help avoid water leakage should a fail-safe
system be of interest.

There may also be consideration as to whether an open or closed-cell
backer rod would greatly affect water leakage when the rod is sufficiently com-
pressed as to arrest the flow of water; it is expected that an open-cell rod would
deter water entry but perhaps not as effectively as a closed-cell backer rod.
However, such a notion would have to be evaluated from results of further
testing.

FIG. 13—Water penetration test results for vertical joint. Variation in water leakage
rates �L/min� in relation to pressure different across specimen �Pa� for 16 test conditions
for joints having crack length deficiencies of 2, 4, 8, and 16 mm and joint displace-
ments �
� of 0 to 2 mm �
=10 % joint width�.
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FIG. 14—Characterization of water leakage of vertical joint.

FIG. 15—View of horizontal joint from “interior” side showing backer rod between
adjacent joint faces and accumulation of water on horizontal surface.
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Water Penetration Test Results for Horizontal Joint

Evidence of water penetration at the horizontal joint is given in Fig. 15 and Fig.
16. A view of water entry along the interior side of the joint is shown in the
photo of Fig. 14; water is seen to be pooling on the surface of the interior of the
joint but ultimately made its way to the drainage opening. A photo �Fig. 16� at
the underside of the joint at the crack location shows the path for water leakage
through a crack opening of length 16 mm.

A summary of the results from water penetration tests on the horizontal
joint is provided in Fig. 17. In this summary, the degree of water penetration is
given in terms of water leakage �L/min� as a function of pressure difference
across the test specimen �Pa� for ten test conditions. Results for water leakage
for crack lengths of 4, 8, and 16 mm are given at joint displacements varying
from 0 to 2 mm �10 % joint width�. The range of scale for water leakage rate
varies by three orders of magnitude, from a low of ca. 0.0018 L/min used for
assessing water leakage across joints with no displacement, to a high of
0.2 L/min for joints having displacements of 2 mm.

Some key observations from water penetration tests on deficient horizontal
joints are:

• Water leakage occurs when joints are “closed” �i.e., 
=0�; even under
low pressure differentials;

• Water leakage is pressure dependent; higher rates of leakage are ob-
tained at higher pressure differences;

• A heightened degree of leakage can occur, up to ca. 1.6 L over a 10 min

FIG. 16—View of underside of horizontal joint showing backer rod and location of
crack �16 mm� opening along jointing product; arrow shows direction of water leakage
across joint.
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FIG. 17—Water penetration test results for horizontal joint. Variation in water leakage
rates �L/min� in relation to pressure different across specimen �Pa� for joints having
crack length deficiencies of 4, 8, and 1 mm and joint displacements �
� of 0, 2.5, 5, and
10 % joint width.
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interval; this was estimated from the maximum leakage rates of greater
than 0.16 L/min obtained for a crack length of 16 mm and 10 % joint
opening at 1 kPa and 2 kPa driving pressures.

• Water leakage rates for a crack length of 16 mm are dependent on the
crack opening size.

The final observation is more clearly evident from information provided in
Fig. 18; the variation in water leakage as a function of pressure difference
across specimen and joint displacements of 0, 2.5, 5, and 10 % are given for a
joint having a crack length deficiency of 16 mm. The adjoining Fig. 18�b� pro-
vides results for no displacement given that these are not readily apparent from
that provided in Fig. 18�a�. It is evident that as the crack length increases there
is a corresponding increase in the rate of water leakage at the opening. For
example, at the 1 kPa pressure difference, there is a ca. fifty-fold increase in
water leakage rate between a joint displacement of 2.5 % �0.5 mm� and a closed
joint �no displacement�, and five-fold increase in leakage rate, for increases in
joint displacement from 2.5 % to 5 % and from 5 % to 10 %, respectively.

Additionally it can been seen that for the smaller crack opening sizes �i.e.,

=0, 2.5, 5 %; 0, 0.5 mm, 1 mm�, rates of water entry increase with corre-
sponding increases in pressure difference across the specimen; this suggests
that the openings are completely occluded with water and the air pressure is
driving water through these openings in increasing amounts and in proportion
to the pressure difference. Whereas at the largest crack opening �
=10 %;
2 mm�, the leakage rate reaches a maximum at 1 kPa pressure difference
�0.162 L/min� and at 2 kPa there is only a small increase in leakage rate as
compared to that obtained at 1 kPa �2 % to 0.165 L/min��. This suggests that
at 1 kPa pressure level, the maximum leakage rate has been reached for the
given water deposition rate and crack opening size; in this instance, the open-
ing is no longer completely occluded with water hence air pressure cannot

FIG. 18—Variation in water leakage as a function of pressure difference and joint dis-
placement for a joint with crack length of 16 mm �a� results for displacement of 0, 2.5,
5, and 10 % joint width; �b� results for no displacement.
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drive additional water through the opening and no additional rate of entry is
possible at these test conditions. Such findings mirror those found for the ver-
tical joint.

At water deposition rates at which the comparatively smaller openings are
occluded, the larger openings are less readily filled but nonetheless this may
occur intermittently given the erratic nature of water migration over openings.
For larger openings, there are likely instances in which these openings will
intermittently fill with water and thereafter, these water “plugs” would be
ejected by the pressure differential across the opening.

Comparison between Water Penetration Test Results of Vertical and Horizontal
Joints

A comparison was made between water leakage through deficient vertical and
horizontal joints as shown in Fig. 19. The results reflect leakage rates of joints
subjected to a water deposition rate of 4 L/ �min-m2�. The Y-axis provides the
rates of leakage �L/min� across the horizontal joint; that of the X-axis for the
vertical joint.

Results have been organized in terms of different crack lengths; cracks of
16 mm length are shown as circular data points, 8 mm as square points, and
4 mm as triangular points. The dotted lines delineate the outer boundary of the
data and the oblique line joining points 0.0001 and 1 L/min on the plot indi-
cates when the values of horizontal and vertical leakage rates are equal. A point
falling beneath this line indicates that the leakage rate through the defect at the
vertical joint is greater than the rate through the defect in the horizontal joint
at the given test condition.

It is apparent from this plot that there can be substantial increases in leak-
age rate of either vertical or horizontal joints and up to an order of magnitude
difference.

The following was also evident:
• Overall, it is more likely that vertical joints will leak at higher rates than

horizontal joints �ca. 59 %�; as well, this was most prevalent at reduced
water leakage rates �i.e., 0.005 L/min� where 81 % of the data points
were those of the vertical joint having a greater leakage rate than that of
the horizontal joint; on the other hand,

• At large crack openings �i.e., crack lengths of 8- and 16 mm, displace-
ment of 1 and 2 mm� there is a greater chance �ca. 75 %� that the rate of
water leakage at the horizontal joint will be more severe than that of the
vertical joint;

• Clearly the rate of water leakage depends on the nature of the crack
opening �i.e., crack length and width�; horizontal joints appear to be
more susceptible to water leakage for joints having larger defect sizes.

Conclusions
1. For vertical joints evaluated in this study:

• There exists a linear relationship between crack width and joint dis-
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placement for cracks introduced in a sealant at the sealant-substrate
interface; as well,

• Larger crack lengths induce greater crack widths and crack sizes in
extended joints;

• The size and shape of the backer rod affects the nature of water leak-
age across the vertical joint.

2. For both vertical and horizontal joints evaluated in this study:
• The crack length and joint displacement provide a multiplicative ef-

fect on water leakage rates;
• If a crack exists in a sealed jointing system, even if the joint displace-

ment is 0 mm, water may penetrate the opening at the crack;
• The higher the quantity of water deposition on or air pressure differ-

FIG. 19—Comparison of water leakage �L/min� at vertical and horizontal joint
deficiencies.
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ential across the specimen, the greater the rate of water leakage of the
jointing system.

3. Additionally, it may be suggested that if the crack length in a joint of an
actual building is known or verified from a field inspection, an estimate
of the rate of water leakage can be calculated by using the information
given above and provided information is also given on the expected
climate loads impinging on the façade.

It should be borne in mind that estimates provided in this initial series of
tests only offer a gross approximation of leakage across a deficient joint and are
based on the limited number of tests and test variations. The movement of
water through small openings will be affected by the tortuosity of the leakage
path and the nature of the materials along which it flows. Hence, other factors
such as the type of sealant, backer rod, and substrate material to which the
jointing product is adhered may affect water entry. For example, a deficient
joint of sealant installed on a concrete substrate is not likely to comport itself in
exactly the same manner as suggested by results on the leakage through cracks
reported in this study when considering the idealized test conditions. Nonethe-
less, these studies offer some initial measure of the degree of water penetration
at deficient joints—additional studies using the same approach would help elu-
cidate the likely variations in leakage rate across a deficient joint that would
arise given for example, different sealant and substrate materials or crack lo-
cation and crack size.
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ABSTRACT: To demonstrate the suitability of high performance acrylic seal-
ants to low rise industrial construction applications, a laboratory prepared
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comparison is an exterior exposure in El Paso, TX, in which the two sealants
were professionally installed in alternating joints around the perimeter of a
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and accelerated weathering in both xenon arc and fluorescent UV devices.
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Introduction

Perceptions of acrylic sealants in the construction industry have largely been
formed by contractors’ experience with low-to-mid-performance formulations.
Nonspec and ASTM C834-05 �1� compliant formulations were the first acrylic
sealants to be introduced into the market and contractors collectively purchase
huge volumes of these products every year for use in a variety of applications
with minimal movement requirements. However, despite contractors’ lack of
familiarity, high performance acrylic sealants with �25 % joint movement ca-
pability are widely available. These products fully comply with ASTM C920-05
�2�, have the excellent weathering characteristics of acrylic chemistry, and have
the added benefit of soap and water cleanup.

