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Preface

Structural adhesives have been used in bridge construction since the 1960s. They are in most
cases applied on the construction site and are thus mainly cold-curing systems based on
thermosetting epoxy resins. Adhesively-bonded joints are normally sealed to prevent direct
exposure to humidity and ultraviolet radiation. In view of the long service life of bridges, up
to 100 years, it cannot however be excluded that an initial sealing may become ineffective,
thus exposing the adhesive to moisture during several decades. Furthermore, the adhesive
may also be exposed to humidity if the adherends have a certain degree of diffusivity or
porosity as in the case of concrete, where the pore water solution is moreover alkaline.
Depending on the joint type and its location in the bridge, adhesives may also be exposed to
significant fatigue loading. During their service life, adhesives may therefore be subjected to
various physical and chemical aging mechanisms, which may be active simultaneously with
different effects on the physical and mechanical properties. In this context, the aim of this
research project was to extend knowledge concerning the long-term mechanical behavior of
cold-curing epoxy adhesives exposed to a bridge environment over a service life of 100 years.

I wish to express my thanks to the Swiss Federal Roads Office (FEDRO) for the
funding of this project and SIKA AG, Zurich, for supplying the adhesive materials. Likewise,
I would also like to thank the FEDRO bridge research working group, namely J.-C. Putallaz

(President), Dr. M. Alvarez, S. Cuennet and Dr. H.-R. Ganz, for their valuable cooperation.

Lausanne, July 2017
Prof. Dr. Thomas Keller
EPFL-CCLab
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Summary

The science of adhesives and adhesion for structural connections has undergone significant
development during the last few decades - and successfully so in a wide variety of industries.
Recent applications of structural bonding are being adopted in the construction sector, and
particularly in bridge engineering for the rehabilitation and strengthening of existing
structures or new constructions. Knowledge concerning structural bonding, however, is rarely
specifically intended for the civil engineering domain, where, unlike in aerospace and
automotive applications, in situ conditions involve the manufacturing control of often large
bonding surfaces and use of cold-curing adhesives, particularly epoxy-based, under
uncontrolled weather conditions.

Various environmental factors may influence the durability of a bonded bridge
connection throughout the long-term service life, with concurrent effects on the development
of the physical and mechanical properties of the adhesive that participates in the structural
integrity of the joint. In parallel, the curing degree of cold-curing adhesives, which is not
completely developed particularly in the earlier age, continues to govern both the physical and
mechanical responses of the adhesive. Despite a significant amount of current research on the
long-term characterization of cold-curing structural adhesives, precise information concerning
the reliability of these materials over their long-term service life, of up to 100 years in the
case of bridge applications, is yet to be compiled in order to encourage their wider use by
bridge engineers.

The objective of this work, based on an extensive experimental campaign followed by
analytical and numerical approaches, has therefore been to investigate the long-term effects of
curing and aging on the property development of a cold-curing epoxy adhesive under
exposure to environmental and cyclic mechanical actions like those typically encountered in
bridge applications.

Investigations have been conducted concerning adhesive exposures under dry
conditions, in normal cases of sealed bridge joints, and wet conditions, when the sealing is
distorted or the adherends are permeable, or cases of alkaline attacks when the adhesive is in
contact with cementitious substrates.

Physical aging (densification) in the earlier age and curing continuation in the later age

govern the physical and mechanical property development in the case of dry environments,

X
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while curing effects are compensated by plasticization in the later age in wet environments. In
both dry and wet environments, the tensile E-modulus developed almost independently of the
adhesive’s curing degree, in contrast to the tensile strength, which however converged to
similar values within the investigating times despite differences in the glass transition
temperatures. A 30% reduction of the tensile E-modulus and strength over a 100-year life in
immersed conditions has been predicted, but is found to be fully reversible upon drying. The
adhesive’s exposure to alkaline solutions had no detrimental effect. The adhesive
environmentally aged over periods of up to 100 years by accelerated conditioning is capable
of attaining fatigue lives of ca. 10 million cycles, typical for a bridge lifetime, without failure
at maximum cyclic stress levels of higher than 5 MPa.

The results of this study are implemented in bridge design concepts and practical
recommendations are provided. A preconditioning program for adhesive test specimens is
proposed to ascertain the strength and elastic modulus properties relevant to the first year in
service. The moisture ingress into the adhesive layer of two typical bridge joints has been
numerically investigated and the corresponding degradation of mechanical properties is
derived. Depending on the joint type, this effect may be critical, as for example in the case of

the thin bondlines of CFRP strengthening elements.

Keywords: epoxy adhesive, cold-curing, property development, dry and wet
environments, alkaline attacks, physical aging, plasticization, fatigue cycles, 100-year service

life, bridge design.
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Résumé

La science des adhésifs utilisés pour les connexions structurales s’est largement développée
durant les derniéres décennies dans une large variété d’industries. Des applications récentes
de collages structuraux sont utilisées dans le secteur de la construction, et en particulier dans
le domaine des ponts dans le cadre de [’assainissement et le renforcement d’ouvrages
existants ou dans des nouvelles structures. Les connaissances associées au collage structural
sont toutefois généralement limitées en ingénierie civile, ou, contrairement aux applications
dans les domaines tels que 1’aérospatial et I’automobile, les conditions in situ impliquent un
contrdle lors de la production de larges surfaces de contact avec 1’utilisation d’adhésif avec
durcissement a froid —principalement a base d’époxy— dans des conditions climatiques
variables.

Plusieurs facteurs environnementaux peuvent influencer la durabilité des connexions
collées d’un pont lors de sa durée de service a long-terme, avec des effets simultanés sur le
développement des propriétés physiques et mécaniques de 1’adhésif qui participent a
I’intégrité structurale du joint. Parallélement, le niveau de durcissement d’adhésifs durcis a
froid, qui n’est pas complétement développé (particuliérement a jeune age), continue a
controler les réponses physiques et mécaniques de 1’adhésif. Malgré la quantité importante de
recherches sur la caractérisation a long-terme d’adhésifs structuraux durcis a froid, des
informations précises sur la fiabilité de ces matériaux a long-terme —jusqu’a 100 ans dans le
cas des ponts— doivent encore étre obtenues pour en encourager une plus large utilisation par
les ingénieurs.

L’objectif de ce travail, basé sur une importante campagne expérimentale ainsi que des
approches analytiques et numériques, est d’étudier les effets a long-terme du durcissement et
du vieillissement sur le développement des propriétés des adhésifs durcis a froid, exposés a
I’environnement et des cycles de sollicitations mécaniques similaires & ce qui peuvent
apparaitre dans des applications pratiques.

Des études ont été menées sur des adhésifs dans des conditions séches —cas usuel pour
les ponts a joints avec étanchéité— et des conditions humides —lorsque I’étanchéité est altérée
ou les composants collés sont perméables— ou encore dans le cas d’attaques alcalines pouvant

apparaitre lorsque 1’adhésif est en contact avec des substrats de ciment.

X1
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Le vieillissement physique (densification) et le durcissement contrdlent
—respectivement au jeune age et a long terme— le développement des propriétés physiques et
mécaniques dans le cas d'environnements secs. Dans des environnements humides, les effets
du durcissement sont compensés par la plastification a long-terme. Dans ces deux types
d’environnements, le module d’¢lasticit¢é a la traction E se développe presque
indépendamment du niveau de durcissement de I’adhésif, au contraire de la résistance a la
traction qui, dans les deux cas, converge a des valeurs identiques dans le temps d’étude
considéré malgré des différences dans les températures de transition vitreuse. Une réduction
de 30% a été prédite pour le module d’élasticité a la traction E ainsi que la résistance de
I’adhésif sur une durée de service de 100 ans pour des conditions immergées, mais ceci est
totalement réversible lors du séchage. L exposition des adhésifs a des solutions alcalines n’a
également pas montré d’effets nuisibles. Les adhésifs vieillis par I’environnement sur une
période jusqu’a 100 ans (en accélérant le conditionnement) peuvent atteindre une résistance a
la fatigue d’environ 10 millions de cycles —correspondant a la durée de service d’un pont—
sans rupture pour des cycles de charge avec contraintes maximales supérieures a 5 MPa.

Les résultats de cette étude sont implémentés dans des concepts de dimensionnement
pour ponts et des recommandations pratiques sont également fournies. Un programme de
conditionnement pour échantillons d’adhésifs en vue d’essais est propos¢ pour vérifier les
propriétés de résistance et de module d’élasticité nécessaires pendant la premiere année de
service. La pénétration de I’humidité dans les couches de 1’adhésif a été numériquement
étudiée pour deux détails typiques de joints de ponts, et la dégradation des propriétés
mécaniques résultante en est dérivée. Selon le type de joint, cet effet peut étre critique,
comme par exemple dans le cas de fines couches d’adhésif utilisées pour des renforcements

avec CFRP.

Mots-clefs: adhésif époxy, durcissement a froid, développement des propriétés
physiques et mécaniques, environnements secs et humides, attaques alcalines, vieillissement
physique, plastification, résistance a la fatigue, durée de service d’un pont, concepts de

dimensionnement.
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Zusammenfassung

Die Wissenschaft der Klebstoffe und Verklebungen fiir Bauteilverbindungen hat in den
letzten Jahrzehnten signifikante Entwicklungen, in einer Reihe von Industrien, erlebt. Jiingste
Anwendungen der strukturellen Verklebung finden sich im Bausektor, besonders im
Briickenbau, um bestechende Bauwerke zu verstirken oder um neue Bauvorhaben
durchzufiithren. Strukturelle Verklebungsstrategien werden jedoch selten spezifisch fiir den
Baubereich entwickelt, wo, im Gegensatz zur Flugzeug- oder Autoindustrie, die Herstellung
groBer Verklebungsflichen mit kalt-hédrtenden Klebstoffen, insbesondere Epoxidstoffen, unter
unkontrollierbaren Wetterbedingungen durchgefiihrt wird.

Verschiedene Umweltfaktoren konnen die Dauerhaftigkeit einer verklebten
Verbindung in Briicken wéhrend ihrer langen Lebensdauer, in Bezug auf die Entwicklung der
physikalischen und mechanischen Eigenschaften des Klebstoffes, beeinflussen. Zugleich
bestimmt der, besonders am Anfang nicht komplett entwickelte Aushéirtungsgrad von kalt-
hirtenden Klebstoffen das physikalische und mechanische Verhalten des Klebstoffes. Trotz
einer Menge aktueller Forschung zur Langzeit-Charakterisierung von kalt-hdrtenden
Klebstoffen, miissen prizise Informationen iiber die Verlésslichkeit dieser Materialien
wéhrend ihrer Lebensdauer, die bis zu 100 Jahre im Fall von Briickenbauten erreichen kann,
weiter noch erforscht werden, um Briickenbauingenieure zu ermutigen solche Materialen
umfassend zu benutzen.

Das Ziel dieser Arbeit ist daher, basierend auf einer Versuchskampagne sowie
numerischen und analytischen Ansétzen, Langzeiteffekte von Aushirten und Altern auf die
Eigenschaftsentwicklung von kalt-hdrtenden Epoxidklebstoffen unter den Umwelt- und
zyklisch-mechanischen Einfliissen, die typischerweise im Briickenbau angetroffen werden, zu
erforschen.

Die Untersuchungen wurden im trockenen und feuchten Milieu durchgefiihrt. Ersteres
um versiegelte Briickenverbindungen nachzuahmen und Letzteres um eine Stoérung der
Versiegelung oder eine Undichtheit der Fiigeteile zu simulieren. Des Weiteren wurden
Verklebungen alkalischen Einwirkungen ausgesetzt, um den Kontakt des Klebstoffes mit
Zementmaterialien nachzuahmen.

Physikalisches Altern (Verdichtung) in der Frithphase und Fortsetzung des

Hartungsprozesses bei fortgeschrittenem Alter bestimmen die Entwicklung der physikalischen
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und mechanischen Eigenschaften im trockenen Milieu, wihrend in feuchter Umgebung die
Hartungseffekte in spiteren Phasen durch Plastifizierung kompensiert werden. Sowohl in
trockener als auch feuchter Umgebung entwickelt sich der Elastizitdtsmodul beinahe
unabhidngig vom Hartungsgrad, im Gegensatz zur Zugfestigkeit, die jedoch, trotz
Unterschieden in Glasiibergangstemperaturen, zu dhnlichen Werten innerhalb der
Untersuchungsdauer konvergiert. Es wird vorhergesagt, dass sich der Elastizitdtsmodul und
die Zugfestigkeit wihrend einer 100-jéhrigen Lebensspanne unter Wasser um 30% verringern,
aber wiederhergestellt werden, sobald Trocknung eintritt. Die Einwirkung von alkalischen
Stoffen auf den Klebstoff zeigt keinen nachteiligen Effekt. Der Klebstoff, der durch
beschleunigende Auslagerung um bis zu 100 Jahre gealtert wurde, kann ca. 10 Millionen
Ermiidungszyklen widerstehen—typisch fiir eine Briickenlebensdauer—ohne Versagen bei
maximalen Spannungen von mehr als SMPa.

Die Resultate dieser Arbeit sind in Briickendimensionierungs-Konzepte implementiert
und praktische Empfehlungen werden unterbreitet. Ein Vorbehandlungsprogramm fiir
verklebte Versuchskorper wird vorgeschlagen um Festigkeits- und Steifigkeitseigenschaften
im ersten Verwendungsjahr festzustellen. Das Eindringen von Feuchtigkeit in die
Klebstoffschicht von zwei typischen Briickenverbindungen wurde numerisch untersucht und
die einhergehende Abnahme der mechanischen Eigenschaften hergeleitet. Abhéngig vom
Verbindungstyp, kann sich dieser Effekt als kritisch herausstellen, zum Beispiel im Fall von

diinnen Klebefugen verstarkender CFK (kohlenfaserverstirkter Kunststoff) Elemente.
Schliisselworte: Epoxidklebstoff, kalt-hdrtend, Eigenschaftsentwicklung, trockene

und feuchte Umgebung, basische Angriffe, physikalisches Altern, Plastifizierung,

Ermiidungszyklen, 100-jdhrige Lebensdauer, Briickenbau.
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1 Introduction

1.1 Context and motivation

Until a few decades ago, the principal methods of joining materials for structural purposes
were by mechanical fastening (with screws, bolts, shear studs etc.) or welding. During World
War I, structural bonding using novel synthetic adhesives represented the new impetus for
manufacturing military aircraft, such as the wooden De Havilland Mosquito. Since then,
structural bonding methods have developed enormously and been adopted in other industries,
including applications in the construction sector [1, 2].

Structural adhesives are increasingly used in bridge construction due to their ability to
join different materials and geometrical shapes easily and effectively. Bonding therefore often
offers an appropriate solution where composite materials are concerned [1]. Since the 1960s,
in Germany, concrete slabs were bonded to steel girders using layers of thick epoxy adhesives
[3], while recent applications concern the bonding of composite decks as shown in Fig. 1.1.
Fig. 1.1 shows the replacement of the old concrete bridge across the Avancon River near Bex,
Switzerland by three lightweight GFRP sandwich deck panels adhesively bonded to two
longitudinal steel girders (see Fig. 1.1 a)). In the last step, the two transverse panel joints were
injected with an epoxy adhesive [4]. The applicability of bonded connections to precast
construction is demonstrated in this example. Other frequent examples are carbon fiber-
reinforced polymer (CFRP) strips externally bonded onto concrete, steel or timber structures
for strengthening purposes [5]. Strengthening of a reinforced concrete bridge deck in the city

of Bern with externally bonded reinforced (EBR) CFRP strips is shown in Fig. 1.2.
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Fig. 1.1 Avangon bridge in Vaud, Switzerland, 2012: a) Adhesive application on steel girder; b)

Installation of middle deck panel before injection (photos, Thomas Keller).

Fig. 1.2 Bridge deck strengthened with EBR-CFRP in Freiburgstrasse, Bern, Switzerland, 2005
(photo, Ingenieurbiiro Hartenbach,).

As a result of the outdoor application on the construction site required in most cases
and the often large bonding surfaces, cold-curing adhesive systems based on thermosetting
epoxy resins are normally used. When employed with the appropriate curing agents i.e.
aliphatic amines or polyamines, epoxies are able to cure, i.e. induce polymer cross-linking
reactions and thus harden, at ambient temperatures. Fig. 1.3 shows the typical cross-link
structure formed with a 2:1 ratio of epoxy monomer to hardener. Diglycidyl ether of
bisphenol A (DGEBA) is the most frequently employed difunctional epoxy resin. Epoxy
adhesives are usually characterized by minimal shrinkage and swelling, significant resistance
to chemicals and hydrolysis, and excellent adhesion to a broad range of materials at moderate
costs [6]. Furthermore, adhesive joints are normally sealed and thus protected against
humidity and ultraviolet (UV) radiation.

However, in outdoor structural applications such as bridges, environmental exposure
may affect durability due to a) the long service life of bridges of up to 100 years, during
which sealing protection may become ineffective, b) the slow curing if subjected to low
temperatures, which fundamentally determines the development of significant strength and
temperature restrictions with an upper limit of the glass transition temperature, and c) the

polar nature of the resin i.e. the distribution of the functional groups inside the epoxy network
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under different curing conditions, which affects interactions with environmental agents such
as water. Additional durability aspects concern possible non-compliance with demanding
manufacturing requirements concerning thickness control, surface preparation and

cleanliness.
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b |
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Crosslinked epoxy polymer
Fig. 1.3 Cross-linking process of a diepoxide/diamine system [14].

The most common environmental actions that may affect durability and performance
in bridge applications are temperature, moisture, liquid water, alkaline environment, de-icing
salt solutions, freeze-thaw cycles, oxygen and UV radiation [7]. As a result of these
environmental actions, the adhesive is subjected to both chemical and physical changes to the
polymeric network, the former normally being irreversible and the latter reversible, both
however leading to often considerable changes in mechanical and physical properties. These
changes are attributed to physical and chemical aging mechanisms, e.g. physical aging,
plasticization, hydrolysis, post-curing or other degradation mechanisms [8], as discussed in
the following.

The main consequences of curing epoxy adhesives at ambient temperature are long
curing times of the order of weeks and often incomplete cross-linking reactions [9]. Moderate
glass transition temperatures, T, are thus developed, often lower than 65°C [10], particularly
if bonding occurs at low temperatures [9]. The T, should ideally be approximately 20°C
above the ambient temperature [11] in order not to affect the mechanical properties. Apart

from curing, there is evidence that temperatures below the 7, may activate physical aging



Chapter 1

effects on the epoxy properties. This mechanism involves a slow, gradual rearrangement of
polymer chains into a denser network during which free volume is reduced [12-14], see
Fig. 1.4. The concurring mechanisms of curing progression and physical aging are however

not yet well understood and thus need further investigation.

Crystalline state

% Amorphous state

4
T

Free volume

7

]

T N\"[

Fig. 1.4 Schematic graph of extra free volume in amorphous state of cured epoxy relating to same

mass of polymer molecules in crystalline state [14].

Temperatures above the 7, lead to a rapid reduction in both stiffness and strength due
to changes in the molecular mobility [1, 10]. Temperatures significantly exceeding the 7, may
also induce thermal aging [15], a mechanism which however does not occur under bridge
conditions. Furthermore, UV radiation combined with oxygen can cause considerable thermo-
or photo-oxidation [16], although the penetration and damage depth into the adhesive is
normally small [15]. Since the adhesive layer is protected by the adherends and the sealing at
the edges, this mechanism does not normally occur or if it does, its effects can usually be
neglected in the case of a defect in the sealing.

The presence of water or moisture is known to affect the performance of epoxies. It
diffuses into the polymeric network leading to segmental mobility and plasticization effects
(see Fig. 1.5), which result in a reduction of strength, stiffness and the 7, [6, 17-20]. In the
presence of moisture, the 7, may thus approach the service temperature. Furthermore, for
adhesives in contact with concrete adherends the exposure may be alkaline. There is also
some evidence — although limited in the case of epoxy adhesives — that long-term aqueous
exposures at high temperature or in the presence of alkali may promote polymer chain
scissions, i.e. decrease of cross-linking density and leaching out of unreacted or detached
segments or fillers [21]. Existing works have shown contradictory results of the effect of
alkaline solutions on epoxy properties [22, 23]. The effect of this action thus needs further

investigation.
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When de-icing salt is applied on the deck during winter or in the case of bridges in
marine environments, the epoxy adhesive may be exposed to saline solutions. However,
sodium chloride solutions, containing large hydrated ions, were found to prohibit the water
absorption and related property degradation compared to pure water [22, 24]. Combined
effects may occur during freeze-thaw cycles in the presence of neutral or saline water and

may lead to resin microcracking and thus interface damage in the joint [25].

Fig. 1.5 a) Moisture diffusion via nanopores of epoxy resin; b) Specific interactions between water

and polar hydroxyls and amines [26].

Further to the aforementioned durability concerns, adhesively-bonded joints have to
sustain millions of fatigue cycles [27] during their operational lifetime on a bridge, which
however are of low cyclic stress level [9, 28]. The sensitivity to fatigue depends on the joint
type. A deck-to-girder connection is normally not sensitive as the stresses in the adhesive
layer are low due to the large bonding surfaces. In the case of a CFRP strengthening strip or a
bonded steel rebar, however, the stresses due to traffic loads may be high. Moreover, due to
the often large adhesive thicknesses and volumes in the case of bridge joints, the fatigue
performance of the bulk adhesive should be studied separately. Numerous studies do exist
concerning the fatigue behavior of adhesively-bonded joints, but little information is available
regarding the fatigue behavior of bulk adhesives [29], and even less on the fatigue behavior of
bulk structural adhesives subjected to environmental effects [30].

Finally, owing to the very limited information in existing codes [31] related to the
design of cold-curing adhesive joints in specific applications such as bridges, practical
recommendations need to be established in order to design safe, robust and durable joints.

The above short review is complemented in the following chapters to provide a
thorough state-of-the art summary of existing knowledge regarding the durability of cold-
curing structural epoxy adhesives. Based on this review, the potential alteration mechanisms

relevant in a bridge environment were extracted from the whole set of possible mechanisms
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and will be investigated in the following. These mechanisms are physical aging, curing
progression, exposure to low and elevated temperatures and plasticization in a dry or wet
environment. While most of them are detrimental, the progression of curing has mostly
positive effects. Excluded were thermal degradation, salinity and UV for the abovementioned
reasons. Freeze-thaw exposure is also relevant but may rather have effects on the whole joint,
i.e. particularly the interfaces. Due to time limitations this effect on bulk adhesives was thus
not considered in this work. A main difficulty regarding the investigation of the above
extracted mechanisms is that they cannot be analyzed individually but always occur
simultaneously. The effect of fatigue on an aged bulk epoxy adhesive is also investigated.

The experimental work in this thesis was performed on a representative two-
component epoxy (resin plus hardener) system, that of Sikadur 330. The specific composition
and reference characteristics of the adhesive according to the data sheet and available works

are provided in the following chapters.

1.2 Objectives

The general objective of this research was the study of the durability and long-term behavior
of a widely applied cold-curing epoxy adhesive in bridge applications. The following specific
objectives have been defined:
1) Identification of the main aging mechanisms and the influential environmental actions
and their ranges in a bridge environment.
2) Investigation of the effects of aging in a dry environment on the development of
physical and mechanical properties.
3) Quantification of the long-term effects of aging in a wet environment on the
development of physical and mechanical properties.
4) Study of the effect of the curing degree on the development of physical and
mechanical properties.
5) Investigation of the combined fatigue-environmental effect on long-term mechanical
behavior.

6) Implementation of the results in bridge design.
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1.3

Methodology

In order to attain the objectives listed above, extensive experimental work was carried out and

theoretical methods originating from polymer and structural engineering were applied, as

shown in Fig. 1.6 and described below:

Literature review (Objective 1)

Based on a comprehensive literature review, the critical environmental actions on
epoxy adhesives in a bridge environment were derived. A corresponding
experimental campaign was designed and the laboratory conditionings were
established. These comprised material exposures at different curing degrees to
temperature, moisture and alkalinity.

Due to the low rate of material changes caused by the aging mechanisms in service,
an accelerated conditioning at elevated (30 and 50°C) temperatures was also

conducted.

Experimental investigations (Objectives 2-5)

Specimens with different curing degrees, dry, wet, at neutral or high pH, and dried,
were conditioned.

The monitoring of the changes in physical material properties was carried out using
Differential Scanning Calorimetry (DSC) and Dynamic Mechanical Analysis
(DMA) performed at regular times over a two-year span.

The mechanical behavior of the adhesive was investigated by carrying out standard
quasi-static tensile experiments and tension-to-tension fatigue experiments
performed over the same two-year span.

The specimens’ failure surfaces were analyzed after different time spans during the
investigated conditionings and the observed failure mechanisms were related to

water or fatigue loading effects.

Modeling (Objectives 2-5)

Analytical models were used to simulate quasi-static and fatigue behavior.
For the long-term modeling of mechanical properties for up to 100 years, the

Arrhenius method was applied.
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was established.

Implementation in bridge design (Objective 6)

14

The thesis comprises six chapters; the content of the main Chapters 2-5 is summarized in

Fig. 1.6.

Thesis organization

Experimental

Chapters

Fickian modeling was employed to derive diffusion parameters related to the
exposure of wet specimens and allowed the numerical modeling of the mass
diffusion into the adhesive layer of typical bridge joints.

