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Preface

Composite materials often exhibit an undesired brittle failure behavior, particularly in
fiber-dominated response cases. Lacking ductility on the material level can however
be compensated on the structural system level - for instance, by combining brittle
composite members with ductile adhesive joints. Since this type of ductility is not
related to yielding, as in case of steel, but to progressive damage and viscoelastic
energy dissipation, the term “pseudo-ductility” is used in this work.

Due to the viscoelastic nature of adhesives, their possible pseudo-ductility depends
on the material state, temperature and strain rate. Elastomer thermoset adhesives, as
used in this work, can exhibit pseudo-ductility at ambient temperature and moderate
strain rates, as it has already been demonstrated in previous works at CCLab, on linear
lap joints. In that type of joint, the strain rate is constant along the joint overlap.
One of the novelties in this work is the investigation of angle joints, as used in frame
structures. The angle joints are hybrid, i.e., they have a central bolt to ensure joint
integrity, and the angle bending moment in transmitted by torsion in the adhesive
layers. This torsion causes a radial strain rate distribution which is not constant
anymore and thus complicates the analysis compared to linear lap joints.

In addition to quasi-static loading conditions, cyclic conditions are also investigated
for linear lap joints, to study the possible pseudo-ductility and energy dissipation
capacity in cases of seismic loading.

I would like to thank Fiberline, Denmark, and Sika, Switzerland, for their continuous

support of our research.
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Abstract

Sustainable development has emerged as a paramount consideration in various fields

of industry, including construction, to preserve the environment and its finite re-
sources. Lightweight structures, such as fiber-polymer composite structures, address

both sustainability and earthquake resistance concerns. Despite their reduced weight,

which lowers seismic input energy, the inherent brittleness of composite structures

limits their energy dissipation capacity. This challenge can be addressed through

implementing pseudo-ductility by using pseudo-ductile adhesives, through which

energy dissipation in beam-column connections is enhanced by enabling a nonlinear

structural response due to progressive damage. The capability of pseudo-ductile ad-
hesives to dissipate inelastic energy through mechanisms such as viscoelastic friction,

plasticity, or damage substantiates them as a potential solution to the concerns on

seismic performance of composite structures’ connections.

The performance of pseudo-ductile adhesive and bolted double-lap joints composed

of pultruded glass composite profiles were experimentally investigated and compared.
The effects of applied displacement rates on the behavior of the pseudo-ductile adhe-
sive and configurations of bolted joints were studied through monotonic and cyclic

experiments. The adhesive joints showed significantly higher energy dissipation than

bolted joints at lower displacement rates while maintaining similar or greater strength

under monotonic loading.

A phenomenological model comprised of two parallel Maxwell units, one conventional-
linear, and one extended-nonlinear, was developed. The model captured effectively
pre- and post-yield monotonic and cyclic responses of pseudo-ductile adhesive dou-
ble lap joints under various displacement rates. The developed phenomenological

model’s advantage over other constitutive models lies in its fewer parameters and

computational efficiency.

Seismic forces might induce variable strain rates in the form of torsional moments in

the joint area. Therefore, a novel angle joint configuration was designed, with a bolt
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Abstract

positioned at the geometric centroid of the joint area that permitted relative rotation
while restricting relative displacements, leading to pure torsion in the adhesive layer.
The angle joints were then subjected to various rates of monotonic displacement-
controlled loadings. It was observed that with an increase in the range of strain
rates, the ultimate strength of the experimented angle joints increased while their
energy dissipation capacity and failure rotation decreased. An analytical model was
introduced to predict the torsional behavior of pseudo-ductile adhesive joints using
a bilinear material behavior. The analytical model effectively predicted angle joints’
torsional behavior.

In conclusion, this thesis provides insight into the mechanical behavior of a pseudo-
ductile adhesive in composite joints and their energy dissipation capacity. The de-
veloped phenomenological model can serve as a useful tool for future engineers and
researchers to design and analyze adhesively bonded composite joints, taking into
consideration the complex and highly nonlinear cyclic behavior of the pseudo-ductile
adhesive. Furthermore, the novel angle joint configuration designed in this study con-
tributes to a better understanding of the effects of variable strain rates on the behavior
of pseudo-ductile adhesive joints, expanding the scope of potential applications and
enhancing the seismic performance of composite structures.

Keywords: Pseudo-ductile adhesive joint, glass composite double-lap joints, rate-
dependent behavior, variable strain rate, angle joint, torsion-rotation capacity, energy

dissipation capacity, cyclic behavior.
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Résumé

Le développement durable est apparu comme une considération primordiale dans
divers domaines de I'industrie, y compris la construction, afin de préserver |'envi-
ronnement et ses ressources finies. Les structures légéres, telles que les structures
composites en fibres-polymeres, répondent a la fois aux préoccupations de durabilité
et de résistance aux séismes. Malgré leur poids réduit, qui diminue I'énergie sismique
entrante, la fragilité inhérente des structures composites limite leur capacité a dis-
siper I’énergie. Ce défi peut étre relevé en mettant en ceuvre une pseudo-ductilité
al’aide d’adhésifs pseudo-ductiles, grace auxquels la dissipation d’énergie dans les
connexions poutre-colonne est améliorée en permettant une réponse structurelle non
linéaire due a des dommages progressifs. La capacité des adhésifs pseudo-ductiles a
dissiper |'énergie inélastique par des mécanismes tels que le frottement viscoélastique,
la plasticité ou les dommages les consolide comme une solution potentielle aux pré-
occupations sur la performance sismique des connexions de structures composites.

Les performances des joints adhésifs pseudo-ductiles et des joints double boulon-
nés composés de profils composites en verre pultrudés ont été expérimentalement
étudiées et comparées. Les effets des taux de déplacement appliqués sur le compor-
tement de 'adhésif pseudo-ductile et des configurations des joints boulonnés ont
été étudiés a travers des expériences monotones et cycliques. Les joints adhésifs ont
montré une dissipation d’énergie nettement supérieure aux joints boulonnés a des
taux de déplacement plus faibles tout en conservant une force similaire ou supérieure
sous charge monotone.

Un modéle phénoménologique composé de deux unités Maxwell paralléles, 'une
conventionnelle-linéaire, et I'autre étendue-non linéaire, a été développé. Le modele
a efficacement capturé les réponses monotones et cycliques pré et post-rendement
des joints adhésifs double boulon pseudo-ductiles sous divers taux de déplacement.
L'avantage du modele phénoménologique développé sur les autres modéles constitu-

tifs réside dans ses parametres plus restreints et son efficacité computationnelle.
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Résumé

Les forces sismiques pourraient induire des taux de déformation variables sous forme
de moments de torsion dans la zone de joint. Par conséquent, une nouvelle configu-
ration de joint d’angle a été concue, avec un boulon positionné au centroide géomé-
trique de la zone de joint qui permettait une rotation relative tout en restreignant les
déplacements relatifs, conduisant a une torsion pure dans la couche adhésive. Les
joints d’angle ont ensuite été soumis a divers taux de charges contrélées par déplace-
ment monotone. Il a été observé qu’avec une augmentation de la plage des taux de
déformation, la résistance ultime des joints d’angle expérimentés augmentait tandis
que leur capacité de dissipation d’énergie et leur rotation de rupture diminuaient.
Un modéle analytique a été introduit pour prédire le comportement de torsion des
joints adhésifs pseudo-ductiles en utilisant un comportement de matériau bilinéaire.
Le modele analytique a efficacement prédit le comportement de torsion des joints
d’angle.

En conclusion, cette these offre un aper¢u du comportement mécanique d'un adhésif
pseudo-ductile dans les joints composites et leur capacité a dissiper I'énergie. Le mo-
deéle phénoménologique développé peut servir d’outil utile pour les futurs ingénieurs
et chercheurs afin de concevoir et d’analyser les joints composites collés, en prenant
en compte le comportement cyclique complexe et hautement non linéaire de I’adhésif
pseudo-ductile. De plus, la nouvelle configuration de joint d’angle congue dans cette
étude contribue a une meilleure compréhension des effets des taux de déformation
variables sur le comportement des joints adhésifs pseudo-ductiles, élargissant ainsi
le champ des applications potentielles et améliorant la performance sismique des
structures composites.

Mots clés : Joint adhésif pseudo-ductile, joints a double lamelle en composite de verre,
comportement dépendant de la vitesse, taux de déformation variable, joint angulaire,

capacité de torsion-rotation, capacité de dissipation d’énergie, comportement cyclique.
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Introduction

1.1 Context and motivation

Seismic resistance in structures relies on two key factors: 1) the input energy to the
structure, and 2) the capacity of the structure to absorb and dissipate the input energy
[1]. Lightweight construction enhances the seismic resilience of the structures as the
internal forces induced within the structural elements are directly proportional to
the structure’s weight. Fiber-polymer composite elements (Fig. 1.1(a)) have become
increasingly popular in lightweight construction, as they offer a high strength-to-
weight ratio and corrosion resistance. Glass composites also provide low thermal

conductivity and the potential for translucency or transparency [2], [3].

Composites have been used in pedestrian (Fig. 1.1(b)) and highway bridge decks
[4], [5] due to their cost-effectiveness [6] and aforementioned superior properties;
however, their use in building construction is less widespread due to their low fire resis-
tance. Additionally, in bridges and buildings, the composites’ lack of inelastic energy
dissipation capacity raises concerns for efficient earthquake-resistant design, main-
taining serviceability, and global failure prevention in high seismicity areas. Although
extensive research has been conducted on individual composite structural members,
such as beams [7], columns [8], and roofs [9], the development of all-composite struc-
tures remains yet limited. One notable example of a nearly all-composite structure is
the five-story Eyecatcher building [10], illustrated in (Fig. 1.1(c)).

Contrary to ductility in metals which indicates a nonlinear response due to yielding,

pseudo-ductility designates a nonlinear response caused by progressive failure or
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damage [11]. Thus, to address the challenges regarding the seismic resilience of struc-
tures composed of brittle members such as composite elements, pseudo-ductility
can be introduced by either designing redundant (statically indeterminate) structural
systems or using pseudo-ductile joints [12]. In the following, the pseudo-ductile term
is used on all levels, such as system, joint, component, and material, including poly-
mers if progressive damage occurs [13], [14]. Pseudo-ductility can be implemented
into joints by using pseudo-ductile adhesives to dissipate inelastic energy through

viscosity-related friction and damage, as it has already been shown in [15]-[17].

Figure 1.1: a) Composite profiles, b) Pontresina Bridge 1997, c) Eyecatcher Building 1999.

The adhesives used for structural purposes are mostly thermoset polymers and ex-
hibit viscoelastic behavior [18], [19]. In thermoset polymers, the viscoelastic behavior
results from molecular chain movements, which is both strain rate- and temperature-
dependent [20]. Different applied strain rates can result in different mechanical
responses in the thermoset polymer, varying from brittle to pseudo-ductile, with
different yield load and post-yield behavior [21]. The thermoset molecular chain
structure consists of both primary bonds (in the chains and cross-links between the
chains, mainly covalent bonds) and secondary bonds (Van der Waals and hydrogen
bonds). The molecular chains in lightly cross-linked thermosets, denominated elas-
tomer thermosets, are formed in random coils and are in an amorphous state [22].
Coiled chains can uncoil and reach their yield point at a low displacement rate, as
they have sufficient time. After the yield point, chains lose secondary bonds and be-
come aligned or stretched, leading to decreased stiffness and increased deformability,
possibly resulting in hardening behavior. During unloading, the stretched chains

coil back, and secondary bonds are reformed [23]. Broken primary bonds contribute

4
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to the initiation and propagation of damage and energy dissipation in viscoelastic
polymers [24]. Depending on the amount of energy dissipation, the response could
be either brittle (low amount of energy dissipation, at high strain rate or low tem-
perature) or pseudo-ductile (high amount of energy dissipation, at low strain rate or
high temperature). Therefore, understanding the behavior of molecular chains in the
thermoset polymers and the respective amount of dissipated energy during loading

and unloading is crucial for accurate analysis and design of viscoelastic materials.

Due to the high costs, lengthy durations, and impracticality of conducting a plethora
of experiments under diverse conditions, constitutive models have become indispens-
able for designing and analyzing viscoelastic materials which require much fewer
experiments for calibration purposes. One of the most common mechanical model
for characterizing viscoelastic behavior involves a spring representing the elastic
component with a modulus of elasticity of E and a dashpot representing the viscous
component with the viscosity n [25]. Specific viscoelastic responses can be gener-
ated by integrating these elements in various arrangements. The Maxwell and Kelvin
models, which involve coupling a linear spring and a dashpot in series and paral-
lel configurations, respectively, offer the most elementary depictions of viscoelastic
behavior [26]. Since 1952, the combination of a spring and a dashpot element has
been employed to simulate the rate-dependent behavior of different varieties of vis-
coelastic materials [27]. Simplicity is a vital aspect of understanding and modeling
procedures. However, to date, no model has been developed that can effectively
and simply capture the cyclic behavior of rate-dependent pseudo-ductile adhesive

materials.

In the realm of all-composite structures, energy dissipation can be achieved through
the use of pseudo-ductile adhesive beam-column joints. Consequently, it is impera-
tive to understand and predict their rate-dependent cyclic performance, as well as
analyze their behavior under other critical conditions. Typically, connections between
pultruded profile beam-columns employ a cleat plate, which can be positioned be-
tween the beam flange and the column [28], or between the beam web and the column
[29], [30] (Fig. 1.2). In some cases, when a vertical load is applied to the beam within
these configurations, torsional moments could be generated in the joint. If the joint is

of bonded type [31], a torsional moment would be formed within the adhesive layer.
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Figure 1.2: Pultruded profile channel-beam web to box-column connections using cleats
a)experiment setup [30], b) schematic front view representation [30] and c) schematic 3D
representation [31].

Under torsional loading, if the relative displacements are prevented, each point within
the adhesive layer of the connection undergoes a distinct strain rate contingent on
its distance to the center of rotation. This variability in strain rates complicates the
determination of shear stress distribution and the analysis of adhesively bonded
beam-column connections using conventional methods. Since the existing literature
has focused on the investigation of pseudo-ductile adhesives under uniform strain
rate and stress distribution across the examined joint, a more comprehensive un-
derstanding of these connections under variable strain rates is essential for practical

applications and structural design.

1.2 Objectives

The primary objective of this research was to explore pseudo-ductility in pseudo-
ductile adhesive glass composite connections by assessing their energy dissipation
capacity in comparison to bolted connections, deriving the viscoelastic properties of
a pseudo-ductile adhesive, and evaluating their performance under variable strain
rates reflecting more realistic scenarios. Consequently, the following objectives have
been established:
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. Experimental investigation of the monotonic tension performance of adhesive

and bolted linear double-lap joints. Determination of the basis for cyclic loading
pattern under different displacement rates for adhesive joints and one rate for

bolted joints.