High performance polyurethane sealants are commonly used to seal exte-
rior joints in low rise industrial buildings constructed of block, brick, and
tilt-up panels. Although these sealants have been used for many years, they are
not without problems. Commonly encountered issues include surface crazing
and chalking caused by UV degradation, sealant burn-though in thin cross sec-
tions, variable coatability, dirt pickup on coated joints due to plasticizer migra-
tion, and the need for solvent cleanup.

ASTM C834-05 compliant acrylic sealants are frequently used to seal inte-
rior joints in low rise tilt-up buildings. Although high performance acrylic seal-
ants are readily available, they are rarely used to seal the exterior joints of these
buildings. Despite the limitations listed above, contractors continue to use
polyurethane sealants instead of high performance acrylic sealants. One of the
reasons for this is that there is a general lack of knowledge about high perfor-
mance acrylic sealants and how they compare to sealants based on alternative
chemistries. Another is the lack of performance history of high performance
acrylic sealants in commercial construction applications. To begin to fill these
voids, a comprehensive study was undertaken to compare the performance of a
high performance acrylic sealant to a commonly used two part polyurethane
sealant.

Experimental Methods

Sealants

A high performance acrylic sealant and a high performance polyurethane seal-
ant, both conforming to the ASTM C920-05 Class 25 specification, were chosen
for this evaluation.

The polyurethane sealant was specified by the moisture-proofing contactor
as part of a commercial restoration project. A two part polyurethane was cho-
sen due to the low humidity in El Paso and the extended cure times required for
one part polyurethanes under these conditions. The specific product selected
was not the contractor’s first choice-product selection was dictated by availabil-
ity at the local distributor. However, the product selected is commonly available
and widely used. The contractor has had extensive experience with this product

392 JAI • STP 1514 ON BUILDING/CONSTRUCTION SEALANTS AND ADHESIVES



and has found that it crazes more than other commercially available polyure-
thanes upon weathering. However, in his experience, this crazing has not led to
complaints or call backs.

A laboratory prepared acrylic sealant, based on a commercially available
binder, was chosen for comparison. A laboratory prepared sealant �Table 1� was
used instead of a commercially available sealant so that the authors could con-
trol the formulation and understand the relationship between formulation in-
gredients and exterior performance. A plasticizer free formulation was chosen
to minimize sealant dirt pickup. Since contractor application preferences were
unknown at the time that the sealant was formulated, no attempt was made to
optimize the viscosity, toolability, or open time of the formulated material that
was sent to El Paso.

Tilt-Up Warehouse Exposures

A tilt-up warehouse in El Paso, TX, was renovated in the Spring of 2005. As part
of this renovation, the failing 20 year old sealant used in the original construc-
tion was removed and replaced with the acrylic and polyurethane sealants de-
scribed above. To directly compare performance, these two sealants were ap-
plied in alternating joints around all four elevations of the warehouse, for a
total of 62 joints. The sealants were applied by a moisture-proofing contractor
with over 60 years in the business using two applicators with over 48 combined
years of experience in the field. One applicator installed all of the polyurethane
sealant, and the other installed all of the acrylic sealant.

The warehouse was constructed of concrete tilt-up panels with a decorative
aggregate surface finish �Figs. 1 and 2�. The aggregate finish is made up of a
large aggregate embedded in a soft friable concrete mortar. Because of the size
of the aggregate, the aggregate layer is roughly 3/4 in. �19 mm� deep. Although
it would have been preferable, from an adhesion point of view, to install the
sealants against the underlying concrete panels, it was not possible to do so

TABLE 1—High performance acrylic sealant formulation.

Ingredient Pounds/100 gal
Acrylic latex �63 % solids�a 567.6
Water 20.8
Surfactant 11.0
Ethylene glycol 8.2
Dispersant 3.0
Biocide 1.4
Thickener 5.9
Mineral spirits 32.2
Adhesion promoter 0.4
Calcium carbonate 536.4
TiO2 17.7
aAcrylic latex from The Dow Chemical Company, Midland, MI 48674.
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FIG. 1—El Paso, TX, tilt-up warehouse used for exposure of high performance acrylic
and polyurethane sealants.

FIG. 2—Example of a prepared joint 1 in. �25 mm� wide. The underlying concrete slab
and exposed aggregate surface layer are readily visible.
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because of the depth of the aggregate layer. In both the original installation and
in the retrofit described below, the sealants were installed flush with the build-
ing exterior and against the aggregate layer.

The joints for the replacement sealants were formed by cutting out the old
sealant, widening the joints where necessary, and then smoothing the inner
edges of the joints with a grinder �Fig. 2�. The dust generated by the grinding
process was cleaned off with a blower, and the joints were brushed off prior to
the application of the sealant. The resulting joints varied from 1/2 in. �13 mm�
to over 1.5 in. �38 mm� in width �Fig. 2�. A closed cell backer rod was used for
all sealant applications and was carefully inserted so that it remained convex
and untwisted. The sealant was applied with a bulk loading gun. Since much of
the application was done on a ladder, the applied joint lengths were generally
limited to 4–6 ft �1.2–1.8 m� at a time. Each section of sealant was tooled
immediately after application. Although tilt-up buildings in the El Paso area are
often painted, the warehouse used for the current exposure was not top-coated
due to its decorative aggregate finish.

During the initial construction of the warehouse, the tilt-up panels were
welded together at built-in weld plates, theoretically limiting the movement of
the panels relative to one another. However, movement indicators attached to
representative joints at the roofline indicated that some joints exhibited sub-
stantial movement while others exhibited none. Measured movements ranged
from 14 to 22 % �total� of the initial joint widths, substantially below the 50 %
total movement capabilities of the applied sealants. The contractor felt that the
amount of movement measured in these joints, and the variable nature of the
movement, was typical for tilt-up construction in the El Paso area.

Applicator comments about the use of acrylic sealants were noted through-
out the installation process and reported below. To assess application quality,
sealant adhesion, and sealant cure, small sections of sealant were periodically
cut and pulled from representative joints. To assess aesthetics, durability, and
functional performance, the sealants were visually inspected and photographed
at irregular intervals over a period of 3 years. Sealant dirt pickup, gloss, and
crazing were visually assessed and readily captured in photographs. Sealant
chalking was gauged by rubbing the sealant surfaces with an index finger and
assessing the amount of white residue transferred from the sealant to the finger.
Sealant softening and tack were subjectively gauged by digging at the sealant
joints with a finger nail and pressing with fingertips.

Accelerated Weathering

In addition to the warehouse exposures described above, the durability of the
two sealants was also evaluated using standard accelerated weathering proce-
dures and ASTM C1519-04, Standard Practice for Evaluating Durability of
Building Construction Sealants by Laboratory Accelerated Weathering Proce-
dures.

Weathering of Plaques in Xenon Arc and Fluorescent UV Weathering
Apparatus–Specimens for accelerated weathering were laid up as 5�11

2

�
1
8in.3 �127�38�3.2 mm3� thick wet plaques on 3�6 in.2 �76�52 mm2�

aluminum panels. The specimens were cured for 3 days at 23±2°C, 50±5 %
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relative humidity, and then placed in either the xenon arc or fluorescent UV
accelerated weathering apparatus, following the procedures described below.
Changes in sealant surface appearance �e.g., crazing, pitting, and chalking�
were monitored periodically over a minimum of 2000 h. Changes in sealant
color, as measured by changes in L*a*b* �3�, were measured as a function of
time in the fluorescent UV apparatus using a Minolta CR-231 portable Chroma
Meter color analyzer.5

Procedure for Exposure in Xenon Arc Light Apparatus–An Atlas Ci65A
Xenon Weather-Ometer6 was equipped with daylight filters conforming
to ASTM Practice G155 �4�. The exposure cycle was 102 min of light
followed by a wet period of 18 min light with water spray. The irradiance
was set to 0.51 W/ �m2·nm� at 340 nm and the chamber air temperature
to 45°C. The uninsulated black panel temperature was measured at
68°C.