The relationship between water uptake and degradation of mechanical properties

Existing resistance factors from design codes corresponding to environmental
conditions were assessed based on the obtained mechanical property retentions.
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Introduction

Chapter 1 introduces the specific problems addressed in this study, related to the
durability of structural adhesives with applications in bridge construction and a bridge
environment.

Chapters 2 presents a review of literature and relevant experimental investigations
associated with the aging of structural adhesives in dry bridge environments. The physical
aging and curing continuation of a cold-curing epoxy adhesive were monitored for one year in
the laboratory under representative bridge conditions. Their effects on the development of the
physical properties, such as the relaxation enthalpy, 4H,.,, and the glass transition
temperature, 7, and of the tensile mechanical properties were addressed in the earlier and
later ages. Annex B complements the discussions of this chapter.

Chapter 3 presents an extensive experimental investigation of the effects of curing and
plasticization, the latter caused by exposure to humidity and alkalinity, on the physical and
mechanical properties of a structural epoxy adhesive in representative wet bridge
environments over a period of two years. Accelerated aging through exposure to elevated
temperatures and corresponding modeling based on Arrhenius principles were used to predict
the long-term mechanical behavior for a bridge service life of up to 100 years. The potential
recovery of properties after drying was also addressed. Annex C complements the discussions
of this chapter.

Chapter 4 presents experimental investigations and the modeling of the fatigue
behavior of a cold-curing epoxy adhesive after long-term aging in dry and wet bridge
environments. The adhesive was examined under a) dry conditions after reaching full property
development, b) under saturated wet conditions with 70% tensile strength retention
(corresponding to 100 years of aging) and ¢) in the dried state after full strength recovery.
Low-cycle tension-tension fatigue of up to 10’ cycles was applied within the serviceability
load ranges of a bridge. The effects of water content on fatigue life, the fatigue damage
accumulation, and the fatigue stiffness were described and thoroughly discussed. Annex D
complements the discussions of this chapter.

Chapter 5 provides practical examples and recommendations related to the design of
adhesively-bonded bridge joints. Typical joints were analyzed concerning sensitivity to
moisture ingress and the associated degradation of mechanical properties. The adhesive
resistance factors at ultimate limit state (ULS) and serviceability limit state (SLS) were
assessed based on the experimental results obtained here regarding environmental conditions.

The fatigue behavior of the adhesive was compared with that of CFRP and steel materials.
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Specifications concerning the preconditioning of test specimens were derived. The
development of the 7, in dry and wet environments was addressed. Annex E complements the
discussions of this chapter.

Chapter 6 comprises a summary of these research findings and recommendations for
future research.

Results of this work have been published in three journal papers. The papers are listed

below and correspond to Chapters 2 to 4.
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2 Aging in dry environment

Reference detail: M. Savvilotidou, A. P. Vassilopoulos, M. Frigione, T. Keller, Effects of
aging in dry environment on physical and mechanical properties of a cold-curing structural

epoxy adhesive for bridge construction, Constr. Build. Mater. 140 (2017) 552-561.

2.1 Overview

Structural adhesives have been used in bridge construction for strengthening purposes for
decades, e.g. for bonding carbon fiber-reinforced polymer (CFRP) plates or strips onto
existing structures. A more widespread application in new construction however is still
restricted due to a lack of knowledge concerning their long-term mechanical behavior over a
required service life of up to 100 years [1]. Structural adhesives used in bridge construction
are in most cases applied on the construction site and are thus mainly cold-curing systems
based on thermosetting epoxy resins. Aliphatic amines are commonly used as curing agents
for this purpose, since they are also able to react with epoxies at low temperatures, i.e. during
winter. Covalent bonds form between the epoxide and the amine groups, resulting in a highly
cross-linked, rigid and amorphous epoxy network. However, several weeks — or even months
— of curing are necessary to assure a reasonably high curing degree and a moderate glass
transition temperature (7), which is usually lower than 65°C, particularly if bonding occurs at
low temperatures of minimum 5-10°C [2-6].

During their service life, cold-curing epoxies are subjected to various physical and
chemical aging mechanisms, which may be active simultaneously with different effects on the
physical and mechanical properties, mainly depending on temperature, humidity and UV
exposure [7, 8]. Effects based on physical mechanisms, such as plasticization and physical
aging (densification), may be reversible [3, 9]; cold-curing epoxies exposed to natural
weathering for 36 months showed partially reversible changes in both physical and

mechanical properties [7]. However, effects based on chemical mechanisms, e.g. further
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cross-linking due to continuation of curing [2, 9], or chain scissions due to long-term water
attack or high temperature and UV exposure, are not reversible [7].

In bridge construction, cold-curing adhesive joints, if properly designed and executed,
are normally not exposed to humidity, high temperature and UV radiation. The main aging
mechanisms that still occur in such dry environments, at low or moderate outdoor
temperatures (well below Ty), are physical aging and continuation of curing. In this respect
however, most of the works published on physical aging concern hot-cured epoxy resins, i.e.
cured at elevated temperatures (often above 100°C) by artificial heating and works about
cold- or outdoor-curing are rare [2-11]. Moreover, apart from a few works where
investigations have been conducted during several months or years [3, 7-9, 12], most of the
available studies are limited to a few days of aging. There is thus a lack of knowledge
regarding the effects of physical aging and simultaneous continuation of curing on the
physical and mechanical properties of cold-curing structural epoxy adhesives exposed to dry
outdoor temperature conditions, as is the case in bridge applications.

Physical aging of epoxy adhesives occurs in the glassy state, i.e. after vitrification and
at aging temperatures (7,,) lower than 7, and is driven by a thermodynamic disequilibrium in
this state [13]. During aging, i.e. approaching the thermodynamic equilibrium, an increase in
mass density (densification), and thus a decrease in specific volume (volumetric relaxation)
(v), and a decrease in molecular configurational energy are observed [3, 12-16]. The
difference between 7, and 7, and the thermal history have a strong influence on the rate of
physical aging. If the exposure temperature is low, physical aging effects may be active for
several years [3, 12-14, 17-21]. They may also be erased however, i.e. the adhesive is de-
aged, if heating occurs at temperatures above 7, i.e. in the rubbery state, and subsequently
cooled down into the glassy state, where physical aging begins once again [3, 14-16]. To
quantify physical aging, the specific enthalpy (%) is an appropriate physical metric, since it
considers both volume changes and molecular configurational changes (at constant volume)
[15]. Similar to the decrease in specific volume, specific enthalpy decreases with time due to
physical aging.

The interdependence of all these parameters is illustrated in Fig. 2.1, which shows in
the upper part the specific volume (v) or specific enthalpy (%) vs temperature (7) and in the
lower part the specific heat capacity (C,) vs temperature (according to [15]). Indicated in the
upper part are the thermodynamic equilibrium lines of an amorphous and crystalline polymer,

and the region in between represents free volume. The curve vy-hy-ty describes an unaged
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epoxy at time ¢, either after vitrification and then heated from the glassy into the rubbery
state, or hot-cured or de-aged at high temperature in the rubbery state and then cooled down
into the glassy state. The curve deviates at the transition from the rubbery to the glassy state,
i.e. at the glass transition temperature (7g), from the amorphous equilibrium line and the
adhesive thus includes additional free volume in the glassy state. At this transition, i.e. Ty,
the specific heat capacity also increases. The unaged epoxy then starts physically aging at
temperature (7,) during the times #,>¢,, i.e. the specific volume and specific enthalpy decrease
to vo<v;<vy and h,<h;<hy. If the temperature subsequently increases into the rubbery state,
the curves overshoot the amorphous equilibrium line, which is expressed by additional
endothermic peaks in the specific heat capacity vs temperature curves (4H,.;>>AH,.; ;) and an
increase in the glass transition temperature (7,,>T,;>Tg0). Specific heat capacity vs
temperature curves can be obtained by Differential Scanning Calorimetry (DSC) [22]. An
increasing 4H,.; has been found with increasing physical aging periods of both cold-curing [3,

13] and hot-cured epoxies [13, 17-18].

Specific
enthalpy, h (J/g) .
volume, v (cm3/g) Rubbery state -
| Glassy state |
un-aged t,
ho, Vo t
hy, v “
ha, v2 i
N, Voo aged R g N NILaL e
| ----+ " Crystaliine equil. in¢
Ta T, T(°C)
Specific heat ]
capacity, 1 AH AHp 2
C,WgC)| £ |—2 S/
1;6 =
©
&
Ta Too TgiTg2 T(°C)

Fig. 2.1 Specific volume, specific enthalpy and specific heat capacity vs temperature during heating

and cooling cycles of epoxy adhesive.

Concerning the mechanical properties, since physical aging decreases the specific
volume, the E-modulus increases accordingly [9, 12, 19]. Furthermore, the yield compressive
strength increases with physical aging [17, 19], while the tensile strength normally decreases

as a result of the embrittlement and potential microcracking [23]. In cases of de-aging through
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exposures above T, however, the mechanical properties almost completely recover [17].

The continuation of curing, i.e. increasing of the curing degree, in contrast to physical
aging, decreases the mass density (and thus increases the specific volume) but increases the
cross-link density, defined as the number of chemical cross-links per unit volume [24]. In
accordance with the increase of the specific volume the E-modulus decreases during curing
[12, 25-29]. The glass transition temperature and strength, however, increase with increasing
cross-link density, i.e. curing degree [2, 10].

In this chapter, the physical and mechanical behaviors of cold-curing epoxy adhesive
specimens are investigated during an aging period of up to 12 months in a dry environment.
Post-cured epoxy specimens, i.e. heated for short times at temperatures not much higher than
their T,, are used as reference in order to derive the different behaviors at cold curing,
compared to hot-cured conditions where the knowledge is much broader. The physical and
mechanical property changes are discussed on the basis of the sequence or concurrence of the
above-described aging mechanisms, i.e. physical aging and continuation of curing. The
current work is a continuity of the previous study [2, 10, 11], where cold-curing structural
epoxies were physically and mechanically investigated during the first ten days of isothermal

curing at low temperatures (5-20°C). Post-curing treatments had also served as reference.

2.2 Experimental program

2.2.1  Materials and conditioning

The epoxy adhesive used in this study was Sikadur-330, supplied by SIKA Schweiz AG. The
primary commercial use of this cold-curing adhesive or resin is manual application to surfaces
in order to bond FRP strips and impregnate FRP fabrics employed to strengthen existing
concrete or steel structures. Sikadur-330 is a thixotropic bi-component adhesive comprising a
bisphenol-A-based epoxy resin and a hardener consisting of aliphatic amines. Its viscosity is
approximately 6000 mPa-s (at 23°C), according to the product data sheet. A small quantity,
less than 20% per weight, of silica-based fillers has been identified by burn-off tests and
optical microscopy observations [10]. The glass transition temperature of specimens cured for
two weeks under laboratory conditions was 43.7°C (based on DSC) [10].

The adhesive was produced with a 4:1 resin-to-hardener mixing ratio, suggested by the
manufacturer. After stirring each part thoroughly, the hardener was poured into the base resin

and they were stirred together for at least three minutes (at laboratory temperature) with a
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mixing spindle attached to a slow-speed electric drill (to minimise air entrapment), until the
material was a uniform grey color. The mixture was then poured into a clean container and
stirred again for approximately one more minute, according to the adhesive supplier’s
specification. Subsequently, the adhesive was poured into aluminum molds or applied using a
spatula onto a Teflon work surface to form thin sheets. No vacuum was used to minimize
voids in order to simulate the common adhesive application under on-site bridge conditions.

Both cold-curing and post-cured specimens were manufactured according to the
different conditioning processes shown in Tab. 2.1. Specimens C13 and C21, directly after
pouring, were conditioned at a low 13°C (attained temperature of the climate chamber used,
regulated at 10°C) and moderate 21°C (average temperature in the laboratory room)
temperature. The post-cured P21 reference specimens, after curing for five or seven days at
21°C, were post-cured for three days at 60°C in an oven and then allowed to cool in the air
and age at 21°C.

A total of 172 specimens were subjected to the above conditions, 112 for the
mechanical and 60 for the physical characterization, for a period of up to 350 days. For all

specimens, the aging time zero (¢,=0) corresponds to their fabrication day.

2.2.2  Methods of characterization and specimen types

Physical characterization was performed using Differential Scanning Calorimeter analyses
(DSC) and Dynamic Mechanical Analyses (DMA). The former was used to mainly compare
the cold-curing and post-cured conditions while the latter was used to compare the different
cold-curing conditions. For the mechanical characterization standard tensile experiments were
carried out, both at irregular frequencies, following the development of the properties. An
overview of the experimental program is shown in Tab. 2.1.

DSC was selected to derive the thermo-physical characteristics, i.e. the glass transition
temperature (7gpsc), enthalpy relaxation (4H,.;), residual heat of cross-linking (4H,.), and
curing degree (a), for both cold-curing (C21) and post-cured epoxy conditions (P21). The
experiments were performed using a Netzsch 204 F1 Phoenix thermoanalyzer. The samples,
weighing between 10-20 mg, were cut from appropriately conditioned epoxy sheets of 1-mm
thickness, placed into an aluminum pan, and weighed using a Mettler Toledo MT-5
microbalance. The samples were then covered with an aluminum lid and sealed with a manual
press. Each DSC experiment was composed of two subsequent scans from -25°C to 250°C at

a heating rate of 10°C/min under a nitrogen atmosphere, and an intermediate cooling at
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20°C/min. Properties from two DSC experiments on two different samples of each condition

and time have been obtained.

Tab. 2.1 Designation, characterization and conditioning

Specimens Characterization Aglng;jlill)ce]rature Atga"[:;gat;:]le
cl3 Physical (DMA) 13+£0.5 300
Mechanical 13+0.5 338
Physical (DSC) 21+3 327
C21 Physical (DMA) 21+£3 282
Mechanical 21+3 350
21+3 5
Physical (DSC) 60+0.5 8
21+3 331
P21
21+3 7
Mechanical 60 £0.5 10
21+3 316

The T, psc has been determined as the glass transition midpoint on the first scan curve
according to ASTM E1356, the area of the endothermic peak in the glass transition region is
the enthalpy relaxation (4H,.;), while the residual heat (4H,.,) of the cross-linking reaction is
calculated from the broader exothermic peak area that follows on this curve, see Fig. 2.2. The
ratio between AH,.; and the total heat (4H, ;=315 J/g) measured for the uncured/fresh resin,
as shown on the DSC curve in Fig. 2.3, indicated the degree of cure for each experiment. In
the second scan curve, the relaxation peak and residual heat peak have disappeared, the
former due to the de-aging during the first scan and the latter due to full curing during the first
scan.

Dynamic Mechanical Analysis (DMA) was used to obtain the temperature-dependent
viscoelastic properties i.e. storage and loss modulus, and the glass transition temperature for
the cold-curing conditions (C13 and C21). Two values were considered for the glass transition
temperature, the DMA onset value on the storage modulus curve (7 puaonser), used as
reference in guidelines for structural FRP design [30], and the value at the peak of the loss
modulus curve (7 pumarr), Which reflects the onset of segmental motion on the molecular
level [31], see Fig. 2.4. The experiments were performed with a TA Instruments Q800
dynamic mechanical analyzer in single cantilever configuration. Aluminum molds were used
to fabricate the 35x10x3-mm epoxy specimens. Specimens were subjected to a constant strain

amplitude of 20 um at an oscillation frequency of 1 Hz, while the temperature increased from

18



Aging in dry environment

laboratory temperature (21£3°C) to 90°C with a heating rate of 1°C/min, in an air
atmosphere. Properties from two DMA experiments performed on two different specimens of

each condition and time have been obtained.
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Fig. 2.2 DSC responses from st and 2nd scans of Sikadur 330, C21 sample, aged during 14 days.
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Fig. 2.3 DSC response of fresh/uncured Sikadur 330.
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Fig. 2.4 DMA responses of Sikadur 330, C13 specimen, aged during 34 days.

Quasi-static tensile experiments were performed under laboratory conditions (i.e. at
7=21+3°C and RH=40+10%) according to ASTM D638, using an MTS Landmark servo-
hydraulic loading machine, calibrated at a maximum load capacity of 5 kN. The dog-bone-
shaped specimens used for the mechanical experiments were fabricated in aluminum molds
with geometry according to ASTM D638, as shown in Fig. 2.5. The specimens were clamped
by flat-faced pneumatic metal grips and loaded under displacement control at a rate of
3.5 mm/min. The clamping pressure was regulated in order to prevent any slippage at the
grips and to ensure that failure occurred within the length of the narrow section. For
determining the E-modulus, the longitudinal strain was measured by using an MTS clip-on
extensometer, with a gage length of 25+0.05 mm and a minimum accuracy of +0.5% of the
calculated strain, as shown in Fig. 2.5. A data acquisition system was used to record the time,
machine displacement, strain and corresponding load. Nominal strengths, derived after
dividing the maximum load by the initial cross section of each specimen, were used, while the
strains were directly measured by the clip-on extensometer. Furthermore, the tensile E-
modulus was calculated as the slope of the stress vs strain curve in the initial linear part,
between 0.05% and 0.15% strain. Specimens that presented tab failure were not taken into
account in the analysis and four specimens were considered for the mechanical

characterization at each condition and time.
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Fig. 2.5 Tensile experiments, specimen dimensions and experimental set-up according to ASTM D638.

23 Experimental results

2.3.1 Physical Characterization

A sequence of DSC curves for the first scans of C21 and P21 samples at increasing aging
times are presented in Fig. 2.6 and Fig. 2.7 respectively. A shift of the 4H,.; peak and the
T, psc to higher temperatures with increasing aging time was observed for the cold-curing
adhesive in Fig. 2.6, while 4H,.; decreased, indicating curing development. The same
behavior was observed for the post-cured adhesive in Fig. 2.7 before the post-curing
treatment, i.e. at five days. At nine days, after the treatment, curing was fully developed
(4H,s=0) and a slight shift of the A4H,; peak and the T, psc back to lower temperatures
occurred with increasing aging time. The areas related to 4H,.; after post-curing, i.e. at nine or
more days, were smaller compared to the peak area before the treatment, i.e. at five days, and
to those of C21 (Fig. 2.6), regardless of time.

A sequence of DMA storage modulus curves of C13 specimens at increasing aging
times are shown in Fig. 2.8. The curves and related 7, puonser Values shifted to higher
temperatures with increasing aging time, indicating the continuation of curing. Furthermore,
the storage modulus at the glassy state increased with the aging time up to 125 days, but at
300 days showed a decrease to the 34-day level. The loss modulus development at the same
aging times is shown in Fig. 2.9. The peaks and thus the related T, paa4 i values also shifted

to higher temperatures with increasing aging time.

21



Chapter 2

22

=)
£
=
£
; g
ke)
[T
*g A’_A,_A_-A—f
T t, [days]
— N 5
—0—10
—+—35
—— 117
| i 1 ——327
0 50 100 150 200 250

Temperature (°C)

Fig. 2.6 Sequence of DSC curves (1* scans) at increasing aging times - C21 samples.

Heat Flow (mW/mg)

t, [days]
——5
=0=9

i |[—o—32
L|——121
| [=0—1331

R S S S
0 50 100 150 200 250

Temperature (°C)

0.0

Fig. 2.7 Sequence of DSC curves (I* scans) at increasing aging times - P21 samples.

£, [days]
— N 5
——34
3000 —— 125
= —>—300
o
=
2]
= 2000
=
S
<}
=
9}
(o))
©
§ 1000
(2]
(0| TS SEUENUR. USSR MRCo.__.2 24 L 5. L0 090090000 0:070-0 C700 1.
L I L 1 I " 1 " 1 I
20 30 40 50 60 70 80 90

Temperature (°C)

Fig. 2.8 Sequence of DMA storage modulus curves at increasing aging times - C13 specimens.



Aging in dry environment

600

[ days]

N
o
o

200

Loss Modulus (MPa)

20 30 40 50 60 70 80 90
Temperature (°C)

Fig. 2.9 Sequence of DMA loss modulus curves at increasing aging times - C13 specimens.

The thermo-physical properties measured at different aging times are presented in
Fig. 2.10-Fig. 2.12 on a logarithmic scale to better represent the earlier age development. The
curing degree (a) development of conditions C21 and P21 is shown in Fig. 2.10. A high
curing degree of approximately 94% was achieved by all C21 and P21 samples during the
first five days of curing (time corresponding to the first measurement). The P21 samples
appeared fully cured (a=1) in the next measurements after post-curing (at nine days). After
327 days, the C21 samples also achieved an almost complete curing of 99%-100%, the

development over time being almost linear on the logarithmic scale.
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Fig. 2.10 Development of curing degree with aging time.
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The glass transition temperature (7,) development, according to the three different
definitions, with increasing aging time is shown in Fig. 2.11 for all conditions. After five
days, the T, of all conditions ranged around 40°C. The values for the cold-curing specimens
C13 and C21 then slowly developed while a jump to values above 70°C occurred after post-
curing in the P21 specimens (at nine days). The rate of increase was lower at 13°C than at
21°C, as already observed in [11], due to the decelerated cross-linking. After almost one year,
the C13 specimens achieved values of around 50°C while the C21 specimens reached around
55°C (Tgpmarrm). The values of the P21 specimens started slightly decreasing by
approximately 7%, from the maximum value (72.4°C) at nine days and up to 331 days. The
values obtained using DSC (Tgpsc) were always higher than those obtained using DMA,

while the lowest values were obtained from Ty pus4 onser-
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Fig. 2.11 Development of glass transition temperature with aging time.

The variations of the relaxation enthalpy (4H,.;) over time of the C21 and P21 samples
are shown in Fig. 2.12. The values of the cold-curing C21 increased up to a maximum after
approximately 17 days and then started decreasing. At five days, the post-cured P21 started at
the same values as those of the C21, but the former then decreased by 50% after post-curing
(at nine days). Subsequently, similarly to C21 but on a lower level, a peak appeared at around

17 days, followed by a decrease and then a slight increase again after 121 days.
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2.3.2 Mechanical Characterization

The tensile modulus, strength and failure strain of all specimens C13, C21 and P21 are shown
in Tab. 2.2-Tab. 2.4 and Fig. 2.13-Fig. 2.15 respectively as a function of time and on a

logarithmic scale, again to better differentiate the results during the first days; average values

and standard deviations are indicated.

Tab. 2.2 Condition C13, average values and standard deviations of tensile properties

Aging [Days]

E-modulus [MPa]

Strength [MPa]

Strain at failure [%]

6
34
37

101
131
181
264
338

3463 £ 305
4121 + 227
4993 £ 126
5013 + 161
5403 £ 56
5430 + 371
4567 £ 143
4881 + 146
4658 £ 189

27.0+1.0
29.4+3.0
28.6+2.5
29.6+23
335+1.9
329+46
31.8+44
38.0+1.1
36.9+5.7

1.27+£0.20
0.95+0.17
0.61 £ 0.06
0.68 = 0.08
0.68 +0.05
0.68+0.11
0.92+0.23
1.13£0.13
1.02+0.21

Tab. 2.3 Condition C21, average values and standard deviations of tensile properties

Aging [Days]

E-modulus [MPa]

Strength [MPa]

Strain at failure [%]

7
12
88

181
261
350

4580 £ 55
4974 £ 198
5137 +£217
4445+ 79
4956 + 151
4761 £ 252

27.0+3.0
348+1.7
31.7+4.1
29.5+4.1
40.5+4.1
40.3+8.4

0.60 +0.08
0.79 £ 0.04
0.74+0.15
0.76 £0.13
1.12+0.16
1.06 £ 0.27
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Tab. 2.4 Condition P21, average values and standard deviations of tensile properties

Aging [Days] E-modulus [MPa] Strength [MPa] Strain at failure [%]
10 4500+ 116 41.8+3.8 1.13+£0.13
14 5123 £20 42.5+45 1.00 £ 0.13
25 4776 £ 103 46.4+7.1 1.24 £ 0.33
90 5034 £ 299 469+£72 1.20 £ 0.26
142 4407 £ 172 40.0£4.0 1.06 £ 0.13
156 4211 +£238 404£7.8 1.17£0.31
160 4168 £ 235 37.8+£2.2 1.06 £0.10
162 4206 = 107 37.8+£5.0 1.04+£0.20
176 4312 + 282 40.6 £ 7.5 1.11+0.27
197 4353 £ 109 463 +£0.2 1.36 £ 0.01
201 4268 + 142 43.8+6.2 1.31+0.37
212 4543 + 407 43.2+£3.6 1.16 £ 0.15
257 4778 £ 138 324+£35 0.88+0.15
316 4715 £ 234 37.3+£49 0.95+£0.17

The E-modulus of all specimens increased during the first 20 days, independently of
the curing conditions. Subsequently, the C21 and P21 values remained stable while the C13
values further increased, before the values for all conditions exhibited a drop to a similar
minimum value at around 180 days and then slightly increased again, independently of the
curing conditions. The C13 specimens thus achieved the highest value of 5.4 GPa, at a peak
that slightly shifted to a longer aging time compared to the peaks of the other conditions. Also
shown in Fig. 2.13 is the DMA storage modulus at the glassy state of the C13 and C21
specimens, which followed the same trend as the E-modulus measured by the tensile
experiments.