. Experimental investigation of cyclic tension-compression performance of adhe-

sive and bolted linear double-lap joints. Comparison of the effects of applied
displacement rates and bolt configurations on the energy dissipation capacity

of double-lap joints.

Establishment of a constitutive model for load-bearing behavior of pseudo-
ductile adhesive joints to predict their cyclic performance when subjected to a

given displacement rate.

. Experimental investigation of the response of a pseudo-ductile adhesive under

variable strain rates using a novel angle double-lap joint configuration, a semi-
rigid joint that allows relative rotation while restricting relative displacements

in the joint area.

. Analytical investigation of nonuniform stress distribution in the pseudo-ductile

adhesive layer under torsional moment by developing a rate-dependent bilinear

model.

1.3 Methodology

The methodology adopted to attain the objectives of this research is as follows:

1.a.

1.b.

l.c.

Design of one adhesive and two bolted linear double-lap joint configurations

providing identical strength capacities under tension loading.

Conduct monotonic tension loading experiments at three different levels of dis-
placement rate for adhesive joints and a single rate for bolted joints, extracting

the reference displacement for cyclic loading pattern.

Performing cyclic tension-compression loading experiments at three different
levels of displacement rate for adhesive joints and a single rate for bolted joints,

comparing their energy dissipation capacities.
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2.a. Developing a simple yet accurate constitutive model based on monotonic exper-
imental results, accounting for the power-law rate dependency of viscoelastic

parameters for the pseudo-ductile adhesive model.

2.b. Expanding the developed model from monotonic to cyclic experimental results,
considering the loading-unloading viscoelastic behavior of the pseudo-ductile

adhesive under different displacement rate levels.

3.a. Designing a new adhesive double-lap joint configuration, i.e., angle joint, to

provide pure torsion, causing variable strain rates within the adhesive layer.

3.b. Conducting monotonic loading experiments at three different displacement

rates, creating different ranges of strain rates across the adhesive layer.

4.a. Performing monotonic tension experiments on standard ductile single-lap

joints under six different strain rates.
4.b. Developing a bilinear model with rate-dependent power-law relations.

4.c. Analytically analyze the pseudo-ductile adhesive behavior under variable strain

rates, utilizing the developed bilinear model as a supporting framework.

1.4 Thesis organization

The research work presented in this thesis is divided into three core chapters, which
address the objectives introduced in Section 1.2, and an additional chapter summariz-
ing the conclusions of the research and future prospects. The general organization of

the core chapters of the thesis is shown in Table 1.1.

A summary of the main content of each chapter is presented in the following:

- Chapter 2: Experimental investigation of pseudo-ductile adhesive and bolted
double-lap joints was conducted under displacement-controlled monotonic
tension and cyclic tension-compression, focusing on their rate-dependent per-
formance and energy dissipation capacity in the context of seismic events.
Double-lap adhesive joints by minimizing the eccentricities enable the study of

shear transfer in adhesive materials while serving as a common benchmark for
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comparison. The adhesive joints were subjected to different displacement rates
in a monotonic tension regime, while two bolted joint configurations, single-
column with two-rows and dual-column with two-rows bolts, were examined
under a single displacement rate. CUREE protocol [32], which assess how ordi-
nary seismic activity, with a 10% chance of being surpassed in 50 years, impacts
the capacity of various components in lightweight structures, was used for the
cyclic experiments. Following the CUREE protocol, tension-compression cyclic
displacements were applied to both adhesive and bolted joint types, and their
failure modes, maximum cycle numbers, stiffness degradation, and total energy
dissipation were analyzed. The dissipated energy per cycle, represented by the
enclosed area in the load-displacement curve, underscores the significance of
adhesive joints in maintaining structural integrity and stability during seismic
events. Insights gained from this investigation on the rate-dependent perfor-
mance and energy dissipation capacity of pseudo-ductile adhesive joints in the
context of seismic events form the foundation for the subsequent theoretical

modeling in Chapter 3.

Chapter 3: A phenomenological constitutive model was developed to accurately
simulate the pseudo-ductile adhesive joints behavior under different displace-
ment rates, accounting for their viscoelasticity and capturing their stiffening
and softening responses. The developed constitutive model was composed
of fundamental elements, spring and dashpots, and a new spring with vari-
able constant, whose configurations and arrangements were established based
on the distinct pre- and post-yield branches of the monotonic load-bearing
response and experimental observations. Model parameters were calibrated
using both monotonic and decomposed segments of cyclic experimental data
resulting in power-law relations between the viscoelastic parameters versus
either the displacement rate or maximum cycle displacement. These relations
can be utilized to develop a robust predictive model for the materials under
investigation. To further extend the findings from this chapter, and to investi-
gate the behavior of pseudo-ductile beam-column joints, studying joints with a
different configuration and under different loading conditions is covered in the

next chapter.

Chapter 4: A novel pseudo-ductile adhesive glass composite double-lap joint,

termed the angle double-lap joint, has been designed to examine the adhesive



Chapter 1. Introduction

behavior under variable strain rates induced by pure torsion. This configuration
features an inner laminate oriented perpendicularly to the outer laminates with
a bolt at the joint area’s geometric centroid, creating a semi-rigid joint that
allows relative rotation but prevents in-plane displacements in the adhesive
layer. The angle joint was subjected to monotonic displacement-controlled

experiments with different displacement rates.

A new analytical method was developed to predict the stress distribution over
the joint area and resultant torsion at each time step. Stress was calculated
at each point using a bilinear model calibrated with the monotonic results of
standard pseudo-ductile adhesive single-lap joints subjected to different strain
rates. Finally, the experimental torsion-rotation responses of the angle joints

were compared to the predictions of the newly developed analytical method.

- Chapter 5: The research’s main conclusions are presented, and suggestions for

future research are formulated.

Supplementary information to the main chapters of the thesis is provided in three
appendices (see Table 1.1):

- Appendix A: Fabrication process and experiments on linear adhesive and bolted
glass composite double-lap joints.

- Appendix B: Phenomenological constitutive model development and Python

program.
- Appendix C: Tensile experiments on adhesive dog-bone specimens.
- Appendix D: Adhesive glass composite angle double-lap and single-lap experi-

ments.

The results of this thesis have been consolidated into three journal articles, of which
two have been published, and one has been submitted. The three papers are listed

below and correspond to the three main chapters of the thesis (see Table 1.1):

1. G. Eslami, S. Yanes-Armas, T. Keller, Energy dissipation in adhesive and bolted
pultruded GFRP double-lap joints under cyclic loading, Compos. Struct. 248
(2020) 112496. https://doi.org/10.1016/j.compstruct.2020.112496.
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2. G. Eslami, A.V. Movahedi-Rad, T. Keller, Viscoelastic adhesive modeling of

ductile adhesive-composite joints during cyclic loading, Int. J. Adhes. Adhes.
119 (2022) 103241. https://doi.org/10.1016/j.ijjadhadh.2022.103241.

3. G. Eslami, A.V. Movahedi-Rad, T. Keller, Experimental investigation of rota-

tional behavior of pseudo-ductile adhesive angle joints exhibiting variable

strain rate, Submitted.

Table 1.1: Thesis core chapter organization.

Investigated | Loading Methodology Main Appendix | Paper
lap joint condition chapter
Development of
Monotonic experimental set-up
Bolted )
and cyclic at and procedure
double-lap 0.1 mm/s Experimental
investigation
Development of Chapter 2 A 1
experimental set-up
| Monotonic and procedure
Pseud‘o—dt.lctlle and Cyclicat | Experimental
adhesive linear 0.1,0.5, and investigation
double-lap 1.0 mm/s Development of
phenomenological Chapter 3 B 2
model
Pseudo-ductile Monotonic at Experi'mefltal
. 0.01, 0.05, 0.1, | Investigation
a'd hesive 0.5,1.0,5.0 Development of
single-lap mm/s bilinear model
Development of
experimental set-up
and procedure Chapter 4 D 3
Pseudo-ductile | Monotonic at | Experimental
adhesive angle | 0.1, 0.5, 2.0 investigation
double-lap mm/s Analytical

investigation based
on developed bilinear
model
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2.1 Introduction

Fiber-reinforced polymer (FRP) composites are characterized by their high specific strength
and stiffness and are thus ideally suited for lightweight construction. Their lightweight, i.e.
their low mass, also provides an advantage in resisting earthquake actions since the inertial
forces are reduced. However, an efficient earthquake-resistant structural design also requires
a high inelastic energy dissipation capacity and in this respect, FRP composites are less

appropriate due to their brittle behavior.

Possibilities for overcoming brittle material behavior do exist however, e.g. by implementing
an inelastic energy dissipation capacity on the structural system level, i.e. by implementing
system ductility or system pseudo-ductility (instead of material ductility) [1]. Ductility and
pseudo-ductility are mainly differentiated by the formation of irreversible damage, which
only occurs in the latter case. System ductility can be achieved by combining brittle and
ductile members in a structure, e.g. a glass-FRP (GFRP) bridge deck with steel girders [2],
where inelastic energy is dissipated by the ductile members. In a structure composed of

only brittle members, pseudo-ductility can be obtained by designing redundant (statically

Contributions: Ghazaleh Eslami conceived, designed and performed the experimental campaign under
the supervision of Dr. Sonia Yanes-Armas and Prof. Thomas Keller. The analysis of the results was carried
out by Ghazaleh Eslami in collaboration with Dr. Sonia Yanes-Armas and Prof. Thomas Keller.
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Chapter 2. Pseudo-ductile adhesive and bolted linear double lap joints

indeterminate) structural systems, which enable progressive failure of the brittle members

and thus dissipation of inelastic energy [3].

Specific “members” that can dissipate inelastic energy through ductile or pseudo-ductile
failure mechanisms are the joints between structural members. System ductility or pseudo-
ductility can be achieved for instance by using flexible adhesives [1], [4]. The adhesive layer
may dissipate inelastic energy through viscoelastic friction, plasticity or damage. Since such
adhesives are flexible however, their behavior is strain rate-dependent and their energy dissi-
pation capacity strongly depends on the applied strain or loading rate [4], [5]. Furthermore,
bolted joints can exhibit a pseudo-ductile behavior in the case of FRP members, if bearing
(crushing) failure occurs, which is activated by appropriately selecting the edge distances of

the bolts and thus preventing brittle shear-out or net-tension failure mechanisms [6], [7].

Similar to FRP structures, timber and cold-formed steel (CFS) structures may behave in a brittle
manner, for different reasons however. The reason in the first case is, as for FRP materials,
the brittle behavior of timber. In the second case, although the material is ductile, pre-yield
local buckling of the thin CFS sheets can occur and lead to a brittle failure nevertheless. To
achieve system ductility in timber buildings, glued-in steel rod connections can provide a high
energy dissipation capacity at each cycle after the yielding of the rods [8], [9]. In the case of
CEFS sections, the activation of bolt slippage prior to local buckling, in bolted connections, can

significantly improve the energy dissipation capacity [10], [11].

Only a limited amount of research has been performed on the cyclic energy dissipation
capacity of structures composed of FRP members. Due to the elastic-brittle behavior of FRP
members, the potential energy dissipation in an FRP frame structure is mainly concentrated
in its connections [12]. Studies of the cyclic performance of bonded steel sleeve connections
for joining tubular GFRP beams and columns were conducted in [13], [14], in terms of their
ductility and energy dissipation capacity. The joint experiments showed that excellent ductility
and energy dissipation capacity could be achieved through the yielding of the steel endplates
before the final connection failure. Another experimental and numerical investigation of
the cyclic behavior of a novel tubular GFRP beam-to-column sleeve connection system was
conducted in [15]. Several bolt configurations were studied and it was found that increasing
the edge distance of the bolts leads to a significant enhancement of the hysteretic behavior
of the connections. It should be noted that no previous studies were found on the energy
dissipation in adhesive joints composed of FRP members and flexible adhesives, subjected to

cyclic loading, and their performance comparison to bolted joints.

In this work, a series of monotonic tension and reversed cyclic loading experiments was
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designed and conducted to study and compare the load-displacement behavior and the
energy dissipation capacity of adhesive and bolted GFRP double-lap joints. The applied cyclic
loading was considered as being able to simulate a deformation history to which light-frame
buildings are likely to be subjected during earthquakes. A flexible adhesive and stainless-steel
bolts were used to connect the brittle GFRP profiles. The joints were designed to have similar
geometry and monotonic strength to allow the comparison of energy dissipation during cyclic
loading. Further parameters of the investigation were the applied displacement rate in the

case of the adhesive joints and the bolt configuration in the case of the bolted joints.

2.2 Experimental set-up

2.2.1 Joint geometry and preparation

Double-lap joints were selected to minimize the eccentricities; the joints consisted of two outer
laminates of 230 mm length and 100 mm width and an inner laminate of 200 mm length and
100 mm width; all three laminates were of 10 mm thickness, see Fig. 2.1. The outer laminates
thus bore only half of the load of the inner laminate. A laminate piece of 85x100x10 mm was
placed between the outer laminates at the joint end where the axial displacement was applied
by the machine grips; the other joint end, i.e. the inner laminate, was directly fixed in the
machine. The compact joint configuration was chosen in order to prevent buckling during the
compression cycles. Due to the high deformability of the adhesive, the stress distribution was
nevertheless uniform along and across the joint overlaps; the local load transfer mechanism

in the bolted joints was not affected by the vicinity of the machine grips either.

The overlap length of the adhesive joints was 100 mm. The adhesive thickness was selected as
5 mm, to be representative of typical applications in GFRP bridge and building construction
[2], [16]. Two types of bolted joints were studied: four-bolt and two-bolt joints. The overlap
length of the two-bolt joints was 100 mm and thus identical to that of the adhesive joints, while
that of the four-bolt joints was 110 mm. The diameter of the bolts was 10 mm, i.e. identical
to the laminate thickness, and thus fulfilling the condition in [6]; the bolt hole clearance was
1 mm. To prevent early shear-out failure, the distances between the centerlines of bolts and
laminate edge (a in Fig. 2.1), and between the two rows of bolts (2’), were selected as being 3.5x
and 4x the bolt diameter, respectively, in the four-bolt joints, according to [6]. In the two-bolt
joints, the laminate length between bolts and laminate edge of the inner laminate was thus
doubled from 30 to 60 mm. In the transverse direction, the edge distance was 2.5x the bolt

diameter in all bolted joints.

19



Chapter 2. Pseudo-ductile adhesive and bolted linear double lap joints

Compression  Tension

— - = —100— - - —

a

2
b) 10p pe«;o.oss@&%&'sé:s&?éf
R . /////
I | i I ! ‘
1 { l |
| | { | | I |
[ ! ! - - - -85 =
el e -~ I :
- — — o — - - = = 230 - - - - - - 4 - = =
r— == —100— - - ==~ !
! a=65 ! |

Y 77 /\ 7 A 0
C) 107777777777 //////////////%_{.v«oﬁ««s'eﬂ'o%«w il
! vz / \ /////// 10

Figure 2.1: Specimen dimensions (mm) in longitudinal section of a) adhesive, b) four-bolt, c)
two-bolt joint (two bolts across the width in each case).