Procedure for Exposure in Fluorescent UV Apparatus–A QUV Accelerated
Weathering Tester �model QUV/basic� from Q-Lab7 was equipped with
fluorescent UVA-340 lamps that comply with the spectral power distri-
bution specifications in ASTM Practice G154 �5�. The exposure cycle

consisted of 8 h of UV exposure at an uninsulated black panel tempera-
ture of 60°C, followed by 4 h of wetting by condensation at an uninsu-
lated black panel temperature of 50°C. Irradiance was not controlled.
ASTM C1519-04 �6� Durability–Three aluminum H block specimens, as de-

scribed in Test Method C 719-93 �7�, were made for each of the two sealants
tested. The acrylic sealant specimens were cured for 1 week at 23±2°C,
50±5 % relative humidity, followed by 2 weeks at 50°C. The two part polyure-
thane sealant was mixed immediately prior to sample preparation with a
paddle mixer and following the manufacturer’s instructions. The resulting
specimens were cured for 3 weeks at 23±2°C, 50±5 % relative humidity. Fol-
lowing cure, the specimens were placed into either a xenon arc or fluorescent
UV weathering apparatus. After 4 weeks the specimens were subjected to six
room temperature cycles of ±25 % cyclic movement at a rate of 1/8 in. �3.2
mm�/h. They were then evaluated for overall appearance and amount of adhe-
sive or cohesive failure. The cycle of weathering followed by joint movement is
an ongoing process, and the test will continue until significant failures have
occurred. Results to date, through a total of five cycles, are reported.

Exterior Exposure in Static Joints–Channels for static joint exposures were
fabricated by nailing pine strips to a plywood base to form a series of 3

4 �
1
2

�30 in.3 �19�13�762 mm3� channels. To prevent degradation of the sub-

5Konica Minolta Sensing Americs, Inc., Ramsey, New Jersey 07446, USA. The Minolta
Model CR-231 Chroma Meter color analyzer has a 25 mm diameter measuring area, 45°
illumination angle, and 0° viewing angle. Illuminant: D65. Color measurement according
to ISO 7724. Color-coordinates: CIELAB.
6Atlas Material Testing Technology, Chicago, Illinois 60613, USA. The Ci65A Xenon
Weather-Ometer has a 6500 W water cooled xenon arc lamp and a total exposure area of
11 000 cm2.
7Q-Laboratory Corporation, Cleveland, Ohio, 44145, USA.
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strate, the wood was first primed and then painted with a high quality exterior
paint. After the paint was dry, the channels were filled with sealant. The seal-
ants were tooled flat and flush with the tops of the channels and then cured for
4 weeks under ambient conditions. To assess sealant coatability and the appear-
ance of overcoated sealants, half of each sealant was coated with a 38 pigment
volume concentration �PVC�8 all acrylic elastomeric wall coating �EWC�. The
coating was brush applied in two coats to the sealant and channel surfaces at a
combined coating weight which resulted in a calculated final dry film thickness
of 20 dry mils �0.5 dry mm�. The first coat was dried for 24 h before the appli-
cation of the second coat, and several additional days elapsed before the EWC
coated channels were taken outside for exposure. The filled and coated chan-
nels were exposed horizontally in a south-45° direction at the Spring House
Farm in southeastern PA. After 1 year of exterior exposure the channels were
brought back into the laboratory, and the coated and uncoated sealants were
assessed for dirt pickup, crazing, and chalking.

Laboratory Testing

To complement the exterior and accelerated exposures described above, three
key ASTM C920-05 tests were run. These included adhesion, joint movement
testing, and hardness. Adhesion to concrete mortar was tested according to
ASTM C794-06 �8�, with dry adhesion being tested after the initial 3 weeks of
cure and wet adhesion after additional 1 week of water soak. Joint movement
to concrete mortar, at �25 %, was tested according to ASTM C719-93 �2005�.
Hardness was tested as per ASTM C661-06 �9�.

Tensile properties were also measured as a general indicator of sealant
performance. Samples for tensile testing were laid up as 1/8 in. �3.2 mm� thick
wet plaques on PTFE foil covered aluminum panels and cured as below. Dumb-
bell shaped specimens, with a gauge length of 0.725 in. �18.4 mm�, were cut
from the dried plaques and tested on a model H10K-S Tinius Olsen9 tensile
tester. Tensile testing was done at 2 in. �51 mm�/min and at 23±2°C and
50±5 % relative humidity. Elongation to break, maximum stress, and stress at
25 % elongation were measured and reported as the mean±standard deviation
of three measurements. The stress at 25 % elongation was also measured at 0.2
in. �5.1 mm�/min and 0.02 in. �0.51 mm�/min to assess the strain rate sensitivity
of the two sealants.

In the four laboratory tests described above, the acrylic specimens were
cured for 1 week at 23±2°C and 50±5 % relative humidity, followed by 2
weeks at 50°C. The polyurethane specimens were cured for 3 weeks at 23±2°C
and 50±5 % relative humidity.

8PVC is the fractional volume of a pigment in the total volume solids of a dry paint film.
9Tinius Olsen Testing Machine Co., Inc., Horsham, PA 19044, USA.
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Results and Discussion

Tilt-Up Warehouse Exposures

Early Observations–The applicator found that the acrylic sealant needed to be
handled somewhat differently than the polyurethane sealants that he was used
to working with. As mentioned earlier, the acrylic sealant sent to the job site
was not optimized for application properties. The applicator, in fact, found that
the acrylic sealant was lower in viscosity than the polyurethane sealant and had
a shorter open time. The lower viscosity made the acrylic sealant easier to gun
but more difficult to tool since it offered less resistance to the tooling imple-
ments. The shorter open time meant that the acrylic sealant needed be tooled
more frequently and after shorter application lengths. Since the applicator was
aware that the acrylic sealant would shrink more than the polyurethane seal-
ant, there was some attempt to apply the acrylic sealant at slightly greater
application depths. However, this process was not optimized or quantified in
this exposure series. At the end of each day, the applicator of the acrylic sealant
used soap and water to remove residual sealant from his tools. The applicator
of the polyurethane sealant used toluene.

After 24 h the polyurethane sealant was still tacky and glossy and had
picked up a fair amount of dirt. The tack and gloss, however, decreased over the
succeeding days. The acrylic sealant skinned to a smooth, nontacky surface in
less than 1 h and picked up much less dirt than the polyurethane sealant in the
first 24 h. From the pieces of sealant pulled from the joints, it was determined
that the polyurethane sealant cured through in 5–7 days and that the acrylic
sealant took closer to 30 days. From these pulled pieces it was also found that
the cured acrylic sealant is slightly harder and stiffer to the touch than the
cured polyurethane sealant.

Longer Term Observations—As determined visually and in comparative pho-
tographs, the dirt pickup of the two sealants after 1, 2, and 3 years is compa-
rable. Dirt pickup, as might be expected, varies from elevation to elevation.
However, from a distance, and from any elevation, the acrylic and polyurethane
sealants look similar. After 3 years and at a distance of 20 ft �6 m�, the acrylic
and polyurethane sealants on the east side of the building �Fig. 3� are indistin-
guishable. Closer views of the two sealants on the north side of the building
�Fig. 4� also reveal a similarity in overall appearance. On more detailed inspec-
tion, however, differences between the two sealants become apparent. A
close-up comparison of the two sealants on the east elevation of the warehouse
�Fig. 5� reveals considerable crazing of the surface of the polyurethane sealant
but no apparent crazing of the acrylic sealant. This is a trend seen throughout
the warehouse exposure—after 3 years of exposure, the polyurethane sealant
exhibits considerable crazing in all vertical joints in all elevations. The acrylic
sealant, in contrast, exhibits no visible crazing on any of the vertical joints.

The polyurethane sealant also exhibits severe crazing in all vertical and
horizontal parapet joints �Fig. 6�. This crazing was readily apparent after 2
years of exposure and has become significantly more pronounced during the
third year of exposure. In addition, the polyurethane sealant in one of the
corner parapet joints has developed crazes that extend several millimeters into
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FIG. 3—View of the east elevation of the El Paso warehouse with an acrylic sealant
joint on the left and a polyurethane sealant joint on the right.

FIG. 4—Closer views of the sealants on the north elevation of the El Paso warehouse.
The acrylic sealant is on the left; the polyurethane sealant is on the right.
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the sealant bead and which may be compromising the functional performance
of the sealant. The acrylic sealant, after 3 years of exposure, exhibits slight
surface crazing or wrinkling in the horizontal joints at the top of the parapet
�Fig. 7� but no visible degradation in any of the vertical parapet joints. This
crazing or wrinkling was not present after 2 years of exposure. The greater
degradation of the sealants in the parapet joints is due to the fact that these
sealants are subjected to harsher exposure conditions than those installed at
ground level. Sealants installed vertically around the interior of the parapet see
reflected UV from the light colored roofing material; those installed in the hori-
zontal joint at the top of the parapet see direct and continuous exposure to the
sun.

The polyurethane sealant chalks markedly after 2 and 3 years of exterior
exposure, as measured by transfer of white residue from the sealant surface to
the inspector’s index finger. Chalking is particularly severe in the parapet joints.
The acrylic sealant, in contrast, chalks little in either the vertical or the parapet
joints. The polyurethane sealant also softens noticeably during exposure, par-
ticularly in the parapet joints where the exposure conditions are most severe.
The acrylic sealant does not change noticeably in hardness during exposure.

When sealant samples were pulled from representative joints to test for
adhesion, both sealants pulled out easily due to substrate failure within the
friable concrete mortar in the decorative aggregate surface layer. However, the
mortar is holding up adequately for the joints experiencing movement, and no
joint failures have been noted to date. Functional performance of both of the
applied sealants appears to be intact, with the possible exception of the poly-
urethane sealant in the parapet corner joint noted above.