With regard to strength and failure strain, clear differences could be observed
according to the curing conditions between the cold-curing specimens C13 and C21 and the
post-cured specimens P21, see Fig. 2.14 and Fig. 2.15 respectively. The cold-curing
specimens showed similar values independently of the curing temperature. At the aging time
where the E-modulus reached a maximum, the strength development showed a slight valley
and the failure strain development a clear valley, both approaching the values of the post-
cured P21 specimens after 260 days, however. The latter exhibited a comparatively high
scatter, but clearly did not show any valley. Generally, the strength and failure strain of the

P21 remained almost constant with slightly lower values after 200 days.
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Fig. 2.13 Tensile E-modulus and storage modulus vs aging time relationships.
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specimens of all conditions at different aging times. The E-modulus, strength and failure
strain values of the C13 responses depended significantly on aging time, see Fig. 2.16, and
their variations were in accordance with the peak and valley results shown in Fig. 2.13-
Fig. 2.15. The curves changed from non-linear to almost linear with increasing E-modulus.
The differences in E-modulus were less pronounced in the C21 specimens; the highest
strength was achieved after 350 days as the post-cured specimen values were approached, see

Fig. 2.17. The post-cured P21 responses almost overlapped, exhibiting the smallest variations

Typical nominal stress vs strain responses are shown in Fig. 2.16-Fig. 2.18 for

with aging time.
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Fig. 2.16 Nominal tensile stress vs strain responses at increasing aging times - C13 specimens.
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Fig. 2.17 Nominal tensile stress vs strain responses at increasing aging times - C21 specimens.
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Fig. 2.18 Nominal tensile stress vs strain responses at increasing aging times - P21 specimens.

Typical fracture surfaces are shown in Fig. 2.19. They exhibited a flat origin zone and
a much rougher propagation zone (according to [32]). In the origin zone, at lower strength a
white dot with a regular shape and at higher strength a white dot with an irregular shape were
in most cases visible. However, the size of the different zones and dots exhibited a large

scatter and could not be correlated to the curing conditions or aging time. Furthermore, small

voids were always present.

(top) and higher strength at 264 days of aging (bottom); captured with a digital handheld microscope.

24 Discussion of experimental results

2.4.1  Physical Characterization

The physical characterization results showed that the glass transition temperature (7gpsc) of

the cold-curing C21 specimens was very sensitive to small changes in the curing degree (o) at
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the end of cure, see Fig. 2.20. A small increase of 5% of the curing degree resulted in a 45%
increase of the Tgpgsc. Similar results describing a non-linear increase of 7, with curing as
from the earlier age have already been obtained in [11, 29, 33, 34]. Above it has been shown
that the glass transition temperature increased due to both physical aging and continuation of
curing. From Fig. 2.12 it can be concluded that physical aging was particularly active during
the first 50 days and then decreased. During the first 50 days the 7gpsc increased to
approximately 55 °C according to Fig. 2.11. The subsequent increase of the glass transition
temperature at the end of cure was thus mainly caused by the continuation or completion of
curing and less so by physical aging. Also shown in Fig. 2.20 is the P21 development, which,
after the increase of a and T psc due to post-curing, exhibited a slight decrease of the latter (at
o=1, as already shown in Fig. 2.11). Similar results were found in [35-37] and attributed to
residual stresses and inhomogeneous thermoset morphology caused by cooling after the post-

curing.
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Fig. 2.20 Curing degree vs glass transition temperature (T4 psc) relationship.

Coming back to the illustration of the parameter interactions in Fig. 2.1, the
simultaneously progressing physical aging and curing mechanisms may be represented as
shown in Fig. 2.21. Physical aging shifted the curve of an already aging epoxy further
downwards by decreasing the specific volume and enthalpy, as already shown in Fig. 2.1.
Curing, however, increased the specific volume and may thus be represented by an analogous
upward shift of the curve, evidence of de-aging. More significant de-aging occurred after

post-curing (in the case of P21), which reduced relaxation enthalpy by 50%, see Fig. 2.12.
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Both mechanisms, physical aging and (post-)curing, increased the glass transition

temperature.
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Fig. 2.21 Schematic diagram of effect of curing and physical aging on specific enthalpy and volume.

24.2 Mechanical Characterization

The peak in the E-modulus curves shown in Fig. 2.13 for all specimens almost coincided with
the peak in the AH,. responses shown in Fig. 2.12 for the C21 and P21 conditions. This
confirmed the dependence of the epoxy E-modulus on the specific volume, the former varied
according to the latter due to physical aging and continuation of cure. In the earlier age,
physical aging was the predominant mechanism that led to the E-modulus increase, while
after the peak, continuation of curing became predominant, decreasing the E-modulus. The
new E-modulus increase after the minimum at 180 days could be an indication of the
reactivation of physical aging. A similar increasing trend could be seen in the last
measurements of the relaxation enthalpy of the P21 condition in Fig. 2.12. The physical aging
rate measured in [29] for a hot-cured epoxy was also found to decrease with the extent of cure
initially and to increase again with a further extent of cure. Similar results, i.e. an E-modulus
peak at 90 days, followed by a decrease to lower values above 150 days, were shown in [12],
however again for a hot-cured epoxy, at different initial curing degrees.

The measurements in this study started after five days, and the E-modulus was
subsequently not significantly affected by the curing conditions. In the above-mentioned
preceding study [2], investigations concerning the E-modulus development for a similar
structural epoxy adhesive were conducted during the first 10 days of isothermal curing at
different temperatures (7,) from 5°C to 70°C. A strong influence of the curing temperature on
E-modulus and strength development during the first six days was observed, which however

subsequently disappeared, as in this study (excluding the strength of P21). The properties
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rapidly increased at high temperatures, while a delay in the process was observed during the
first six days at low curing temperatures. The E-modulus differences may be attributed to
different physical aging rates caused by the differences between 7T, and 7, among the different
curing conditions. At the lower temperatures, the molecular mobility was reduced, thus
delaying the mechanism. After six days, however, the properties at lower temperatures
approached those obtained at the highest temperature [2].

The relationship between the E-modulus and the glass transition temperature, i.e. the
extent of cure (according to [29]), for all conditions is shown in Fig. 2.22 (only the average
values are given). The curves of the cold-curing conditions C13 and C21 exhibited a similar
shape as in Fig. 2.13. The E-modulus increased with increasing T, reaching a maximum, but
as T, approached higher values the E-modulus tended to decrease and eventually reached
moderate values. At a lower curing temperature (C13), the peak was higher and shifted to
lower T, values, i.e. lower curing degrees, compared to C21. Similar results were found in
[29], for a hot-cured epoxy however. An inverse trend was exhibited by the post-cured
specimens P21 due to the T, decreasing with aging time. The E-modulus showed a minimum
at lower and then rose to a peak at higher 7, values, both however at a much higher 7, than
under the cold-curing conditions. Overall, i.e. on average, the E-modulus was almost constant
and independent of T, above a T, of around 45°C, i.e. above a curing degree of 0.94 (see
Fig. 2.20); the variation was caused by the alternating predominance of either physical aging
or curing. This result confirmed that the E-modulus was mainly dependent on mass and not

cross-link density.
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Fig. 2.22 Tensile E-modulus vs glass transition temperature relationship.
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In contrast to the E-modulus development, the similar strength and failure strain of the
cold-curing specimens C13 and C21 were significantly different from those of the P21 post-
cured specimens. This could be attributed to their primary dependency on the cross-link
density and not the mass density (on which the E-modulus mainly depended). Up to 180 days,
the strength and failure strain, for both cold-curing conditions C13 and C21, followed a
behavior inversely proportional to the E-modulus (compare Fig. 2.13, Fig. 2.14 and
Fig. 2.15), i.e. the modulus peaks coincided with strength and failure strain valleys,
evidencing the embrittlement induced by physical aging. Between 180 and 260 days, the
values deviated from the inversely proportional behavior, i.e. strength and failure strain
continued increasing and approached the P21 values, confirming that they were driven by the
increasing cross-link density due to the continuation of curing, and not by the newly
increasing mass density due to physical aging. A similar behavior of the tensile strength was
observed in [25]. Up to 200 days, the strength and failure strain of the P21 were almost
constant (on average) and high, as a result of their high level of cross-linking directly after
post-curing. After 200 days, a new increase of the E-modulus of the P21 (see Fig. 2.13),
possibly due to a new physical aging cycle, may explain the slight strength and strain decrease
of the already fully cross-linked material. It should be further noted that, although the strength
and failure strain of the C13, C21 and P21 specimens approached similar values above 260
days, their T, psc values were still different (compare Fig. 2.11, Fig. 2.14 and Fig. 2.15).

The relationship between the strength and the glass transition temperature for all

conditions is shown in Fig. 2.23 (again only the average values are shown). On average, there
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Fig. 2.23 Tensile strength vs glass transition temperature relationship.
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was an exponential increase of strength with increasing 7, and the variation was again caused

by the alternating predominance of either physical aging or curing. This result however

confirmed that strength development is generally driven by the increasing cross-link (and not

mass) density.

2.5

Conclusions

The effect of physical aging and continuation of curing on the physical and mechanical

properties of a cold-curing structural epoxy adhesive in a dry environment was investigated

during the first year. The following conclusions have been drawn:

34

1)

2)

3)

4)

S)

Physical aging and curing (i.e. continuation of cure) occur simultaneously in a cold-
curing epoxy adhesive during the first year; the first mechanism increases the mass
density (i.e. reduces the specific volume) while the second one reduces the mass
density (i.e. increases the specific volume), but increases the cross-link density.

The physical and mechanical properties are driven by predominant physical aging in
the earlier age and predominant curing in the later age during the first year.

The E-modulus mainly depends on the mass density and reaches a maximum in the
earlier age due to physical aging. At the later age curing becomes predominant and the
decreasing mass density decreases the E-modulus. After the first week, the E-modulus
development becomes independent of the curing conditions, i.e. cold or hot/post-
cured.

Tensile strength and failure strain change mainly with the cross-link density and their
development is thus dependent on the curing treatment, i.e. cold or hot/post cured.
With regard to the cold-curing conditions, the strength and failure strain development
is delayed in the earlier age due to physical aging.

Eventually, all curing conditions (cold, or hot/post-cured) result in similar tensile
properties, i.e. maximum strength and failure strain and a reduced E-modulus after a
maximum, after less than nine months of aging. However, the glass transition
temperature still depends on the curing conditions and is not yet fully developed after

one year.
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Reference detail: M. Savvilotidou, A. P. Vassilopoulos, M. Frigione, T. Keller, Development
of physical and mechanical properties of a cold-curing structural adhesive in a wet bridge

environment, Constr. Build. Mater. 144 (2017) 115-124.

3.1 Overview

Structural adhesives have been used in bridge construction since the 1960s [1]. Today, state-
of-the-art applications consist of bonding steel or carbon fiber-reinforced polymer (CFRP)
strips or plates onto existing reinforced concrete, steel or timber structures or bonding steel
rebars into holes drilled into existing concrete structures for strengthening or upgrading
purposes [2]. More recent applications are bonding of reinforced concrete or glass fiber-
reinforced polymer (GFRP) bridge decks onto steel or concrete main girders [3]. In contrast to
mechanical connections, in these applications adhesives allow the easy joining of different
materials and adherends of different geometries.

Due to the often large bonding surfaces and usually outdoor applications, cold-curing
adhesives are required for such joints. Thermosetting bisphenol epoxy resins are used in most
cases since they cure at ambient temperatures if appropriate curing agents, i.e. aliphatic
amines, are used. However, depending on the ambient temperature, curing and full
development of the physical and mechanical properties may take up to one year for
mechanical and even much longer for physical properties, such as the glass transition
temperature [4].

Cold-curing epoxy bonded joints used in bridge construction are normally sealed to
prevent exposure to humidity and UV radiation. The corresponding aging behavior of cold-
curing structural epoxy adhesives under dry bridge conditions has already been investigated
[4]. It has been shown that the material is exposed to concurring mechanisms, i.e.

continuation of curing and physical aging, which both influence the physical and mechanical
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properties. In view of the long service life of bridges, up to 100 years, it cannot however be
excluded that, sooner or later, an initially sealed joint may start leaking and the adhesive may
thus be exposed to moisture or even stagnant water during several decades. If sealing is not
correctly carried out this can already occur before the adhesive is fully cured. Furthermore,
the adhesive may also be exposed to humidity if the adherends have a certain porosity (e.g. in
the case of concrete) or diffusivity (e.g. the matrix of CFRP materials) [5]. In the former case,
the concrete pore water is, in addition, alkaline and has a high pH value of approximately 12.5
[6]. A similar case occurs if wet concrete is poured onto a fresh and still wet epoxy adhesive,
as in the installation of a lightweight concrete-GFRP sandwich bridge deck in order to
improve the adherence of the lightweight concrete to a GFRP T-web face sheet [7].

The effect of humidity or water on the physical and mechanical properties of epoxy
resins has already been investigated. Plasticization of the resin occurred, resulting in a
significant reduction of the glass transition temperature, stiffness and strength [8-10]. These
effects were found to be reversible however when the material was dried again [11, 12] and
plasticization was thus considered as a physical degradation [9]. In contrast, irreversible
chemical degradation has been observed in some cases and morphological effects such as
cracking or material leaching were involved [11, 13-15]. In most of these studies, fully cured
or almost fully cured materials were investigated, i.e. the effect of the curing degree on these
degradation mechanisms and their related decreases of physical and mechanical properties
have not yet been specifically addressed.

The effect of alkalinity, i.e. alkaline water exposure, on physical and mechanical
epoxy resin properties has also already been investigated, although with contradictory results.
Exposure to pure water and alkaline solutions during 5 [13], 18 [14] and 24 [16] months at
different temperatures resulted in a higher decrease of tensile strength in the case of alkaline
exposure (15% at 60°C [13], 86% at 40°C [14] and 5% at 23°C [16]) than in pure water (4%
at 60°C [13], 37% at 40°C [14] and 43% at 23°C [16]). Another study however [17] did not
find any effect of alkalinity, with water uptake in pure and alkaline water and resistances
being the same.

Current knowledge concerning the long-term performance of cold-curing epoxies
exposed to different environments is mainly based on laboratory investigations of a very
limited duration of one to two years. Accelerated methods were thus developed whereby the
physical and chemical processes are accelerated by higher temperatures or increased

concentrations of solutions [18-20] in order to predict the long-term properties of polymers.
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The Arrhenius law, which is based on acceleration by increased temperature, is frequently
used in this respect, and ASTM D3045 [21] provides corresponding guidance for polymers.
With regard to bulk epoxies, the Arrhenius law has been applied in viscosity models [22],
modeling of gelation and curing reactions [23], and diffusivity development during aqueous
exposure [24].

In this chapter, based on the above-described scenario of adhesives not yet fully cured
and exposed to a wet bridge environment, the effects of curing degree and exposure to
humidity and alkalinity on the long-term physical and mechanical properties of a structural
epoxy adhesive were investigated, as well as the potential recovery of properties after drying
in order to consider the effect of a dry period following a wet period of weather. Since the
investigations in Chapter 2 [4] showed that the same cold-curing epoxy adhesive as used in
this chapter was almost fully cured after only one year of exposure in a dry environment, this
study of the wet environment also investigated materials fully cured before exposure, in
addition to partially cured materials. The long-term behavior was predicted based on the
Arrhenius law. However, this method was only applicable for the fully cured materials since

the elevated temperatures would have led to the rapid curing of partially cured materials.

3.2 Experimental program

3.2.1 Materials and conditioning

The commercial cold-curing epoxy adhesive Sikadur-330, supplied by SIKA Schweiz AG,
was selected for this study as it is frequently used in structural civil engineering applications,
e.g. for the bonding of carbon fiber-reinforced polymer (CFRP) plates or as impregnation
resin for fabrics to strengthen existing structures. The thixotropic bi-component
resin/adhesive comprises a bisphenol-A-based epoxy resin and a hardener consisting of
aliphatic amines, and a small quantity, less than 20% per weight, of silica-based fillers [25].
Its viscosity is approximately 6000mPa-s at 23°C, according to the product data sheet.

The adhesive was produced under laboratory conditions (7=21+3°C and RH=40+10%)
with 4:1 resin to hardener mixing ratio, as suggested by the supplier. The adhesive was then
poured into aluminum molds of specimen dimensions as described in the next section. To
represent adhesive applications under on-site bridge conditions, no vacuum was applied to
remove entrapped air. As explained above, post-cured (i.e. fully cured) and cold-curing (i.e.

partially cured) specimens were manufactured. The post-cured specimens were left, after
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pouring, for seven days’ curing under laboratory conditions, followed by three-day post-
curing at 60+0.5°C in an oven. Directly after pouring, the cold-curing specimens were
conditioned at a low temperature of 13°C for two days, i.e. the time necessary for demolding.
The post-curing also dried the post-cured specimens, whereas for the cold-curing specimens
drying before immersion was not possible.

After this first phase of conditioning, the specimens were immersed in different baths.
Six baths were prepared for the post-cured specimens, i.e. three baths containing
demineralized water at 13, 30 and 50°C (specimens PD13, PD30, PD50) and three baths with
alkaline water at the same temperatures (specimens PA13, PA30, PA50), see Tab. 3.1. Three
temperatures were thus selected in order to subsequently apply the Arrhenius law as
mentioned above. The maximum temperature was limited to 50°C to clearly remain below the
onset of glass transition (approximately 65°C, obtained from reference P21) and thus not
activate additional degradation mechanisms. The three alkaline baths had a pH value slightly
fluctuating around 13.0, obtained from dissolving 0.25 mol/L KOH, 0.14 mol/L. NaOH and
0.02 mol/L Ca(OH)2 in demineralized water. The cold-curing specimens (CD13) were
immersed in demineralized water at low temperature, 13°C, in order to delay the curing
progression. The temperatures of the seven baths in total were maintained with a precision of
+1.5°C. A total of 595 specimens were subjected to this second conditioning phase for a

period of up to 24 months.

Tab. 3.1 Specimen designation, conditioning (C=cold-curing, P=post-cured) and immersion

conditions
Conditionin Immersion Temperature Max. immersion
g medium [°C] time [days]
C13, P21 reference None 13,21 0 (dry)

CD13 13 754
PD13 Demineralized water, 13 740
PD30 pH~7.0 30 737
PD50 50 557
PA13 Alkals 13 726

t
PA30 ame wateh, 30 730

pH=~13.0
PA50 50 684

For the subsequent drying phase and evaluation of potential property recovery, only
the PD50 specimens with the highest water uptake were investigated. These were removed

from the bath at the end of the immersion period, i.e. in a fully saturated state, and subjected
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to drying, either in a laboratory environment, i.e. 21°C and RH=40+10% for up to 285 days,

or at 50°C in an oven for up to 55 days.

3.2.2  Characterization methods and specimen types

The physical properties of the adhesive were obtained from Dynamic Mechanical Analysis
(DMA) and Differential Scanning Calorimetry (DSC). The mechanical properties were
derived from standard tensile experiments and the water uptake characteristics were obtained
from gravimetric measurements. Reference values, i.e. properties before immersion, were
obtained after five days of curing at 13°C for the cold-curing specimens (when the C13
specimens were sufficiently solid to be tested, see Tab. 3.1) and after the three-day post-
curing and cooling to laboratory temperature (21°C) for the P21 specimens. Subsequent
measurements, during immersion, were taken at irregular frequencies, according to the
development of the properties.

DMA was used to obtain the temperature-dependent viscoelastic properties, i.e. loss
and storage modulus and glass transition temperature (7). The temperature at the peak of the
loss modulus curve, which reflects the onset of segmental motion on the molecular level [26],
was selected as representing 7,. The experiments were performed with a TA Instruments
Q800 dynamic mechanical analyzer in single cantilever configuration. Prismatic specimens of
35x10x3 mm’ dimensions were subjected to a constant strain amplitude of 20 pm at an
oscillation frequency of 1.0 Hz, while the temperature increased from laboratory temperature
(21°C) to 100°C with a heating rate of 1°C/min in an air atmosphere. Properties were
obtained from two DMA experiments performed on two different specimens for each
condition and time.

DSC was used to measure the residual heat of the exothermic reaction (4H,.s) and thus
estimate the curing degree (a) of the resin based on AH,.; and the total heat (4H e s =296J/g),
measured for the uncured/fresh resin. A heat-flux differential scanning calorimeter (DSC-TA
Q100) connected to a thermal analyzer was used. Dynamic scans from -25 to 280°C, at a
heating rate of 10°C/min, were performed under a nitrogen atmosphere. The samples,
weighing between 5 and 10 mg, were cut from the conditioned specimens. Properties were
obtained from two DSC experiments on two different samples for each condition and time.

Quasi-static tensile experiments were performed under laboratory conditions
according to ASTM D638 [27], using an MTS Landmark servo-hydraulic loading machine,
calibrated at a load capacity of 5 kN. The dog-bone-shaped specimens, shown in Fig. 3.1,
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were loaded under displacement control at a rate of 3.5 mm/min. The longitudinal strain was
obtained from an MTS clip-on extensometer with a gage length of 25+0.05 mm and an
accuracy of +0.5% of the calculated strain. Nominal strength, i.e. based on the initial cross
section of each specimen, was considered. The tensile E-modulus was calculated as the slope
of the stress-strain curve in the initial linear part, between 0.05% and 0.15% strain. Four or
five specimens were considered for the mechanical characterization for each condition and
time. Specimens that presented tab failure were not taken into account in the analysis.

Gravimetric measurements were performed on the prismatic (DMA) and dog-bone
(tensile) specimens using an analytical balance (Mettler Toledo) of 0.001 g accuracy. All
specimens were weighed prior to immersion. Five prismatic (DMA) specimens from each
bath were regularly weighed to assess the amount of water absorbed during immersion and
derive the diffusion coefficients according to ASTM D570 [28]. The corresponding drying
curves were obtained from three prismatic specimens at each drying temperature.
Furthermore, all immersed and drying specimens (prismatic and dog-bone-shaped) were
weighed before the DMA and tensile experiments, in order to correlate the changes in
properties with the amount of water absorbed.

Images of the fracture surfaces of the tensile specimens were taken using a digital
handheld microscope Dino-Lite AD7013MZT. This microscope is equipped with a 5-
megapixel sensor with an adjustable polarizer on an aluminum alloy body with an
interchangeable nozzle feature. It provides up to 240x magnification and resolution of

2592x1944 pixels.

13 mm]J

L 57 mm ‘
115 mm
165 mm

Fig. 3.1 Specimen dimensions and experimental set-up of tensile experiments.
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33 Experimental results and discussion

In the following, after reporting the results obtained from the reference specimens before
immersion, the physical and mechanical properties development of the fully (post-) cured
immersed specimens (PD and PA) are discussed. Subsequently, the results obtained for the
cold-curing immersed specimens are analyzed and compared to those of similar specimens
aging in a dry environment, obtained in the previous work [4]. This comparison allowed the
effects of the concurring curing and plasticization mechanisms on the physical and
mechanical properties to be separated. Finally, the results obtained from the drying process

are reported.

3.3.1 Reference specimens before immersion

The physical and mechanical properties of the specimens before immersion are listed in
Tab. 3.2. No residual heat could be detected on the DSC scans of the post-cured specimens,
confirming full curing of the resin. The cold-curing specimens already exhibited a significant
curing degree of 0.87 after five days of curing at 13°C. However, T, and the tensile strength

did not yet reflect this curing degree, as already observed in [4].

Tab. 3.2 Reference properties of specimens before immersion (physical property averages from
two measurements)

P E-modulus Strength
(o} -
Conditioning T, [°C] AH, s [J/g] a[-] [MPa] [MPa]
C13 36.0 38.5 0.87 3463 + 305 27.0+1.0
P21 74.7 0 1.00 4526 + 125 433+3.5

3.3.2  Post-cured specimens during immersion

(1) Water uptake and diffusion coefficients
During the immersion period, the increase in weight (4w;) due to the absorbed
demineralized or alkaline water was calculated to the nearest 0.001g as follows:
Aw, (%) =110 100 (3.1)
10
where w, and wyy are the specimen weights at immersion time (f) and prior to immersion (#))

respectively. The results for the six post-cured and the cold-curing conditioning cases, in

relation to the root of immersion time (according to ASTM D570 [28]), are shown in Fig. 3.2.
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All conditioning cases exhibited the typical initially linear and subsequently leveling-
off weight increase when approaching saturation. The increase in weight per two-week period
for three consecutive weighings was less than 1% of the total increase in weight or 5 mg for
the last weight measurements. Therefore, according to ASTM D570, the specimens were
considered saturated. The resulting weight increases at saturation (4w.) are summarized in
Tab. 3.3. As expected, the water uptake increased with increasing temperature in all cases.
The effect of alkalinity (PA specimens) was not clear during the uptake period, i.e. the weight

increase was slightly lower at high temperature and slightly higher at low temperature

compared to the demineralized water values (PD).
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Fig. 3.2 Weight increase of prismatic specimens vs root of immersion time, all conditioning cases (see

Immersion time (Vdays)

Tab. 3.1), average from five specimens.

Tab. 3.3 Diffusion coefficients and saturation results (average from five specimens)

Conditioning D [mmz/day] Aw,, [%]
CD13 0.003 1.79 £0.05
PD13 0.005 1.68 £0.10
PD30 0.014 2.35+0.06
PD50 0.054 3.58£0.05
PA13 0.007 1.86 +0.08
PA30 0.020 2.08 +0.03
PAS50 0.040 3.66 +0.09

The diffusion coefficients (D) according to Fick’s second law [29] were determined as

follows:
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e Y Aw, —Aw,
D:;z-[4_AWJ- ﬁf—@z (3.2)
where Awy;, Aw;; and Aw, represent the weight increase at immersion times #;, ¢, and at
saturation, and e is the specimen thickness (3 mm). The equation was applied for the initial
linear stage, i.e. for Aw/4Aw,<0.6 [29]. The obtained D values are summarized in Tab. 3.3 for
all conditioning cases; similar values were reported in literature [5, 12]. They followed the
same trend as discussed for the weight increase, i.e. higher values with higher temperature

and exhibited the same small inconsistent differences between demineralized and alkaline

€xposure.