2.2.2 Materials

The GFRP laminates were pultruded by Fiberline, Denmark. They were composed of E-glass
fibers and an isophthalic polyester resin matrix with a fractional fiber weight of 60%. The
laminate architecture consisted of approximately 70% unidirectional rovings in the central
part and two outer combined mats. A polyester surface veil covered the outsides. The corre-
sponding measured longitudinal elastic modulus was 33.3 + 0.7 GPa and the tensile strength
240 MPa (manufacturer data).

The adhesive was a flexible structural two-part system based on acrylic double performance

(ADP) polymer technology, SikaFast®-5221 NT, supplied by Sika, Switzerland. The two com-
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ponents (SikaFast5221NT and SikaFast5200) were mixed at a ratio of 10:1 (by volume). The
adhesive, whose response is highly rate-dependent, exhibits pseudo-ductile behavior at low
and moderate displacement rates [17]. Elastic moduli of 140 MPa up to 368 MPa were mea-
sured on standardized dogbone specimens at 0.03 mm/s up to 0.83 mm/s displacement rates
[17].

Grade 80 stainless steel bolts M10 were used, with an unthreaded length of 35 mm. The nuts

were hand-tightened to prevent the bolts from being pre-stressed.

2.2.3 Adhesive joint manufacturing

The surface of the GFRP laminates was firstly roughened with sandpaper to remove the
polyester surface veil until the combined mat layer was revealed at an approximately 0.5
mm depth. Based on preliminary experiments, to avoid early adhesion failure, a thin epoxy
adhesive layer (of approximately 0.5 mm thickness, Sikadur-330) was applied as an adhesion
promoter and cured for four hours at 60 °C [17]. The two-part ductile adhesive was then
applied using a mixing gun, and four steel beads of 5 mm diameter were placed in the bonding
area to guarantee the targeted layer thickness. One-day curing under ambient laboratory
conditions (21 + 3 °C and 38 + 10% relative humidity) was applied for each lap. Subsequently,

the joint was stored for five days in the same room prior to the experiments.

2.2.4 Instrumentation

The joint axial and through-thickness deformations were measured, in monotonic and cyclic
experiments, by a video-extensometer, at a rate of 10 Hz and + 0.003 mm to + 0.015 mm
accuracy. The distances and the numbering of the corresponding measuring points on the
laminate side faces are shown in Fig. 2.2, (a) for adhesive, (b) four-bolt, and (c) two-bolt
joints. Additional points were fixed on the bolt heads (nos. 22 and 23 in four-bolt and 19 in
two-bolt joints) and at the ends of the inner laminates (no. 24 in four-bolt and 20 in two-bolt
joints). These additional points allowed to derive the laminates’ crushing deformations from
the differential displacements of the target pairs 8-22 and 14-23 in four-bolt, and 8-19 in
two-bolt joints. Similarly, the shear-out deformations could be obtained from the target pairs
20-24 and 17-20 in the four- and two-bolt joints respectively, see Fig. 2.3. The loads and total
specimen displacements were also measured by the loading machine at a rate of 100 Hz for the

specimens at 1 mm/s displacement rate (see below), and 10 Hz for the remaining specimens.
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Figure 2.2: Video-extensometer target points and distances (mm), a) adhesive, b) four-bolt, c)
two-bolt joints.

2.2.5 Experimental program

Monotonic tension and cyclic tension—compression experiments were performed on all joint
types. Since cyclic loading protocols for GFRP joints do not yet exist, a protocol developed for
joints in timber frames was selected, i.e. the CUREE protocol [18], which is also included in
the ASTM E2126 standard [19], specified there as “Test Method C”. The protocol is a “realistic
and conservative representation of the cyclic deformation history to which a component of a

wood structure likely is subjected in earthquakes” (citation from [19]).

According to [18], [19], the reference displacement or amplitude of the applied cycles, A, is
defined based on the load—displacement curves obtained from monotonic experiments. The
reference displacement is equal to 60% of the joint displacement at 80% of the maximum
load, Fy4y, taken in the after-peak softening branch, Ay srmax. The applied load history then
consists of primary cycles, whose amplitude is a fraction of A, and intermediate trailing cycles

(two after the initial phase) of 75% of the amplitude of the previous primary cycle, see Fig. 2.4.

As far as the displacement rate is concerned, in [18] reference is made to ISO 16,670 [20], where
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Figure 2.3: Shear-out deformation measured by targets 17 and 20 in two-bolt joints, a) initial
target positions, b) target positions after shear-out failure.
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Figure 2.4: Cyclic displacement scheme [19] (P = primary cycle, t = trailing cycle).

values between 0.1 and 10 mm/s are recommended. In view of the high rate sensitivity of the

adhesive and the results obtained in [17], three displacement rates of 0.1, 0.5 and 1.0 mm/s
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Chapter 2. Pseudo-ductile adhesive and bolted linear double lap joints

were selected for the adhesive joints, in monotonic and cyclic experiments, denominated
low, medium and high rate in the following. Consequently, the effect of the displacement
rate on the energy dissipation capacity of the adhesive joints was also evaluated. The bolted
joints were subjected to only one rate, i.e. the lowest, 0.1 mm/s, since the sensitivity to the
displacement rate was considered to be much less than that of the adhesive joints, in view of
the approximately 100x higher elastic modulus of the GFRP laminates compared to that of the
adhesive and their mainly unidirectional architecture. Selecting the lowest rate also provided

the most favorable condition in view of high energy dissipation.

The displacement rate was applied by the machine to the whole specimen and thus included
the small elastic deformation of the laminates outside of the joint; the rate applied to the joint
part was thus insignificantly lower. Since the displacement rate was kept constant during each
experiment, the frequency of the cycles varied and decreased during the experiments due to

the increase of the displacement amplitudes, see Fig. 2.5.
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Figure 2.5: Frequency variations during cyclic scheme for each type of specimen.

Two experiments were performed for each parameter combination in monotonic and cyclic
investigations. The joint denominations included the joint type (A, B4 or B2), loading type (S
or C), rate (0.1, 0.5, 1.0) and joint replicate (a or b). “ B4-C0.1a” for instance indicates the first
four-bolt joint under cyclic loading at a rate of 0.1 mm/s, while “A-S1.0b” denominates the

second adhesive joint under monotonic (static) loading at a rate of 1.0 mm/s.

A Walter + Bai type LFV universal experimental machine was used with a capacity of 200 kN
in tension and compression and a maximum displacement of 200 mm. Both monotonic and
cyclic experiments were conducted in a laboratory environment at ambient temperature (21 +
3°Q).
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2.3 Experimental results

2.3.1 Monotonic experiments

2.3.1.1 Adhesive joints

The load-joint displacement responses of the adhesive joints under monotonic loading are
shown and summarized in Fig. 2.6 and Table 2.1. The joint displacements were obtained from
the target pairs 2-13, see Fig. 2.2; the joints exhibited a bilinear behavior. The displacement
rate significantly influenced the initial (tangential) stiffness, S, the yield load, F), (determined
as the intersection of two tangent lines to the almost linear segments), and the displacement
at failure, A4, the former two increasing and the latter decreasing as the rate increased
from 0.1 to 1.0 mm/s. The remaining results, i.e. yield displacement, A, and maximum
load, F,4x, exhibited only a slight dependency on the rate. The highest maximum loads and
maximum displacements at failure were achieved at the low rate. At the low rate, furthermore,
a significant hardening occurred in the second part of the curves between yield and maximum

load. The two joints per configuration exhibited similar and consistent behaviors.

Load (kN)

0 2 4 6 8 10 12 14
Joint displacement (mm)

Figure 2.6: Load-joint displacement responses of adhesive joints.

The shear strain distributions in the adhesive layers were derived from the through-thickness
target pairs; they are shown in Fig. 2.7 at three load levels, i.e. below and at the yield load and
at the maximum load. The resulting strain distributions were almost uniform at all load levels
and did not exhibit peaks at the overlap ends (typical for stiffer, e.g. epoxy adhesives). The
through-thickness strains were also derived, but they were small, only approximately 10% of

the shear strains, and are thus not shown.
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Chapter 2. Pseudo-ductile adhesive and bolted linear double lap joints

Table 2.1: Results obtained from monotonic experiments for adhesive and bolted joints.

Joint S(kN/mm) Ay, (mm) Fy (kN) Fpax (kKN) Aggy (mm) A (mm)
A-S0.1a 200.3 0.40 71.8 116.1 12.6 7.6
A-S0.1b 192.2 0.42 77.4 124.6 11.1 6.7
A-S0.5a 231.7 0.36 95.3 107.7 5.6 3.4
A-S0.5b 210.8 0.37 95.6 105.3 3.9 2.4
A-S1.0a 364.6 0.32 102.9 111.8 3.8 2.3
A-S1.0b 307.9 0.33 103.2 108.1 3.9 2.3
B4-S0.1a 52.2 - - 123.9 2.7 1.6
B4-S0.1b 54.4 - - 115.4 2.8 1.7
B2-S0.1a 43,5 - - 88.0 5.1 3.1
B2-S0.1b  43.7 - - 84.8 4.8 2.9

Note: 1-mm clearance was discounted in A¢,;; of bolted joints.
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Figure 2.7: Shear strain distributions along overlap of adhesive joints at different load levels, a)
A-S0.1a, b) A-S1.0a.

Failure of all joints occurred in the inner laminate. The failure mode was a fiber-tear failure
according to [21]; Fig. 2.8 shows the failure plane, located within the visible combined mats of

the inner laminate. The failure mode was not affected by the displacement rate.

2.3.1.2 Bolted joints

The load-joint displacement responses and results obtained for the bolted joints under mono-
tonic loading are shown in Fig. 2.9 and summarized in Table 2.1. The joint displacements were

obtained from the target pairs 2-19 and 2-16 for the four- and two-bolt joints, see Fig.2.2. Also
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2.3 Experimental results

Figure 2.8: Fiber-tear failure modes of adhesive joints under monotonic loading, a) A-S0.1a, b)
A-50.5a, ¢) A-S1.0a.

shown in Fig. 2.9 are the points of crushing and shear-out initiation (indicated by star and
square symbols). In both four- and two-bolt joints, the load-joint displacement curves con-
sisted of five segments, (i) clearance compensation up to approx. 1 mm of displacement, (ii)
linear behavior up to crushing initiation, (iii) stiffness reduction during crushing up to shear-
out initiation, (iv) further stiffness reduction during simultaneous crushing and shear-out up
to the maximum load, and (v) significant drop of the load during only small displacements in

the four-bolt and more significant displacements in the two-bolt joints.
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Figure 2.9: Load-joint displacement responses of bolted joints.

Crushing initiation occurred simultaneously in both rows of the four-bolt joints. They ex-

hibited a much stiffer behavior after crushing initiation and higher maximum loads (38% on
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Chapter 2. Pseudo-ductile adhesive and bolted linear double lap joints

average) than two-bolt joints since the bolts in the former transferred only half of the load of
the latter and crushing and shear-out initiation thus occurred at higher loads. The crushing
deformations up to failure in the four-bolt case were less than half of those of the two-bolt
case, as shown in Fig. 2.10; the shear-out deformations before failure were however similar.
After the maximum load, crushing no longer occurred. The combined crushing/shear-out
failure modes of both joint types are shown in Fig. 2.11. Failure occurred only in the inner
laminates, the outer laminates remained undamaged since they bore only half of the load.

The steel bolts also remained undamaged.

T T ]
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Figure 2.10: Crushing and shear-out behavior of B4-S0.1a and B2-50.1a bolted joints.

a)

Figure 2.11: Combined crushing and shear-out failure modes of bolted joints under
monotonic loading, a) B4-S0.1a, b) B2-S0.1a.
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2.3.1.3 Derivation of cyclic reference displacements

The cyclic reference displacements, A, were derived from the monotonic experiments, as
described above. Since no clear softening behavior was obtained and values Ag srmax in the
softening branches could thus not be determined, the 60% fraction was applied to A¢,;;, see
Table 2.1. In the latter values, the clearance of the bolted joints was discounted. The average A
values of both specimens were taken as reference and applied in the cyclic experiments, see
Table 2.2.

Table 2.2: Results obtained from cyclic experiments for adhesive and bolted joints.

Specimen A (mm) Frax (KN) Afqi; (mm) Ntail
A-S0.1a 7.15 93.7 17.5 44
A-S0.1b 7.15 90.5 17.7 44
A-S0.5a 2.90 87.8 14.3 59
A-S0.5b 2.90 94.1 14.4 59
A-S1.0a 2.30 110.1 3.2 38
A-S1.0b 2.30 109.8 3.1 38
B4-S0.1a 1.65 115.1 5.9 47
B4-S0.1b 1.65 114.7 5.8 47
B2-S0.1a 3.00 92.4 9.9 47
B2-S0.1b 3.00 91.3 8.4 44

Note: F,4y values refer to tensile loading.

2.3.2 Cyclic experiments

2.3.2.1 Adhesive joints

The load-joint displacement responses of the adhesive joints under cyclic loading are shown
in Fig. 2.12. One of the two specimens of each displacement rate was selected (which both
showed consistent behavior); only the primary cycles are shown and their number is indicated.
The trailing cycles always overlapped each other and also overlapped the subsequent primary
cycle. Table 2.2 furthermore summarizes the maximum loads reached during each loading
history, Fi,ay; the joint displacements at the failure cycle, Ar,;;; and the cycle numbers when

failure occurred, Ny ;.

The hysteresis loops were almost tension—compression symmetric in all cases. In a first phase,
the tensile and compressive reversals had a parabolic shape, i.e. the cyclic responses exhibited
a softening behavior, as also occurred in the monotonic experiments. In the second phase

however, the shapes changed to sigmoid, i.e. the responses showed a hardening behavior,
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Figure 2.12: Load-joint displacement responses of adhesive joints under cyclic loading, a)
A-C0.1a, b) A-C0.5b, ¢) A-C1.0a.

again similar to the monotonic experiments. The changes of these behaviors occurred in
cycles no. 32 and 41 at the low and medium rates respectively, while the specimens at the
high rate failed before entering the second phase. The hardening behavior was attributed to a
stretching of the molecule chains and their alignment to the load direction, which was possible
at the low and medium rates. In the last cycles prior to failure, subsequent to hardening and

prior to the peak load, the joints again exhibited a short softening behavior.

The peak loads were similar at the low and medium rates while at the high rate they were
slightly higher, see Table 2.2. Specimens at the medium rate exhibited the highest number of
cycles up to failure, followed by those at the low and high rates. However, the displacements at

failure were similar at the low and medium rates.
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The envelope curves of the responses shown in Fig. 2.12, i.e. the curves connecting the cyclic
peak loads, are presented in Fig. 2.13. The tension envelopes were denominated as previously
explained, while the denomination of the compression envelopes was complemented by
“-c”. The envelope curves confirmed the almost symmetric behavior; they also exhibited a
softening after the peak at the medium and high rates and hardening at the low rate up to the
penultimate primary cycle. Two mechanisms apparently worked against each other at the low
and medium rates, softening due to damage formation and hardening due to molecule chain
stretching. At the low rate, hardening dominated up to the penultimate primary cycle while

softening dominated at the medium rate.
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Figure 2.13: Envelope curves of load-joint displacement responses of adhesive joints.