FIG. 5—Detailed views of the sealants on the east elevation of the El Paso warehouse.
The acrylic sealant, on the left, exhibits no surface crazing. The polyurethane sealant, on
the right, exhibits fine surface crazing.
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Accelerated Weathering

To assess their usefulness in predicting real world weathering results, the seal-
ants exposed in the El Paso warehouse exposure were also subjected to several
accelerated weathering tests. Results are presented in Tables 2–4 and in Figs.
8–11.

Weathering of Plaques in Xenon Arc and Fluorescent UV Weathering Devices–
The results of the accelerated weathering of sealant plaques exposed in the
xenon arc and fluorescent UV weathering devices are detailed in Table 2 and in
Figs. 8 and 9. In the fluorescent UV, the polyurethane sealant plaque starts to
craze after approximately 500 h and exhibits severe crazing after 2200 h �Fig.
8�. These crazes extend as far as 1 mm into the bulk of the specimen. The

FIG. 6—Polyurethane sealant in a vertical joint in the warehouse parapet �top� showing
surface crazing and chalking. Polyurethane sealant in a horizontal corner parapet joint
�bottom� showing severe and deep crazing.
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acrylic sealant plaque, in contrast, exhibits no visible flaws after an extended
exposure period of 6400 h in the fluorescent UV �Fig. 8�. The polyurethane
sealant in the xenon arc device looks similar to that in the fluorescent UV,
exhibiting significant crazing after 2200 h. The acrylic sealant plaque exhibits
no visible flaws in the xenon arc device after a comparable exposure period.
Although there was no attempt to quantify crazing as a function of exposure
time, the accelerated weathering results for both the acrylic and polyurethane
sealants are consistent with the appearances of these two sealants after exterior
exposure in El Paso. The early crazing of the polyurethane sealant plaque after
accelerated weathering is similar to the crazing seen on the vertical joints of the
polyurethane sealant after 3 years in El Paso. The deep crazing of the polyure-
thane sealant plaque after longer periods of accelerated weathering is consis-
tent with the appearance of the polyurethane sealant in the parapet joints after
3 years in El Paso.

FIG. 7—Acrylic sealant in a horizontal parapet joint showing slight surface wrinkling
or crazing.

TABLE 2—Accelerated weathering results.

Sealant Weathering Apparatus Hours Visual Appearance
Polyurethane Fluorescent UV 2200 Severe crazing
Acrylic Fluorescent UV 2200 No flaws
Acrylic Fluorescent UV 6400 No flaws
Polyurethane Xenon arc 2200 Severe crazing
Acrylic Xenon arc 2200 No flaws
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TABLE 3—ASTM C1519-04 durability results.

Sealant Weathering Apparatus Cycles Hours Failurea Visual Appearance
Polyurethane Fluorescent UV 5 3916 0.35 in.2 �226 mm2� C at interface Fine surface crazing
Acrylic Fluorescent UV 5 3916 None No flaws
Polyurethane Xenon arc 5 3571 1.25 in.2 �806 mm2� C at interface Severe crazing; up to 3 mm deep
Acrylic Xenon arc 5 3571 None Slight crazing
aFailure is reported as the total area of cohesive plus adhesive failure over three specimens. C=cohesive failure.
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The polyurethane sealant softens during accelerated weathering in both the
fluorescent UV and the xenon arc. This phenomenon was not quantified due to
the fact that the sealant plaques used for weathering are too thin for reliable
hardness measurements. However, the softening is pronounced, and the weath-
ered polyurethane sealant after 2200 h feels gummy and significantly less tough
than when it was originally exposed. This observation is consistent with the
softening of the polyurethane sealant in the parapet joints in El Paso. The
hardness of the acrylic sealant appears to change little during accelerated
weathering.

In addition to general weathering, sealant color change was also evaluated
as a function of exposure time in the fluorescent UV �Fig. 9�. During the first
1500 h of exposure the polyurethane sealant yellows and darkens, as measured
by changes in L* and b*. After 1500 h this trend is reversed as the sealant starts
to chalk and, as a consequence, lighten. The color change of the polyurethane
sealant during accelerated weathering was not noted in the El Paso warehouse
exposure presumably because it was obscured by early dirt pickup. However,

TABLE 4—Appearance of sealants after 1 year of exterior exposure in static joints.

Sealant Coating Dirt Pickupa Crazinga Chalkinga

Polyurethane No 80 70 30
Yes 67 NA NA

Acrylic No 63 100 85
Yes 83 NA NA

aQualitative scale where 100 represents no change from the initial appearance.

FIG. 8—The acrylic sealant after 6400 h in the fluorescent UV apparatus �left� and the
polyurethane sealant after 2200 h �right�. Plaque width is 1.5 in. �38 mm�.
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FIG. 9—Change in sealant color during accelerated weathering in the fluorescent UV
apparatus.

FIG. 10—Photograph of the acrylic sealant �left� and the polyurethane sealant �right�
after 3571 h of weathering in the xenon arc device and five cycles of ±25 % cyclic
movement. Sealant joint dimensions are 0.5�0.5�2 in.3 �12�12�51 mm3�, and the
sealants are slightly flexed to show crazing and loss of adhesion.
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the chalking of the polyurethane sealant seen during accelerated weathering is
consistent with the chalking observed in the field. The color of the acrylic seal-
ant remains essentially unchanged after exposure in the fluorescent UV, and
chalking after 2200 h is insignificant. This lack of chalking is likewise consis-
tent with observations of the acrylic sealant after 3 years of exterior exposure in
El Paso.

ASTM C1519-04 Durability—The results of ASTM C1519-04 durability test-
ing are reported in Table 3 and in Fig. 10. After five cycles and 3916 h of
weathering in the fluorescent UV, the ASTM C1519 polyurethane sealant H
block specimens exhibit fine surface crazing and have a total of 0.35 in.2

�226 mm2� cohesive failure at the interface with the aluminum substrate.
Under the same conditions, the acrylic sealant specimens exhibit no surface
degradation and no adhesive or cohesive failure. After five cycles and 3517 h in
the xenon arc apparatus, the ASTM C1519 polyurethane sealant H block speci-
mens are severely crazed, with the crazes extending up to 3 mm into the bulk of
the specimens. The specimens also have a total of 1.25 in.2 �806 mm2� cohe-
sive failure at the substrate interface �Fig. 10�. The acrylic sealant specimens
exhibit slight surface crazing after xenon arc weathering but show no signs of
adhesive or cohesive failure �Fig. 10�.

The ASTM C1519 polyurethane sealant H block specimens weathered in

FIG. 11—Polyurethane sealant �top� and acrylic sealant �bottom� in painted wood
channels. The sealant on the left hand side of each channel is unpainted. The sealant on
the right hand side of each channel is coated with an EWC. The channel width is 3/4 in.
�19 mm�.
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the fluorescent UV �Table 3� show substantially less surface degradation after
3916 h of exposure than the plaques of polyurethane sealant weathered for
2200 h in the fluorescent UV �Table 2�. The faster surface degradation of the
polyurethane sealant plaques may be due to the thinner cross section of the
plaques and to the greater impact of heat and moisture on bulk sealant prop-
erties. Or it may be that the heat capacity of the H block specimens is higher
than that of the plaques, resulting in less condensation during fluorescent UV
exposure and less overall exposure to surface wetting. The greater degradation
in the thin cross sections is consistent with the installer’s observations that
some polyurethane sealants in the field tend to “burn-though” or degrade when
applied in thin cross sections or over backer rod that has been installed at an
insufficient depth.

The ASTM C1519 polyurethane sealant H block specimens weathered in
the xenon arc apparatus �Table 3� generally look similar to the plaques of poly-
urethane sealant weathered in the same device �Table 2�. Both develop a dense
network of cracks. However crack depths vary from roughly 1 mm in the ex-
posed plaques to as much as the 3 mm in the ASTM C1519 H block specimens.
The greater crack depths in the ASTM C1519 H block specimens are likely due
to the longer exposure time �3571 h vs 2200 h� and to the repeated cycles of �25
% joint movement that are part of the ASTM C1519 durability test.

The degradation of the ASTM C1519 polyurethane sealant H block speci-
mens is significantly greater after weathering in the xenon arc device than it is
after weathering in the fluorescent UV �Table 3�. This may be due to the broader
spectrum of irradiance of the xenon arc light source or to the fact that speci-
mens in the xenon arc see prolonged exposure to significantly higher tempera-
tures than they do in the fluorescent UV. A comparison of accelerated to exte-
rior weathering of the polyurethane sealant indicates that testing according to
ASTM C1519 in the xenon arc apparatus �Fig. 10� generally predicts the worst
of the UV degradation seen in the El Paso exposure �Fig. 6�.

The ASTM C1519 acrylic sealant H block specimens weathered in the fluo-
rescent UV look similar after 3916 h of exposure to the plaque of acrylic sealant
weathered for 6400 h in the fluorescent UV. Neither exhibits any signs of sur-
face degradation and the accelerated thin film degradation of the polyurethane
sealant does not happen to the acrylic sealant. The lack of degradation after
both accelerated fluorescent UV exposures is consistent with the lack of degra-
dation of the vertical acrylic sealant joints after 3 years of exterior exposure in
El Paso.