(2) Effect of water uptake on glass transition temperature

The glass transition temperature dependence on the weight increase due to the uptake
of demineralized and alkaline water is shown in Fig. 3.3. The average of two measurements is
shown (with an average standard deviation smaller than 0.5°C). A significant decrease
occurred with increasing water uptake, which leveled off, however, when saturation was
approached, i.e. the values stabilized at around 58°C at above 2% of weight increase. The
behavior was almost independent of the immersion temperature and alkalinity; only the PA13
values at the lowest temperature were slightly higher. This decrease could be attributed to the
well-known plasticization mechanism [11, 30, 31], i.e. the absorbed water broke the
interchain van der Waals forces and hydrogen bonds and thus increased the chain segmental

mobility [32]. However, water absorbed above 2% did not cause any further 7, decrease.
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Fig. 3.3 Glass transition temperature vs weight increase, all conditioning cases.
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The relationship between T, and the immersion time for the post-cured specimens is
shown in Fig. 3.4. The T, decrease occurred more rapidly at higher immersion temperatures
since the weight increase also occurred more rapidly (see Fig. 3.2). However, the values
converged to the above-mentioned limit when saturation was approached; similar behavior is
reported in [16, 24, 32, 33]. Again, the results were almost independent of the water
alkalinity. A closer look at the responses showed that after the first rapid decrease a slight
increase of the values occurred at the higher temperatures. This may be attributed to the
formation of two H-bonds between the water molecules and the resin’s polar sites, resulting in
bridging between the chain segments and thus secondary pseudo-crosslinking, which slightly

increases the 7, according to [32].

80

A PD13
e PD30
N e e = PD50 |
< A PA13
) ® PA30
‘%70 ____________ = PA50 ||
o)
Q
£
Les i
= i
o i
Z’ al
.............. O e @ -]
260 ~\.=— re— LN
7
<
o 55
o P B SR B .
0 150 300 450 600 750

Immersion (days)

Fig. 3.4 Glass transition temperature vs immersion time, post-cured specimens.

(3) Effect of water uptake on elastic modulus and strength

The effect of water uptake on the tensile E-modulus as a function of weight increase
and immersion time is shown in Fig. 3.5 and Fig. 3.6 respectively; average values and
standard deviations are indicated. After a short plateau up to 0.5% weight increase, the E-
modulus decreased almost linearly with increasing weight, independently of immersion
temperature and alkalinity. Similar observations were made in [5, 34] regarding immersion
temperature. The PD50 values seemed to stabilize after saturation, although the PA50 values
continued to decrease. On the time axis, a similar immersion temperature-dependent decrease
of the E-modulus, as observed for the glass transition temperature (Fig. 3.4), was noticed,
again independent of the alkalinity. However, the initial drop did not occur until after

approximately 100 days at the lowest temperature at which water absorption is much slower,
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while it started directly after immersion at the highest temperature. After 150 days, the slopes
of all curves were significantly reduced, although they retained a decreasing tendency, and
thus did not approach a plateau. The maximum E-modulus reduction at the end of the

immersion period was 20% for the lowest and 47% for the highest temperature.
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Fig. 3.5 Tensile E-modulus vs weight increase, all conditioning cases.
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Fig. 3.6 Tensile E-modulus vs immersion time, post-cured specimens.

The tensile strength responses exhibited the same behavior as the E-modulus in
relation to water uptake and immersion time, as shown in Fig. 3.7 and Fig. 3.8; again average
values and standard deviations are indicated. The dependencies on temperature and alkalinity
and the initial plateaus and decreasing tendencies were similar. The maximum strength

reduction after the immersion period was 18% at the lowest and 37% at the highest
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temperature. Both E-modulus and strength decrease were attributed to the plasticization
mechanism. Similar significant tensile property decreases during the first months of

immersion were also reported in [16, 24, 35].
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Fig. 3.7 Tensile strength vs weight increase, all conditioning cases.
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Fig. 3.8 Tensile strength vs immersion time, post-cured specimens.

Plasticization induced by the water uptake also affected the stress-strain response of
the specimens, as shown in Fig. 3.9 for the immersion in demineralized water at 13 and 50°C.
The increasing water uptake changed the response from being initially almost linear to a
significant non-linear behavior. Furthermore, E-modulus and strength decreased while failure
strain increased. Almost identical results were obtained for the alkaline water immersion.

Similar responses of epoxies under moisture conditions are shown in [9, 33, 34].
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Fig. 3.9 Stress-strain behavior at different water uptake, PD13 and PD50 specimens.

Fracture surfaces are shown in Fig. 3.10.

A ¢

3 WY e 4 & &M

Fig. 3.10 Typical fracture surfaces (13x4 mm’) of specimens: a) P21, reference; b) PD50 at Aw=3%;
¢) CD13 at Aw=1.6%, d) PD50 dried.
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The fracture surfaces of the dry reference specimens (P21) exhibited a flatter origin
zone and a much rougher whitish propagation zone, as already described in Chapter 2 [4] and
shown in Fig. 3.10 a). In the origin zone, fracture started from a small void or white dot, the
latter being interpreted as a particle. In the immersed specimens (PD50) origin and

propagation zones could no longer be clearly recognized, see Fig. 3.10 b).

3.3.3  Cold-curing specimens during immersion

(1) Curing degree, water uptake and diffusion coefficients

As mentioned above, the cold-curing reference specimens already exhibited a high
curing degree of 0.87 before immersion. Both the dry reference (C13) and immersed (CD13)
specimens continued to cure. The curing degree of both conditioning cases reached values of
0.97-0.98 after 433 days, as shown in Tab. 3.4. The specimens were thus almost fully cured
and the curing process did not seem to have been influenced by the water uptake.

No significant difference between the water uptake of the cold-curing CD13 and fully
cured PD13 specimens could be observed, see Fig. 3.2, while the PA13 uptake was slightly
higher. The cold-curing specimens exhibited lower diffusion coefficients than the fully cured
ones, all the values were very small however due to the low immersion temperature, see

Tab. 3.3.

Tab. 3.4 Curing degree and residual heat of cold-curing immersed and dry specimens (average
from two measurements)

Conditioning Time [days] AH,. [J/g] ol-]
5 38.5 0.87

Cl13
433 7.5 0.98
6 35.0 0.88
CD13 433 10.0 0.97
564 5.0 0.98

(2) Combined effect of water uptake and curing on glass transition temperature

The development of the glass transition temperature (7,) of the specimens cold-curing
at 13°C, immersed in demineralized water (CD13) and under dry conditions (C13, values
from Chapter 2 [4]) is compared in Fig. 3.11. Both 7, values increased with time while the
values for the dry specimens were approximately 5°C higher than those for the immersed
specimens. Since no obvious difference in the curing degree development of dry and

immersed specimens was noticed, this 7, difference could be attributed to the plasticization of
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the immersed specimens. Both curves remained however clearly below the curve of the
immersed fully cured PD13 specimens, which decreased significantly, although the cold-
curing specimens were almost fully cured after 400 days (0.97-0.98, see Tab. 3.4). This result
confirmed that 7, is very sensitive to the smallest changes in the curing degree when full cure
is approached, a result that was already obtained in [4, 36]. Furthermore, it is not possible to
conclude at this stage of the research, either from Fig. 3.3 or from Fig. 3.11, whether the
CD13 curve would approach the PD13 curve in the mid-term or if a gap would always remain

due to the exposure of the not yet fully cured material to humidity.

o

Glass transition temperature (°C)

0 150 300 450 600 750
Aging / Immersion (days)
Fig. 3.11 Glass transition temperature vs immersion/aging time at 13°C of cold-curing immersed/dry

and post-cured immersed specimens.

(3) Combined effect of water uptake and curing on mechanical properties

The development of the E-modulus of the cold-curing immersed (CD13) and dry
(C13, from Chapter 2 [4]) specimens is shown and compared to the post-cured wet (PD13)
specimens in Fig. 3.12. In Chapter 2 [4], the E-modulus of cold-curing dry specimens (C13)
exhibited a peak after approximately 100 days, which was attributed to physical aging, i.e. a
densification of the molecular network. This peak could not be observed for the immersed
(CD13) specimens. After a rapid increase during the first days, the E-modulus reached the
values of those of the PD13 specimens and both subsequently decreased at almost the same
rate. Since the E-modulus of the C13 dry specimens did not decrease, this decrease could
again be attributed to plasticization, which is confirmed in Fig. 3.5, where the E-modulus is

only dependent on the water uptake (above 0.5% for CD13).
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Plasticization therefore also inhibited a densification of the molecular network, i.e.
physical aging, as referred to in [8, 12]. This is confirmed by the DSC scans shown in
Fig. 3.13. After five or six days, the dry and immersed specimens showed similar curves, both
exhibiting a relaxation peak at around 50°C, indicating physical aging. After 433 days,
however, the peak disappeared in the immersed CD13 specimen, while it is still visible in the
dry C13 specimen. The immersed CD13 specimen also exhibited a slight endothermic peak
just above 100°C, which could be attributed to water evaporation and was not yet visible after

six days.
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Fig. 3.12 Tensile E-modulus vs immersion/aging time at 13°C of cold-curing immersed/dry and post-

cured immersed specimens.
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Fig. 3.13 DSC scans of immersed and dry specimens after 5-6 and 433 days.
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The development of the tensile strength of the CD13 and C13 specimens is compared
in Fig. 3.14. In the early age, strength developed at the same rate. In the later age, however,
the strength of the dry specimens continued to increase while that of the immersed specimens
started decreasing. In the early age, curing was thus the dominant mechanism in the immersed
specimens while plasticization dominated in the later age. The strength of the CD13
specimens approached that of the post-cured specimens (PD13) in the later age, as is also
shown in Fig. 3.7, since the former were almost fully cured at that time. The fracture surface
of the immersed CD13 specimens exhibited the same texture as the immersed post-cured

specimens (PD50), as shown in Fig. 3.10 c).

Strength (MPa)

20 | : i |—a—c13
i i |—o—cD13
—A—PD13
1 1

0 150 300 450 600 750
Ageing / Immersion (days)

Fig. 3.14 Tensile strength vs immersion/aging time at 13°C of cold-curing immersed/dry and post-

cured immersed specimens.

3.3.4  Post-cured specimens after drying

The weight loss of the PD50 prismatic (DMA) specimens during drying is shown in Fig. 3.15.
After drying at 50°C, the loss was slightly higher than the gain during immersion, indicating
that the specimens may not have been fully dried after the post-curing. However, leaching of
solvents or compounds not forming part of the final cross-linked epoxy structure could also
explain the additional weight loss [11]. Drying at 21°C could not completely remove the
water, although the measurements leveled off. Furthermore, drying occurred much more
rapidly than water uptake (compare Fig. 3.15 with Fig. 3.2); similar results were found in [11,
12].
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Fig. 3.15 Weight loss during drying of PD50 prismatic specimens at 21 and 50°C.

Selected values for the glass transition temperature and mechanical properties during
and after drying are listed in Tab. 3.5 and Tab. 3.6 respectively and compared to the reference
values of Tab. 3.2. The results show that all properties fully recovered after drying. The
values correspond to the water uptake values at the same weight if compared to Fig. 3.3,
Fig. 3.5 and Fig. 3.7.

The fracture surface after drying was similar to that before immersion, as shown in
Fig. 3.10 d).

Tab. 3.5 Recovery of glass transition temperature of PD50 DMA specimens after drying
T

Drying

Remaining Drying T, g
temperature . [%] of
[°C] water [%] duration [days] [°cl reference
)1 2.0 38 62.6 84
0.6 285 68.9 92
22 3 62.4 84
50
-0.2 55 79.7 107

Tab. 3.6 Recovery of mechanical properties of PD50 tensile specimens after drying

Drying Remaining Dryu.lg E-modulus  Strength E-rzlodulus Stf ength
temperature water [%] duration [MPa] [MPa] [%] of [%] of

[°C] [days] reference  reference

3.1 5 3342+217  33.0+0.2 74 76

)1 2.7 15 3499+ 103 34.0+0.8 77 79

2.0 46 3572+54  353+0.1 79 82

0.8 258 4290+200 44.2+2.7 95 102

50 0 55 4932+40 46.7+0.7 109 108
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34 Modeling and lifetime prediction

3.4.1 Arrhenius law application

The Arrhenius law was applied to predict the E-modulus and strength decrease of the
specimens immersed in the alkaline baths up to a bridge service life of 100 years. Keeping the
maximum temperature of 50°C clearly below the onset of the glass transition temperature
assured that only one degradation mechanism was activated and accelerated, which is a
precondition for the applicability of this method in its basic and simple form [37]. The
Arrhenius principle can be expressed as follows [38]:

1 E 1
log| — |=—4—.——log 4 3.3
g(kj 23.R T ¢ G-3)

where k is the rate of the property decrease, £, [J/mol] is the activation energy, R=8.314
[J/(Kmol)] is the universal gas constant, 7 [K] is the absolute temperature, and 4 is a constant.
Eq. 3.3 represents an equation for a straight line, y=mx+c, that can be fitted to the
experimental data if the Arrhenius law is obeyed, where m allows the determination of the
activation energy E 4.

Based on Eq. 3.3 and the availability of sets of data at different temperatures, 7, allows
the determination of time shift factors, ay, related to a reference temperature 7, according to

the following equation:

k E, (1 1
logar, =log| — |=——A—:| ——— 3.4
o8 Og(koj 23R {T TO] G

These time shift factors can be used to shift the experimental data from different

temperatures on the time axis to form a master curve at a selected reference temperature and
thus predict properties over a much longer time period than experimentally covered, provided
that the activation energy is the same, i.e. the slopes of the curves according to Eq. 3.3, at the

different temperatures, are the same.

3.4.2 Lifetime prediction

The E-modulus and strength retention of the PA specimens (post-cured and immersed in
alkaline water), i.e. the measured values normalized by the not-immersed average reference

values according to Tab. 3.2, at the measured times and at the three different temperatures, are
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shown in Fig. 3.16 and Fig. 3.17 respectively. Setting the time axes on a logarithmic scale
allowed the fitting of the data by straight lines, which are almost parallel; the correlation

coefficients are higher than 0.9 for strength and approximately 0.8 for the E-modulus.
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Fig. 3.16 Retention of E-Modulus vs logarithm of immersion time of PA specimens at three immersion

temperatures.
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Fig. 3.17 Retention of strength vs logarithm of immersion time of PA specimens at three immersion

temperatures.

The results shown in Fig. 3.16 and Fig. 3.17 indicated that the Arrhenius process is
applicable and were converted into the Arrhenius plot according to Eq. 3.3, i.e. time vs
reciprocal of temperature, see Fig. 3.18. The time in days has been plotted on a logarithmic

scale. The resulting fitted straight lines were again almost parallel and the activation energy,
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obtained from their slope, was E4 =15.4 £+ 0.7 kJ/mol, for the E-modulus, and £, =11.0 £ 0.3
kJ/mol, for the strength.

1084 O 90% O 70% A 50% < 30% E-modulus
9% ® 70% A 50% @ 30% Strength

Time (days)

" . .
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
1T (1/K)

Fig. 3.18 Arrhenius plots of time vs inverse of absolute temperature, at different tensile strength and

E-modulus retention.

Knowing the activation energies then allowed the determination of the time shift
factors according to Eq. 3.4 for selected reference temperatures, e.g. 10°C and 20°C, as shown
in Tab. 3.7. The experimental data shown in Fig. 3.16 and Fig. 3.17 was then multiplied by
these shift factors and again straight lines were fitted to the shifted data to obtain the master
curves at the two reference temperatures for E-modulus and strength, as shown in Fig. 3.19.

The predictions in Fig. 3.19 show that the percentage of E-modulus and strength
retention at a certain time is very similar. Retention at a lower temperature is higher and the
main degradation occurs in the early age. After a bridge service life of 100 years, E-modulus
and strength retentions are 72% and 70% at a 10°C reference temperature and 62% and 64%
at 20°C. Since no significant differences between the results of immersion in demineralized
and alkaline water could be observed, it can be assumed that these values are also valid for
demineralized water. It should however be underlined that these values are based on fully
immersed and saturated specimens. Adhesives exposed to a less harsh environment, i.e. not to

stagnant water, are expected to retain higher E-modulus and strength values.
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Tab. 3.7 Time shift factors at reference temperatures 10 and 20°C

Experimental o 10oc [-] o200 [-]
Temp. [°C] E-modulus Strength E-modulus Strength
13 1.8 1.5 0.3 0.4
30 36.3 12.8 5.7 34
50 846.0 120.0 132.0 32.1
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Fig. 3.19 Predicted tensile strength and E-modulus retention vs time at reference temperatures 10°C

and 20°C.

3.5 Conclusions

The effects of aging in a wet bridge environment on the physical and mechanical properties of
a cold-curing structural epoxy adhesive were investigated. Since the study in Chapter 2
showed that the cold-curing adhesive was almost fully cured after one year in a dry bridge
environment, cold-curing and fully cured materials were investigated. The use of the latter
allowed the implementation of the Arrhenius law. Furthermore, the effects of drying and
alkalinity of the pore water solution in concrete-adhesive bridge joints on the physical and
mechanical properties was evaluated. The following conclusions were drawn:

1) A significant decrease of the glass transition temperature, tensile E-modulus and
tensile strength of the fully cured adhesive was observed during the two years of
immersion at different temperatures. This decrease could be attributed to
plasticization.

2) The decrease of the glass transition temperature leveled off after approximately one
year and a reduction of 23% (from approximately 75°C to 58°C). The E-modulus and

strength, however, continued to decrease. Predictions based on the Arrhenius law
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indicated a retention of at least 70% of E-modulus and strength at a 10°C reference
temperature, after a 100-year bridge service life. These retentions, however, were
obtained under full immersion and may thus be higher in real cases where only a
defect in the sealing of an adhesive joint occurs.

3) Plasticization changed the stress-strain behavior from almost linear under dry
conditions to highly nonlinear at full saturation.

4) Full recovery of glass transition temperature, E-modulus and strength was obtained
after drying the immersed and fully saturated material.

5) The immersion in alkaline water of pH 13.0 resulted in reductions of physical and
mechanical properties similar to those obtained after immersion in demineralized
water. The alkalinity thus did not have a detrimental effect.

6) Concurring mechanisms were effective in the immersed cold-curing, not yet fully
cured material, i.e. continuation of curing and plasticization. The former was dominant
in the early age and led to an increase of the glass transition temperature, E-modulus
and strength. The latter decelerated the increase of the glass transition temperature and
led to a decrease of the E-modulus and strength in the later age. Both approached the
values of those of the fully cured material, the E-modulus very rapidly, after less than
one month, and the strength much later, after 20 months.

7) DSC residual heat measurements did not show any difference in the curing
progression between dry and wet materials.

8) In contrast to a cold-curing dry material, no effects of physical aging, i.e. densification

of the molecular network, could be observed in the cold-curing immersed material.
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4 Fatigue performance

Reference detail: M. Savvilotidou, T. Keller, A. P. Vassilopoulos, Fatigue performance of a
cold-curing structural epoxy adhesive subjected to moist environments, Int. J. Fatigue 103
(2017) 405-414.

4.1 Overview

Structural adhesives have been used in bridge construction since the 1960s [1, 2], but mainly
for strengthening or upgrading purposes [3, 4]. Only lately have such materials been used for
bonding critical structural components in bridge applications, such as the bonding of a glass
fiber-reinforced polymer (GFRP) bridge deck onto steel girders presented in [5]. In contrast to
mechanical connections, adhesives used in these applications allow the easy and rapid joining
of different materials, without disturbing their integrity by drilling holes for bolted
connections for example.

Due to the often large bonding surfaces and in most cases outdoor applications, cold-
curing adhesives are employed for such joints. Bond lines of this type have to sustain millions
of fatigue cycles [6], which however are of low cyclic stress level [7, 8], during their
operational lifetime. Normally, such joints in bridge construction are sealed to prevent
exposure to humidity and UV radiation. Nevertheless, in view of the long service life of
bridges, up to 100 years, damage to the sealing cannot be excluded, and the adhesive may
thus be exposed to moisture or even stagnant water during several decades [9].

The fatigue performance (with or without the presence of environmental effects) of
adhesives has usually been examined through the investigation of the performance of
adhesively-bonded joints, probably due to the fact that in aerospace applications thin adhesive
layers are used and their behavior is always investigated in relation to the adjacent adherends.

Experiments on joints provide more consistent results than those on bulk adhesives. Thus,
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adhesively bonded joints are usually preferred, even when the adhesive behavior is of interest.
However, the analysis of the results in terms of fatigue resistance may be complicated by the
complex stress state developed in joint testing configurations [10].

When moisture is present, adhesive behavior is decisive for overall joint performance,
since adhesives are the joint components more susceptible to water effects. Aggressive
environments can adversely influence the bond strength; water molecules diffuse into
adhesively-bonded joints and degrade both the interface and the adhesive itself [11-12], thus
influencing the structural performance of the joints, especially when exposed to water
environments over long periods [13-15]. Water effects on the adhesive’s mechanical
properties are diffusion-dependent and can be correlated to the extent of plasticization, as
discussed in [9, 13, 16-18].

In civil engineering, as well as in wind energy, cold-curing adhesives are often used
and thicker adhesive layers than those used in the aerospace industry are employed. Important
characteristics of the bond lines found in these applications are large adhesive thicknesses and
volumes, and multiaxial (fatigue) loading conditions. For example, the thickness of the bond
lines in 70-m wind turbine blades can attain 30 mm [19], while that of the bond line between
the sandwich bridge deck and the steel girders of a 12-m-long vehicular bridge can reach
8 mm [5]. In such cases, the fatigue behavior of the bulk adhesives, excluding the effects of
any adherends, needs to be investigated in order to obtain valuable date for an appropriate
structural design.

There is a scarcity of experimental data concerning the fatigue performance of bulk
structural adhesives related to any engineering domain. As mentioned above, numerous
studies exist on the fatigue behavior of adhesively-bonded joints with or without temperature
and water effects. Less information exists regarding the investigation of the fatigue behavior
of bulk adhesives [20-24], while very little exists on the fatigue behavior of bulk structural
adhesives subjected to wet conditions [25].

Previous results show that the fatigue behavior of bulk adhesive specimens and neat
resin specimens can be modeled by typical S-N equations, such as the exponential Basquin
relationship [24]. S-N curves of neat epoxy specimens exhibit similar slopes to those of S-N
curves of unidirectional glass fiber epoxy composite laminates, indicating that the fatigue
behavior of the matrix is decisive for the behavior of unidirectional composite laminates.

Stress strain loops can be monitored during fatigue life to provide information about

material stiffness fluctuations (usually derived from the slope of the loops), as well as
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the hysteretic fatigue behavior of the examined material, linked to structural changes, the
development of cyclic creep, and self-heating (hysteretic heating) during fatigue loading [20,
22,26-28].

During fatigue cycles, the material temperature increases due to self-heating. When
the frequency is sufficiently low, and other conditions are fulfilled, e.g., thin specimens,
cooled testing space, low damage accumulation, etc., the energy resulting from self-heating is
usually released to the environment, causing no damage to the material’s structural integrity.
However, under certain conditions, self-heating can have detrimental effects on the material’s
lifetime [25]. Epoxy resins are sensitive to hysteretic heating effects as from the early life,
while polyester seems more resistant to such effects up until the late stages, close to failure
[25].

Cyclic creep strain is progressively accumulated under stress-controlled cyclic loading
of polymer composites [26, 29-30], as well as of epoxy polymers [22, 31]. This strain is of a
viscoelastic nature, as can be confirmed by its complete recovery after load removal [31]. The
amount of the accumulated strain depends on the applied cyclic mean stress [22]; the former
is diminished under inversed fatigue loading, R=0min/Omax=-1, While it becomes significant for
tension-tension (0<R<1) and compression-compression (1<R<co) fatigue loadings [29].

An estimation of the material fatigue stiffness can be obtained by fitting the cyclic
stress-strain data over each cycle [26]. This process allows the estimation of the secant
stiffness variations during fatigue life. The fluctuations of this property over the material’s
lifetime have been intensively investigated for composite laminates, and adhesively-bonded
joints, as a function of different parameters, such as the laminate stacking sequence, loading
patterns, as well as a function of temperature and humidity. Nevertheless, there is no
information on the fatigue stiffness variations, self-induced temperature and damage area
development during the fatigue life of bulk epoxy adhesives for bridge applications, neither
wet, nor subjected to water environments.

The above comprehensive literature review shows that, although there is a limited
number of reports on the durability of resins and adhesives, there is no study investigating the
fatigue performance of cold-curing structural adhesives for civil engineering applications,
especially when they are subjected to wet environmental conditions.