Two different failure modes were observed, see Fig. 2.14. At the low and medium rates, cohesive
failure occurred in the adhesive, while at the high rate the joints exhibited fiber-tear failure in

the inner laminate, as was the case in the monotonic experiments.

2.3.2.2 Bolted joints

The load-joint displacement responses of the bolted joints under cyclic loading are shown
in Fig. 2.15 (again primary cycles only) and the results are summarized in Table 2.2. The
specimens exhibited linear behavior up to the initiation of crushing, which is indicated by
star symbols in Fig. 2.15 and occurred on both sides of the holes, depending on tension or
compression loading. The responses then became nonlinear up to the initiation of shear-out
under tensile loading (indicated by square symbols). The maximum load was reached in

the cycle in which shear-out initiated or in the following one. Subsequently, the load rapidly
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a)

Figure 2.14: Failure modes of adhesive joints under cyclic loading, cohesive failure in a)
A-C0.1a and b) A-C0.5b, fiber-tear failure in c) A-C1.0a.

dropped in the tension cycles while under compression loading, where no shear-out was
possible, the load dropped at a much lower rate. The displacements obtained from the target
pairs that measured the cumulated crushing and shear-out values (see above), were almost
the same as those obtained for the whole joints in Fig. 2.15 and are thus not shown; the only

differences were the small elastic displacements of the laminates.
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Figure 2.15: Load-joint displacement responses of bolted joints under cyclic loading, a)
B4-C0.14a, b) B2-C0.1a.

Prior to crushing initiation, the “plateau” segment without load increase, shown in each

cycle, corresponded to the hole clearance. During crushing and after shear-out initiation,
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this plateau extended to include the cumulated crushing and shear-out deformations of the
previous cycle. The small fluctuations and non-zero values of the load in the plateau region
were attributed to friction between the bolts and the inside of the rugged and deformed
bolt-holes.

As mentioned above, since under compression loading shear-out failure was not possible, the
specimens were still able to bear load under compression, while under tension, after shear-out
failure, only the plateau, caused by the bolt friction, was maintained. Failure of the specimen
was thus defined at the first primary cycle where the load under tension no longer noticeably

increased above the plateau value.

The envelope curves of the cyclic load-joint displacement responses are shown in Fig. 2.16.
The denomination of the compression envelopes was again complemented by “-c”. The
envelope curves clearly showed the non-symmetric behavior, i.e. the higher peak loads in
compression compared to tension, and the much faster softening in tension due to shear-out,
compared to the slower softening in compression where only crushing occurred. The peak
loads in the four-bolt joints were higher and the displacements at failure smaller compared to
the two-bolt joints, as was also the case in the monotonic experiments for the same reasons

(see above).
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Figure 2.16: Envelope curves of load-joint displacement responses of bolted joints.

The failure modes of the four- and two-bolt joints are shown in Fig. 2.17. The crushing and
shear-out patterns in the inner laminates were similar to those under monotonic loading, ex-

cept that crushing occurred in both directions under cyclic loading. The crushing deformation
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in the two-bolt joints was much larger than in the four-bolt joints, as also shown in the much
longer plateaus of the failure cycles in Fig. 2.15. The photos also show that the laminates were
still able to bear compression loading since no shear-out could occur in that direction. Again,

the outer laminates and steel bolts were not damaged.
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Figure 2.17: Combined crushing and shear-out failure modes of bolted joints under cyclic
loading, a) B4-CO0.1b b) B2-C0.1a.

2.4 Discussion

2.4.1 Comparison of monotonic and cyclic behavior

The monotonic load-displacement responses and the tensile envelope curves of the cyclic
responses of both adhesive and bolted joints are compared in Fig. 2.18. With regard to the
adhesive joints, shown in Fig. 2.18(a), the monotonic and cyclic envelope curves were similar
at the high rate; the peak loads and failure modes, i.e. fiber-tear, were the same, and only
the displacements at the peak load and failure were smaller under cyclic loading. At the low
and medium rates, however, the envelope curves were clearly below the monotonic curves
because more damage was progressively accumulated during the cyclic loading compared
to the monotonic loading. Since the cyclic peak loads were thus below the monotonic maxi-
mum (failure) loads, the cyclic displacements up to failure, occurring mainly in the adhesive
layer, could increase compared to the monotonic displacements, particularly at the medium
rate where they tripled. The failure modes thus changed from fiber-tear to cohesive failure,

which occurred after damage accumulation during stretching and alignment of the adhesive’s
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molecular chains.

In the case of bolted joints, monotonic and cyclic responses were again similar, as in the case
of the high rate in the adhesive joints, see Fig. 2.18(b), i.e. the maximum loads were similar
and only the displacements at maximum load were smaller under cyclic loading; the failure

modes remained basically the same.
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Figure 2.18: Comparison of monotonic load-joint displacement curves and tensile cyclic
loading envelope for a) adhesive and b) bolted joints.

2.4.2 Stiffness degradation

The cycle-to-cycle stiffness degradation of all joints, during the tensile cycles, is shown in
Fig. 2.19. To appropriately compare the behaviors, the cycle secant stiffnesses, K;, were
normalized by the elastic stiffnesses of the corresponding envelopes, K, and the cycle dis-
placements, A;, by the yield displacements, Ay, of the envelopes. The elastic stiffnesses and
yield displacements were determined according to [22], and the results are shown in Table 2.3.
For the bolted joints, the clearance was excluded from the displacements. The resulting
rate-dependent trend of the envelope stiffnesses of the adhesive joints were similar to that of
the initial stiffness, S, of the monotonic experiments, as described above, see Table 2.1; the
latter values were however higher since the tangential stiffnesses were calculated in that case.
The normalization of the stiffnesses almost led to an overlap of all degradation curves. In the
adhesive joints at the low and medium rates, a rapid decrease occurred in the first damage
phase at low amplitudes and high frequencies, while subsequently, during the molecular
stretching, the stiffness degradation significantly slowed. The bolted joints and the adhesive

joints at the high rate exhibited only one significant, almost linear, stiffness drop up to failure.
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Figure 2.19: Normalized cycle-to-cycle stiffness degradation as a function of normalized
displacement.

Table 2.3: Elastic stiffness and yield displacement of envelopes
determined according to [19].

Specimen K, (kN/mm) Ay (mm)
A-C0.1a 80 0.89
A-CO0.1b 94 0.79
A-C0.5a 124 0.76
A-C0.5b 125 0.66
A-Cl.0a 141 0.71
A-C1.0b 154 0.66
B4-Co0.1a 65 1.24
B4-C0.1b 64 1.42
B2-Co0.1a 29 1.90
B2-C0.1b 33 0.90

2.4.3 Energy dissipation capacity

2.4.3.1 Energy dissipation per cycle

The energy dissipation per cycle of both adhesive and bolted joints up to joint failure was
determined and compared. The dissipated energy was taken equivalent to the enclosed area
of the load-joint displacement hysteresis loops shown in Fig. 2.12, Fig. 2.15. For the bolted

joints, the energy dissipated by bolt friction, i.e. the areas between the two plateaus in Fig. 2.15,
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was also taken into account.

The resulting dissipated energies per cycle are shown in Fig. 2.20. The highest amount of
energy per cycle was dissipated in the adhesive joints at the low rate, followed by the adhesive
joints at the medium rate. Both curves exhibited a maximum reached before the significant
drop of the load, see Fig. 2.12. During the last cycles preceding failure, the energy dissipated
per cycle thus significantly decreased. The adhesive joints at the high rate dissipated the

lowest amount of energy per cycle.
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Figure 2.20: Energy dissipation per cycle of adhesive and bolted joints up to failure.

The bolted joints also exhibited a maximum energy dissipation per cycle before the values
decreased. The maximum was higher for the two-bolt than for the four-bolt joints, but both
were lower than the maxima of the adhesive joints at the two lower rates. The maximum

energy per cycle was dissipated at the cycle after shear-out initiation.

2.4.3.2 Cumulative energy dissipation

The cumulative dissipated energy was obtained from the summation of the energies dissipated
in all cycles, including primary and trailing cycles. For the bolted joints, the summation was
stopped at the primary cycle, which no longer exhibited any noticeable load increase under
tension, previously defined as joint failure. The resulting cumulative dissipated energies are

shown in Fig. 2.21, as a function of the number of cycles (a), and joint displacements (b).

The largest amounts of cumulative energy were dissipated by the adhesive joints at the low and

medium rates, while the joints at the medium rate dissipated more energy than those at the low
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Figure 2.21: Cumulative energy dissipation of adhesive and bolted joints up to failure, as a
function of a) cycle number, b) joint displacement.

rate, see Fig. 2.21. At a certain cycle, however, the joints at the low rate dissipated more energy
than those at the medium rate, as shown in Fig. 2.21(a), since the imposed displacements were
higher (see reference displacements in Table 2.1). At the same imposed displacement however,
the joints at the low rate dissipated less energy, as shown in Fig. 2.21(b), since fewer cycles
were completed than in the joints at the medium rate. Finally, since, independent of the rate,
both joints failed at almost the same displacement — achieved mainly in the adhesive layer —
the joints at the medium rate and fewer imposed displacements per cycle were able to sustain
more cycles and thus dissipated more energy. The lowest amount of energy was dissipated in
the adhesive joints subjected to the high displacement rate, since the adhesive was not able to
enter the second branch of its bilinear behavior and thus to dissipate a significant amount of

energy.

The bolted joints dissipated much less energy than the adhesive joints subjected to the low and
medium rates. The two-bolt joints dissipated more energy per cycle than the four-bolt joints,
see Fig. 2.21(a), since the imposed joint displacements per cycle were larger (see Table 2.1).
These displacements were directly transformed into crushing and shear-out deformations.
On the other hand, for the same imposed joint displacement, the two-bolt joints dissipated
less energy than the four bolt joints, as shown in Fig. 2.21(b), since the same crushing and
shear-out deformation was produced only twice (by two bolts) and not four times (by four
bolts). Due to the longer laminate length between bolts and laminate ends, the two-bolt
joints were able to sustain much larger displacements up to failure and thus finally dissipated

more energy than the four-bolt joints, although they exhibited a significantly lower monotonic
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strength (under tension).

In adhesive joints, an optimum displacement rate seems to exist, at which a maximum number
of cycles can be sustained by the joint while the adhesive still maintains a high deformation
capacity, see Fig. 2.22. On the other hand, an adhesive can also be designed or selected
accordingly, adapted to the design displacement rate, in order to dissipate a maximum amount

of energy.
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Figure 2.22: Dissipated cumulative energy as a function of displacement rate for adhesive
joints.

2.4.3.3 Normalized energy dissipation

The energy dissipated per cycle was normalized by the input energy, i.e. the sum of the elastic
and dissipated energy, in order to further compare the different joints, as shown in Fig. 2.23.
In all the joints, at least approximately 90% of the input energy was dissipated, reaching
almost 100% towards failure. Closer investigation, however, permitted further differentiation
of the energy share of the different damage mechanisms. The adhesive joints exhibited two
maxima and a minimum of normalized energy dissipation in between, as shown in Fig. 2.23(a).
The first maximum was obtained during damage formation at small amplitudes and high
frequencies where the elastic energy portion was small. With increasing deformation at
lower frequencies, stretching of the molecule chains became dominant and the elastic energy
portion increased, i.e. the dissipated/input energy ratio decreased and reached a minimum.

In the last cycles before failure, damage again became dominant and the dissipated energy
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portion increased and the ratio exhibited the second maximum. The three stages coincided
well with the consecutive softening-hardening—softening behavior discussed in Section 2.3.2.1
based on Fig. 2.12. The first two stages also agreed well with the trend of stiffness degradation
shown in Fig. 2.19, i.e. significant stiffness drop during the first damage phase and leveling-off

of stiffness degradation during molecular stretching.
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Figure 2.23: Energy dissipation per cycle normalized by input energy as a function of joint
displacement for a) adhesive and b) bolted joint, dominant mechanisms are indicated.

In the bolted joints, the first cycles were dominated by friction of the bolt in the hole, i.e. the
whole input energy was dissipated (ratio of 1.0). Subsequently elastic deformation became
significant and the ratio decreased. With the initiation of crushing, the decreasing trend was
halted, and the dissipated energy became dominant and the ratio increased during crushing

and shear-out up to failure.

2.5 Conclusions

Monotonic tension and reversed cyclic loading experiments were performed on adhesive and
bolted double-lap joints composed of pultruded GFRP profiles. A flexible adhesive and two or
four steel bolts were used in the adhesive and bolted joints, respectively. The joint dimensions
in all configurations were similar and the monotonic strengths of the adhesive and four-bolt
joints were also similar, only those of the two-bolt joints were slightly lower. The effects of the
displacement rate in the adhesive joints and the bolt configuration in the bolted joints on the
energy dissipation capacity were investigated and adhesive and bolted joints were compared

in this respect. The conclusions from this experimental investigation are as follows:
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. A significant amount of energy was dissipated in the adhesive joints by viscoelastic
friction, including molecular chain stretching and damage in the adhesive layer at lower
and medium joint displacement rates, while almost no energy dissipation occurred at

the highest rate.

. Energy in the bolted joints was dissipated by progressive crushing and shear-out failures
in the inner laminates. Two-bolt joints dissipated significantly more energy than four-
bolt joints, although their monotonic strength was lower, mainly due to the longer edge

distances in the two-bolt joints.

. The adhesive joints subjected to the two lower displacement rates dissipated signifi-
cantly more energy than the bolted joints although the joint dimensions were similar
and their monotonic strength was similar or only slightly higher than that of the four-

or two-bolt joints, respectively.

. In adhesive joints an optimum displacement rate was observed, at which a maximum
amount of energy was dissipated. Furthermore, a higher portion of the input energy
was dissipated and stiffness degradation was more pronounced during predominant

damage formation than during predominant molecular stretching.
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3.1 Introduction

High specific strength- and stiffness-to-weight ratios are among the qualities of fiber-polymer
composites that make them attractive for bridge and building construction. Epoxy adhesives
are common means of connections in composites structures. Together with the already brittle
nature of composites, the relatively high stiffness of these adhesives leads however to also
brittle failure in the joints [1]. On the other hand, in load-bearing structures composed of
brittle members, pseudo-ductility can be obtained by using pseudo-ductile adhesives in the
joints [2]. Due to the relatively high stiffness of the composite laminates compared to the
flexible adhesive, the joints’ response to an applied displacement mainly depends on the

behavior of the adhesive.