The ASTM C1519 acrylic sealant H block specimens weathered in the
xenon arc apparatus exhibit a slight amount of surface crazing, while the
plaque of acrylic sealant weathered in the same device has none. This is likely
due to the longer exposure of the ASTM C1519 specimens �3571 h vs 2200 h�
and to the repeated cycles of �25 % joint movement. The fact that the ASTM
C1519 acrylic sealant H block specimens craze slightly after xenon arc weath-
ering but not after similar times of fluorescent UV weathering may be due to
the full daylight spectrum of the xenon arc lamp or to a greater exposure to
elevated temperatures. Testing according to ASTM C1519 in the xenon arc ap-
paratus �Fig. 10� predicts the slightly greater crazing of the acrylic sealant in
the horizontal parapet joints in El Paso �Fig. 7�.
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The ASTM C1519 polyurethane sealant H block specimens soften signifi-
cantly after weathering in the xenon arc apparatus but do not appear to soften
after weathering in the fluorescent UV. The softening after xenon arc exposure
is consistent with that seen after thin plaque weathering and after exposure in
the parapet joints in the El Paso warehouse. The fact that noticeable softening
of the polyurethane sealant only occurs on specimens which exhibit substantial
surface crazing suggests that there is a connection between these two phenom-
ena.

Exterior Exposure in Static Joints—The results of the Spring House Farm
exposure in static joints are summarized in Table 4 and in Fig. 11. The un-
coated polyurethane sealant picks up relatively little dirt but crazes and discol-
ors upon exposure. This discoloration is consistent with that seen in the fluo-
rescent UV exposure—initial yellowing followed by whitening due to chalking.
The uncoated acrylic sealant shows no signs of degradation but picks up more
dirt than the polyurethane sealant. These dirt pickup observations differ from
the El Paso data, which indicate that the two sealants are very similar in ap-
pearance after 1, 2, and 3 years of exterior exposure. The reduced dirt pickup of
the polyurethane sealant in the static joint relative to the exterior joints in El
Paso may be due to the fact that the sealant exposed in the static joint was
cured for several weeks prior to exposure, thus eliminating the early high tack,
high dirt pickup phase of the polyurethane cure. The increased dirt pickup of
the acrylic sealant in the static joint relative to the exterior joints in El Paso
may be due to the different climate of the southeast PA exposure or to the fact
that the static joints were exposed horizontally, which allows for less run-off
and self-cleaning than do the vertical tilt-up joints in the El Paso exposure.

The EWC appears to be compatible with both the polyurethane and the
acrylic sealants, with no apparent debonding at the coating/sealant interface.
The EWC coated polyurethane sealant exhibits substantial dirt pickup. This,
presumably, is due to plasticizer migration from the polyurethane sealant into
the EWC. The EWC coated acrylic sealant exhibits very little dirt pickup due to
the lack of plasticizer in the acrylic formulation.

Laboratory Testing

Standard laboratory tests were performed as part of a routine comparison of
the two sealant binders and to augment the exterior and accelerated weathering
data. Results are presented in Table 5 and Fig. 12.

Adhesion and Joint Movement Performance–The acrylic sealant has excel-
lent wet and dry peel adhesion to mortar, with no adhesive failure and peel
strengths substantially higher than the 5 lbf �22.2 N� required by ASTM C920-
05. The polyurethane sealant also passes ASTM C920-05 peel adhesion require-
ments but with somewhat lower peel strengths. The acrylic sealant passes �25
% ASTM C719-93 joint movement testing on concrete mortar with no adhesive
or cohesive failure. The polyurethane sealant unexpectedly fails this test in the
first room temperature cycle. Since the manufacturer’s technical data sheet
�TDS� clearly indicates that this sealant passes �25 % joint movement testing to
mortar, the premature failure noted in this evaluation may be due to the fact
that these sealants were tested without the use of primer. The adhesion and
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joint movement properties in Table 5 and in the polyurethane TDS are consis-
tent with the El Paso warehouse exposures where mortar adhesion is excellent
and where the joint movement capabilities of the sealants are clearly adequate
for the movement encountered.

Hardness and Tensile Properties—The acrylic sealant has substantially
greater elongation than does the polyurethane sealant, a property generally
associated with higher performance and greater joint movement capability. The
measured hardness and stress values of the acrylic sealant are also higher than
those of the polyurethane sealant but well within the ranges that are typical for

TABLE 5—Adhesion, joint movement, hardness, and tensile properties.

Properties Acrylic Polyurethane
Adhesion to mortar �ASTM C794-06�

Dry, lbf �N� 24 �106� C 8 �35� C
Wet, lbf �N� 15 �66� C 10 �44� C

�25 % joint movement to mortar �C 719-93� Pass, no failure Fail, 1st RT cycle

Durometer hardness �ASTM C661-06� 29±2 16±2

Tensile properties at 2.0 in./min �5.1 cm/min�
Stress at 25 % elongation, psi �MPa� 36±1 �0.25±0.01� 13±1 �0.09+0.01�
Maximum stress, psi �MPa� 143±1 �0.99±0.01� 84±3 �0.58+0.02�
Elongation to break �%� 647±9 297±12

FIG. 12—The effect of rate of testing on stress at 25 % elongation of the acrylic and
polyurethane sealants.
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ASTM C920-05 Class 25 formulations. These measured differences are appar-
ent in the field, where samples of acrylic sealant pulled from a joint are slightly
harder and stiffer than pulled samples of the polyurethane sealant.

When comparing the tensile properties of sealants based on different chem-
istries, it is essential to do so with an understanding of the differing viscoelastic
natures of these chemistries. Acrylic sealants are typically more viscoelastic
than are more heavily cross-linked sealants based on reactive chemistries such
as silicones and polyurethanes. Because of this, the mechanical properties of
acrylic sealants are more strain rate dependent than are those of sealants based
on reactive chemistries. When deformed quickly �such as at the rates typically
found in the laboratory�, acrylic sealants are often harder and stiffer �with
higher stress or modulus values� than their reactive chemistry counterparts.
However, when deformed slowly �such as at the rates typically encountered
outside�, the properties of acrylic sealants fall in line with those of alternative
chemistries.

The differences in the strain rate response of the tested acrylic and poly-
urethane sealants are illustrated in Fig. 12, where stress at 25 % elongation �a
measure of sealant stiffness� is plotted against the rate of tensile testing. Tensile
measurements are generally done at rates of testing which are convenient for
generating data in a timely manner. ASTM D412-06a, the commonly referenced
“Standard Test Methods for Vulcanized Rubber and Thermoplastic
Elastomers—Tension” �10� specifies that tensile testing be done at 20 in. �508
mm�/min. The author’s laboratory routinely uses 2 in. �51 mm�/min for tensile
testing as a more reasonable compromise between timely data generation and
real world deformation rates. However, both of these testing rates are several
orders of magnitude greater than the rate of deformation in ASTM C719-93
joint movement testing �2�10−3 in.�5�10−2 mm� /min� and the rates of joint
movement likely to be encountered in exterior low rise masonry buildings
�2–5�10−4 in.�5–13�10−3 mm� /min� �11,12�. These high rates of tensile
testing over emphasize the differences in mechanical properties between strain
rate independent elastomeric sealants and more strain rate dependent vis-
coelastic sealants.

When the rate of sealant testing is reduced from 2.0 in. �51 mm�/min to a
more appropriate rate of 0.02 in �0.5 mm� /min, the stress of the acrylic sealant
at 25 % elongation converges on that of the polyurethane sealant, minimizing
the perceived differences between the two sealants.

Conclusions

The El Paso warehouse exposure provides a unique, side by side, comparison of
a high performance acrylic sealant to a commercial two part polyurethane seal-
ant. After 3 years of exterior exposure the polyurethane sealant continues to
function as a sealant, with good adhesion and adequate joint movement capa-
bility for the application. However, the polyurethane sealant exhibits consider-
able crazing, chalking, and softening as the result of exposure, and the function
of at least one sealant joint appears to have been compromised by crazing
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through to the underlying backer rod. Accelerated weathering data generally
support these observations.

After 3 years of identical exposure, the acrylic sealant also continues to
perform as a sealant, with good adhesion and adequate joint movement capa-
bility. The acrylic sealant has comparable dirt pickup to the tested polyurethane
sealant and better exterior durability �i.e., little crazing and no chalking or
softening�. Laboratory test results and accelerated weathering data support and
confirm these results. The lack of plasticizer in the acrylic sealant formulation
eliminates plasticizer migration and dirt pickup of coatings applied over the
sealant joint. Feedback from the moisture-proofing contractor suggests that the
properties of the wet acrylic sealant require minimal adjustment for optimal
application and that the water cleanup of the acrylic sealant is a distinct ad-
vantage from convenience, safety, and environmental points of view.