This work investigates the fatigue behavior of a cold-curing epoxy structural adhesive,
subjected to aggressive environments encountered in typical bridge applications. A wide

range of cyclic loads is applied to the specimens in order to cover all regions of fatigue life,
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from the low-cycle fatigue to the operational lifetime of up to 10’ cycles, within the
serviceability load ranges of a bridge. Dry, saturated wet, and dried specimens are examined
to investigate the water effects on their long-term behavior. The effects of water content on
fatigue life, the fatigue damage accumulation, and the fatigue stiffness are described and
thoroughly discussed. Specimens’ failure surfaces are presented in order to relate observed

failure mechanisms to water and fatigue loading effects.
4.2 Experimental procedures

4.2.1 Material and specimen preparation

A commercial cold-curing epoxy adhesive (Sikadur-330, supplied by SIKA Schweiz AG),
commonly used in structural civil engineering applications, was selected for this study.
Typical applications of this adhesive include the bonding of carbon fiber-reinforced polymer
plates or the impregnation of fabrics to strengthen existing structures.

The adhesive was produced under laboratory conditions (7=21+3°C and RH=40+10%)
with 4:1 resin to hardener mixing ratio, and then was poured into aluminum molds to produce
specimens with the dimensions shown in Fig. 4.1, according to ASTM D638-14 [31].
According to the supplier data sheet, the viscosity of the product is approximately 6000 mPa-s
at 23 °C. To represent adhesive applications under on-site bridge conditions, no vacuum was

applied to remove entrapped air.

R=76 mm

| | Jropm |

13 mg 4 mm— —

Fig. 4.1 Bulk specimen geometry.

The molds were left under laboratory conditions for seven days to allow the specimens
to cure. All specimens were then post-cured at 60°C for three days in a climatic chamber with
a precision of 0.5°C. After this post-curing process, the 7,, defined at the peak of the loss
modulus vs temperature curve obtained by DMA, was estimated at approximately 75°C in

Chapter 3 [9]. The mechanical properties of these specimens correspond to properties
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obtained for the same adhesive if naturally aged for nine months at ambient temperature on a

bridge as shown by the investigations in Chapter 2 [32].

4.2.2  Preconditioning

A first set of specimens (DRY) was used for the derivation of the reference quasi-static and
fatigue data (designated as P21 in Tab. 2.1). Fatigue data for this set were collected after the
aforementioned post-curing treatment over a period of nine months after the post-curing.
During this time, the specimens were stored under laboratory conditions, and as previously
proved in Chapter 2 [32] their quasi-static properties were not significantly affected by such
time periods.

The second set (WET) comprises the wet specimens, those that, immediately after
post-curing, were placed in a bath of demineralized water at 50°C (designated as PD50 in
Tab. 3.1). The temperature of the bath was 50°C to accelerate the diffusion process, but
remained below the transition onset in storage modulus measured by DMA during the
investigations of Chapter 3 (at approximately 65°C) to avoid activating additional degradation
mechanisms [9]. The specimens were left in the bath until saturation according to ASTM
D570-98 [33]. In that case, saturation was achieved after approximately one year when the
weight increase caused by the water uptake was 3.5-3.65%. According to Chapter 3 [9], the
saturated state reached after immersion at 50°C for a sufficient period of time, causes similar
mechanical property deterioration to that occurring after approximately 100 years under
ambient immersion conditions at 10°C. Such saturated conditions simulate very aggressive
water exposures that can rarely occur in reality in the case of sealed adhesive joints; therefore,
the obtained results should be considered as conservative material data. The wet specimens
were subjected to fatigue loading immediately after being removed from the bath. During
loading up to 2 million cycles, corresponding to a period of less than four days outside the
bath, only limited weight loss, in the range of 0.3%, occurred, as illustrated in Chapter 3 [9].

The third set (DRIED) comprises the saturated specimens removed from the bath and
left to dry under laboratory conditions for approximately eight months before loading. After
this time, specimens had approached a plateau in the weight loss vs drying time curve and
retained a percentage of water in their mass in the range of 0.75 to 0.90%. By drying the
specimens, the cycles of meteorological seasons have been taken into consideration i.e. when

wet periods, causing increase in the adhesive weight are followed by warm and dry seasons
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that enhance the evaporation of water and solvents, decreasing the adhesive’s weight. The
drying can also correspond to adhesive condition after repair of adhesive sealing damage.
The preconditioning program is summarized in Tab. 4.1, while the absorption/

desorption curves for the adhesive are presented in Fig. 4.2.

Tab. 4.1 Description of preconditioning program

Temperature [°C]

Drying [d
Specimen type Immersion medium Humidity [%] ryl.ng [ ay.s]
. . after immersion
Days of immersion
21+3
DRY None RH=40+10 0
0
50+1.5
Demineralized water,
WET H~7.0 Immersed 0
PEAT 342-433
Demi lized wat 21+3
emineralized water
DRIED e RH=40+10 231-288
PR~ 437
4 T T
o
' : [ ]
: - f' " ‘
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Fig. 4.2 Absorption/desorption curves of specimens.

The specimens were named according to the gravimetric condition and the loading
they would undergo. For example, specimen DRY_F 01 is the first (01) dry specimen (DRY)
subjected to fatigue loading (F). WET ST 01 is the first (01) wet specimen (WET) subjected
to quasi-static (ST) loads, while WET R 01 is the first (01) run-out (R) wet specimen (WET)

characterized by a residual strength. DRIED F 01 is the first (01) dried specimen (DRIED)
subjected to fatigue (F) loading etc.
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4.2.3 Experimental set-up and instrumentation

(1) Quasi-static experiments

Quasi-static tensile experiments were performed according to ASTM D638-14 [31],
using an MTS Landmark servo-hydraulic loading machine, calibrated to a load capacity of
5 kN with £0.5% of applied force accuracy. All experiments were conducted under laboratory
conditions (7=21+3°C and RH=40+10%). A constant displacement rate of 3.5 mm/min was
applied to the dog-bone-shaped specimens. An MTS clip-on extensometer with a gage length
of 25+0.05 mm and an accuracy of +0.5% of the calculated strain was used for measuring the
longitudinal strain. Nominal strength, i.e. based on the initial cross section of each specimen,
was considered. The tensile elastic modulus was calculated as the slope of the stress-strain
curve in the initial linear part, between 0.05% and 0.15% strain. At least three specimens were
considered for the mechanical characterization in each condition. Specimens that presented
tab failure were not taken into account in the analysis. Residual strength was also measured

for those specimens that had not failed after the fatigue experiments.

(2) Fatigue experiments

Fatigue experiments were conducted under laboratory conditions using the same
servo-hydraulic MTS 810 testing rig. All experiments were carried out in accordance with
ASTM D7791-12 [34] under load control, with a stress ratio, R=6in/0ma=0.1, with sinusoidal
waveform. This tension-tension loading profile was selected to avoid specimen buckling and
be comparable to results from fatigue surveys concerning other materials, mainly tested with
R=0.1. The frequency was kept at 5 Hz for all experiments except in some cases at low stress
levels where 15 Hz was used to save time. The frequency was chosen based on preliminary
investigations to reduce loading time without the risk of hysteretic heating that might affect
results. Temperature was recorded for selected specimens with an infrared-thermal camera
(thermoIMAGER TIM) with 0.1°C resolution to confirm that no temperature rise was caused
by the frequency used. This camera calculates the surface temperature based on the emitted
infrared energy of objects and provides thermographic images that describe temperature
variations along the specimen surface.

Once the specimens were placed in the grips, the load was raised to the maximum of
the cyclic load, and the fatigue experiment started. All specimens were loaded until ultimate
failure, while a postmortem failure surface analysis was performed to monitor the failure

surfaces. Four to five stress levels were chosen for each set of specimens to obtain fatigue
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results ranging in all regions between 10> and 107 fatigue cycles. Specimens that sustained
more than 2x10° fatigue cycles were considered as run-outs; in such cases, the fatigue
experiment was interrupted, at random cycles, and a quasi-static loading was performed to
estimate the remaining strength.

The machine’s displacement, load, and number of cycles were recorded.
Approximately twenty load and displacement measurements were recorded per cycle to
estimate the strain fluctuations and hysteresis loops throughout the fatigue life of all the
examined specimens. In parallel, a video extensometer (a camera Point Grey - Grasshopper3
with a resolution of 2.2 Mpixels and a Fujinon HF35SA-1 35mm F/1.4 lens) with a frequency
of acquisition of 162 images/sec, within a gage length of 50 mm, was used for the acquisition
of additional strain measurements. The cyclic strain derived by dividing the machine’s
displacement by the initial between-grip length of each specimen was then compared to the
strain measured by the video extensometer. The comparison showed no significant difference
between the machine’s displacement and the video extensometer measurements. The
comparison showed no significant difference between the machine’s displacement and the
video extensometer measurements, proving that there was no slip in the grips, and therefore

the machine displacements are used in the following.

(3) Failure surface monitoring

Images of the fracture surfaces of the tensile specimens were captured using a digital
handheld microscope Dino-Lite AD7013MZT. This microscope is equipped with a 5-
megapixel sensor with an adjustable polarizer on an aluminum alloy body with an
interchangeable nozzle feature. It provides up to 240x magnification and a resolution of

2592x1944 pixels.
4.3 Experimental results and discussion

4.3.1 Quasi-static behavior

Quasi-static experiments were performed on all types of specimens to monitor their response.
All quasi-static and residual strength results are summarized in Tab. 4.2, while selected cases
are presented in Fig. 4.3 for comparison.

No particular differences in the stress-strain behaviors of the dry specimens aged for

different time spans were noticed, this being in agreement with results shown in Chapter 2 [32]. A
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representative curve is thus only shown in Fig. 4.3 for the dry specimens. The wet specimens
showed significantly reduced strength and E-modulus values, as well as much higher strain to
failure, due to plasticization caused by the water uptake as already illustrated in Chapter 3 [9].
However, the plasticization effect seems to be reversible as can also be concluded by
observation of the stress-strain behavior for the dried specimens shown in Fig. 4.3; strength
and E-modulus are almost completely recovered while the differences between the dried and
the dry specimen responses can be attributed to the amount of water retained after the drying

process.

Tab. 4.2 Summary of quasi-static and residual strength results

Storage Strain

. E- Reco-
Specimen ID time Strength modulus .to Omax N very
[months [MPa] [MPa fal‘!ure [MPa] [days]
] [%]
DRY_R 01 3-6 44 .47 4949 1.11 15.29 2031817 0
DRY_R 02 1-3 27.57 4553 0.64 9.60 3421240
DRY_R 03 1-3 33.49 4903 0.74 11.60 11967962
DRY R 04 3-6 45.68 4764 1.17 11.41 4215118 17
WET R 01 - 33.12 3132 2.01 9.55 2158242
DRIED R 01 - 44.18 4541 1.83 11.82 2120000 0
DRY ST 01 1-3 40.69 5106 0.94 - - -
DRY ST 02 1-3 47.08 5142 1.14 - - -
DRY ST 03 1-3 39.74 5121 0.93 - - -
DRY ST 04 1-3 28.61 4601 0.67 - - -
DRY_ST 05 1-3 39.00 4759 0.95 - - -
DRY_ST 06 1-3 53.16 4695 1.53 - - -
DRY_ST 07 1-3 47.15 4875 1.23 - - -
DRY_ST 08 3-6 48.88 5441 1.19 - - -
DRY_ST 09 3-6 54.04 4913 1.52 - - -
DRY ST 10 3-6 36.67 4722 0.87 - - -
DRY ST 11 3-6 48.17 5061 1.24 - - -
DRY ST 12 6-9 29.84 4895 0.77 - - -
DRY ST 13 6-9 30.29 4386 0.76 - - -
DRY ST 14 6-9 37.46 4520 1.07 - - -
DRY ST 15 6-9 31.97 5310 0.76 - - -
WET_ ST 01 - 28.79 2905 3.09 - - -
WET_ ST 02 - 30.43 3015 4.64 - - -
WET_ ST 03 - 29.91 3056 3.94 - - -
DRIED_ST 01 - 45.39 4207 1.95 - - -
DRIED_ST 02 - 46.11 4145 2.28 - - -
DRIED_ ST 03 - 41.21 4518 1.27 - - -
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Fig. 4.3 Typical quasi-static stress strain behavior of dry, wet, and dried specimens.

4.3.2  Fatigue behavior

(1) Fatigue life

The surface temperature variations were recorded during a preliminary phase to ensure
that no significant temperature rises were caused by the fatigue loading. As shown in Fig. 4.4,
where typical surface temperature measurements are presented, only a limited temperature
increase, ~1°C, can be observed up to the lifetime of 1,077,000 cycles of a specimen loaded
with 6,mx=15.85 MPa at 15 Hz. As shown in Fig. 4.4 a), the temperature of the specimen is
evenly distributed on its surface, while Fig. 4.4 b) shows that the temperature fluctuations are

mainly due to environmental temperature variations and not internal heating caused by the
fatigue loading itself.
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Fig. 4.4 a) Thermal camera measurements, b) Temperature evolution with fatigue life.
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The experimental fatigue results are compared in Fig. 4.5 and are summarized in
Tab. 4.3 for all the examined specimens. Run out specimens are also presented in Fig. 4.5
with triangles. The stress-life fatigue behavior of the dry specimens is typical of that of
adhesives and adhesively-bonded joints [11, 23]. Nevertheless, the dry specimens show a very
brittle behavior, exhibiting higher scatter than what is usually exhibited by polymers and
polymer composites, i.e. similar to or higher than a fraction of a log increment [35]. The water
absorbed by the wet specimens disrupts the interchange bonds, causing material plasticization
and therefore the wet specimens show inferior fatigue behavior to the dry ones. The material
softening due to plasticization, however, reduces the stress concentrations allowing the wet
specimens to exhibit more consistent behavior. The results show that the fatigue life of

saturated specimens is affected more significantly in areas of low stresses.

This behavior is reversible. Interchange bonds are reformed after water removal, and
as described in [36] additional secondary cross-linking resulting from water-resin interaction
can occur after long immersion periods, as was the case for the dried specimens.
Nevertheless, the presence of a small amount of remaining water (ca. 1% in the case of the
dried specimens), helps in retaining the stress concentrations reduction caused by the previous
water uptake, and therefore the dried specimens also present consistent fatigue results. These
arguments explain why the dried specimens not only show more consistent behavior, but also

exhibit longer fatigue lives at all stress levels than the dry ones.

60

Model Run-out

(MPa)
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Fig. 4.5 Fatigue behavior and modeling of all specimens.
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Tab. 4.3 Summary of experimental fatigue results for all specimens

Dry Wet Dried

Specimen ID [:/['“];";] N Spe]c]i)men [:/[“i';‘;] N Specimen ID [;/l"i‘)‘;] N
DRY_F 01 29.67 25 WET_F 01  27.86 243 DRIED_F 01 29.56 80
DRY_F 02 28.96 1 WET_F 02  27.68 244 DRIED_F_02 27.74 2132
DRY_F 03 28.90 40 WET_F 03  29.21 147 DRIED_F 03 28.92 1349
DRY_F_04 23.47 3745 WET_F 04 22.67 981 DRIED_F 04 23.31 6600
DRY_F_05 23.31 2220 WET _F 05 2321 1001 DRIED_F_05 22.48 6134
DRY_F 06 23.19 13 WET _F 06 23.14 699 DRIED_F_06 22.82 41135
DRY_F 07 23.38 294 WET _F 07 18.88 4945 DRIED_F_07 19.21 224485
DRY_F 08 22.79 3773 WET _F 08 19.02 11085 DRIED_F 08 19.18 88086
DRY_F 09 19.33 4076 WET _F 09 19.57 5730 DRIED_F_09 18.94 50678
DRY F 10 1925 37361 WET F 10 19.06 1157 DRIED F 10  15.17 44696
DRY F 11 1935 780  WET F 11 1515 4791  DRIED F 11 15.27 139440
DRY_F 12 19.90 50659  WET _F_ 12 1546 41831 DRIED_F 12 15.50 550347
DRY_F_13 15.76 945 WET _F 13 1520 42453  DRIED_F_13 15.24 1104064
DRY_F_14 15.77 13937 WET _F_ 14 1585 37816 DRIED_F 14 15.60 2765615
DRY F 15 15.14 84412  WET _F_15 1127 264767

DRY F 16 16.01 128622  WET _F_ 16  9.43 160061

DRY_F 17 14.64 4725 WET _F 17  9.25 674069

DRY_F 18 1445 1022327 WET _F_ 18 9.52 730606

DRY F 19 1241 48102  WET _F_ 19  9.68 971300

DRY F 20 11.82 20398

DRY F 21 28.26 2130

DRY_F 22 28.92 3816

DRY_F 23 28.92 753

DRY F 24 29.00 1019

DRY_F 25 23.49 711

DRY_F 26 17.46 26710

DRY_F 27 16.52 25799

DRY_F 28* 1582 629530

DRY_F 29* 16.09 1163468

DRY_F 30 15.40 30239

DRY_F 31 19.64 15784

DRY_F 32 19.70 1689

DRY_F 33 19.90 12816

DRY F 34 20.13 5357

DRY F 35 15.46 132377

DRY_F 36 16.03 3121

DRY_F 37 15.48 42603

DRY_F 38 15.40 2042

DRY _F 39 11.90 1101914

DRY _F 40 11.55 130709

DRY_F 41 11.68 1319389
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Residual strength was obtained for specimens that did not fail after the application of
more than 2x10° cycles. As shown in Fig. 4.3 and in detail for all specimens in Tab. 4.2, the
residual strength, E-modulus, and strain at failure of dry specimens after severe fatigue
loading (run-outs between 2-12 million cycles) are, on average, only 7.5%, 2.3% and 11.8%
respectively lower than the corresponding quasi-static values.

Different models exist for the simulation of the fatigue life of composite materials,
adhesives and joints, see [37] for instance for a description of those most commonly used. In
this case the wear-out method proposed by Sendecky;j [38, 39] was used in order to allow the
implementation of the quasi-static, as well as the residual strength data obtained by run-out
specimens, in the statistical analysis. The wear-out model assumes that the stronger specimen
in fatigue should also be the stronger one under quasi-static loads and that therefore a
relationship exists between the equivalent static strengths and cyclic stresses and number of
cycles to failure. This relationship can be expressed mathematically by the following

deterministic equation, Eq. 4.1:

o, = Umax (O-V/O-max )E +(n_1>c (4.1)

where o, is the equivalent static strength, oy,ax denotes the maximum cyclic stress level, g, is
the residual static strength, »n is the number of loading cycles and S and C are the fatigue
model parameters to be determined.

The initial values of S and C should be selected based on available fatigue data with S
being the slope of the S-N curve and C a constant defining the shape of the S-N curve for a
low-cycle fatigue region. By using the selected S and C values, all data is converted into
equivalent static strengths, o, using Eq. 4.1. A Weibull distribution is then fitted to the

equivalent static strength data by using maximum likelihood estimators:
(!f

O—G

[ g ]

This process is performed iteratively for different values of S and C, until the

P(0,)=exp 42)

maximum value of the shape parameter, oy, is obtained [38]. Using the selected/estimated set
of parameters S, C, B, oy, the fatigue curve can be plotted for any desired reliability level P(N)
(including 50%, which represents the mean value of the experimental data) by using the

following equation:

71



Chapter 4

1

o =0 —LnP(N)a/h(N— A)c]” 4.3)

with A=-(1-C)/C.

As shown in Fig. 4.5 the behavior of all sets of specimens can be adequately simulated
by power law S-N curve equations. The upper lines correspond to the median, while the lower
lines correspond to 95% reliability curves. The CCfatigue software [40] was used for the S-N
curve analysis and estimation of the parameters tabulated in Tab. 4.4, together with the

average ultimate tensile stress (UTS) of each set.

Tab. 4.4 Estimated statistical parameters for examined fatigue data and average static

strengths
Parameter DRY WET DRIED
of 5.61 12.35 13.32
B [MPa] 44.15 32.61 44.73
S 0.079 0.117 0.080
C 1.495 0.018 0.310
UTS [MPa] 40.918.5 29.7£0.8 442427

Irrespective of the gravimetric condition of the adhesive, typical slopes of the S-N
curves, similar to those exhibited by other adhesives, [24, 28], composite laminates and
adhesively-bonded joints [37] were estimated. The S-N curve corresponding to the wet
specimens exhibits a higher slope than the S-N curve derived for both the other sets; the wet
specimens are more susceptible to failure when loaded at low cyclic stresses for longer times.
All derived S-N curves indicate that the cyclic stress that all material sets can sustain for ca.

10 million cycles (typical for a bridge lifetime) is above 5 MPa.

(2) Stress-strain loops, stiffness degradation and dissipated energy

For materials with a purely elastic behavior, the elastic energy per loading cycle is
equal to the total energy and no dissipation energy is measured. However, for the majority of
materials, energy is dissipated at each load cycle, either due to additional structural changes
(viscoelastic deformation and damage growth), or due to hysteretic heating. Typical
definitions regarding the hysteresis area and relevant measurements are shown in the
schematic diagram in Fig. 4.6.

During a load-controlled fatigue experiment, the hysteresis loops can shift during

fatigue loading, indicating the presence of creep, and the evolution of the average strain per
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cycle can be monitored to describe the creep behavior [26, 41, 42]. Stiffness changes may also
be recorded by estimating the slope of the loops showing stiffening, e.g. due to fiber
alignment in FRP materials, or degradation of stiffness due to damage evolution. The internal
energy dissipation can be investigated by monitoring the area of each stress-strain loop [42-
44].

According to these definitions, the mechanical response of the examined material can
be characterized by measuring several parameters of the hysteresis loops. The examined

adhesives exhibited all the aforementioned behaviors.
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Fig. 4.6 Schematic representation of stress-strain loops.

Hysteresis loops were recorded for all examined specimens in order to obtain the
cyclic strain fluctuations and calculate the dissipated energy, and the adhesive damping
capacity as a function of stress level and gravimetric conditions. The fatigue stiffness for all
specimens was calculated during the lifetime as the slope of each stress-strain loop by linear
regression. Experimental results of selected specimens will be presented in the following due
to space limitations. The discussion and conclusions however are representative of the
exhibited behavior, since other specimens behaved in a consistent way.

Typical hysteresis loops for all three sets of specimens, under low and high cyclic
stresses are presented in Fig. 4.7-Fig. 4.8 respectively. For all specimen sets, the cyclic stress-
cyclic strain loops show little hysteresis, and are linear, even in cases where the applied loads
exceed the linear behavior of the material (see e.g. Fig. 4.8 b)). The wet specimens have larger

hysteresis areas than the dry and dried ones; this difference becomes more apparent at higher
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stress levels as shown in Fig. 4.8 and even more so in Fig. 4.9 where it can also be observed

that the hysteresis area does not seem to exhibit measureable increases with fatigue cycles.
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Fig. 4.9 Dissipated energy during fatigue life for a) low, b) moderate and c) high stress levels.

The creep strain, i.e., the average cyclic strain, &ayerage, With cycles, increases for all
specimens, but at different rates as shown in Fig. 4.10.

The wet specimens start creeping from higher strain values since they are less stiff
than the dry and dried ones, in agreement with the quasi-static behavior presented in previous
sections. The drifting of the hysteresis loops is more evident for the wet specimens, while it is
minimal for the other two sets as shown in Fig. 4.10. The rate decreases with the increasing
number of cycles and an asymptotic value of the creep strain is reached for the dry and dried
specimens, while an increasing trend is observed at moderate and high stress levels for the
wet specimens, as also reported in [27, 41].

However, this phenomenon is reversible; when the cyclic loads are removed, the
specimen is able to attain the same tensile (residual) strength in the range of the quasi-static
strength. The same behavior, proving the viscoelastic nature of the creep strain, has been
noted in other publications [27, 41, 43] where it was observed that the creep strain, attributed
to plasticization, could be fully recovered after load removal [27]. The plasticization
phenomena are often related to an increase of the free volume of the polymer, and to the
destruction of intramolecular hydrogen bonds, enhancing the molecular mobility and

subsequently increasing the creep [9, 16].
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Fig. 4.10 Creep strain during fatigue life for a) low, b) moderate and c) high stress levels.

The wet specimens show significantly higher strains at failure (calculated as the sum
(emintAecyeiic) of the last cycle) after the fatigue loading, see Fig. 4.11, in agreement with the
comparison of strains to failure under quasi-static loading also shown in Tab. 4.2. The dried

and dry specimens exhibit the same strain to failure for the same cyclic stress level, although
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Fig. 4.11 Strains at failure during fatigue life at different cyclic stress levels.
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their quasi-static values differ. However, the total strains reached at failure due to fatigue
loading remain well below the strains to failure under quasi-static loading, and are dependent
on the stress level. This fact does not allow the derivation of a common critical cyclic failure
strain level for each set.

The narrow range of the cyclic strain fluctuation reflects the limited fatigue stiffness
fluctuations during fatigue life for all cases, as shown in Fig. 4.12, where normalized stiffness
values regarding the stiffness of the first cycle are plotted against normalized fatigue life for
low, moderate, and high cyclic stress levels. It can be observed in Fig. 4.12 that only the

stiffness of the wet specimens is sensitive to the applied load level.
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Fig. 4.12 Stiffness fluctuation during fatigue life for a) low, b) moderate and c) high cyclic stress

levels.

A slight increase in stiffness, and a corresponding decrease in cyclic strains, was
observed in some of the examined cases, especially under low and moderate cyclic stresses
for the wet specimens, while stiffness degradation is observed at higher cyclic stress levels for
the wet specimens. This is a peculiar observation, showing a material stiffening during
loading. Nevertheless, this has also been reported by other researchers for different materials

[26, 45], and attributed either to experimental artifacts that can cause strain hardening [26] or
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micromechanical phenomena, e.g., wear that can cause flaw blunting and ameliorate the stress
concentrations [45]. For fiber-reinforced composites, an initial decrease of the hysteresis area
and increase of the fatigue stiffness [41, 44] can be attributed to fiber reorientation during
loading, especially at low stress ratios. Nevertheless, no such observation regarding the
fatigue behavior of bulk specimens of cold-curing structural adhesives has been reported in

the literature.