The adhesives used for structural purposes are mostly thermoset polymers and exhibit vis-
coelastic behavior [3], [4], non-recoverable viscoplastic strains do thus not remain. The
viscoelastic behavior consists of both an elastic component, with a linear or nonlinear relation-

ship between stress and strain, and a viscous component, with a linear or nonlinear relation-

Contributions: Ghazaleh Eslami conducted the ideation and development of the constitutive model
under the supervision of Dr. Abdolvahid Movahedirad and Prof. Thomas Keller. The analysis of the
results was carried out by Ghazaleh Eslami in collaboration with Dr. Abdolvahid Movahedirad and Prof.
Thomas Keller.
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ship between stress and strain rate [5]. In thermoset polymers, the viscoelastic behavior is a
result of molecular chain movements, which are both strain rate- and temperature-dependent
[6]. Different applied strain rates can result in different mechanical responses in the polymer,
varying from brittle to pseudo-ductile, with different yield load and post-yield behavior [7].
The thermoset molecular chain structure consists of both primary bonds (in the chains and
cross-links between the chains, mainly covalent bonds) and secondary bonds (van der Waals
and hydrogen bonds), whose strength decreases as the distance between the chains increases.
The molecular chains in lightly cross-linked thermosets, denominated elastomer thermosets,
are formed in random coils and are in an amorphous state [8]. Under applied low strain
rates, the coiled chains have sufficient time to uncoil. After the yield point, chains start to
lose secondary bonds and subsequently become aligned or stretched [9]. The stiffness thus
significantly decreases and the deformability significantly increases; stretching may result in
a hardening behavior. During unloading, the stretched chains tend to become coiled again
and the secondary bonds reform. On the other hand, under high strain rates, the chains
do not have sufficient time to rearrange and respond to the imposed displacement, and the
molecular mobility of the chains is reduced. Consequently, the stiffness remains high and
deformability low [10], [11]. Broken primary and lost secondary bonds contribute to the
initiation and propagation of damage and energy dissipation in viscoelastic polymers [12].
Damage formation and propagation can change the viscoelastic behavior and parameters of
polymers [13], [14]. Depending on the amount of energy dissipation, the response is brittle
(low amount, at high strain rate or low temperature) or pseudo-ductile (high amount, at low

strain rate or high temperature).

Comprehensive constitutive models are valuable assets for analysis and design purposes and
a wide range of constitutive models has therefore been developed for viscoelastic materials.
The simplest mechanical model for viscoelastic behavior consists of two elements, each
representing a mechanical characteristic of the behavior: a spring and a dashpot (or damper).
A Hookean (linear) spring and a Newtonian (linear) dashpot are used for modeling the elastic
component and the viscous component, respectively, where the spring constant is the modulus
of elasticity, E, and the dashpot constant is the viscosity, ) [15]. Spring and dashpot elements
can be combined in a variety of configurations to produce a desired viscoelastic response.
Maxwell and Kelvin are the most basic models that combine a linear spring with a dashpot, in

series and in parallel, respectively [16].

The combination of a simple spring and a dashpot element has been used since 1952 for
simulating the rate-dependent behavior of viscoelastic materials [17]. The rheological repre-
sentation of some of the constitutive models discussed in the following is shown in Fig. 3.1; the

linearity or nonlinearity of the spring and dashpot (L = linear, N = nonlinear), and the number
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of their parameters are indicated. The simplest combination of springs and dashpots to cap-
ture the recovery and relaxation of viscoelastic materials is the standard linear solid model
(SLS Model), also known as Zener model which contains a spring in parallel to a Maxwell unit
or a spring in series with a Kelvin unit (Fig. 3.1 (a) and (b)) [18]. Subsequently, in 1953, the
generalized Maxwell model comprising an elastic spring in parallel with multiple Maxwell
units [19] was established to represent linear viscoelasticity. The generalized Maxwell model
was shown to be further applicable to the nonlinear viscoelastic behavior [20], and for different
classes of polymers such as cross-linked polymers [21], [22], and rubber-like elastomers [23].
However, the generalized Maxwell model typically involves a high number of parameters and

high computational cost.
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Figure 3.1: Rheological representation of the constitutive models (a) SLS model with Maxwell
representation [18], (b) SLS model with Kelvin representation [18], (c) model addressed in Ref.
[24], (d) [25], (e) [26], (f) [27], (g) [28] (L =linear, N = nonlinear).

Bergstrom and Boyce performed a study on the large-strain time-dependent behavior of
elastomeric materials using two parallel units, one capturing the equilibrium response repre-
sented by a three-parameter nonlinear spring and the other one capturing the time-dependent
response represented by another three parameter-nonlinear spring in series with a three-
parameter nonlinear dashpot (Fig. 3.1 (c)) [24]. Later, they applied the concept of chain
networks to simulate the viscoelastic behavior of highly cross-linked polyethylene materials
[25]. Their model included 13 different parameters (Fig. 3.1 (d)) to decompose the mechanical
behavior into an elastic and a time-dependent segment with a linear spring in series with a
combination of nonlinear springs and dashpots, respectively. They found the model to be in

good agreement for different strain rates and relaxation behavior.

Liu et al. [26] found that the initial Bergstrém and Boyce model (Fig. 3.1 (c)) was unable

to identify the damage accumulation in filled rubbers to capture their rupture under cyclic
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loading. Therefore, basing their model on a different theory, they proposed a model with
different parameters but the same spring and dashpot combination as the Bergstrém and
Boyce model (Fig. 3.1 (e)). Similarly, the parallel combination of a nonlinear spring with
a nonlinear Maxwell unit (Fig. 3.1 (f)), including five parameters, used by Pramanik et al.
[27], could only capture strain-hardening of different soft polymers, but not their stress-
softening. To capture stress-softening, i.e. damage accumulation, Ayoub et al. [28] proposed a
phenomenological model integrating the physics of polymer chains and their alteration under
cyclic tension loading for rubber-like materials based on the Zener-type framework. Their
proposed model comprised a nonlinear spring in parallel with a nonlinear Maxwell element,
which itself was composed of a nonlinear spring in series with a nonlinear dashpot, see Fig. 3.1
(g), each containing seven parameters. In their model, they identified the average length of
the chains and the average number of chains per unit volume as the physical parameters,
increasing and decreasing due to the chain rearrangement, respectively. These two parameters
were modified by a variable damage parameter. Their model was able to reproduce the cyclic

tension response of a carbon black-filled rubber.

As previously mentioned, the structural behavior of pseudo-ductile composite adhesive joints
mainly depends on the adhesive behavior. Therefore, in this study, to allow a simulation
of the pseudo-ductile behavior of adhesively-bonded fiber-polymer composite joints under
various applied displacement rates, a novel phenomenological model is proposed for the
viscoelastic behavior of pseudo-ductile adhesives. The phenomenological model consists of
two parallel units: a conventional-linear Maxwell unit characterizing the linear viscoelastic
behavior before the onset of adhesive chain stretching, and an extended-nonlinear Maxwell
unit with a variable stiffness spring that characterizes the nonlinear viscoelastic behavior
during the molecular chain stretching. A novel constitutive equation is derived for modeling
both the monotonic and reversed cyclic behavior of the pseudo-ductile adhesive, the latter is
based on a novel cyclic decomposition. Supplementary to the models in the existing literature,
the derived model is able to simulate a cyclic behavior with increasing amplitudes, taking into
account strain hardening and softening. Furthermore, the model consists of the least possible
number of elements and parameters so that it can be efficiently used in the numerical analyses
of full-scale structural models under various loading conditions. The model parameters
were calibrated with the results of monotonic and reversed cyclic experiments, previously
performed in Ref. [29]. The focus of the model is to finally simulate the inelastic energy

dissipation capacity, which is a measure of the pseudo-ductile behavior.
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3.2 Summary of experimental work

3.2.1 Experimental setup

Double-lap joint specimens consisting of fiber-polymer composite adherends and a duc-
tile adhesive were subjected to a series of monotonic tension and reversed cyclic tension-
compression experiments; details of the experimental work and its motivation can be found
in Ref. [29].

The joint geometry is shown in Fig. 3.2, the joint area was 100 x 100 mm? and the adhesive
layer thickness was 5 mm, which is in the range of applications in bridge and building con-
struction [30], [31]. The adherends consisted of pultruded composite laminates composed
of E-glass fibers and an isophthalic polyester resin. The adhesive was a structural two-part
acrylic material, SikaFast®-5221 NT, supplied by Sika AG Switzerland. The load-displacement
behavior of the adhesive is highly rate-dependent and pseudo-ductile at low to moderate

displacement rates [32].

Compression  Tension

= --—100- - - — [

Figure 3.2: Longitudinal section of joint specimen, dimensions in (mm) [29].

The CUREE protocol [33] was selected for the cyclic loading since no such protocol exists for
fiber-polymer composite joints. According to Refs. [33], [34], the reference displacement or
amplitude of the applied cycles, A, is defined based on the load-displacement curves obtained
from monotonic experiments, and is equal to 60% of the joint displacement at 80% of the
maximum load, taken from the post-peak softening branch. The applied displacement history
consisted of primary cycles, whose amplitude was continuously increased (by 50% above A),
and two intermediate trailing cycles of 75% of the amplitude of the previous primary cycle,
see Fig. 3.3. Three displacement rates of 0.1, 0.5, and 1.0 mm/s were used for the monotonic

and cyclic experiments.
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Figure 3.3: Cyclic displacement scheme (P = primary cycle, ¢ = trailing cycle) [29].

The joint denominations included the joint type (A), loading type (Static or Cyclic), rate (0.1,
0.5, 1.0), and joint replicate (a or b). “A-S1.0b” for instance indicates the second adhesive joint

under monotonic (static) loading at a rate of 1.0 mm/s.

3.2.2 Experimental results

The load-joint displacement responses of the adhesive joints under monotonic loading are
summarized in Fig. 3.4. The yield loads and the displacements at failure were significantly
influenced by the displacement rate, and their highest values were attained at the highest and
lowest applied displacement rates, respectively. At the lowest rate, a significant hardening

occurred in the post-yield branch.

The load-joint displacement responses under cyclic loading of one of the two specimens of
each displacement rate are shown in Fig. 3.5. The remaining specimens showed consistent
results. Due to the short segment or absence of the post-peak branch in the monotonic
responses, A is considered to be 60% of the failure displacement, equal to 7.15, 2.9, and 2.3
mm for displacement rates of 0.1, 0.5, 1.0 mm/s, respectively. Since the trailing cycles always
overlapped each other and also overlapped the subsequent primary cycle, only the primary
cycles are shown, and their cycle number is indicated. The hysteresis loops were almost
tension-compression symmetric in all cases. Specimens under the medium rate exhibited
the highest number of cycles up to failure, followed by those under the lowest and highest

rates. However, the failure displacements were similar for both the low and medium rates. The
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Figure 3.4: Load-joint displacement responses [29].

specimens failed after approximately 12 mm elongation in each direction, which was taken as
the ultimate displacement capacity of the adhesive layer in the stretched molecular chains

state (aligned to the loading direction), beyond which failure occurred.

The hysteresis loops under displacement rates of 0.1 and 0.5 mm/s in the tension-compression
reversals were of a parabolic shape in the earlier cycles but then changed to a sigmoid shape in
the later cycles. The changes in this behavior occurred at cycles no. 32 and 41 for displacement
rates of 0.1 mm/s and 0.5 mm/s, respectively. The specimens under 1.0 mm/s displacement
rate, however, failed before entering the sigmoid phase. Two opposing mechanisms of hard-
ening due to molecule chain stretching, and softening due to microcrack formation and
propagation were active under both the displacement rates of 0.1 and 0.5 mm/s. At 0.1 mm/s
displacement rate, hardening dominated up to the penultimate primary cycle, indicated by
an increasing slope of the post-yield branch, as well as an increasing level of the peak load
in the sigmoid phase. At the 0.5 mm/s displacement rate, softening dominated up to the
ultimate primary cycle indicated by a continuous decrease of the post-yield slope, as well as a

decreasing level of the peak load in the sigmoid phase [29].

3.3 General phenomenological model

Since the laminate stiffness was significantly greater than the adhesive stiffness and the contri-

bution of the laminates to the joint displacements was thus negligible [29], the measured joint
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Figure 3.5: Load-joint displacement responses under cyclic loading, primary cycles of a)
A-CO0.1a, b) A-C0.5b, ¢) A-C1.0a [29].

displacements, shown in Fig. 3.4, Fig. 3.5, could be directly used for modeling the viscoelastic
behavior of the adhesive. Furthermore, the displacement rate in the adhesive layer (internal
displacement rate) was constant and equal to the applied displacement rate of the machine
(external displacement rate) since the shear stress distribution in the adhesive layer was uni-
form due to the large post-yielding deformations [29]. Moreover, the load-displacement and
stress-strain responses of the joints were equivalent; the strain rate in the adhesive was thus
equal to the displacement rate of the joint specimens divided by the overlap length. The
load-displacement responses and displacement rates are used in the following since they were

directly measured and also used in Ref. [29].

The phenomenological model was derived from the monotonic responses and then also

applied to the cyclic responses. This was possible since the responses between the two reversal
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3.3 General phenomenological model

points of each cycle (Fig. 3.5), as well as the obtained envelop curves of the cyclic responses
[29], exhibited similar nonlinear shapes as obtained from the monotonic responses. These

similar shapes resulted from the same mechanisms of hardening and softening.

3.3.1 Constitutive equation

The investigated monotonic load-displacement curves were almost bilinear and thus consisted
of two main branches, i.e., a pre-yield linear viscoelastic and a post-yield nonlinear viscoelastic
branch, see Fig. 3.4. Consequently, a phenomenological model composed of two dissimilar
parallel Maxwell units was introduced, as shown in Fig. 3.6 (a). The first (conventional-linear)
Maxwell unit includes a spring of constant stiffness and a dashpot in series, while the second
(extended-nonlinear) unit consists of a spring with variable stiffness and a dashpot in series.
The first Maxwell unit simulates the rate-dependent initial branch up to the yield point level,
during the uncoiling of the molecular chains up to the onset of the loss of secondary bonds, as
shown in Fig. 3.6 (b) (red line). The second Maxwell unit simulates the nonlinear stiffening
due to the molecular chains’ rate-dependent stretching up to the failure level, see blue line in
Fig. 3.6 (b). The two Maxwell units are parallel since they are acting concurrently during the
specimen deformation. However, the contribution of the first unit is dominant prior to the
yield point but becomes negligible beyond the yield point while the second unit acts in the

opposite way.
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Figure 3.6: Rheological structure of phenomenological model.

A mathematical model can be derived by combining the constitutive relationships of each
Maxwell unit, considering force-displacement equilibrium and boundary conditions as fol-

lows:
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Chapter 3. Phenomenological model for pseudo-ductile adhesives

X=X1=Xo=X-t (3.1)
F=F +F, (3.2)

where X is the total applied displacement, equal to the displacements of the first and second
Maxwell units (X7, X) in [mm)], X is the applied displacement rate in [mm/s], and ¢ is the time
in [s]. Similarly, F is the total force, which is equal to the sum of the first and second Maxwell

unit forces, F; and F», respectively, in [kN].