The data presented herein represent the results of 3 years of exterior and
laboratory testing of a high performance acrylic sealant and a commercial two
part polyurethane sealant. The results, of course, pertain to the sealants tested
and are not necessarily representative of the performance of all high perfor-
mance acrylic and polyurethane sealants. Certainly there are commercial ure-
thane products on the market, which will out perform the product tested in this
evaluation. However, the combined results of this side by side comparison
clearly demonstrate the adhesion, durability, and aesthetic benefits of the tested
acrylic sealant. While these results cannot necessarily be extrapolated to all
high performance acrylic sealants, they do suggest that these products can be
highly suitable for use in low rise industrial applications such as tilt-up ware-
houses.
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Overview
Introduction

The Third ASTM International Symposium on Durability of Building and
Construction Sealants and Adhesives (2008-DBCSA) was held on June 25–
26, 2008 in Denver, Colorado. It was sponsored by the ASTM International
Committee C24 on Building Seals and Sealants in cooperation with the In-
ternational Union of Laboratories and Experts in Construction Materials,
Systems and Structures (RILEM). The symposium was held in conjunction
with the standardization meetings of the C24 Committee. With presenta-
tions from authors representing six countries in North America, Europe,
and Asia, the symposium was a truly international event.

The symposium brought together architects, engineers, scientists, re-
searchers and practitioners. One of the stated goals of the symposium was to
transfer new ideas, gained from laboratory research and field work, to the
study of sealant and adhesive durability and the development of new prod-
ucts and test methods. Of course the symposium did not provide all of the
answers. However, it did provide an excellent forum for international ex-
perts to discuss their experiences in durability testing and assessment as
well as in the application of building and construction sealants and adhe-
sives. Perhaps the greatest value of these symposia lies in these discussions
and in the dissemination of the resulting information.

The current series of ASTM symposia on Durability of Building and Con-
struction Sealants and Adhesives is a continuation of tri-annual symposia
that were inaugurated by the RILEM Technical Committee 139-DBS Dura-
bility of Building Sealants in 1994. Today, this continuing series of symposia
provides the best scientific forum globally in the building and construction
industry for peer-reviewed papers on all aspects of sealant and adhesive
durability. Furthermore, data presented at those symposia over the past 15
years have been the single most important factor influencing ASTM Inter-
national and ISO standards as well as RILEM technical recommendations
related to construction sealant durability.

The increased utilization of sustainable construction practice, i.e., de-
signing for durability by utilizing building science and life cycle analysis as
its foundation, as well as mandatory government regulations, such as the
European Construction Products Directive, have elevated the importance of
the durability and service life performance of building and construction
sealants and adhesives. All products, not just those involved in safety-
critical applications, must demonstrate the durability of their fitness for
purpose. Life cycle costing considerations increasingly drive investment de-
cisions toward products and systems with longer service life cycles and
lower maintenance costs.
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Against a background of national and international efforts to harmonize
testing and approval of building materials and structures, ASTM Interna-
tional and RILEM have been looking for ways of bringing together the expe-
rience of international experts gathered in the application and testing of
building and construction sealants and adhesives.

As with most scientific disciplines, substantial advances often occur
through a series of incremental steps by individual laboratories, each con-
tributing pieces of the puzzle, rather than in giant leaps. This is also the
case for the papers presented at the ASTM International Symposium on Du-
rability of Building and Construction Sealants and Adhesives (2008-
DBCSA). Many of the papers reflect progress reports on on-going research.
At the 2008-DBCSA symposium, we saw several examples of the steady
progress being made by leveraging these scientific advances into a new gen-
eration of test methods.

This book contains 19 papers presented at the symposium and two papers
submitted only for publication in the proceedings, all of which were previ-
ously published by the Journal of ASTM International (JAI). JAI is an on-
line, peer-reviewed journal for the international scientific and engineering
community. Publication in JAI allows rapid dissemination of the papers as
soon as they become available, while publication in this Special Technical
Publication (STP) is intended to provide easy access to the condensed infor-
mation in a single volume for future reference. The contributions condensed
in this STP volume represent state-of-the-art research into sealant and ad-
hesive durability and reflect the varying backgrounds, experiences, profes-
sions, and geographic locations of the authors. The following major themes
are evident in this collection:
• Laboratory Testing and Specialized Outdoor Exposure Testing
• Factors Influencing the Durability of Sealed Joints and Adhesive Fixa-

tions
• Development of New Test Methods and Performance-Based Specifications
• Field Experience with Sealed Joints and Adhesive Fixations

Below is a short overview of the papers that were published in JAI in the
above four categories.

Laboratory Testing and Specialized Outdoor Exposure Testing

While our understanding of the factors influencing the durability of
sealed joints and adhesive fixations has progressed substantially over the
past decades, there is still much to be learned. Various laboratory acceler-
ated tests have been developed over the years to generate durability data
and to duplicate the failure modes occurring in field exposures with the in-
tent to predict the service life of sealed joints and adhesive fixations in less
than real time. However, sealants and adhesives have been reported to fail
prematurely in the field even though they may have performed satisfacto-
rily when evaluated with these laboratory test protocols. Extensive research
efforts are underway to develop laboratory accelerated test protocols that
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provide better correlation with actual outdoor exposure and in-field service
performance. A number of papers therefore focus on this topic.

In their paper, Pozzi, Carcano, and Ausilio report on an attempt at
finding a correlation between environmental and accelerated RILEM
TC139-DBS weathering for one-component polyurethane sealants applied
on mortar. Half of the set of specimens is exposed for 24 months in static
conditions (no movement) to the outdoor environment in the urban area of
Milan, Italy, while the other half is subjected to accelerated weathering ac-
cording to the RILEM TC139-DBS procedure in a light-exposure apparatus
(xenon-arc type) with water spray and intermittent periods of thermo-
mechanical cycling. Based on the visual inspection of the surface changes
that occurred in both sets of specimens, the authors find a good correlation
between the results obtained in outdoor exposure and those observed after
the RILEM durability cycling. The results demonstrate the importance of
achieving an appropriate mix of synergistically acting aging factors in the
artificial weathering protocol. Potentially even better correlation may have
been expected, if the outdoor weathering was also carried out with simulta-
neous enforced movement in order to induce cyclic fatigue deformation on
the specimens. The authors plan such evaluations for the future.

Joint sealants decisively influence the performance and service life of
pavements although they account for only a small fraction of the total in-
vestment. Motivated by the damages observed and the resulting, increasing
maintenance efforts, the Federal German government recognizes the need
for performance-evaluated joint sealing systems with improved capability
(fitness for purpose) and durability. In contrast to the existing, predomi-
nantly empirical evaluation and selection of joint sealing materials and sys-
tems for pavements, Recknagel and Pirskawetz suggest a methodology
aimed at verifying performance under superimposed mechanical and cli-
matic loads. The fatigue behavior of the joint sealants is detected by analysis
of the cycle-dependent changes in the mechanical system characteristics.
The evaluation methodology further allows investigation of the degradation
mechanisms of specific system failures and, thus, enables service life predic-
tion by reproducing the performance of the complete system under realistic
conditions. Constructional defects and material flaws can be investigated by
this performance-related test methodology, thus allowing identification of
possible improvements to material selection and application procedures.

Long-term weather resistance is an important factor to consider when
selecting a sealant product for use in exterior weather-sealing applications.
Bull and Lucas in their paper compare the long-term performance of con-
struction sealant products based on silicone polymer, polyurethane polymer,
and acrylic terpolymer after a 22-year exposure to outdoor weathering in
south Florida. The paper shows that changes in performance attributes such
as the toughness, flexibility, and adhesion of the products are good indica-
tors of the physical and chemical degradation (i.e., reversion, cracking,
hardening, etc.) occurring in outdoor exposure.
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Previous accelerated weathering methods for construction sealants, such
as ASTM C1519 and RILEM TC139-DBS, investigated the durability of
sealed specimen joints based on their ability to function in cyclic movement
while maintaining adhesion and cohesion after repeated exposure to labora-
tory accelerated weathering procedures. In these test methods, accelerated
weathering and mechanical cycling are sequentially imposed on the speci-
men, and the whole exposure cycle, consisting of weathering and enforce-
ment movement, is repeated iteratively several times. Anecdotal evidence,
however, suggests that degradation is substantially accelerated by simulta-
neously weathering and mechanically cycling the specimen. Recently, two
novel test methods have been proposed by RILEM Technical Committee
190-SBJ that allow simultaneous exposure to mechanical cycling and either
outdoor weathering or accelerated weathering. In their first paper, Gorman
and Klosowski selectively review previous weathering studies and discuss
their thoughts on the development of novel test concepts that involve simul-
taneous exposure to weathering and joint movement. In their second paper,
the same authors explore an alternative sealant weathering test method
that also expands on the existing test methodologies. Sealed joint specimens
are simultaneously exposed to enforced mechanical movement and either to
accelerated weathering or to outdoor weathering in four different climates
within the USA. The paper reports on the specific test protocol and the
progress of the testing. Correlations of the damage observed after exposure
to outdoor climate and in the artificial weathering machines are explored.

Moisture in the form of humidity, condensation, rain, or water immersion
is the most commonly encountered element of the service environment and
must be considered a critical factor in determining the long-term reliability
of sealed or bonded joints. Moreover, the effects of moisture are exacerbated
by elevated temperature. For many polymeric systems, warm, moist envi-
ronments can considerably weaken the bulk or interfacial performance
properties of the jointing materials formulated with these polymers. The
majority of joint failures in service environments that comprise water expo-
sure occur by degradation of the interfaces between sealant or adhesive,
primer, and substrate. Therefore, predicting the interfacial degradation in
an actual service environment is of utmost importance. Wolf provides infor-
mation in his paper on the current understanding of the role of water in the
failures of adhesive and sealant joints and discusses the usefulness of the
Arrhenius relation in predicting the lifetime of immersed sealed or bonded
joints based on data generated at elevated temperatures. The paper also
suggests some guidelines aimed at improving the reliability of accelerated
test and prediction procedures used in the evaluation of the durability per-
formance of sealed or adhered joints in immersed environments.