(3) Failure surfaces

Fracture surfaces of all sets of specimens show a brittle failure initiated by some kind
of flaw near the edge of or inside the materials, in agreement with those reported in Chapters
2 and 3 for the failure surfaces for the same material examined under quasi-static loading [9,
32]. Typical fractographic photos are presented in Fig. 4.13-Fig. 4.14 for low-moderate and

high cyclic stress levels respectively.

origin zone
- ,. \".'k'}". x

s e LR i

Fig. 4.13 Typical failure surfaces (13x4 mm’) at low-moderate cyclic stresses: a) DRY F 41 b)

WET F 13; c¢) DRIED F 10.

For all examined cases, two regions can be recognized; one shown by a light grey or
white color and the other by a darker color but with some light scattering at high stresses due
to the material’s layered texture. The light or white color area is the damage origin region, and
is located close to flaws in the material and at the edges, at potential locations of stress
concentrations [46]. Striations [25] were not observed in this area, but this can be due to the

limited magnification capacity of the microscope used. The darker area corresponds to the
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unstable crack propagation area, the one that develops rapidly when the specimen, due to
fatigue damage, no longer possesses an adequate cross section area to sustain the applied

loads and breaks.

Fig. 4.14 Typical failure surfaces (13x4 mm’) at high cyclic stresses: a) DRY F 23; b) WET F 0; c)
DRIED F 06.

A difference between the surface of specimens loaded under low-moderate and those
loaded under high cyclic stresses can be observed, with the surface of the latter being rougher
independent of the water content, indicating an increase of the crack propagation zone as
explained in [47]. More defects (voids) can be observed on the failure surfaces of the wet
specimens (Fig. 4.13 b), Fig. 4.14 b)), showing that the softening by water may have
permitted the stretching of the material during failure. The comparison was only based on
visual observation of the failure surfaces. However, more concrete arguments, and a thorough
statistical investigation of the available measurements, are necessary to support these

observations.

4.4  Conclusions

An experimental program designed to study the effects of aging and wet environment on the
fatigue behavior of epoxy resins used in bridge applications has been conducted over a period
of two years and the results have been presented in this paper. The experimental matrix
contains data from bulk adhesive specimens, fabricated and cured in the laboratory, as well as

from specimens that have undergone a certain amount of aging, including immersion in
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demineralized water for up to over a year. The specimens of the latter set are representative of

100-year-immersed specimens at the lower temperature of 10°C, commonly encountered in

bridge environments.

The experimental campaign showed that the examined structural adhesive, even if

degraded due to water uptake, is capable of attaining fatigue lives of between 2 and 10 million

cycles without failure at maximum cyclic stress levels of higher than 5 MPa.
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2)
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The examined sets of specimens showed a fatigue behavior similar to that exhibited by
fiber-reinforced composite materials with smooth S-N curves with slopes (1/S) around
10-12.5. The steeper S-N curve corresponds to the wet specimens, while both the
curves derived from the fatigue results of the dry and dried specimens had the same
slope. The wet specimens, although they seemed to be more susceptible to low
stresses than the dry and dried ones, exhibited more consistent fatigue behavior, with
considerably less scatter estimated for their fatigue results.

The plasticization and consequently the softening due to water uptake are responsible
for the main differences between the behavior of the wet and the other two specimen
sets. The dried specimens exhibited a better fatigue life compared to the dry ones,
being at the same time more consistent, showing a positive effect of the remaining
water (<1%) on the fatigue performance of the investigated adhesive. Nevertheless,
more sound experimental evidence is necessary for the investigation of this
observation.

The plasticization also seems to affect the material structure; those specimens
containing more water showed bigger defects and voids in the volume at both high and
low cyclic stress levels. A clear difference between the failure surfaces at low and high
cyclic stresses can be observed for all sets, with those under low stresses being
smoother.

Analysis of the hysteresis loops revealed that the wet specimens deformed more due to
creep, achieving a strain to failure after fatigue almost 100% higher than the other two
sets of specimens. Nevertheless, for all specimens, the (fatigue) strains at failure are
well below those attained under quasi-static loading and are dependent on the applied
load level. No critical fatigue failure strain could be derived from this investigation.
The results presented in this paper provide sufficient information for the feasibility of
using such adhesives for long-term engineering structures. Additional information

regarding the effect of different loading conditions, such as under different stress
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(3]

(4]
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[10]

(1]

[12]

ratios, the effect of remaining water content after drying, and different environments
simulating real bridge applications more precisely would enhance the understanding of

the behavior of this type of structural adhesive.
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5 Applications in bridge construction

5.1 Overview

Based on the results of the scientific studies performed in Chapters 2-4, further investigations
with regard to potential epoxy adhesive applications in bridge construction were carried out
and conclusions are drawn in the following. It should be remembered that the results of this
project concern only the adhesive, and not the interfaces with the adherend materials of
adhesively-bonded joints, and therefore the interfaces may behave differently.

In Section 5.2, two typical joint cases were selected and investigated with regard to the
effects of moisture ingress into the adhesive layer on the mechanical properties of the latter.
The first case concerns the adhesive bonding of a concrete bridge deck onto the top flange of
a steel I-girder while the second concerns CFRP strips bonded onto the bottom flange of the
same steel [-girder in order to strengthen the latter. Moisture diffusion into the adhesive layers
for a period of up to 100 years was numerically modeled and, based on the results obtained in
Chapter 3, corresponding degradations of the mechanical properties were derived.

Section 5.3 provides sets of resistance factors applicable for adhesives, selected from
current recommendations, and comparisons were made to the results obtained in Chapter 3
regarding environmental conditions. Furthermore, the fatigue behavior of the adhesive studied
in Chapter 4 was compared to that of CFRP and steel materials.

Section 5.4 finally suggests which preconditioning should be selected for adhesive
material tests in order to cover the time-dependent variations obtained in Chapter 2. The
different developments of mechanical properties and the glass transition temperature were

further addressed.
5.2 Effect of water ingress on adhesive performance

The diffusion of moisture or water into a) fiber-reinforced polymer (FRP) composite

laminates [1-5], b) the adhesive layer of bonded FRP composite or hybrid joints [1-3, 5] and
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¢) the entire joint (CFRP-to-CFRP [2], CFRP-to-concrete [6]) has been successfully predicted
using finite element (FE) models. FE mass-diffusion analyses can simulate the moisture
concentration distribution inside the large surfaces of the adhesive layers, such as those in the
case of bridge joints. Full-scale experimental campaigns to investigate such cases are
complicated, time-consuming and costly and moreover, only the average moisture uptake can
be obtained from such investigations.

In some of the aforementioned works, the studies concerned the FRP laminates and
adhesives composing FRP composite bridges [1, 3, 5]. A segment of a GFRP deck bonded to
a steel girder was simulated in [3] and the moisture concentration distribution was predicted
for the whole service life. The interface between the steel plate and the polyurethane adhesive
layer of dimensions 600x250x6-mm was considered to be impermeable, but the diffusion
from the adhesive edges was permitted. After a 26-year immersion in water, the polyurethane
adhesive layer was completely saturated. At the point equal to a time period of 100 years,
moisture had diffused into almost the whole FRP deck section, without full saturation being
attained however. No link to mechanical property degradation was established.

The influence of the adherend permeability on the moisture concentration distribution
in the epoxy adhesive layer of adhesively-bonded CFRP joints was numerically studied in [1,
2]. The diffusion coefficient of the epoxy-CFRP adherend varied according to the number of
plies in the matrix [2], but remained low and delayed the diffusion through the epoxy
adhesive layer [1]. Polyester-based GFRP laminates, however, presented a diffusivity four
orders of magnitude higher than that of epoxy-based CFRPs.

From these studies it can be concluded that diffusion through epoxy materials is
significantly smaller than through other polymers such as polyester or polyurethanes.

In this section, numerical models were developed to predict the moisture uptake in the
epoxy layer of two typical joints in bridges that are adhesively bonded. The first model
simulates the water ingress in a relatively thick adhesive layer between a bridge deck and a
steel girder, while the second model simulates the moisture diffusion process in the thin
adhesive layer through an externally bonded CFRP strip used to reinforce a steel girder. The
diffusion-controlling parameter is the diffusion coefficient of the epoxy adhesive, which was
obtained in Chapter 3 from the experimental results on the Sikadur 330 adhesive. The FE
analysis software Abaqus 6.14 was used for the mass-diffusion analyses.

Finally, the distribution of the material properties, i.e. elastic modulus and strength,

corresponding to the predicted moisture distribution in the adhesive layer, was estimated
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based on the relationship between property development and water uptake derived from the

experimental investigations in Chapter 3.

5.2.1 Introduction to the FE analysis

In order to validate the subsequent numerical analyses, a simple FE model was developed to
simulate the immersion conditions of the adhesive specimens Sikadur 330 with dimensions
35x10x3-mm, see Fig. 5.1, as used in Chapter 3 to perform weight measurements and derive
the adhesive’s diffusion coefficients at different immersion temperatures (see Chapter 3,
Fig. 3.2 and Tab. 3.3).

As shown in Fig. 5.1, the weighed specimen was longer in the x- and y- directions than
in the z-direction and thus the diffusion can be considered as one-dimensional (1D) in the z-
direction. Accordingly, in the FE analysis a representative bar along the z-direction of the
bulk adhesive with dimensions 0.15x0.15x3-mm was modeled, see Fig. 5.1. Since the
problem was 1D, selecting a model with different dimensions than those experimentally used

does not affect the results.

0.15x0.15x3 mm
(model)

Fig. 5.1 Geometry of gravimetric specimen for FE 1D diffusion validation.

Water molecules move into the polymer because of a concentration gradient. Any
diffusion process that is governed by such concentration gradients can be expressed by Fick’s
laws of diffusion [7]. Accordingly, Fickian modeling is proposed for FRPs exposed to
moisture in ASTM D5229 [8].

For the FE model geometry in Fig. 5.1, Fick’s second law can predict how diffusion
causes the moisture concentration (c¢) to change with time (¢) in the z-direction with the

following equation [7]:
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2
%:DZ% (5.1)
where D, is the diffusion coefficient in the z-direction, normal to the specimen surface,
derived by the weight measurements at different immersion temperatures in Chapter 3 (see
Tab. 3.3).
As both specimen surfaces in Fig. 5.1 are simultaneously exposed to constant

maximum moisture concentration, ¢, (full immersion conditions), the boundary conditions

can be described as:
t20: z=0,c=c, and z=e, c=c, 5.2)
where e is the representative bar length.

The analytical solution of Eq. 5.1 is used by the FE software for the calculation of the

moisture concentration, ¢, as a function of time, ¢, and distance, z, by [7, 9]:
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Integration of Eq. 5.3 with respect to the spatial variable z results in the analytical
expression for the calculation of the average moisture concentration, corresponding to the

amount of absorbed water in the specimen at time ¢:
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where Aw,, is the maximum amount of water absorbed during the diffusion process. When
both ¢ and Aw are expressed as a percentage of the dry specimen mass, then c.(%)=Aw.(%).
The average moisture concentration was experimentally obtained by the weight measurements
of specimens using Eq. 3.1 in Chapter 3, and is compared in the following with the simulated

average moisture concentration to verify the modeling procedure.

5.2.2  Verification of the FE modeling procedure

The experimentally derived diffusion coefficients for two immersion temperatures, 13°C and
30°C, studied in Chapter 3, have been introduced into the FE model in Fig. 5.1. Their values
were D. j3:c = 0.005 mm*/day and D. 3¢ = 0.014 mm?/day (see Chapter 3, Tab. 3.3). The
exposed yx-planes shown in Fig. 5.1 were set to reach full saturation instantaneously at the
boundary conditions, i.e. the maximum moisture concentration. As moisture concentration

changed with time (in the z-direction), a transient mass-diffusion analysis was performed. A
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3D mesh with only one element in the yx-plane was used. The heat transfer element DC3D8,
which is an 8-node linear brick element, was chosen from the Abaqus library.

Because the rate of change of concentration varies widely during the transient
analysis, the integration time increments were set to be automatically controlled between a
minimum and maximum value. This enables time increments to change in order to maintain
accuracy in the time integration.

A parametric study was also performed to investigate the effects of several model
parameters, namely, a) the user-defined maximum concentration change allowed at any node
during an increment (DCMAX), b) the number of time steps, and c) the mesh density. The
study showed a certain sensitivity of the model only to the mesh density; a finer mesh with 60
elements along the 3-mm bar provided more accurate results. The use of one time step, and
thus input of a single minimum-maximum range for the time increment during the whole
analysis, was adequate. Decrease of the DCMAX from 0.1 to 0.001 increased the frequency
of the time increments but not the accuracy of the model.

The transient diffusion process was modeled for two years (730 days) to represent the
experimental duration and reach saturation states at both immersion temperatures. The
predicted contour plots of the normalized moisture concentration (divided by the maximum at
each temperature, designated as NNC11 in Abaqus) at the integration points in the modeled
epoxy bar are shown in Fig. 5.2 for the two temperatures after 213 days of exposure as an
example.

As expected, the higher temperature accelerated the diffusion process, according to the
Arrhenius principle as explained in detail in Chapter 3. Consequently, after 213 days at 13°C
only the surfaces closer to the boundary had approached saturation (¢>0.9), while the in-
between-surfaces were 60% saturated (see Fig. 5.2 a)). At 30°C, however, the whole epoxy
bar was more than 90% saturated at 213 days (see Fig. 5.2 b)).

The average moisture concentration (see Eq. 5.4) was calculated at each time
increment and is plotted with the root of time in Fig. 5.3. The experimental data collected
from immersed specimens at 13°C and 30°C (see Fig. 3.2, Chapter 3) is also shown. The
simulated average moisture concentration was corroborated well by the experimental data,
especially for the lower temperature (see Fig. 5.3 a)) for which the material diffusion shows a
Fickian behavior. However, the Fickian model overestimated the response after the initial
linear phase at 30°C (see Fig. 5.3 b)) when the specimens underwent a second relaxation

phase, as described in [10]. During this phase, a rearrangement of polymer chains slowly
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takes place resulting in an additional increase of the water absorption, although at a lower rate
than that of the initial phase. Swelling may occur, resulting in an enlargement of voids and
redistribution of free volumes [11]. Deviations from Fickian behavior in polymers, e.g. in the
case of a time-dependent diffusion coefficient or moisture concentration at the exposed
surfaces, were also observed elsewhere and attributed to viscoelastic effects [9]. Accordingly,
various non-Fickian models were proposed in [1, 9, 10].

The FE model and analysis used in the following for the modeling of moisture
diffusion in the adhesive layers of bridge joints at lower temperatures were thus considered as
validated, representing the ambient diffusion conditions commonly met in a wet bridge

environment due to stagnant water.

b)

Fig. 5.2 Predicted moisture profiles in epoxy bar at immersion times 213 days at: a) 13°C; b) 30°C.
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Fig. 5.3 FE mass-diffusion analysis results vs experimental data for Sikadur 330 at immersion

temperatures: a) 13°C; b) 30°C.

5.2.3  Bridge-adhesive joints in wet environment — selection of case studies

Adhesively-bonded joints in bridges may have thick adhesive layers in the range of 5-10 mm
between bridge deck and steel girders [12] or much thinner ones of 1-2 mm, as for example in
cases of strengthening with bonded CFRP strips. Normally, in such joints the adhesive is
sealed at the edges and thus protected from direct exposure to the environment. However,
imperfections in the adhesive sealing during construction or caused by incidents during the
long operation life cannot be excluded, and the adhesive may thus be exposed to moisture or
even stagnant water during several decades, see Chapter 3. In the case of external
reinforcement with bonded epoxy-CFRP strips, in spite of the low diffusion rate through the
CFRP [1, 2], moisture could penetrate the thin CFRP adherends through the fiber-matrix

interfaces and attack the also thin adhesive layer. Plasticization effects occur after such
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occurrences and result in the deterioration of both the physical and mechanical properties of
the adhesive, as described in Chapter 3.

In this study, three different cases, based on two typical adhesively-bonded joints in
bridges, have been numerically investigated. The three cases are schematically shown in
Fig. 5.4 and correspond to moisture attack due to damage to the adhesive sealing in a bridge
deck-to-girder joint (Case 1), moisture ingress along the interface in the same deck-to-girder
joint (Case 2) and moisture penetration through the permeable adherend in a CFRP-to-girder
(strengthening) joint (Case 3).

The distribution of the moisture concentration in the adhesive layer was predicted for
all three cases. The FE analyses simulated a period of immersion of up to 100 years. The
distribution of the tensile properties as a function of moisture concentration was subsequently

estimated by use of the tensile experimental results from immersed specimens, see Chapter 3.

‘ 2 400 mm b ‘
4 = g 2 4 4 9 A B
< < R 4 4 4
sk 4 e \repofy, 10 mm a 4
H,0 —= | ==~ ,0
Case 1 Case 2
—
V epoxy, 1 mm
& 3=/ CFRP, 1 mm
SR
H,0

Fig. 5.4 Case studies: 1) Deck-girder joint (sealant defect); 2) Deck-girder joint (interface defect); 3)
CFRP-girder joint (adherend permeability).

The diffusion parameters (D and ¢, or 4w,) experimentally obtained for the epoxy
Sikadur 330 at 13°C were used in all simulations, see Tab. 5.1. Diffusion parameters through
the thickness of an epoxy-CFRP strip were selected from literature [1] under ambient fully
immersed conditions. For the epoxy adhesive layer, simple Fickian models were able to
describe the diffusion process through the CFRP material in [1]. One-dimensional diffusion
was thus assumed in all cases. Furthermore it was assumed that the concrete deck is sealed

and thus no moisture penetrates from the concrete into the adhesive.
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Tab. 5.1 Diffusion parameters (experimentally obtained) of materials used in FE

Material D [mm?/day] AW, [%]"
Epoxy Adhesive (Chapter 3) 0.005 1.68
CFRP-strip [1] 0.0005 0.33

1 et e . . .. . . .
Input as “Solubility” in FE, so that normalized moisture concentration is continuous at the interface of two materials/Case3.

5.2.4  Diffusion into deck-girder joint (sealant defect)

Only half of the cross section was modeled due to symmetry and the mesh was refined near
the edge of the adhesive where high concentration gradients were expected. The variation of
the normalized moisture concentration inside the epoxy layer is shown in Fig. 5.5 in contour
plots at different times. Only the part near to the edge is shown (first 50 mm). Full saturation
has been reached in the red regions where the normalized moisture concentration is equal to 1.
After 100 years, moisture had penetrated only about 40 mm into the 400-mm-wide joint
between the deck and the top steel girder flange, i.e. only about 10% of the joint was affected

by moisture.
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Fig. 5.5 2D Contour plots of moisture concentration in adhesive layer of deck-girder joint (Case 1),

o

| E——
—
—
1
1
[ ——

after: a) 2 years; b) 20 years, c) 100 years.

5.2.5 Diffusion into deck-girder joint (interface defect)

The case of interfacial debonding along a distance of 50 mm at the adhesive-steel interface
was studied (see Fig. 5.4). As can be seen in Fig. 5.6, the variation of moisture concentration
with time inside the epoxy layer varies also in the thickness direction, in contrast to Case 1.
The adhesive became fully saturated above the debonding, however progression in the joint

width direction was reduced and lower than in Case 1.
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Fig. 5.6 2D Contour plots of moisture concentration in adhesive layer of deck-girder joint (Case 2),
after: a) 2 years; b) 20 years, c) 100 years.

5.2.6  Diffusion into CFRP-girder joint (adherend permeability)

The variations of the normalized moisture concentration with time inside the CFRP and epoxy
layers are shown in Fig. 5.7. Due to the only 1-mm thickness of the CFRP and adhesive layers
in the diffusion direction, the whole adhesive layer became saturated within the investigated

time period and this proved to be the most critical case of the three.
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Fig. 5.7 2D Contour plots of moisture concentration in adhesive layer of CFRP-girder joint (Case 3),
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after: a) 2 years; b) 20 years, c) 50 years, d) 100 years.
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5.2.7 Time-dependent retention of adhesive properties

Based on the moisture profiles shown above, graphs indicating the tensile property retention
during progressive moisture ingress in the investigated epoxy layer were derived and are
shown in Fig. 5.8 and Fig. 5.9 for Cases 1 and 3 respectively. Equations that relate the tensile
strength and E-modulus to the water uptake predicted by FE were fitted to the experimental
data presented in Fig. 3.5 and Fig. 3.7 of Chapter 3. Furthermore, the property retention after
100 years predicted by the 10°C master curves in Fig. 3.19 was adopted (i.e. approximately
70% after 100 years).
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Fig. 5.8 Retention of adhesive tensile properties along length in years, deck-girder joint (Case 1)

in wet environment: a) strength; b) E-modulus.
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Fig. 5.9 Retention of adhesive tensile properties along thickness in years, CFRP-girder joint (Case 3)

in wet environment: a) strength; b) E-modulus.

A small inconsistency resulted from this procedure, since for 70% tensile property
retention the 4w is roughly 2.3 % according to Fig. 3.5 and Fig. 3.7, while the experimental
saturation level after two years was assumed as Aw,=1.68% at 13°C (Tab. 3.3). The

experimental value of 4w, refers more to an apparent saturation state. At longer times, higher

101



Chapter 5

values are expected to be approached at 13°C, like those reached at higher immersion
temperatures in Chapter 3. However, time-varying boundary conditions (i.e. increase of
maximum moisture-concentration), as those presented in [9], are not predicted by the simple
Fickian model and are out of the scope of this study. Thus, for the results shown in Fig. 5.8
and Fig. 5.9, the 4w, was considered 2.3% and the mechanical property predictions are on the
safe side.

The results for Case 1 show that property degradation in the adhesive occurred only in
the first 40 mm of the joint, as expected, and was limited to 30% of the dry values (i.e. 70%
retention) after 100 years, see Fig. 5.8. The very short path for moisture ingress in Case 3
yielded a uniform distribution of moisture concentration along the thickness and consequently
almost constant mechanical properties through the epoxy layer each time. At 100 years, the
epoxy layer in Case 3 became uniformly saturated and is characterized by an average strength

and E-modulus retention of 71% and 73% respectively (see Fig. 5.9).

5.3  Adhesive resistance factors
Since resistance factors for adhesive materials and joints are not defined in either in the Swiss
standards or the Eurocodes, resistance factors from the Eurocomp Design Code and
Handbook [14] can be adopted. This publication concerns fiber-reinforced polymer (FRP)
materials and structures, but also comprises values for adhesives and joints and is
conceptually similar and in accordance with the Eurocode design philosophy.

In this publication, the resistance factor (denominated partial safety factor) is split into
sub-factors (coefficients) to take into account different effects on material properties, as

described below.

5.3.1  Ultimate limit state (ULS)

At ULS, the Eurocomp design value of resistance, R, for adhesives is defined as follows
(5.1.10 [14]):
R, = R R, (5.5)
ym 7m,1 : m,2 ‘j/m,S : m,4

with Rj = characteristic value of resistance (5% fractile value), y, = partial safety factor,
which is a product of four partial safety coefficients, shown in Tab. 5.2.
For brittle adhesives (shear strain to failure < 3%), y,,>1.5 applies. The factor y,, /~2.0

is thus larger than the experimental long-term reduction factor obtained in Chapter 3 of
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1/0.7=1.43 (Fig. 3.19, reference temperature of 10°C). In the two joint cases discussed in
Section 5.2, typical partial safety factors may thus be in the range of 3.1 to 5.6:

(1) y =1.25 (testing)-1.25 (spacers)- 1.0 (traffic)-2.0 (laboratory) = 3.1

(2) ym =1.5 (datasheet)-1.25 (spacers)-1.5 (dead load)-2.0 (laboratory) = 5.6

Tab. 5.2 Partial safety coefficients according to Eurocomp [14]

Source of the adhesive properties, y,, ;

Typical or textbook values (for appropriate adherends) 1.5
Values obtained by testing 1.25

Method of adhesive application, y,, ,
Manual application, no adhesive thickness control 1.5
Manual application, adhesive thickness controlled 1.25
Established application procedure with repeatable 1.0

and controlled process parameters

Type of loading, v, ;

Long-term loading 1.5
Short-term loading 1.0
Environmental conditions, y,, 4
Service conditions outside the adhesive test conditions 2.0
Adhesive properties determined for the service conditions 1.0

5.3.2  Serviceability limit state (SLS)

At SLS, the average values of the stiffness properties from the Eurocomp code are reduced by
1m»=1.30 and creep is considered by a further stiffness reduction factor, y (see Fig. 4.13 in [14],
the UD-in-shear curve may be applied).

Based on the experimental results obtained in Chapter 3, an increase of the 1.30 value

to y,~1.50 is thus suggested.

5.3.3  Fatigue

In the case of fatigue, a further partial safety coefficient may be taken into account, applied to
Aoy or Atz (normal or shear fatigue strength, 4.13 in [14]), here denominated y,, 5, as shown
in Tab. 5.3.