The force-displacement relationships in the first and second Maxwell units can be expressed

as follows [35]:

where 7 is the number representing each of the Maxwell units. For the first Maxwell unit
(n=1), S is the constant stiffness of the spring in [kKN/mm], and 7, is the viscosity coefficient
of the dashpot in [kN.s/mm]. It should be noted that the displacement (or strain) rate is
applied to the whole Maxwell unit and the force-displacement relationship of Eq. (3.3) was

obtained, considering the respective internal strain rates of the Maxwell elements.

For the second Maxwell unit (n = 2), S is the variable stiffness of the spring to simulate the
chain stretching effect on the load-displacement response, and 72 is the viscosity coefficient
of the second dashpot. Since the chain stretching causes a nonlinear increase in the adhesive

stiffness, Sy can be defined by a power-law relationship as follows [36]:

S5 = a()P (3.4)
2 - X .

where a and f are fitting parameters.

By substituting the displacement equation (Eq. (3.1)) into the Maxwell unit relationship
(Eq. (3.3)) and Eq. (3.4), the total load (Eq. (3.2)) can be calculated as follows (see Appendix for

more details):

. . _Agt
F=X-m(l-e M)t Xpy(l-e 71) 3.5)
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3.3 General phenomenological model

where 11 and A are equal to S1/n; and S2/n2, respectively. Parameters Sy, 171, @, B, and 12
are considered as the viscoelastic parameters, to be determined for the development of the

phenomenological model.

3.3.2 Parameter optimization method

The optimization method used to estimate the viscoelastic parameters solved a nonlinear least
squares problem using the Trust Region Reflective (TRF) algorithm to apply error minimizing.
The optimization task was performed using Scipy.optimize library [37] in Python. Details of

the optimization method are as follows:

3.3.2.1 Nonlinear least square problem

In a nonlinear least square problem, the goal is to find a local minimum of the cost func-
tion CF(x), i.e., Eq. (3.6), considering the residuals cf;(x) and the loss function rho with m

sampling points [37], [38]:

m—1
minimize CF(x) =0.5 Z rho(cf,-(x)2) ,Ib<=x<=ub (3.6)
i=0

The optimization parameter, x, is limited by the lower bound (/) and the upper bound (ub)
values, defined according to the mathematical and physical descriptions of the problem.
The loss function rho is selected such that the effect of the outliers on the final solution is

minimized. In this case, a standard linear loss function was selected as follows:

rho(CF(x)) = CF(x) (3.7

The residuals c f; (x) were calculated based on the difference between the experimental data

and the estimations from the developed model.

3.3.2.2 Trust Region Reflective (TRF) algorithm

Trust region is a powerful optimization concept specifically suitable for large sparse problems
with bounds [37]. This method was selected since the viscoelastic parameters subjected to

optimization were bounded, see below.
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3.3.2.3 Parameter initial values

The S; parameter is the representative parameter of the initial linear segment of the load-
displacement curve. Therefore, the initial slope value of the load-displacement curve was set

as its initial value.

The 11 viscosity coefficient is a displacement rate-dependent parameter and mainly simulates
the level at which the modeled load-displacement curve exhibits the initiation of yielding, see
Fig. 3.6 (b). In this work, the initial value of n; was defined based on the yield displacement

Ay [29], applied displacement rate X, and initial value of S; as follows:

Ay
n1=351- (_X) (3.8)

The S, parameter contributes to the post-yield stiffness of the modeled response and is a
function of & and S (Eq. (3.4)). The value of  should always be > 1.0, considering the post-yield
curvature of the load-displacement curves. Initial values of  equal to 1.1 and a according to

the equation below, were assumed:

Afgir—A
monotonic: a~(w)ﬁ =Frai1 = Fy
X (3.9

A
X y)ﬁ:FXc_Fy

Xc

cyclic: a - (

where A ¢4;; is the displacement at failure (of monotonic and cyclic loading), Fr;; is the load
at failure, F), is the yield load, X, is the applied maximum displacement at each cycle, and Fx

is the load at the maximum displacement of each cycle [29].

The 1y parameter is a rate-dependent viscosity coefficient that mainly determines the level
at which the modeled load-displacement curve exhibits the maximum load capacity in the
post-yield segment, see Fig. 3.6 (b). Consequently, the initial value for this parameter was

assumed as follows:

ANrgir— A
monotonic: 72 = Sy - (%)
Xc—A
cyclic: 3 = So - ( CX L)

(3.10)

A sensitivity analysis of initial values indicated that the final optimization results were not

sensitive to alterations of up to 20% of the initial values defined according to the above-
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3.4 Monotonic and cyclic viscoelastic parameter results

mentioned assumptions.

3.3.2.4 Parameter bounds

Parameter bounds are also important in an optimization method. They can effectively prevent
convergence issues related to cases where the optimization algorithm is extremely over- or
under-shooting in the parameter estimation. The parameter bounds should be representative
of the valid value range of parameters while being small enough to remain effective. The lower
and upper bound limits for the optimization parameters were considered as 0.5 and 1.5 times

the initial values, respectively.

3.4 Monotonic and cyclic viscoelastic parameter results

The viscoelastic parameters were determined by the implementation of the aforementioned
optimization algorithm for both the monotonic and cyclic experiments under the different

applied displacement rates.

3.4.1 Rate-dependent monotonic viscoelastic parameters

The load-displacement responses, obtained from the derived constitutive equation, are shown
in Fig. 3.7 for the applied displacement rates of 0.1, 0.5, and 1.0 mm/s. The modeled load-
displacement behavior consists of an initial pre-yield linear segment, yield point, post-yield
stiffening, and maximum load capacity. The models agree well with the experimental results.
The slight differences in the pre-yield linear segments of the phenomenological model and
experimental curves were mainly due to the contribution of the laminate deformations, which
became negligible after the yield points since the deformations in the adhesive increased

significantly.

The variations of the estimated viscoelastic parameters of the phenomenological model versus
the applied displacement rates or joint displacement are shown in Fig. 3.8. The estimated
values of Sy, 171, 112, for the applied displacement rates of 0.1, 0.5, and 1.0 mm/s are shown
with solid circles in Fig. 3.8 (a), (b), and (d) respectively, with added power-law fitted curves
represented by dashed lines; the variable So parameter is shown in Fig. 3.8 (c). By increasing

the applied displacement rate, S; parameter increased, while 11, Sz, and 12 decreased.

Since a higher displacement rate results in a higher stiffness in the pre-yield linear branch [39],

the S; parameter increased with an increase in the applied displacement rate (Fig. 3.8 (a)).
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Under lower applied displacement rates, the polymer chains had more time to uncoil and thus
reach the onset of the loss of secondary bonds. Consequently, lower applied displacement

rates resulted in higher n; values (Fig. 3.8 (b)).
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3.4 Monotonic and cyclic viscoelastic parameter results

With the alignment of the stretched polymer chains along the load direction and the resulting
hardening, the post-yield stiffness, So parameter, was increasing with the applied displacement
for all displacement rates (Fig. 3.8(c)). The lower the displacement rate, the more the polymer
chains could become stretched and aligned. As a result, under the lowest applied displacement
rate, the highest So maximum value was obtained. The slope of the curves decreased with
increasing displacement rate due to the formation and accumulation of damage. Finally,
by increasing the displacement rate, a lower number of chains were aligned to the loading
direction and participated in load bearing when the failure occurred. Therefore, the failure

load level and, accordingly, the n2 parameter, decreased (Fig. 3.8 (d)).

3.4.2 Rate-dependent cyclic viscoelastic parameters

3.4.2.1 Cycle decomposition

The cyclic responses of the specimens comprised primary and trailing cycles. At the reversal
points of each primary cycle, specimens experienced the highest displacements and thus the
highest degree of chain stretching. At the following trailing cycle reversal points, specimens
underwent a lower displacement than in the previous primary cycle, resulting in less stretched
or partially stretched chains. To take into account these different states at the reversal points,
each response of the primary cycle was decomposed into two segments, as shown in Fig. 3.9,
i.e., a segment starting 1) from the partially stretched state of the adhesive at the reversal point
of the trailing cycle (T2 in Fig. 3.9 (a)) up to an almost fully stretched state at the first reversal
point of the primary cycle (P1 in Fig. 3.9 (a)), and 2) from the latter (P1) to the also almost
fully stretched state at the second reversal point of the primary cycle (P2). By translating the
origin of the coordinate system for each segment of the cycles to the reversal point at their
beginning, the decomposed segments of the cycles can be shown as in Fig. 3.9 (b) and (c).
The nomenclature used for the curves is composed of a first number indicating the applied
displacement rate, a second term indicating the segments starting from either the partially
stretched state, “T-P”, or the almost fully stretched state, “P-P”, and a fourth number indicating
the cycle number. Instead of “almost fully” just “fully” stretched state will be used in the
following to clearly differentiate “partially” from “fully”. The trailing cycle responses up to
their maximum displacements were fully overlapped by the response of the next primary cycle;

they were thus not separately modeled.
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Figure 3.9: Decomposition of cycles of specimen A-C0.1a: a) cycle numbers 32-35 including
primary cycles (T-P and P-P) and trailing cycles (P-T and T-T), b) segments T2-P1 (cycle nos.
32 and 35), and c¢) segments P1-P2 (nos.32 and 35) of primary cycles.

3.4.2.2 Cyclic viscoelastic parameter estimation procedure

For each of the six combinations of displacement rate and segment (T-P and P-P) a power-
law relationship was assumed between the viscoelastic parameters of the phenomenological
model (S1, 11, @, B, n2) and the maximum applied displacement at each primary cycle as

follows:

bs1,i
Sii=asi-X; " 3.11)
by1,i
N =an,i- X' 3.12)
Qi =ag ;i X (3.13)
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3.4 Monotonic and cyclic viscoelastic parameter results

bg,i

Bi=ag;i X" (3.14)

by2,i
No,i = an2,i- Xe" (3.15)

where asi, an1, aq, ag, ay2, bsi, by1, by, bg, byz are parameter constants calibrated with
the experimental results; and the subscript i for these parameters indicates the number of

optimization iterations, see below.

The optimization procedure for the estimation of the viscoelastic parameters consists of
two iterative steps, as shown in Fig. 3.10. In the first step, the viscoelastic parameters are
estimated for each primary cycle according to Eq. (3.5), with R? higher than 0.95. For the first
optimization iteration, i = 1, the initial values are selected as defined in Section 3.3.2.3. The
estimation is performed for all of the primary cycles while the maximum cycle displacement,
X¢, is lower than the ultimate displacement in the cyclic responses, A fail-In the second step,
the fitting parameters are estimated according to (3.11), (3.12), (3.13), (3.14), (3.15) so that each
of the estimated viscoelastic parameters follows a power-law relationship with the maximum

cycle displacement.

The viscoelastic parameters are then re-calculated using the estimated fitting parameters,
which are set as the initial values for the next iteration (i > 1). The first and second steps are
repeated until the normalized differences, e;, of the estimated fitting parameters compared to
their corresponding values of the last iteration (e.g., es1,; = (as1,i—as1,i-1)/ as1,i—1) are lower
than 0.1%.

3.4.2.3 Cyclicviscoelastic parameter development

The estimated viscoelastic parameters versus maximum cycle displacement (for Sy, 171, and
12) and cyclic displacement (for Ss), at each primary cycle, are shown in Fig. 3.11 for the
applied displacement rates, for partially and fully stretched states. The S; and 7172, parameters
are not shown for the highest applied displacement rate of 1.0 mm/s due to the negligible

amount of stretching.

The trends of the viscoelastic parameters were affected by two opposing mechanisms, i.e.,
1) stiffening (hardening) caused by the molecular chain realignment and stretching in the
direction of the applied displacements, and 2) softening caused by the damage formation
and accumulation. The applied displacements generated a shear stress state in the adhesive
layer of the joint, which could be decomposed into a concurrent set of compression and

tension principal stresses. The tension component realigned and stretched the molecular
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Figure 3.10: Cyclic viscoelastic parameter determination flowchart (A ¢4;; = displacement at
cyclic joint failure).

Estimation of viscoelastic parameters by]

chains, leading to stiffening. At the displacement reversal point, the compression component
induced “buckling” [40] of the stretched chains followed by realignment in the other direction
due to the tension (which changed the direction). This continuous change of the molecular
realignment caused damage, which accumulated until it became dominant over the stiffening

and softening thus occurred.

The S; parameter values were initially higher at higher rates, see Fig. 3.11(a), but then de-
creased much faster than at the lower rate due to the higher loads (see Fig. 3.5), which increased
damage formation and the associated softening. Damage accumulation, as described above,
also decreased the stiffness at lower rates. No significant differences could be observed for

either of the states starting from partially or fully stretched materials.
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Figure 3.11: Variation of cyclic viscoelastic parameters, a) S1, b) 171, d) 172, versus maximum
cycle displacement, and c) Ss, versus cyclic displacement, under the applied displacement
rates.

The n; parameter values were higher at the lower rate and followed a decreasing trend with
increasing applied maximum cycle displacements for all cases, except for the initially fully
stretched material under the lowest 0.1 mm/s displacement rate, see Fig. 3.11(b). The ac-
cumulated damage generally decreased the viscosity parameters of the linear segment. In
0.1_P-P, however, the decreasing trend was reversed since the highly stretched chains at the
reversal point first resisted the reversed load until they “buckled” and could be realigned in
the opposite direction. Consequently, with increasing displacement, i.e., degree of previous
stretching, n7; increased. In general, the 17 values were higher for more stretched materials for

the same reason.

The development of the Sy parameter during each segment of the primary cycles is shown in
Fig. 3.11(c). In all cases, the S parameter exhibited an increasing trend due to an increasing
number of aligned molecular chains with an increasing cyclic displacement. Under the

lower applied displacement rate, in addition to the high number of secondary bonds lost
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because of molecular chains having more time to deform, a low number of primary bonds
were broken, i.e., damage was initiated, due to the large displacement increment of each cycle.
In the segment of primary cycles starting from the partially stretched state, T-P (black curves),
molecular chains were experiencing the highest cycle maximum displacements up to that
cycle, leading to a high realignment of stretched molecular chains and thus high Sy maximum
values. Due to the higher stretching in cycles with higher displacement, the maximum So
values increased in the T-P segments from each primary cycle to the next, while the slope
of the curves decreased due to damage formation. In the P-P segments, the maximum So
values and slope of the curves (gray lines) were lower than in the T-P segments due to a delay
in stretching. The delay in stretching occurred since the highly stretched chains at the reversal
point first buckled and recoiled before they could realign and stretch in the opposite direction.
By increasing the cycle displacement, the delay in stretching in the opposite direction became
more dominant and thus the So maximum values decreased from each primary cycle to the
next. At the higher applied displacement rate, many more cycles were required until similar
displacements were reached as at the low rate, see cycle numbers in Fig. 3.11(c). Much more
damage was thus accumulated, which decreased both the So maximum values and the slopes

of the curves.