Historically, joints in glass construction have been bonded with one- and
two-component silicones. Ultraviolet (UV) and visible (VIS) light curing
acrylates provide further design potential in glass constructions due to their
inherent transparency, their rapid bonding capability, and an inherently
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higher material strength. In their paper, Weller and Tasche examine the
aging behavior of acrylate adhesives by testing bonded joints made of an-
nealed glass and metal substrates. As a first step, the authors investigate
the influence of the different surfaces of float glass (atmospheric or tin-bath
side) on the tensile strength of bonded joints. Then, adopting the test proto-
col defined in the European EOTA guideline, the aging resistance of acrylate
bonds between untreated annealed glass and metal substrates is examined
using seven metal surfaces, i.e., polished-chrome brass; matt-chrome brass;
powder-coated brass; turned, polished, and sanded stainless steel; and an-
odized aluminum. The authors also study the effect of glass surface treat-
ments (pyrolytic silane treatment, sandblast coating, and atmospheric
plasma treatment) on the residual strength after water exposure of the
acrylate-bonded joints. Furthermore, the study comprises tests on life-size
samples (load-bearing capacity and post breakage behavior) according to the
guidelines and standards applicable in Germany for safety glazing. These
life-size specimens are exposed to outdoor weathering for a period of 5 years,
after which their critical safety behavior will be tested again.

Longo and Vandereecken compare silicone sealants with newly devel-
oped Si-modified organic (polyether, polyurethane, and polyacrylate)
polymer-based sealants in their resistance to weathering and thermo-
mechanical movement. The sealants are exposed to alternating periods of
UV radiation through glass and thermo-mechanical cycling for 1 year. The
results of this study show that most Si-modified organic sealants have lim-
ited durability in weather-sealing applications. The newly developed silicon-
acrylate-based sealants tested during this study show improved durability
but still demonstrate poor elastic recovery after exposure to simulated
weathering in combination with thermo-mechanical movement. This poor
elastic recovery limits their long-term movement capability.

Nakagawa and Yukimoto in their paper study the durability and per-
formance of a silyl-terminated (Si-modified) polyacrylate (STPA) based con-
struction sealant in comparison to a typical silyl-terminated polyether
(STPE) sealant and a silicone sealant in order to demonstrate the potential
of the STPA sealant as a high durability, high performance construction
sealant that is also suitable for glazing applications. The study reveals that
the polyacrylate backbone of STPA polymer has higher durability, especially
UV stability and heat resistance, than the polyether one of STPE polymer,
as shown by accelerated weathering tests using carbon-arc or super high
irradiance xenon-light sources. Adhesion of the STPA sealant on glass is re-
tained even after 10,000 hours exposure to super high irradiance xenon-
light. The authors also compare the performance of the STPA-based sealant
to that of the STPE based sealant by testing according to several industrial
ISO and JIS standards. The STPA based sealant consistently conforms to a
higher durability class specification than the STPE sealant. Furthermore, a
cyclic movement test of the STPA-based sealant in a compression-extension
machine shows no damage to the sealant even after 200,000 cycles of ±40%
movement at room temperature. While, in all likelihood, the sealant prod-

xi



ucts studied by Longo and Vandereecken are not identical with those
studied by Nakagawa and Yukimoto, the corresponding polymers (silicone
and Si-modified polyacrylate) are and it is interesting to note the difference
in the behavior of these sealants observed in the two studies. While in the
Nakagawa and Yukimoto study, the Si-modified polyacrylate sealant
shows excellent resistance to fatigue aging when exposed to cyclic move-
ment at room temperature without any weathering, the combined weather-
ing and thermo-mechanical cycling studied by Longo and Vandereecken
yields noticeable degradation. Still, both evaluations and previous studies
by Nakagawa suggest the potential of Si-modified polyacrylate as polymer
for durable elastomeric glazing joint sealants, including their use on photo-
catalytic self-cleaning glass (SCG), if the sealants are not subjected to ex-
treme movements.

Factors Influencing the Durability of Sealed Joints and Adhesive
Fixations

Silicone structural glazing has been a proven method of glass attachment
to metal curtainwalls for more than 30 years. With the advent of novel sub-
strate materials it is important to note that structural sealant adhesion
testing does not qualify a substrate as suitable for the intended use. Since
any chain is only as strong as its weakest link, the durability of the sub-
strates involved in structural glazing is of great importance. In his paper,
Carbary suggests a procedure for evaluating the durability of substrates
used in conjunction with structural silicone glazing (SSG). Lap shear and
peel adhesion specimens are evaluated after exposures to various condi-
tions. Conditions of exposure include water, sodium hypochlorite (bleach),
acetic acid (vinegar), salt fog, UV fluorescent accelerated weathering device,
UV exposure, and heat. Evaluation of substrates and their interfaces with
the sealant are completed after tensile testing and visual surface analysis.
Substrates evaluated include steel, anodized aluminum, galvanized steel,
extruded rigid polyvinyl chloride (PVC), glass reinforced thermoplastic
resin (fiberglass), and polyvinylidene fluoride (PVDF) coated aluminum.
These substrates are tested according to the suggested procedure to show
differences in performance and to determine a minimum time frame re-
quired for testing. The results and guidelines set forth in this paper provide
the foundation for a practice or a substrate specification for use in conjunc-
tion with structural silicone attachment methods.

Changing weather conditions prior to the application of sealants on po-
rous substrates, such as the wetting of concrete by unexpected rainfall, can
lead to poor sealed joint durability due to adhesion loss. Gubbels and Cal-
vet study the adhesion of sealants with different chemistries, i.e., silicone,
urethane, acrylic, silyl-terminated polyether, and silyl-terminated polyure-
thane, on wet concrete, when applied at various stages of the drying process.
In the first two hours of drying, a drastic reduction of the pH at the concrete
surface is observed, which is concurrent with a reduction of the surface hu-
midity. This initial drying period shows the strongest effect on adhesion du-
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rability. Therefore, the authors suggest that alkalinity and surface moisture
are the major factors responsible for the poor adhesion observed on wet po-
rous alkaline substrates. The critical drying timing also affects the adhesion
development of the primer on the wet concrete substrate.

Silicone sealants have been used widely in the waterproofing industry
because they resist deterioration. However, residue from silicone sealants
(or from pre-formed silicone seals) can be difficult to remove from adjacent
surfaces, if it contacts these surfaces inadvertently from improper applica-
tion or fluid run-down. The paper by Klosowski, Breeze, and Nicastro
focuses on the challenge of removing silicone residue from window glass.
Several of the likely sources of the silicone residue are discussed, along with
the difficulty of measuring the presence of the colorless and odorless thin
residue film. The testing evaluates commercially available cleaners and di-
gesters in their effectiveness of removing the silicone residue. The results
obtained by the authors are mixed and largely inconclusive; however, the
test methodology developed can be used for further evaluation by other labo-
ratories.

The paper by Krelaus, Wisner, Freisinger, Schmidt, Böhm, and
Dilger demonstrates that ultra-high performance concrete (UHPC), with
its unique material properties, is a suitable substrate for adhesive bonding.
The authors present results that were generated as part of a research
project aimed at investigating the properties of UHPC adhesive joints in
terms of reliability, safety, and load-bearing capacity. Information on
strength and durability of 14 adhesives are presented considering varying
conditions of substrate surface pretreatment and different UHPC composi-
tions. Exposure conditions include hygrothermal, freezing, and salt spray-
ing exposures. A great variation of fracture pattern is observed; however, the
authors demonstrate that the most critical situation of adhesive failure at
the interface to the substrate can be avoided by bonding on mechanically
pretreated UHPC surfaces. The results emphasize the need for a pretreat-
ment of the UHPC form surface prior to adhesive bonding.

In her paper, Hagl details some of the investigations currently occurring
within Germany with regard to the application of complex bonding geom-
etries for structural engineering purposes. The author reports information
on silicone adhesive material behavior in various bonding geometries result-
ing from the use of L- and T-type steel elements. Tensile, compression and
shear tests are performed on aged and unaged specimens in order to analyze
the impact of an aggressive environment. Several degradation modes are
induced into the specimens in order to evaluate the load-bearing capacities
and failure mechanisms of the different bonding geometries and to assess
their behavior in the view of partial failure. Hagl presents an overview of
the experimental and finite element analysis (FEA) modeling results.
Former results obtained for U-type bonding geometry are reviewed in the
light of the new experimental findings. Finally, the paper concludes by di-
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rectly comparing all investigated bonding geometries with respect to dura-
bility considerations.