Schematic representative curves of Aoy as a function of N (number of cycles) for the
investigated epoxy adhesive Sikadur 330 (Chapter 4) and steel (according to SIA 263 or
Eurocode 3 [15, 16]) are compared in Fig. 5.10 (normalized curves are shown). The slope of
the adhesive curve is much lower than that of steel and the fatigue strength of the former is

thus significantly higher than that of the latter. However, the adhesive does not exhibit a

103



Chapter 5

fatigue limit as steel does. Also shown is the behavior of a typical UD CFRP laminate (UD
55% [17]), as used in Section 5.2. The CFRP laminate has higher fatigue strength than the

adhesive and also does not exhibit a fatigue limit.

Tab. 5.3 Partial safety coefficient for fatigue according to Eurocomp [14]

“Fail-safe” Non “fail-safe”
components components

Inspection and access

Component subject to periodic
inspection and maintenance. 1.5 2.0
Detail accessible.

Component subject to
inspection and maintenance. 2.0 2.5
Poor accessibility.

Component not subject to periodic )5 3.0
inspection and maintenance. ’ ’

Note: “Fail-safe” structural components are such that local failure of one component does not
result in failure of the structure or large sections of the structure.
Non “fail-safe” structural components are such that local failure of one component could lead to
failure of the structure or large sections of the structure.

T constant amplitude
m=3 fatigue limit
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Fig. 5.10 Normalized S/N curves, comparison of epoxy adhesive material with steel and CFRP.
5.4 Mechanical and physical property determination

5.4.1 Tensile strength and E-Modulus

Specifications regarding the required preconditioning of adhesive specimens for mechanical
tests that need to be performed for the ULS and SLS verifications in the designing of an

adhesive bridge joint are given in the following.

104



Applications in bridge construction

Cold-curing epoxies exposed to low temperatures are characterized by low extents of
cure in the early age and thus exhibit slow strength and E-modulus development. The tensile
properties during the first week of cure were extensively investigated in the previous work
[18]. Practical examples proved that a period of three to seven days is sufficient in many cases
for the development of an adequate tensile strength in the adhesive layer, even during
wintertime (i.e. aging at 7, < 10°C). This time period may be further decreased if the reaction
heat is trapped in the joint.

According to the results obtained in Chapter 2 (Fig. 2.14) of this study, the
development of the tensile strength of a cold-curing epoxy adhesive during the first year in
service develops in two stages, as shown in Fig. 5.11 a), due to the combined physical aging
and curing effects. Thus, for the short-term strength characterization, tensile experiments
according to ASTM D638 [19] are recommended on specimens cured at laboratory
temperature for seven days. The long-term strength, attained by a cold-curing epoxy after one
year in service, is equivalent to that obtained by experiments on specimens cured for seven
days under laboratory conditions and post-cured at 60°C for three more days.

The E-modulus evolution of cold-curing epoxies is shown schematically in Fig. 5.11
b). A maximum elastic modulus develops after the first week in service as a consequence of
the main epoxy network densification (physical aging, see Fig. 2.13), but for longer aging
times the E-modulus is reduced to values reached by the end of the first week of cure. For the
SLS verification, the modulus of elasticity can thus be estimated by tensile experiments
carried out on specimens cured at laboratory temperature for seven days, according to ASTM
D638 [19].

a) b)
£ P
> =
2 3
) o
2nd verification £
. _. =

A \

i post-curing
T - 3rd verification
1st verification
1st week 1st year (in service) 1st week 1st year (in service)

Fig. 5.11 Recommended tensile experiments for a) ultimate limit state and b) serviceability limit state

verifications.
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5.4.2 Long-term prediction of strength and E-modulus

A model that predicts the long-term variations in strength and elastic modulus of structural
epoxy adhesives has been proposed in the previous work [18] and was based on a model for
concrete strength development [20]. According to this model, the mechanical property as a

function of time, P(?), is given by the following equation:

P(t)= ()P, (5.6)

where P; is the value of the mechanical property of an adhesive cured during seven days at
23°C (laboratory conditions), and f,(z) is a function describing the development of the
adhesive mechanical property, governed by its chemical state or curing reaction state, i.e. by

the change in the glass transition temperature, 7, with time, equal to:

ST @)-1., |
B,(t) =exp (l—g {#} (5.7)

g7

where T,(t) is the glass transition temperature of the adhesive at time ¢ measured as the
midpoint of the 7, step in DSC; T, is the glass transition temperature of the adhesive after
seven days curing at 23°C (laboratory conditions); and » is a property-dependent parameter
describing the rate of the mechanical property change with respect to the 7, change. The
model was fitted to the experimental results in [18] for the same epoxy adhesive as studied
here, i.e. Sikadur 330, and the values of n for the tensile strength and E-modulus were found
to be 1.06 and 2.62 respectively. The fact that the estimated » for strength was found to be
close to 1.0 indicated that the rates of change of strength and 7, with time were somewhat
similar. The higher value of the parameter for the E-modulus confirmed the lower rate of
change of this property. The differences in the relationships of the E-modulus and strength
with 7, is shown in Chapter 2, Fig. 2.22 and Fig. 2.23. On average, the E-modulus was
constant and independent of 7,, whereas there was an exponential increase of strength in
relation to 7.

The aforementioned model was used to fit the tensile strength and E-modulus
development of the C21 specimens of this study during one year of aging at 21°C. The T,
development with time during the first year was obtained from the physical characterization
(by DSC) in Chapter 2. The prediction and experimental data for strength and E-modulus
from Chapter 2 are shown in Fig. 5.12 and Fig. 5.13.
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Fig. 5.12 Tensile strength vs aging time relationship (experimental data and model predictions).
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Fig. 5.13 Tensile E-modulus vs aging time relationship (experimental data and model predictions).

It seems that the model predicts behavior over long aging times well, but it cannot
capture the early age lower strength (Fig. 5.12) and higher E-modulus (Fig. 5.13) caused by
the physical aging. This is because Eq. 5.7 does not include any terms for the dependence of
the mechanical properties on physical changes e.g. the relaxation enthalpy variation. The
model takes into account only the effect of changes on the cross-linking level based on the 7,
development. It is, however, in good agreement with the experimental results in Fig. 5.12 and
Fig. 5.13 at the longer aging times, since cure becomes the predominant aging mechanism at

those times, as discussed in detail in Chapter 2.
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5.4.3  Glass transition temperature

(1) Comparison of different methods for T, acquisition

Values for the glass transition temperature, 7,, can be obtained in different ways, as

shown in Chapter 2:

a) From Differential Scanning Calorimetry (DSC), at the transition midpoint (7 psc),

according to ASTM E1356 [21].

b) From Dynamic Mechanical Analysis (DMA) (see Fig. 5.14) [22, 23]:

e at the tangent intersection at the onset of the storage modulus drop (T py,onser),

e at the maximum loss modulus (T pas4,zm1),

e at the maximum tand (loss factor) (T prra,ans)-
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Fig. 5.14 T, determined by DMA.

Differences of more than 15°C may exist depending on the method. The DSC provides

additional information, such as the heat of endothermic and exothermic reactions. Estimation

of the relaxation enthalpy and related physical aging effects and of the curing degree in order

to assess the ultimate 7, can thus be obtained. The relevant value for adhesive joints in bridge

construction is the Ty pas4,onser from the storage modulus in DMA, which occurs at the lowest

temperature, before significant reductions of the mechanical properties occur. The Tg pasa,onser

is used in guidelines for structural FRP design and is taken into account by ASTM E1640 [24,

25].
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(2) Strength and elastic modulus vs T, development

The experimental investigations of the development of the adhesive properties in
Chapters 2 and 3 have shown that when for similar mechanical properties are reached by
different curing and/or immersion conditions, the T, can still be very different. This is because
the T, is very sensitive to small differences in the curing degree, as already observed in the
previous study [18], and is further reduced in a wet environment when the adhesive is
plasticized [26]. Taking into account the fact that cold-curing epoxy adhesives are usually
characterized by a T, lower than 65°C [26], attention should be paid to the difference between
the Tgpumaonse: and the exposure temperatures during service life. As the temperature
approaches Ty pyraonser, the epoxy material starts changing from the glassy to the rubbery state
and the mechanical properties accordingly start decreasing significantly. This is shown in
Fig. 5.14 by the example of the steep slope of the storage modulus curve in the narrow glass
transition region of around 20°C.

In a dry environment, at low temperature (i.e. 13°C), although strength and E-modulus
can be fully developed during the first year, 7, may remain below 50°C depending on the
curing temperature, see Fig. 2.11 in Chapter 2. This is further illustrated in Fig. 5.15, i.e. the
drop of the DMA storage modulus curve at 13°C occurs at a lower temperature than that
which occurs at 21°C.

Similarly, in a wet environment, although the strength and E-modulus of the adhesive
immersed at low temperature (i.e. 13°C, CD13) may approach the values of the post-cured
immersed material (PD13) within the first two years (Fig. 3.12 and Fig. 3.14 in Chapter 3),
the T, of the former still remains below 50°C whereas that of the latter is above 60°C
(Fig. 3.11 in Chapter 3). A minimum value of around 58°C was found for long-term
immersion in Fig. 3.4. The effect of the curing conditions is also shown in Fig. 5.16, where
the drop of a cold-curing DMA storage modulus curve occurs at a lower temperature and
higher rate compared to the post-cured one, both for immersion at 13°C. The results obtained
in Chapter 3 however have also shown that the 7, values may fully recover after drying.

In the designing of adhesively-bonded joints, not only the mechanical property
development, but also that of the 7, has thus to be taken into account. During the early bridge
life or in a wet environment, the 7, may remain relatively low, in the range of 50°C.
Depending on the exposure of the joint, e.g. for a CFRP strip to strengthen against negative
moments below the asphalt, this may be critical, while other joints less exposed, e.g. below

the bridge deck, such as a deck-to-girder joint, may be much less sensitive to this effect. On
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the other hand, exposing the adhesive at elevated temperature, even if only for a short period,

may significantly increase the 7, [18].
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Fig. 5.15 Storage modulus variations with temperature for epoxy adhesive curing at 13°C and 21°C in

dry environment, after approximately 290 days.

3000 ‘ ‘
—— Cold-curing
—-—-- Post-cured
E o000 SN A
= .
= N
2] \.
2 N\
> \
8 y
= \
90,1000 |- S —_—.-A
© A,
9o \
] \
\.
N
ob e

20 % 4 50 6 70 &  w
Temperature (°C)
Fig. 5.16 Storage modulus variations with temperature for cold- and post-cured epoxy adhesive at 125

days, both immersed in water at 13°C.

5.5 Conclusions

In this Chapter, the implementation of the research results obtained from experimental,

analytical and numerical investigations of the design of adhesively-bonded bridge joints was

demonstrated:
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1) Three typical cases of potential moisture ingress into the epoxy adhesive layer of
bonded joints were analyzed. In the case of one-dimensional diffusion, moisture
ingress and the associated degradation of mechanical properties are limited to a depth
of approximately 40 mm after 100 years. Depending on the joint type, this effect may
be critical. In the case of a typical 300-500-mm-long adhesive joint between a bridge
deck and a top steel girder flange, the effect is marginal, while in the case of an only
1-mm-thick adhesive joint between a CFRP layer and the steel flange (or concrete) the
effect may become critical. However, even in this case, the maximal loss of
mechanical properties is roughly 30%, i.e. 70% of tensile strength and E-modulus is
retained. Exposure to lower levels of humidity, i.e. to not fully immersed conditions,
would further postpone the degradation. Furthermore, after drying, the mechanical
properties may fully recover, as shown in Chapter 3. The conclusions from Section 5.2
are valid for the two-component epoxy adhesive Sikadur 330. In the previous work,
the short-term mechanical behavior of similar epoxy adhesive products was compared
and found to be similar [13]. The results obtained here may thus also apply to those
products, however this requires further validation.

2) Based on the experimental results of Chapter 2 in dry bridge environment, a
preconditioning program could be established suggesting adhesive test specimens with
which strength and elastic modulus can be obtained with regards to the first year in
service. Furthermore, based on the experimental results of Chapter 3 in wet bridge
environment, the resistance factors proposed by the Eurocomp to cover the effects of
moisture were assessed. A partial safety factor of 1.50 was found to be applicable for
the verification both at ULS and SLS.

3) The different development of mechanical and physical properties, the 7, in the latter
case, has been identified under both dry and wet conditions and also at different curing
degree of the adhesive. During the first years, 7, may remain relatively low in some
cases, in the range of 50°C, although the mechanical properties may have fully
developed. Depending on the exposure of the joint, e.g. below or above the bridge
deck, this may be critical for the mechanical performance of the adhesive when

exposed at high service temperatures.
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6.1

Conclusions and future work

Main conclusions

This section presents a summary of the conclusions of this thesis with particular focus on the

implementation of the results in bridge design.

6.1.1

Adhesive aging in dry bridge environment

Adhesives in sealed bridge joints are subjected to physical aging and curing effects in dry

environments. An investigation of these effects that control the physical and mechanical

behavior of the adhesive during the first year in service yielded the following main

conclusions for an epoxy adhesive:

6.1.2

Due to predominant physical aging in the earlier age (first three months), the mass
density and tensile E-modulus exhibited a maximum, followed by a decrease in the
later age when curing developed further and added volume to the epoxy network.
Overall, the E-modulus development was independent of the adhesive curing
conditions, i.e. cold- or post-cured.

Tensile strength and failure strain development were delayed in the earlier age due to
physical aging. Being dependent mainly on the cross-link density, their development
was different under different curing conditions for the first nine months.

Similar tensile properties, i.e. maximum strength and failure strain and a reduced E-
modulus after a maximum, were reached for all curing conditions after nine months of
aging. However, the glass transition temperature, 7,, was not yet fully developed after

one year at low curing temperature (close to 10°C), being in the range of 50°C.

Adhesive aging in wet bridge environment

In practice, in view of the long service life of bridges of up to 100 years, bridge joints may be

exposed to moisture, either due to damage to the initial sealing, or the porosity (e.g. concrete)
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or diffusivity (e.g. the matrix of thin CFRP strengthening materials) of the adherends. In order

to investigate the moisture effects on the physical and mechanical properties of an epoxy

adhesive exposed to a wet and alkaline bridge environment, a two-year experimental program

was conducted. Both cold-curing and post-cured specimens were subjected to full immersion

in distilled water and in an alkaline solution until saturation states were reached. In addition to

a low immersion temperature (13°C), accelerated conditioning (i.e. high immersion

temperatures) was applied and allowed long-term property predictions. The following

conclusions were drawn from this investigation:
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In the earlier age (first two years):

For an immersed not yet fully cured material i.e. cold-curing at around 10°C, the
continuation of curing and plasticization concurred, while physical aging effects were
diminished.

The E-modulus and strength approached the values of those of the post-cured material,
the E-modulus after one month and strength after 20 months. However, the T, still
remained below 50°C after two years.

DSC residual heat measurements did not show any difference in the curing

progression between dry and wet cold-curing materials aging at around 10°C.

In the later age (prediction up to 100 years):

Plasticization effects were induced by the water-alkaline attack causing a significant
decrease of the glass transition temperature down to 58°C, and of the tensile E-
modulus and tensile strength.

The retention of 70% of the E-modulus and strength at an average 10°C reference
temperature was predicted using the Arrhenius law after a 100-year bridge service life
of the investigated adhesive.

Full recovery of the mechanical and physical properties was obtained after drying the
immersed and fully saturated material.

In the case of concrete-adhesive joints, the immersion in alkaline water of pH~13.0

had no noticeable detrimental effect on the mechanical and physical properties.
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6.1.3

Fatigue performance under environmental effects

The effects of long-term aging and a wet environment on the fatigue behavior (life, damage

accumulation and stiffness) were investigated. Post-cured bulk adhesive specimens (DRY),

after immersion in 50°C demineralized water for over a year (WET) and others after drying

(DRIED), were examined. The wet specimens were representative of specimens immersed for

roughly 100 years at the low temperature of 10°C, commonly encountered in bridge

environments. The main conclusions are as follows:

6.1.4

The experimental campaign showed that the examined structural adhesive, even under
wet conditions, characterized by 30% lower quasi-static strength, is capable of
attaining fatigue lives of up 10 million cycles without failure at maximum cyclic stress
levels of higher than 5 MPa.

Smooth power S-N curves with slopes between 10-12.5 were found to fit the
experimental results well. The steepest corresponds to the wet specimens due to
plasticization effects. When compared to the fatigue behavior of steel, a better fatigue
performance was presented by the examined adhesive, with less steep S-N curves (a
sloped at least four times lower), while no fatigue limit was observed however.

The dried specimens exhibited a better and more consistent fatigue life compared to
the dry ones, showing a positive effect of the retained water (<1%) on the fatigue
performance and the reversal of the effects caused by plasticization even after
representative long-term exposures.

The wet specimens deformed more due to creep, attaining a strain to failure after
fatigue almost 100% higher than the dry and dried specimens. The fatigue strains at
failure are well below those attained under quasi-static loading for all specimens, and

no critical fatigue failure strain could be derived.

Adhesive applications in bridge construction

On the basis of the above conclusions drawn from the scientific studies, the obtained results

were implemented in practical examples and recommendations for bridge design as follows:

Numerical modeling of the moisture ingress into the adhesive layer of typical bridge
joints and associated predictions of the loss of mechanical properties revealed that
moisture ingress through one-dimensional diffusion is limited to approximately
40 mm after 100 years. Depending on the joint type, this effect may be a) critical, i.e.

if it concerns the entire adhesive layer thickness, e.g. in the case of thin bond lines of
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6.2

CFRP strengthening elements, or b) marginal, e.g. in the case of diffusion from the
edges into wide deck-girder joints. However, even in the worst case, the maximum
loss of mechanical properties is limited to roughly 30%, i.e. 70% of tensile strength
and E-modulus are retained after 100 years of exposure. Furthermore, after drying, the
mechanical properties may fully recover.

A partial safety or resistance factor of 1.50 has been suggested to cover the effects of
moisture, applicable at the ULS and SLS.

A preconditioning program comprising adhesive test specimens for the ULS and SLS
verification has been proposed in order to obtain the strength and elastic modulus
properties relevant to the design.

The different development of mechanical and physical properties, the 7, in the latter
case, has been addressed. During the first year and in a wet environment, 7, may
remain relatively low, in the range of 50°C, although the mechanical properties may
have fully developed. Depending on the exposure of the joint, e.g. below or above the
bridge deck (e.g. below the asphalt in the latter case), this may be critical for the

mechanical performance of the adhesive and the overall integrity of the joint.

Original contributions

The key contributions provided by this thesis regarding the durability of a cold-curing epoxy

adhesive in bridge applications are summarized as follows:

118

a) An extended experimental program comprising:

e Long-term adhesive conditionings at different curing degrees in dry, wet and
alkaline bridge environments.

e Accelerated conditioning at elevated temperatures.

e Thermo-physical techniques, quasi-static and fatigue mechanical actions in the
different environments.

e Recording of the fracture surfaces after exposure to different environments and

actions.

b) Extended analyses of the experimental results comprising:

e Identification of the main aging mechanisms governing the behavior of the
adhesive in different bridge environments i.e. dry, wet and alkaline.
e Quantification of the individual, concurrent and reversible effects of aging

mechanisms on the physical and mechanical responses.



Conclusions and future work

e Modeling of the adhesive responses, prediction of the quasi-static mechanical
resistance over a 100-year life in service and investigation of the cyclic strain
behavior and hysteresis loops during fatigue lifetimes of up to ca. 10”.

¢) Implementation of the analyses in bridge design concepts:

e A preconditioning program comprising adhesive test specimens for ULS and SLS
verification is proposed in order to ascertain the strength and elastic modulus
properties relevant to the first year in service.

e The moisture ingress in typical bridge joints was numerically predicted and the

corresponding degradation of the mechanical properties was derived.

6.3 Future work

This section outlines research topics that were beyond the scope of this work and should be

addressed in the future to complement the present study.

6.3.1 Investigation of joint performance

This project focused on the investigation of the behavior of bulk adhesives and did not
consider the performance of adhesively-bonded joints, e.g. between concrete, steel or CFRP
strengthening elements. The development of the joint properties in the early age, when the
adhesive has only attained a low degree of curing, as well as under environmental
hygrothermal effects in the long-term should be further investigated. The joints may not only
exhibit a cohesive fracture in the adhesive, but also an interface fracture, when debonding
between the adhesive and the adherend occurs, usually in the case of steel adherends [1, 2], or
fracture in the concrete adherend [3].

Typical bridge joints, such as shear joints between concrete, steel and CFRP elements,
or steel bars embedded in concrete, should be further investigated. The numerical simulation
performed in this thesis can be extended to investigate the coupled structural-hygrothermal

analysis of such joints.

6.3.2 Bulk adhesives under multiaxial stress states

This work focused on the adhesive tensile behavior under dry and immersed conditions.
However, multiaxial stress fields develop in the relatively thick layers of cold-curing
adhesives like those often used in bridge applications. The comprehensive durability study

conducted in this work should thus be complemented by additional investigations of the
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adhesive behavior under compressive, shear, multiaxial, i.e. tensile-shear, compressive-shear
and/or tensile-compressive, loads. Additional environmental actions may be employed, for
instance different RH regimes. Analytical and numerical models should be developed for the
simulation of adhesive behavior under quasi-static multiaxial stress states, considering the

effects of aging and water uptake identified by the current study.

6.3.3  Aging under sustained load

In this work the adhesive specimens were unloaded during the conditioning. However, it is
well known that the sustained load may affect the results, as shown in [1, 4] for the durability
of composites. Such investigations, therefore, are suggested for future research regarding the

behavior of bulk adhesives and adhesively-bonded joints.

6.3.4  Validation of aging processes for other structural adhesive

A great variety of structural adhesives are available on the market in response to the variety of
joint parameters, e.g. type of adherend, load and environmental ranges. Together with other
epoxy products on the market (e.g. particle-filled with possibly different sensitivity to water),
flexible adhesives, such as polyurethanes and acrylics (often used in FRP composite
applications), may be of interest since they may reduce stress concentrations and allow certain
differential deformations and can provide ductility to the structure. The physical and
mechanical behaviors as observed in this work under different curing conditions and
environments should be investigated however. Various works for instance report much higher
diffusion coefficients for polyurethane adhesives [5]. A consistent and comprehensive
adhesive characterization under short- and long-term bridge conditions is still lacking

however.

6.3.5  Fatigue in realistic/characteristic loading cases for bridges

The fatigue investigation in this thesis was limited to the constant amplitude tensile loading
under an R-ratio of 0.1 in order to obtain results comparable to the majority of existing fatigue
studies. The fatigue loading spectra in bridges however are far from being of constant
amplitude. Irregular loading spectra, including overloads, are usually applied; their
comprehensive investigation should complement the first results presented in this thesis.

Analytical models, used for other types of materials, e.g., [6] can be adopted, and
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appropriately adapted to simulate the material’s fatigue behavior under realistic loading
conditions.

Such fatigue studies should also address topics related to the creep-fatigue interaction
in the bulk adhesive under different loading patterns and gravimetric conditions. The
reversibility of the viscoelastic effects caused to the materials during fatigue loading should
also be thoroughly investigated.

Furthermore, this description of the future research required to complement the fatigue
investigations is not limited to the bulk adhesive, but should also be applied to adhesively-

bonded bridge joints.
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Fourier transform infrared (FTIR) investigations

In an attempt to investigate the chemical molecular changes in the structure of Sikadur 330,
the epoxy adhesive used in this study, at different cross-linking degrees and after water
uptake, Fourier transform infrared (FTIR) analysis was used with an attenuated total
reflection (ATR — smart ITR) accessory.

The adhesive was analyzed using a Nicolet 6700 spectrometer from ThermoFisher
Scientific (see Fig. A.1) over a wave number range of 4000 to 400 cm™. The thickness of the
investigated samples was 4 mm, cut from preconditioned dog-bone specimens made using
Sikadur 330 with a different curing degree and/or water content. The FTIR evidence of cross-
linking or plasticization was limited to the sample’s surface.

The FTIR spectra of a cold-curing i.e. partially cured, sample (aged at 21°C for 45
days) and of a post-cured sample (aged at 21°C/60°C/21°C, i.e. at 21°C for 7 days, then in the
oven at 60°C for 3 days and then back at laboratory temperature for 30 days) are shown in
Fig. A.2 and in Fig. A.3 respectively. In Fig A.4 the spectrum of a post-cured sample of
Sikadur 330 subsequently immersed in water at 50°C for 125 days is shown.

An increasing cross-linking degree or water absorption can be identified by observing
alterations in the intensity and frequency of characteristic absorption peaks/bands of

functional groups in the FTIR spectra [1-5].

sswwe’

Fig. A.1 FTIR instrument.
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Investigation of physical aging and curing continuation

B.1 DSC analyses

In this section, Sikadur 330 samples have been analyzed by DSC to determine the glass

transition, the relaxation enthalpy and the residual enthalpy. The samples were cut from

appropriately preconditioned epoxy sheets of 1-mm thickness. The following samples were

analyzed at increasing aging times:

Samples P21: 5-day cured at 21£3°C, 3-day post-cured at 60°C, cooled in the air and
aged at 214+3°C.

Samples C21: cured and aged at 21+3°C.

Samples PP21: P21 samples aged at 21+3°C for 18 days, de-aged in the oven for
10 min at 100°C, again cooled in the air and aged back at 21+3°C.