The n9 parameter values were higher and increased for the lower 0.1 mm/s rate, and lower
and decreased for the higher 0.5 mm/s rate (Fig. 3.11 (d)). The increasing-decreasing trends
of the 112 values were in line with the trends of the peak loads of each primary cycle (Fig. 3.5),
since the former were determined from the latter (Fig. 3.5). As mentioned in Section 3.2.2, the
dominating hardening behavior at the lower rate increased the peak loads and thus 75, while
the dominating softening at the higher rate decreased the peak loads and ns. The 15 values
were generally higher starting from the fully stretched (P-P) than from the partially stretched
(T-P) state for maximum displacements of more than 4 mm due to the higher load amplitudes

in the P-P segments (Fig. 3.9 (a)).

3.4.2.4 Cyclicviscoelastic parameter constant development

According to (3.11), (3.12), (3.13), (3.14), (3.15) and as shown above, the viscoelastic param-
eters of the developed phenomenological model all follow a power-law relationship with
the applied maximum cycle displacement. Moreover, it could be derived that the parameter
constants of (3.11), (3.12), (3.13), (3.14), (3.15) follow a power-law relationship with the applied
displacement rate, except for by in fully stretched and by in both partially and fully stretched
states, which follow a logarithmic relationship. The derived constant relationships for each of

the viscoelastic parameters under the three applied displacement rates, for partially (T-P) or
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fully (P-P) stretched materials, are given in Table 3.1, Table 3.2.

Table 3.1: Cyclic viscoelastic parameter constant values of Egs. (3.11), (3.12) and their

relationships with displacement rate.

Disp. rate  Constants

S1 ni

asi bs1 an b
0.1_T-P 142 -0.12 754 -0.06
0.5_T-P 215 -0.28 301 -0.30
1.0_T-P 265 -0.40 175 -0.40
Formula as) = bs1 = anl = bnl =

265 x XO.Z? —0.4 x X0.53 203 x X—O.57 —0.6 x XI.OZ
0.1_P-P 164 -0.17 697 0.12
0.5_P-P 226 -0.36 489 -0.36
1.0_P-P 260 -0.50 420 -0.57
Formula as) = bs1 = anl = bnl =

260 x X0-2 —0.5 x X048 420 x X022 —0.3 x X057

Table 3.2: Cyclic viscoelastic parameter constant values of Egs. (3.13), (3.14), (3.15) and their

relationships with displacement rate.

Disp. rate  Constants
a p n2
Ay ba aﬁ bﬁ an2 bTI2
0.1_T-P 4.27 -2.05 1.09 0.11 627 0.13
0.5_T-P 56.1 -2.15 1.17 0.03 324 -0.03
1.0_T-P 170 -2.20 1.20 0.02 244 -0.10
Formula ag = by = ap= bg = an2 = by =
170 x —-2.2 % 1.2 x 0.02 x 244 x —0.1x
x16 %003 X —0.04 X075 X041 InX—-01
0.1_P-P 6.02 -2.40 1.21 0.07 351 0.49
0.5_P-P 39.6 -2.08 1.13 0.04 569 -0.15
1.0_P-P 70.0 -2.04 1.10 0.03 700 -0.43
Formula ag = by = ag = bg = an2 = byo =
89x X117 —195x  1.1x 0.03 x 700 x 0.4 x
%—0.09 X —0.04 %036 %03 InX—
0.43

Knowing that the viscoelastic parameter constants are related to the displacement rates by

the relationships given in Table 3.1, Table 3.2, they can be estimated for any other applied

displacement rate within the range of 0.1-1.0 mm/s. The viscoelastic parameters can then be
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calculated accordingly, and the cyclic responses for the partially or fully stretched state of the

material can be obtained.

3.5 Model validation and application

3.5.1 Contributions of first and second Maxwell units

The comparison between the modeled cyclic responses (“mod”) and the corresponding ex-
perimental (“exp”) results of primary cycle numbers 41, 44, 47 and 50, starting from their
fully stretched state (P), are represented in Fig. 3.12(a) at the medium displacement rate,
while Fig. 3.12(b) shows the applied forces (F) and how they are composed of the F; and F»
forces of the individual Maxwell units, according to Eq. (3.2). A good agreement between the
phenomenological model predictions and experimental results is demonstrated; the yield
points, stretching and softening are well modeled by the constitutive equation. Concerning
load sharing, the load increased up to the yield point obtained from the first Maxwell unit (F;
curves); beyond that point, the first unit no longer contributed (plateau of the red curves). The
second Maxwell unit was then activated, beyond the yield point (blue F» curves), representing

the effects of stretching, and the loads were further increased (dashed curves).

200_'"'|'"'|'"'I""I""I""I""_ 200_"''|""I""I""I""I""IIIII

——0.5_P-P_41_F,| |
——0.5_P-P_44_F, ]
——05_P-P_47_F,| |

0.5_P-P_50_F,| ]

——0.5_P-P_41_F,| ]
——0.5_P-P_44_F,|
0.5_P-P_47_F,| |
0.5_P-P_50_F,| ]

——0.5_P-P_41_exp | 1
——0.5_P-P_44_exp | |

- --05_PP_41F
-~ -0.5_P-P_44_F |}
05_P-P_47_F
0.5_P-P_50_F

20 25 30 35
Joint displacement (mm) Joint displacement (mm)

Figure 3.12: (a) Experimental and modeled load-displacement responses of P-P segments for
0.5 mm/s displacement rate, and (b) load sharing between first and second Maxwell units.
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3.5.2 Full cycle and envelope curves comparisons

The full cyclic responses of the experimental and phenomenological model under the dis-
placement rate of 0.1 mm/s are compared in Fig. 3.13 (a). The model cyclic curves in Fig. 3.13
(a) were constructed by joining the partially stretched segments, at their peak points, to the re-
flected fully stretched segments about their origin. The comparison reveals a good agreement

between experimental and modeling results.
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Figure 3.13: (a) Experimental and modeled load-displacement responses of full cycles for 0.1
mm/s displacement rate (specimen A-C0.1a), and (b) experimental and modeled envelope
curves for displacement rates of 0.1 mm/s (specimen A-C0.1a), 0.5 mm/s (A-C0.5b), and 1.0
mm/s (A-C1.0a) at P; reversal points.

The envelope curves of the experimental cyclic responses, shown in Fig. 3.5, and of the
modeled cyclic responses, are further compared in Fig. 3.13 (b). They were constructed by
connecting the P; peak loads. The comparison reveals that the hardening behavior under 0.1
mm/s and the softening behavior under 0.5 mm/s displacement rate were well represented in
the model. The results further show that the peak loads of the final cycles, particularly at 1.0
mm/s, were not well simulated. This is because the final failure, i.e., the complete breakage of
the primary bonds, is not comprised in the model. Adding a third parallel unit to the model,

consisting of a dashpot element, would also allow the simulation of this last sequence.

The comparison between the curves in Fig. 3.13 validates the capacity of the decomposition
procedure and the phenomenological model to simulate the entire cyclic load-displacement

behavior of the specimens under the applied displacement rates.
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3.5.3 Energy dissipation

Since the energy dissipation capacity is a measure to assess the ductility of a material or
structural system, the energy dissipation per primary cycle, obtained from experiments and
the model, was determined and compared in Fig. 3.14, for the displacement rates of 0.1 and
0.5 mm/s. The dissipated cyclic energy of the experimental results was obtained from the
enclosed area of the load-joint displacement hysteresis loops [41] shown in Fig. 3.5. The
dissipated energy values of the model were taken as the enclosed area between the load-
displacement responses of the partially stretched and fully stretched segments of each cycle
shown in Fig. 3.9, whereby the partially stretched segment was connected at the peak point to

the fully stretched segment, reflected about its origin.
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Figure 3.14: Dissipated energy per primary cycle from experimental results and model for
displacement rates of 0.1 mm/s (specimen A-C0.1a) and 0.5 mm/s (A-C0.5b).

The greatest amount of energy per cycle was dissipated in the specimens under the lowest
displacement rate since the imposed displacements per cycle were higher [29]. Experimental
and modeling results agree well in up to approximately 90% of the cycles and thus further
validate the model. As mentioned in Section 3.5.2, the significant drops in the peak loads are
not covered in the model. Therefore, the dissipated energy for the last cycles, obtained from

the model, was overestimated in Fig. 3.14.

3.6 Conclusions

A new phenomenological model was presented, allowing the simulation of the rate-dependent

load-displacement responses of a pseudo-ductile adhesive joint under axial monotonic and
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cyclic loading. The phenomenological model assumes that the rate-dependent monotonic
and decomposed segments of the cyclic responses can be represented by two parallel acting
Maxwell units, one conventional-linear and the other extended-nonlinear. By calibrating the
viscoelastic parameters of the phenomenological model with the results from experimental

monotonic and cyclic investigations, it could be concluded that:

1. The two Maxwell units of the phenomenological model were able to well simulate the
rate-dependent pre-yield and post-yield branches of both monotonic and decomposed

cyclic responses.

2. The viscoelastic parameters of the Maxwell units did capture well the physical charac-
teristics of the adhesive in both monotonic and decomposed cyclic responses, such as
stretching of molecular chains (i.e., strain hardening), and formation and accumulation

of damage (i.e., softening) that were captured by the extended-nonlinear Maxwell unit.

3. The effects of the applied displacement rate on the monotonic loading behavior were
well represented by power-law relationships between the monotonic viscoelastic pa-

rameters and the applied displacement rates.

4. The development of the cyclic viscoelastic parameters could be well related to the
maximum cycle displacement by power-law relationships, for each of the decomposed

segments and each displacement rate.

5. The constants of the cyclic viscoelastic parameters were related to the applied displace-
ment rate by power-law or exponential relationships. The phenomenological model
can thus predict the cyclic responses of the adhesive under any given displacement rate

by interpolation.

6. The proposed model could well predict the cyclic envelope curves and the cyclic energy
dissipation, except the final failure values of the last cycles. To also model the final
chain scission, a third parallel unit could be added to the model, consisting of a dashpot

element.

7. The proposed model can be applied to predict the load-bearing behavior of the ductile
adhesive under both monotonic and cyclic loading for other displacement rates in the

range of 0.1-1.0 mm/s.
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Appendix

3.A.1 General relationships

The joint displacement at a constant rate is:

X=X-t (3.A.1)

The constitutive equation for a Maxwell unit consisting of a spring and a dashpot is presented

in Eq. (3.3), which can be rearranged as follows [35]:

0
Nnsz+ S 0X OF,
ng¢ n E:nn.a_tn+sn.pn,n:1,2 (3.A.2)

X =
Sn'nn%

By inserting Eq. (3.A.1) into Eq. (3.A.2), the following equation is obtained:

o aFn
Snnn-X=n- a7 +S,-F, (3.A.3)

By dividing Eq. (3.A.2) by 1 and substituting the resulting S/n with A, the following relationship

is obtained:

. 0F,
Sy X =
" ot

+ A, Fp (3.A.4)

3.A.2 Solution for the first Maxwell unit

To find the relationship of F; with the other parameters, Eq. (3.A.4) must be integrated. To
enable integration, the integration factor e1"! is multiplied to both sides of Eq. (3.A.4), as

follows:

. F
f(sl'X‘eM) ‘”:f[(%)"M”Mﬂ-e‘l'f dt (3.A.5)

By integrating, substituting A = S/7, and rearranging the resulting equation, the following

relationship is obtained:
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. C
F = X'T]1 + (3.A.6)
e

A+t

As shown in Fig. 3.5, the load function for each Maxwell unit reaches a plateau at a certain
point and therefore could be described by a sigmoid function. Consequently, C; was assumed

to be C; = —X 11, and the following relationship is obtained:
F=Xm (1 - e—h") (3.A.7)

3.A.3 Solution for the second Maxwell unit

A similar procedure was applied for the second Maxwell unit, however, due to the time

dependency of S; and A,, a different integration factor jﬁ;f was multiplied to both sides of
Eq. (3.A.4), as follows:

f (S2- ﬁ

[(0F2 Ayt o (3.A.8)
p+1
By substituting S, from Eq. (3.A.4) and A = S/n:
tﬁ+1
f(a e exp(a—)) dr =
T2 f+D) 3.A.9
(—)ex ( )+ cFo-exp(——)
or P B Ty T )
By integrating and rearranging Eq. (3.A.9), the following equation is obtained:
n2(5+1)) a- P ( )
=F + 3.A.10
,6+1( a exp 772'(:3"'1) 27eXp B+1 “ ( )
And finally, the following equation results:
. Co
FQZX'T]2+ﬁ (3.A.11)
exp ( ﬁil)
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The same assumption as for C; can be applied for C, and therefore Co = — X - 12 was assumed.

The following relationship is consequently obtained:

Ag-t
B+1

Fo=X-ny|l—exp(- ) (3.A.12)

Substituting 3.A.7 and 3.A.12 into Eq. (3.2) yields the equation Eq. (3.5).
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able strain rate
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4.1 Introduction

The escalating global demand for lightweight yet durable structural components has led
to the adoption of pultruded glass fiber-polymer composite laminates in a variety of con-
struction applications. Composite laminates confer significant benefits, including a high
strength-to-weight ratio, corrosion resistance, and expedited erection [1]. Nevertheless, the
intrinsic brittleness of glass composite laminates may result in catastrophic failure of compos-
ite structures under diverse loading conditions [2]. To circumvent such catastrophic failures,
enhancing the ductility of composite structures is imperative, which can be achieved by en-
hancing their connections, such as bridge deck-girders or beam-column connections, through
the introduction of pseudo-ductility. Pseudo-ductility in this respect is understood as nonlin-
ear response caused by progressive damage and associated energy dissipation [3]. Options to
achieve pseudo-ductility in the connections are the use of either adhesive-bolt combinations
[4] or pseudo-ductile adhesives [5]. Pseudo-ductility in the connections augments the perfor-
mance of fiber-polymer composite pultruded structures, mainly by increasing their energy

dissipation capacity [6].

Contributions: Ghazaleh Eslami conceived, designed and performed the experimental campaign under
the supervision of Dr. Abdolvahid Movahedirad and Prof. Thomas Keller. The analysis of the results
and development of analytical models were carried out by Ghazaleh Eslami under supervision of Dr.
Abdolvahid Movahedirad and Prof. Thomas Keller.