Development of New Test Methods and Performance-Based
Specifications

With the recent threat of terrorist attacks, there has been an increased
use of windows designed to mitigate the impact of bomb blasts. Due to the
high strength and durability characteristics of silicone sealants, structural
silicone sealants have been utilized in new bomb blast mitigating window
designs. Effective bomb blast mitigating window designs allow the window
system to withstand a moderate bomb blast without causing substantial in-
jury to building occupants from the blast itself or flying glass shards. The
occupants are protected because laminated or filmed glass, which can with-
stand the blast, is attached in the framing with a silicone sealant. Silicone
sealants provide unique benefits to these window designs due to their
strength properties and their ability to anchor the laminated glass in the
framing during a blast situation. In their paper, Yarosh, Wolf, and Sitte
report on the evaluation of three commercially available high strength
structural silicone sealants at applied load velocities (movement rates) up to
5.0 m/s. These elevated load velocities are intended to simulate loads en-
countered during a bomb blast. Sealant joints are fabricated to evaluate the
sealant in tension, shear, and combined tension and shear loads. Sealant
joints are also exposed to accelerated weathering (heat, water, and artificial
light through glass). Results show that the sealant strength values increase
substantially at elevated rates of applied load. The paper discusses the ef-
fect of joint configuration, load velocities, and accelerating weathering on
the performance and durability of the silicone sealants tested. The results
and test method discussed in this paper provide the foundation for a speci-
fication for structural silicone attachment methods in bomb blast mitigating
glazing.

The paper by Enomoto, Ito, and Tanaka presents information on the
weatherability of construction sealants based on a newly developed test
specimen design that allows simultaneous exposure of the sealant to forced
compression and extension movement in a single specimen. In their study,
exposure to cyclic movement and weathering is carried out simultaneously.
Furthermore, an evaluation method for surface cracks induced by weather-
ing is presented that allows an assessment of the overall ‘‘degree of degra-
dation’’, a single number characterizing the state of degradation of the seal-
ant surface. In order to study the effects of the amplitude of extension and
compression as well as the regional exposure factors on the degree of degra-
dation, 12 sealants are exposed to outdoor weathering for 4 years at three
exposure sites, located in the northern, central, and southern areas of
Japan. The evaluation of surface cracks is carried out according to the rating
provided in ISO 4628-4, with the modification, that new rating criteria are
introduced to evaluate minute cracks. A mathematical equation determin-
ing the ‘‘degree of degradation’’ is obtained for each sealant, which is based
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on a component reflecting aging under static conditions and on another com-
ponent reflecting the dynamic conditions induced by mechanical movement
and regional exposure factors. This equation provides a reasonable relation-
ship between the experimental observation and calculated degradation over
the exposure period. Based on the results of this study, the novel test speci-
men design has already been adopted in the RILEM TC190-SBJ Technical
Recommendations and the ISO TC59/SC8 committee intends to use this de-
sign in a future international standard on sealant durability testing.

Rheological instruments have the capability to characterize the dynamic
mechanical behavior of elastomeric materials undergoing oscillatory (cyclic)
deformation under controlled test conditions and, therefore, provide a labo-
ratory tool for assessing durability. Cyclic testing can be conducted under
controlled strain (deformation) conditions at frequencies that simulate joint
movement due either to thermal expansion differentials or seismic events,
or under controlled stress (load) that model hurricane-force wind loads or
design pressures. Gordon, Lower, and Carbary report on a durability
study of four condensation-cure silicone sealants using rheological methods.
The test specimens are allowed to cure in situ to optimize material/substrate
contact with the rheometer plate fixtures at ambient conditions for one week
under static conditions. For future considerations the authors note that rhe-
ometers can also be used to cure specimens under dynamic conditions while
simultaneously measuring the change in rheological properties over time. In
the absence of other artificial degradation effects, the authors attribute the
initial stress reduction observed in sealants undergoing controlled strain
sinusoidal deformation to the Mullins effect. The stress-softening phenom-
enon occurs within the first 24 hours of cycling; however, three of the four
sealants subsequently exhibit signs of recovery during the remainder of the
testing period. Under controlled-load cyclic testing at their design load
(0.138 MPa) the sealants exhibit an ultimate deformation within the test
cycle well below their rated movement capability with no apparent signs of
fatigue. Therefore, the sealant materials tested should be acceptable in an
impact-resistant assembly, if the frame remains rigid and the stresses in-
duced from the design wind pressures are transferred to the fully cured and
adhered sealant joints. A next step to further characterize the sealants is to
ascertain that the cyclic strains or stresses imposed upon the sealants in
real systems are quantified properly so that the rheology test methods pre-
sented can better assess the performance and durability of an individual
material. The paper demonstrates the potential of rheology test methods as
a screening tool to isolate and evaluate the mechanical durability of elasto-
meric silicone sealants in building assemblies undergoing cyclic deforma-
tion.

White, Hunston, and Tan examine the effects of applied strain on seal-
ants exposed to outdoor weathering for two sealant formulations. Both
static and dynamic strains are applied to the sealants during the summer in
an outdoor location. Both sealants exhibit a reversible change in equilib-
rium distance. Stress relaxation studies reveal differences in the mecha-
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nisms that affect modulus changes in the sealants. For one sealant, expo-
sure without applied strain increases the modulus, while additionally
applied strain decreases the modulus; for the other sealant only one mecha-
nism that decreases the modulus is observed.

To fully understand accelerated aging of externally bonded carbon fiber
reinforced polymer (CFRP) applications without testing each resin individu-
ally, researchers must develop an understanding of the mechanical and
chemical bond properties of the CFRP system and the influence of water
content and temperature on bond. Presently the proposed strength reduc-
tion factor for durability is the strength ratio of specimens submerged in
water at 60°C for 60 days, which provides a lower bound durability strength
reduction factor for CFRP applications. The paper by Deng, Tanner,
Dolan, and Mukai examines the development of test methodology and
specimen for both flexure and direct tension behavior of bonded CFRP ma-
terials using a specimen submerged in a water bath subject to elevated tem-
perature. Test results of three commercial CFRP systems are presented. A
discussion of accelerated aging is included in the developmental effort. Fur-
ther research may provide a logical categorization of CFRP composite sys-
tems based on better defined mechanical and chemical properties of adhe-
sive materials and different environments.

Considerable work has focused on the deterioration of jointing com-
pounds used to seal building joints, while less emphasis has been placed on
understanding the consequences of seal failure, particularly in respect to
watertightness. Water entry at sealed joint deficiencies may lead to a num-
ber of different deteriorating effects on the building fabric that may induce
failure of other envelope components or premature failure of the joint seal-
ant. Joints are also subjected to substantial wind-driven rain loads in par-
ticular atop multi-storey buildings. The approach taken in the study by
Lacasse, Miyauchi, and Hiemstra focuses on determining the fault toler-
ance of joint systems of a simulated wall panel when subjected to water-
tightness tests that emulate heightened wind-driven rain loads. Vertical
and horizontal joint seals in which cracks along the sealant to substrate
interface have been introduced artificially are subjected to water spray and
air pressure. Rates of water entry across the joint are determined for cracks
of different lengths and size. Results on vertical joints indicate that water
readily enters open cracks in relation to the crack size, quantity of water
present at the crack, and pressure across the opening. The study demon-
strates that water may also penetrate cracks of non-extended closed joints.
If the crack length in a joint of an actual building is known or verified from a
field inspection and the climate loads impinging on the façade have been
established, an estimate of the rate of water leakage can be calculated by
using the information provided in this paper.

Field Experience with Sealed Joints and Adhesive Fixation

The paper by Demarest, Liss, Queenan, and Gorman compares the
outdoor weathering behavior of a laboratory prepared high performance
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acrylic sealant to that of a commonly used, commercially available two-part
polyurethane sealant. Both sealants are installed in alternating joints
around the perimeter of a tilt-up warehouse located in El Paso, Texas, USA.
Furthermore, the sealants are subjected to a range of laboratory tests, in-
cluding tensile testing, sealant specification testing, paintability, and accel-
erated weathering in both xenon-arc light and fluorescent UV weathering
devices. The 3-year El Paso exposure results, in combination with the labo-
ratory, weathering, and application test results, demonstrate the perfor-
mance advantages of the high performance acrylic sealant and highlight its
inherent suitability for use in low rise industrial applications such as tilt-up
warehouses. After 3 years of exterior exposure the polyurethane sealant
continues to function as a sealant, with good adhesion and adequate joint
movement capability for the application. However, the polyurethane sealant
exhibits considerable crazing, chalking and softening as the result of expo-
sure and the function of at least one sealant joint appears to have been com-
promised by crazing through to the underlying backer rod.

Closure

As we publish this volume, I look forward to the next Symposium on Du-
rability of Building and Construction Sealants and Adhesives (2011-
DBCSA) and the associated flurry of papers in this dynamic industry. I en-
courage all readers to participate in the work of the ASTM C24 committee,
to attend the future symposia, and to contribute new papers. Your participa-
tion and feedback help to advance the industry and, as a result, we will all
benefit from improvements to our built environment.

In closing, I would like to gratefully acknowledge the outstanding quality
of the contributions made by the authors as well as the dedicated efforts of
the 2008 session chairpersons, the peer reviewers, the staff of ASTM and
AIP, and the associated editor of JAI, who all helped to make the 2008 sym-
posium and the publication of the associated papers possible.

Andreas T. Wolf
Wiesbaden, Germany
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