The method applied comprised the following specifications:

Instrument: Netzsch 204 F1 Phoenix (see Fig. B.1)

Temperature calibration: Melting point of cyclohexane, Hg, biphenyl, In, Sn, Bi and
Zn (Onset -87, -39, 69, 157, 232, 271 and 420°C)

Sensitivity calibration: Melting enthalpy of cyclohexane, Hg, biphenyl, In, Sn, Bi and
Zn

Crucibles: Aluminum (see Fig. B.1)

Sample mass: 10-20 mg

Temperature program:

Cool to -25°C at a rate of 20°C/min, 3 minutes isotherm at -25°C

Heat from -25 to 250°C at a rate of 10°C/min

Cool to -25°C at a rate of 20°C/min, 3 minutes isotherm at -25°C

Heat from -25 to 250°C at a rate of 10°C/min

Purge gas: Nitrogen

Number of measurements: 2

Microbalance: Mettler MT-5
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ﬂ - 7 [\

Fig. B.1 DSC machine (left) and installation of crucibles (right).

DSC thermograms of analyzed samples are given in the following Fig. B.2 to
Fig. B.21.

The relaxation peaks overlap with the glass transition. The determination of the
relaxation enthalpy was difficult when the glass transition of the second heating run shifted to
higher temperatures due to curing i.e. for the C21 samples. Hence, a simple subtraction of the
second run from the first run does not work, as mainly used for the P21 samples. A Bezier-
type baseline was used instead. The best technique to separate overlapping effects would be,
however, the temperature-modulated DSC.

For the C21 samples (cured at laboratory temperature) the relaxation enthalpy
increased in the first days of storage, then remained more or less constant over time and
subsequently decreased towards the initial values. The relaxation enthalpy of the P21 samples
(post-cured) appears to stay approximately more constant between 3 and 4 J/g. It is clearly
smaller than that observed for the C21, probably due to a higher degree of cross-linking.

Regarding the samples PP21, a small relaxation seems to be developing below the
glass transition as also observed in [1, 2], or this might be related to a second glass transition.

It should to be noted that the choice of the integration limits considerably influences

the values of the relaxation enthalpy.
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Fig. B.3 DSC responses of Sikadur 330, C21 sample, aged during 10 days.
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Fig. B.4 DSC responses of Sikadur 330, C21 sample, aged during 17 days.
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Fig. B.5 DSC responses of Sikadur 330, C21 sample, aged during 28 days.
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Fig. B.6 DSC responses of Sikadur 330, C21 sample, aged during 53 days.
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Fig. B.7 DSC responses of Sikadur 330, C21 sample, aged during 117 days.

132



Investigation of physical aging and curing continuation

DSC /(mW/mg)
[1.3]
0.61] exo

Glass Transition:

0.4 Onset: 62.4°C
Mid: 61.9°C
End: 63.1°C
Delta Cp*:  0.301 J/(g*K)

Peak: 65.6 °C, 0.3448 mW/mg

0.2

Area: 5.739 Jig

0.0
B Glass Transition:
Onset: 715°C
Mid: 79.6 °C
04 End: 85.9°C
Delta Cp*:  0.225 J/(g*K)
0 50 100 150 200 250
Temperature /°C
Fig. B.8 DSC responses of Sikadur 330, C21 sample, aged during 327 days.
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Fig. B.9 DSC responses of Sikadur 330, P21 sample, aged during 9 days.
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Fig. B.10 Subtraction of relaxation enthalpy, P21 sample, aged during 9 days.
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Fig. B.11 DSC responses of Sikadur 330 from two P21 samples, aged during 14 days.
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Fig. B.12 Subtraction of relaxation enthalpy for two P21 samples, aged during 14 days.
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Fig. B.13 DSC responses of Sikadur 330 from two P21 samples, aged during 28 days.
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Fig. B.14 Subtraction of relaxation enthalpy for two P21 samples, aged during 28 days.
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Fig. B.15 DSC responses of Sikadur 330 from two P21 samples, aged during 57 days.
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Fig. B.16 Subtraction of relaxation enthalpy for two P21 samples, aged during 57 days.
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Fig. B.17 DSC responses of Sikadur 330, P21 sample, aged during 121 days.
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Fig. B.18 DSC responses of Sikadur 330 from two P21 samples, aged during 331 days.
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Fig. B.19 DSC responses of Sikadur 330 from two PP21 samples, aged during 18 days (after de-
aging).
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Fig. B.21 DSC responses of Sikadur 330 from two PP21 samples, aged during 121 days.
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B.2 Physical measurements of cold-curing and post-cured samples

Schematic graphs in Fig. B.22 and Fig. B.23 show the specific enthalpy, 4, glass transition,
T,, and relaxation enthalpy, 4H,.;, changes occurring between five and 10 days and between
35 and 117 days of aging of cold-curing samples C21 discussed in Chapter 2. In the later life,
i.e. at 117 days, when cure becomes the predominant mechanism and 7, increases
exponentially with curing degree, free volume is induced and prevents physical aging

processes (densification) with subsequent decrease of 4H,,; and increase of / (de-aging).
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Fig. B. 22 Specific enthalpy and specific heat capacity vs temperature during heating cycles of C21
samples after 5 and 10 days of aging.
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Fig. B.23 Specific enthalpy and specific heat capacity vs temperature during heating cycles of C21
samples after 35 and 117 days of aging.

The T, decrease of the post-cured P21 samples discussed in Chapter 2 after their post-
curing may be attributed to physical aging effects rather than to plasticization due to the
relatively low laboratory humidity; these are discussed below and shown in the schematic
graph in Fig B.24 in order to further interpret the results of Fig. 2.12.

In Fig. 2.12, there is a decrease in the 4H,.,; measurements of P21 before and after
post-curing i.e. between five and nine days. De-aging, and thus an increase of 4, should have
occurred when the post-curing started (as from day six) at 60°C, because this aging
temperature was higher than the 7, reached at that time (i.e. T,; =60°C>T7,=42°C), and AH,;
decreased to zero. Subsequently, during the three-day post-curing, the 7, rose gradually above
70°C (>T,; =60°C) and physical aging was reactivated, causing a new decrease of # which
explains the new development of 4H,.; measured at nine days in Fig. 2.12. The epoxy samples
were then cooled in the air at 7,,=21°C and a further decrease of 4 occurred, indicated by the
local increase in 4H,.; at 14 days in Fig. 2.12.

Above 14 days, a new 4H,.; decrease was measured for the P21 samples as shown in
Fig. 2.12, demonstrating an increase of enthalpy, 4. As explained in [3], the room temperature
conformation of the molecules corresponds to the conformation they had at their respective

glass transition temperatures, where they are characterized by a higher specific volume. That
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is why samples with a high T still retain a high specific volume (and also enthalpy) when
cooled at room temperature. Moreover, in [4] the authors noticed enthalpy increases (i.e. de-
aging) for several glassy polymers when a thermal history below 7, was involved i.e.
polymers aged at T, and previously left at 7;,;. During post-curing at 60°C, the P21 reached a
high T, (above 70°C) and underwent a thermal history, cooling from 60°C down to 21°C. It
seems that the 7, reached during aging at 7,; = 60°C cannot be sustained by the epoxy at the
lower temperature 7, =21°C and through a de-aging process both relaxation enthalpy and 7,
decrease towards a more favorable molecular state at the lower temperature. This decrease is
shown in Fig. B.24 between 32 and 121 days of aging. This explanation needs however

further investigation.
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Fig. B.24 Specific enthalpy and specific heat capacity vs temperature during heating cycles of P21
samples after 32 and 121 days of aging.
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Investigation of immersion conditions

C.1 Conditioning processes

Fig. C.1 to Fig. C.5 complement the discussions presented in Chapter 3.

Fig. C.1 Fabricated specimens during Fig. C.2 Post-curing of specimens in climate chamber

laboratory curing. (Rumed 3501).

Fig. C.4 Immersed specimens in heated bath of

PAY ATTENTION

2

e seamless stainless steel at 30°C (PD30).

Fig. C.3 Immersed specimens in baths of
polypropylene at 13°C (CD13, PA13) in climate ~ Fig. C.5 Immersed specimens in heated bath of
chamber (Brouwer UGS660-S). seamless stainless steel at 50°C (PD50).
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C.2 DMA analyses

DMA loss modulus, storage modulus and loss factor (ratio between loss and storage modulus)
plots of the specimens immersed in demineralized water (PD specimens) investigated in
Chapter 3 are shown in Fig. C.6 to Fig. C.8 with increasing water uptake.

It is noticeable that the loss factor peak in Fig. C.8, which shifts to lower temperature
analogically to the loss modulus peak in Fig. C.6, broadens, then a shoulder appears and
eventually splits into two peaks with increasing water uptake. Furthermore, the second loss
factor peak coincides with a kink on the loss modulus curves in Fig. C.6 (for high water
uptake). Authors attribute the broadening of loss factor peaks to an increasing molecular
mobility in the epoxy network and a dispersion of the relaxation processes caused by
plasticization [1-3]. They also attribute the presence of a second peak to the coexistence of a
less plasticized network in the epoxy, which resulted from a drying effect caused by the
temperature ramp during the analysis [4-6]. Others related the double peak to a phase change

of water molecules not attached to the polymer structure [2, 7].
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Fig. C.6 Loss modulus vs temperature relationships — PD specimens.
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C.3 Stress-strain behavior

Complementary stress-strain curves of PA (post-cured, immersed in alkaline solutions) and

CD specimens (cold-curing, immersed in demineralized water) presented in Chapter 3 are
shown in Fig. C.9 and Fig. C.10.
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Fig. C.9 Stress-strain behavior at different water uptake - PA specimens.
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Fig. C.10 Stress-strain behavior at different water uptake - CD specimens.
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C.4 Fracture surfaces

Additional fracture surfaces (13x4 mm?) of the failed specimens discussed in Chapter 3 are

illustrated in the following Fig. C.11 to Fig. C.22.

¥

ce failed at 46
" 3 _:

Fig. C.18 PD13 failed at 42 MPa and Aw,=0.9%. Fig. C.19 PD50 failed at 35 MPa and Aw,=1.9%.

Fig. C.20 PD50 failed at 30 MPa and Aw,=3.6%. Fig. C.21 PD50 partially dried at 21°C, failed at
35 MPa and Aw=2.0%.

Fig. C.22 PD50 dried at 50°C, failed at 47 MPa.
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Matlab code for fatigue analysis

The experimental data (files: 'input.xlsx') obtained during the fatigue investigations in
Chapter 4 from the MTS machine and the video extensometer has been further analyzed using

the following Matlab code:

cle

clear all

close all

% load fatigue.mat;

% first column are cycles, second column is stress, third & fourth are strains (machine, video)

[num,~] = xIsread('C:\Users\savvilot\Desktop\input.xIsx');

fatiq = num(:,1:4);

steps = fatiq(:,1);

[row,col] = size(fatiq);

numC = row;

periodC = 1;

%% Main

count = 1;

1=1;

while i<=steps(end)
idx = fatiq(:,1)==i;
fatiqTemp = fatiq(idx,2:4);
[MINpointB,MINidxB] = min (fatiq(idx,2));
[MINpointC,MINidxC] = min (fatiq(idx,3));
[MINpointD,MINidxD] = min (fatiq(idx,4));
[MAXpointB,MAXidxB] = max (fatiq(idx,2));
[MAXpointC,MAXidxC] = max (fatiq(idx,3));
[MAXpointD,MAXidxD] = max (fatiq(idx,4));
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fatiqLoop = [fatiqTemp ; fatiqTemp(1,1) fatiqTemp(1,2) fatigTemp(1,3)];

keep fatigloop plot{count} = fatiqLoop;

map_experiment to_index (count,1) =i;

test(count,1) = i; %Cycle saved in Column 1

slope tmp C = [ones(length(fatiqTemp(:,2)),1) fatiqTemp(:,2)]\fatigTemp(:,1);
slope C =slope tmp C(2,1);

test(count,2) = slope_C; %Slope saved in Column 2

test(count,3) = abs(-trapz(fatiqLoop(:,2),fatiqgLoop(:,1))); %Area saved in Column 3
test(count,4) = MAXpointC;

test(count,5) = MINpointC;

test(count,6) = (MAXpointC+MINpointC)/2;

test(count,7) = (MAXpointC-MINpointC);

test(count,8) = MAXpointB;

test(count,9) = MINpointB;

slope tmp D = [ones(length(fatiqTemp(:,3)),1) fatiqTemp(:,3)]\fatiqTemp(:,1);
slope D =slope _tmp D(2,1);

test(count,10) = slope D;%(MAXpointB-MINpointB)/(MAXpointD-MINpointD);
test(count,11) = abs(-trapz(fatiqLoop(:,3),fatiqgLoop(:,1)));

test(count,12) = MAXpointD;

test(count,13) = MINpointD;

test(count,14) = (MAXpointD+MINpointD)/2;

test(count,15) = (MAXpointD-MINpointD);

test(count,16)= test(count,2)/test(1,2);

test(count,17)= test(count,10)/test(1,10);

test(count, 18)= test(count,1)/steps(end);

index_step = find(idx==1);

if index_step(end)<numC
periodC = steps(index_step(end)+1)-steps(index_step(end));
count = count + 1;

end

i =i+periodC;

xlswrite('fatigue.x1sx’,test);
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end

%% plot loop of i =1 MTS

idxcount = find(map_experiment to index==1);

plot(keep fatigloop plot{idxcount}(:,2),keep fatiqloop plot{idxcount}(:,1),'LineWidth',1)
axis([ 0 0.012 0 30])

xlabel("epsilon [-]','fontsize',24)

ylabel("\sigma [MPa]','fontsize',24)

%title('DRIED\ 73\ 800N','fontsize',24)

hold all

idxcount = find(map_experiment _to index==200);

plot(keep fatigloop plot{idxcount}(:,2),keep fatigloop plot{idxcount}(:,1),'LineWidth',1)
idxcount = find(map_experiment_to_index==50000);

plot(keep fatigloop plot{idxcount}(:,2),keep fatigloop_ plot{idxcount}(:,1),'LineWidth',1)
idxcount = find(map_experiment _to index==600000);

plot(keep fatigloop_ plot{idxcount}(:,2),keep fatigloop plot{idxcount}(:,1),'LineWidth',1)

% load quasi-static curve;

[num,txt] = xIsread('C:\Users\savvilot\Desktop\statik.x1sx");
static = num(:,1:2);

plot(static(:,1) ,static(:,2),'k','LineWidth',1.5)

box on

set(gca,'fontsize',24,'linewidth',1)
saveas(gcf,'C:\Users\savvilot\Desktop\figs\1.fig.tif")

%% plot loop of i = 1 video

figure;

idxcount = find(map_experiment to_index==1);

plot(keep fatigloop plot{idxcount}(:,3),keep fatiqloop plot{idxcount}(:,1),'LineWidth',1)
axis([ 0 0.012 0 30])

xlabel("epsilon [-]','fontsize',24)

ylabel("\sigma [MPa]','fontsize',24)

%title('DRIED\ 73\ 800N\ video','fontsize',24)
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hold all

idxcount = find(map_experiment_to index==200);

plot(keep fatigloop plot{idxcount}(:,3),keep fatiqloop plot{idxcount}(:,1),'LineWidth',1)
idxcount = find(map_experiment to index==50000);

plot(keep fatigloop plot{idxcount}(:,3),keep fatigloop_ plot{idxcount}(:,1),'LineWidth',1)
idxcount = find(map_experiment to_index==600000);

plot(keep fatigloop plot{idxcount}(:,3),keep fatiqloop plot{idxcount}(:,1),'LineWidth',1)

[num,txt] = xIsread('C:\Users\savvilot\Desktop\statik.x1sx");
static = num(:,1:2);

plot(static(:,1) ,static(:,2),'k','LineWidth',1.5)

box on

set(gca,'fontsize',24,'linewidth',1)
saveas(gcf,'C:\Users\savvilot\Desktop\figs\2.fig.tif")
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Transient mass diffusion in Abaqus

This annex complements the procedures involved in the numerical work of Chapter 5.

Input file

*Heading

** Job name: BAR-13°C Model name: Model-1

** Generated by: Abaqus/CAE 6.14-1

*Preprint, echo=NO, model=NO, history=NO, contact=NO
*Part, name=EPOXY-BAR

*Node
1, 0.000150000007, 0.000150000007, 0.00300000003
2, 0.000150000007, 0., 0.00300000003

3, 0.000150000007, 0.000150000007, 0.00295000011

...more node definitions...

242, 0., 0., 4.99999987e-05
243, 0., 0.000150000007, 0.
244, 0., 0., 0.

*Element, type=DC3D§

1,123, 124,126,125, 1, 2, 4, 3

2,125,126, 128,127, 3, 4, 6, 5

...more element definitions...

59, 239, 240, 242, 241, 117, 118, 120, 119

60, 241, 242, 244, 243, 119, 120, 122, 121

** Section: EPOXY-BAR

*Solid Section, elset=Set-1, material=SIKADUR-330
* Assembly, name=Assembly

*Instance, name=EPOXY-BAR-1, part=EPOXY-BAR
*Nset, nset=Set-3, instance=EPOXY-BAR-1
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1, 2,121, 122,123,124, 243, 244
*Elset, elset=Set-3, instance=EPOXY-BAR-1
1,60
*Material, name=SIKADUR-330
*Diffusivity, law=FICK
5.78e-14,0.
*Solubility
1.
*Physical Constants, absolute zero=-273.
** STEP: Step-1
*Step, name=Step-1, nlgeom=NO, inc=1000000
Fickian
*Mass Diffusion, end=PERIOD, dcmax=0.1
5000., 6.31e+07, 1e-07, 15000.
** Name: BC-1 Type: Mass concentration
*Boundary
Set-3, 11, 11, 1.
*QOutput, field, frequency=5
*Node Output
COORD, NNC
*Element Output, directions=YES
CONC
*End Step

The finite element procedure in Abaqus 6.14 consisted of finding the temporal and

spatial distribution of moisture within the adhesive layer.

(NNC1

completed an XY object was created as follows: Create XY data — ODB field output —

Output

(e.g. the right upper corner of each xy-plane) — Save. A plot at that stage is illustrated in

Before the analysis run, the output variable of normalized moisture concentration

1) was set to record every n=5 increments. After the analysis had been successfully

variables: NNC11 / Position: unique nodal— Elements/Nodes: 61 nodes were selected

Fig. D.1.
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i |—o—Node 3|

—— Node 4

—— Node 5
Node 6

400 600 800
Days

Fig. D.1 Normalized moisture concentration of selected nodes (upper right corner) of mesh elements

on xy-plane as function of total time — Immersion at 30°C.

Subsequently, operating on the XY data, the sum of the NNC of the 61 nodes was
divided by the total number (i.e. 61) and an XY table was exported, where column X
contained the time increments (saved with a step of 5) and Y the average normalized moisture
concentration of the global model.

The simulated average normalized moisture concentration (see Fig. D.2) was then
multiplied by the maximum amount of absorbed water (4w,,) experimentally obtained, e.g.

2.35% for 30°C, to be compared with the experimental data (see Fig. 5.3 a) and Fig. 5.3 b),
Chapter 5).

800

Fig. D.2 Average normalized moisture-concentration in model with time — Immersion at 30°C.
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In addition to the output variable of moisture concentration (NNC), the nodal
coordinates (COORD) were selected in the field Output requests. After the analysis run,
several report field outputs for the times of interest, e.g. frame 49 corresponding to 7348 days
or 20 years, could be created as follows: Report — Field output — Output variables: NNC11,
COORD/ Position: unique nodal— Setup —File Name e.g. Case 1 Girder-deck
joint_frame 49.rpt — Apply. The created file is then saved in C:\Temp. The distributed
normalized moisture concentration in the epoxy layer was afterwards multiplied by the

corresponding amount of absorbed water by the epoxy based on Chapter 3.
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Standard Operational Procedure (SOP)

Due to the large number of fabrication batches, specimens and conditioning
environments, a well-defined procedure was followed for the fabrication and conditioning
phases prior to experiments. The complete procedure from reception of the adhesive up to

examination of the specimens can be described as follows:

A. Material reception

Initially on receiving the material, different dates were noted:
e Fabrication date
e Expiration date
e Reception date

e Pot-opening date

B. Mold preparation

Aluminum molds were manufactured with dimensions as specified in ASTM D638 for the
fabrication of “dumbbell-shaped” specimens of type (I), chosen for rigid and semi-rigid
plastics. Aluminum molds were also manufactured with dimensions according to ASTM
E1640 for the fabrication of rectangular specimens. These molds were prepared each time
prior to specimen fabrication:
e The molds were carefully cleaned using acetone with the aid of a spatula and/or
sandpaper; all remaining material traces from previous fabrications were removed.
e The mold parts were tightly screwed together in order to obtain a level surface for
each specimen.
e Scotch tape was applied between specimens (at bolt positions and not too close to the
borders of the molded positions) to ensure the cleanness of the mold surface.
Furthermore, the Scotch tape protected the bolts from the adhesive and facilitated their

dismantling.
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The release agent (better in spray form) was applied in sufficient quantity, but
avoiding excess in the corners and at the edges of the molds. Excess material was

carefully wiped away using a cloth.

Photos of the molds before the fabrication phase are shown in Fig. F.1. In most cases,

each fabrication batch comprised the use of the maximum number of available molds i.e. four

“dumbbell-shaped” (24 specimens in total) and eight of rectangular shape (32 specimens in

total).

C.

|
|
|

it

o Elswiaon-
)

o
2 -
[

Fig. F.1 Aluminum molds before and after application of Scotch tape.

Fabrication under laboratory conditions

The fabrication date of the specimens was planned in accordance with the desired

conditioning dates and, when necessary, the examining dates. Fabrication took place in the

laboratory (La Halle de Structures I) and both fabrication time and laboratory temperature

were recorded.
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Initially each component was mixed separately in its own pot to achieve uniformity.
The two components of the adhesive were poured simultaneously into a plastic
container according to the standard ratio (following the manufacturer’s indications). A
precise weighing device was used to adjust the ratio between both components.

The two components were mixed together with a mixing spindle attached to a slow-
speed electric drill (<< 600 rpm) until the expected uniform grey color of the epoxy
was obtained - approximately 3-4 minutes.

The whole mixture was poured into a clean container and stirred again for
approximately one more minute at low speed to keep air entrapment to a minimum.

Only that quantity which could be used within its pot life was mixed.



Standard Operational Procedure (SOP)

The material was put into the molds using a plastic cone bag to force air out and,
afterwards, it was applied with the aid of a spatula by filling every mold horizontally
from the left to the right corner and from top to bottom. A constant application rate
was respected to avoid the release of bubbles or excess material, especially in the
narrow sections of the molds.

The mold was gently shaken on the table where fabrication was carried out.

The spatula was drawn over the surface of the mold in one direction with sufficient
pressure to remove any “extra” undesired material and level off the surface of the
specimen. The Scotch tape was removed after all the specimens were completed.

The molds were directly placed inside a climate chamber if necessary (case of the
13°C conditioning) or left in the laboratory environment for the standard seven-day
curing. The temperature was regularly recorded (see Fig. F.2)

Specimens could be removed from the molds after the first two to three days.

Fig. F.2 Curing of specimens in laboratory environment; recording of temperature and humidity

D.

variations.

Specimen denomination - Conditioning phase

A label was placed on each specimen before they were subjected to the corresponding

conditioning phase; for instance P/C-(D/A)-21-1-A/110-(D30)-250516 gives the following

data:

C or P: cold-curing or post-cured specimen

D or A: immersed in distilled water or alkaline solution (only for specimens intended
for wet conditions)

21: aging or immersion temperature expressed in degrees (°C)

1: specimen number in the series subjected to the same aging/immersion condition,

according to testing order
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A10 or 110: aging (dry conditions) or immersion (wet conditions) time expressed in
days
250516: fabrication date

D30: drying time (after immersion times) expressed in days

Specimen preparation for the experimental phase

Specimens were removed from the conditioning state and subsequently subjected to
the tensile experiments or DMA after a certain time lapse to ensure that the
conditioned specimens had adapted to the laboratory testing conditions (7=21£3°C
and RH=40+10%).

Specimens that were aging in aqueous environments were placed into a plastic box
with water at laboratory temperature before examination and removed from the
temporary container when the experiments were ready to be conducted.

The dimensions of each specimen (width and thickness) were measured at three
different positions within its gage length (=50 mm or 17.5 mm for the tensile
experiments or DMA respectively).

The exact location of the clip gage was marked on the dog-bone-shaped specimens
using a ruler and marker, the gage being positioned in the middle third of the
specimen. Moreover, the free length between the machine steel wedges was also
marked (=115 mm).

For specimens conditioned in dry environments (Chapter 2) and subjected to tensile
experiments, characterized by more brittle failures - tab failures or failures occurring
outside the gage length - carton tabs were fixed at both extremities (parts in contact
with the metal wedges). The same procedure was applied before fatigue testing
(Chapter 4).

In order to obtain consistent results and a representative average value for specimens
to be examined at the same aging/immersion time, but also to take into account any
diversity originating from the various mixed batches involved in the extended
experimental procedures, specimens from two fabrication dates were examined at each
condition and time (tensile experiments).

The grips were closed under a sufficiently high pressure (manually regulated) to
prevent any slippage between the specimen and machine wedges (tensile

experiments).



Standard Operational Procedure (SOP)

Finally, if the result obtained for a specimen showing internal voids or edge defects on
its fracture surface fell within the expected scatter range obtained from other
specimens (tested under the same conditions), it was not discarded, assuming that the

flaw or defect did not influence specimen behavior during the tensile experiment.
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