81



Chapter 4. Pseudo-ductile adhesive angle double lap joints

Since the 1990s, researchers have been investigating hybrid and bolted pultruded beam-
column connection configurations with the aim of attaining superior mechanical performance
to convectional bolted joints. Bank et al. [7] and [8] cconducted comparative analyses of rota-
tional stiffness, strength, and failure modes for eight full-scale glass composite beam-column
connections. Among those, six connections comprised different configurations of pultruded
angles and built-up components bolted to both beams and columns, while the remaining two
were hybrid bolted-bonded beam-column connections using an epoxy adhesive. They found
that the studied hybrid connections demonstrated higher rotational stiffness and moment
strength. Subsequently, Smith et al. [9] conducted an experimental study on the behavior
of the hybrid connections proposed by Bank et al. with pultruded glass composite I- and
box-section profiles. Their findings emphasized the superior performance of box-section
connections in terms of strength and stiffness relative to I-section connections. The consider-
able gains in stiffness and strength of glass composite connections obtained using adhesive
bonding inspired Carrion et al. [10] to conduct experimental studies on a beam-column
box-section connection employing a T-shaped monolithic connector, referred to as "cuff"
connection, utilizing a high-strength epoxy. They determined the optimum thickness of their
cuff connection that allowed the frame to achieve the full flexural capacity of the pultruded
box beams. In 2017, Ascione et al. [11] studied four full-scale glass composite epoxy-bonded
I-profile beam-column connections subjected to static loads, focusing on connection location
and column strengthening methodologies. The connections composed of seat angles and
column stiffeners attained the highest moment capacity. Meanwhile, a primary drawback of
adhesive connections identified in the studies was the brittle failure mode, such as adherend
or adhesive interface failure, making them less appropriate for being used in structures. The
observed limited deformation capacity renders the examined adhesives unsuitable for earth-
quake resistance as well. To mitigate brittle failure modes of adhesive connections, Ascione et
al. [12] modified the proposed connection in [11] to achieve pseudo-ductile failure modes.
The modification entailed wrapping the connection at specific locations using a carbon fiber
fabric, employing epoxy resin and wet lay-up technique. Their strengthened connection

exhibited a pseudo-ductile load-deflection response.

Pseudo-ductile behavior in pultruded structures can even be achieved with simpler joint
configurations such as cleated joints [13]. Qureshi et al. [14] studied glass composite beam-
to-column connections featuring steel and composite cleats, discovering enhanced torsional
moment capacity and stiffness at the expense of diminished rotational deformation. Ascione
etal. [15] explored the effect of the bonded area dimensions on the flexural and shear behavior
of cleated epoxy connections in large-scale glass composite frames. Their findings indicated

that the extension of the bonded area influenced the strength but not the stiffness of the
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connections, while the adhesive layer experienced torsional moments.

The two main concerns regarding the beam-column connections investigated in prior ex-
periments involve the durability of hybrid connections and the required ductility. Durability
concerns in hybrid connections stem from the need for drilling into composite materials for
joint installation [16]. Additionally, neither the brittle adhesive joints nor the hybrid joints
using brittle adhesives exhibited a sufficient amount of ductility required for seismic resistant
design [17]. Implementing pseudo-ductile adhesives in composite connections can help alle-
viate these concerns. Unlike brittle adhesives, experiments on linear pseudo-ductile adhesive
lap joint connections have shown that the stresses are uniformly distributed over the bonded
surfaces [18]. However, the mechanical properties of pseudo-ductile adhesives are sensitive
to the applied strain rate [19]. Under low strain rates, pseudo-ductile adhesives exhibit lower
stiffness and reduced yield strength, while they can achieve high failure displacement and
strength due to molecular chain realignment and stretching into the applied displacement

direction [20].

While pseudo-ductile adhesives have previously been examined sin composite lap joints,
their applications in beam-to-column joints, along with their strain rate-dependent stiffness,
moment-rotation resistance, and overall performance have not yet been addressed. The
adhesive layer in the studied lap joints experienced a constant strain rate and a uniform stress
distribution along the overlap throughout the experiments. However, as noted earlier, in
typical bonded beam-column joints (such as those studied in [15]), the adhesive layers will be
subjected to torsional moments, inducing variable strain rates and consequently, nonuniform
stress distributions in the radial direction from the rotational center. Taking this into consider-
ation, the current study investigates the behavior of a novel adhesive angle double-lap joint
under torsional moments, aiming to develop an analytical model with low computational
cost for predicting the load bearing capacity under nonuniform stress distribution in the
adhesive layers. The basic rate-dependent stress-strain relationships of the adhesive were
derived from experiments on adhesive single-lap joints exhibiting a uniform stress distribu-
tion. Three different external displacement rates were applied to the angle joints to obtain
their moment-rotation responses under different internal strain rate ranges in the adhesive
layers. Based on the rate-dependent stress-strain relationships obtained from the single-lap
joints, the torsional moment capacities of the angle joints under variable internal strain rate

and associated nonuniform stress distributions could be predicted.
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4.2 Angle joint concept and experimental program

A novel bonded-bolted angle double-lap joint was designed where a central bolt transfers
the section forces, permitting relative joint rotations, while blocking relative translations in
the adherend plane. The two pseudo-ductile adhesive layers resist the rotations and thus
experience pure torsion, resulting in a nonuniform strain rate in radial direction. An analytical
model was suggested to predict the mechanical performance of the pseudo-ductile adhesive
under nonuniform strain rate, utilizing strain rate-dependent stress-strain responses as input
data. The input data were obtained from linear single-lap joints according to ASTM D1002-10

[21], which exhibited a uniform strain rate and stress distribution along the overlap.

4.2.1 Angle joint experimental approach

The angle joint consists of an inner laminate perpendicularly connected to two outer laminates
by a pseudo-ductile adhesive, forming an isosceles right triangle (Fig. 4.1(a)). Fig. 4.1(b)
schematically represents the symmetric deformation of each of the inner and outer laminates,
0, under an applied load, F. The load, F, can be decomposed into internal shear and axial
loads in the laminates, denoted as F; and Fs, respectively. The bolt placed at the centroid of
the adhesively bonded area transfers these internal forces between inner and outer laminates
while preventing relative in-plane displacements. The adhesive joint area in Fig. 4.1(b) is
represented by a rotational spring, indicating its resistance to rotation. Fig. 4.1(c) presents
free-body diagrams of the specimen components and the decomposition of the loads acting
on them. Additionally, Fig. 4.1(d)-(f) demonstrate the internal force and moment diagrams
of each specimen component shown in Fig. 4.1(c). Each outer laminate carries half the load
borne by the inner laminate. The relationship between Fi, F>, and F can be determined as

follows:

Fy = F x cos (45 +0) 4.1)

Fy = F x sin (45 +0) (4.2)

By considering equilibrium in the inner laminate, the internal torsional moment borne by the

adhesive layers, T, can be calculated as follows:
T=F1XLl=FXCOS(45+9)X(L—Q1—612) (4.3)
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4.2 Angle joint concept and experimental program

where L is the distance between the point of load application and the bolt, L is the laminates’
length, a; is the distance of the point of load application to the edge of the laminate, and as is

the bolt distance to the edge of the laminate, all shown in Fig. 4.1(a).
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Figure 4.1: Schematic representation of angle joint specimen a) fixed in machine b) deformed
state c) acting load decomposition d) internal shear diagram e) internal axial force diagram f)
internal bending moment diagram.
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Chapter 4. Pseudo-ductile adhesive angle double lap joints

4.2.2 Specimen geometry and fabrication

4.2.2.1 Single-lap experiments

The adhesive single-lap joint specimens were fabricated according to [21] from two steel
sheets of 1.5 mm thickness, dimensioned as shown in Fig. 4.2, and bonded together over a
length of 13 mm. The steel sheets, measuring 101.5 mm x 25.5 mm x 1.5 mm, were cut from a
plate of 1.5 mm thickness using a waterjet. The shear area of the steel sheets was scratched
with a grade 60 sandpaper according to ASTM D2651-01 [22] and then was cleaned with a Sika
product (Sika® ADPrep) [23]. The pseudo-ductile adhesive was then applied to the shear area
using a mixing gun, with two steel beads of 1.5 mm diameter placed in the shear (bonding)
area to guarantee the targeted layer thickness. To have the same total thickness at the ends of
the specimen as in the middle, steel tabs measuring 25.5 mm x 25.5 mm were bonded with an
epoxy adhesive (Sikadur-330) to the ends of the steel sheet adherends. The tabs were made
of the same steel material as the steel adherends. The joints were then stored for five days
under ambient laboratory conditions (23 + 2 °C and 38 + 10% relative humidity) prior to the

experiments.
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Figure 4.2: Single-lap specimen dimensions according to ASTM D1002 [21] a) top view, b) side
view.
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4.2 Angle joint concept and experimental program

4.2.2.2 Angle joint experiments

The angle joint specimens comprised an inner laminate and two outer laminates, as shown
in Fig. 4.3, each measuring 450 mm x 100 mm x 10 mm in length, width, and thickness,
respectively. A joint area of 100 mm x 100 mm, with an adhesive thickness of either 5 mm
or 2.5 mm, to represent typical applications in composite bridge and building construction
[24], [25], was then considered. To fabricate the angle joints, the composite laminates surface
was roughened with sandpaper to remove the polyester layer, revealing the mat layer at a
depth of about 0.5 mm. A thin epoxy adhesive layer (Sikadur-330) was then applied to the
scratched surface as a bonding promoter using a construction spatula, leaving some marks
on the surface. The epoxy layer was left to cure for four hours at 60°C [19]. The inner and
outer laminates were then adhesively bonded using the pseudo-ductile adhesive which was
applied by a mixing gun. Four steel beads of 5 mm or 2.5 mm in diameter were placed in the
bonding area to ensure the desired adhesive layer thickness. After applying the adhesive for
each lap, the specimen was cured for one day under ambient laboratory conditions (20+3°C
and 38+10% relative humidity). Lastly, the joints were stored in the same room for five days
before the experiments. After the curing process was finished, the center of the adhesively
bonded area was drilled, at a distance of 50 mm from the laminate’s edge, and pinned with a

14 mm diameter bolt.

- ---450---- =
! 14 ==

10 5.10- 5 10"
View A

b)

Figure 4.3: Angle joint specimen dimensions in mm from a) top view, b) side view.
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4.2.3 Materials

The pseudo-ductile structural adhesive based on acrylic double performance (ADP) polymer
technology, SikaFast®-555110 (L05), supplied by Sika, Switzerland was used in this study. This
two-part adhesive system consists of two components, SikaFast®-555 and SikaFast®-555
L10, which are mixed at a ratio of 10:1 (by volume). Elastic moduli ranging from 340 MPa
to 780 MPa were measured in standardized dog-bone specimens, varying with the applied

displacement rates of 0.1 mm/s up to 10 mm/s displacement rates [26].

In single-lap adhesively bonded specimens, a DIN EN 1.4034 stainless steel (AISI 420 / X46Cr13)
plate was used for the adherends. The material was selected according to the requirements of
ASTM D1002-10 [21].

The laminates used in the angle joint specimens were made of glass fiber-polymer compos-
ites provided by Fiberline Denmark, and were composed of E-glass fibers in an isophthalic
polyester resin matrix with a fiber content of 60% by weight. The laminate structure comprised
70% unidirectional rovings in the core and two outer layers of combined mats, with a polyester
surface veil applied to the exterior surfaces. According to the manufacturer, the laminates’
longitudinal elastic modulus and tensile strength were 28 GPa and 240 MPa, respectively [27].

Grade 80 stainless steel bolts were used, with an unthreaded length of 35 mm.

4.2.4 Setup, instrumentation, and experimental procedure

4.2.4.1 Single-lap experiments

To conduct tension loading experiments, single-lap shear specimens were fixed at their tabs
in the grips of an MTS 25 kN universal testing machine. The experiments were conducted in a
displacement-controlled mode, with six applied tensile displacement rates of 0.01, 0.05, 0.1,
0.5, 1.0, and 5.0 mm/s, all referring to the machine’s cross-head displacement. The relative
displacements in the joint area were measured using a Digital Image Correlation (DIC) system.
The DIC system was placed in front of the experimental setup and monitored the movement of
the speckles on both steel sheets. Three specimens, each designated by the specimen type (SL),
loading rate (0.01, 0.05, 0.1, 0.5, 1.0, and 5.0), and joint replication (1 to 3), were investigated
at each displacement rate. As an example, the designation "SL-0.01-1" represents the first

single-lap specimen subjected to a displacement rate of 0.01 mm/s.
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4.2 Angle joint concept and experimental program

4.2.4.2 Angle joint experiments

Displacement-controlled monotonic experiments were conducted in a laboratory setting at
room temperature (19 + 3°C) using a Walter+Bai type LFV universal testing machine with a
maximum capacity of 200 kN in tension and compression and a maximum displacement
of 200 mm. Two steel fixtures were placed in the top and bottom grips of the machine, to
which the inner laminate and outer laminates were hinged using a 20 mm bolt, allowing
for the free rotation of the end bolts, as shown in Fig. 4.4. The nuts were hand-tightened
to prevent the bolts from being pre-stressed. The machine applied the displacement with
the desired external rate and measured the resulting loads. The rotation of the laminates
was recorded using two inclinometers with an accuracy of 0.001 radians, one attached to the
middle of the inner laminate, inclinometer_1, and the other to the middle of an outer laminate,
inclinometer_2. To measure the adhesive layer deformations in the angle joint, a two-camera
3D DIC system was used. These cameras enabled the tracking of specimens’ motion in 3D
space (stereo vision) with an accuracy of +0.01%. A random speckle pattern was applied on
the measured surfaces, i.e., edge of the joint area, using both white and black spray in the
dashed-line rectangle in Fig. 4.4. The DIC measured area was illuminated with a non-heating
LED EFFILUX white light. The light was positioned at a fixed angle and distance from the
specimens to provide consistent illumination during the experiments. The post-processing of
the results was carried out using Vic-3D software from Correlated Solutions Inc. Furthermore,
the specimens were photographed by two additional cameras to monitor them during the

experiments.

Three external displacement rates of 0.1, 0.5, and 2.0 mm/min were applied by the machine to
the angle joint specimens. During each experiment, the machine applied a constant downward
displacement rate to the bottom grip, thus resulting in a range of variable internal strain rates

in the joint area.

Three specimens were examined for each displacement rate and thickness of the adhesive
layer. The joint designations comprised the joint loading type (M), adhesive thickness (t5 or
t2.5), loading rate (0.1, 0.5, 2.0), and joint replication (a, b, c, or d). For example, the designation
"M-t5-0.1a" represents the first angle joint subjected to monotonic loading with an adhesive

thickness of 5 mm at a rate of 0.1 mm/s.

89



Chapter 4. Pseudo-ductile adhesive angle double lap joints

B Cived grip

Steel
fixtures

Moveable grip P
T i B 2-camera DIC
‘ : system

Figure 4.4: Angle-joint specimen experiment setup with two-camera 3D DIC measurement.

4.2.5 Experimental results

4.2.5.1 Single-lap experiments
- Stress-Strain responses

The single-lap experiments investigated the shear stress-strain behavior of the pseudo-ductile
adhesive over a wide range of displacement rates. The shear stress, 7, and shear strain, 7y,
values were calculated from the measured force and deformations using Eq. (4.4) and Eq. (4.5),

assuming a uniform stress distribution along the overlap.

(4.4)
4.5)
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4.2 Angle joint concept and experimental program

where F is the load recorded by the machine, A; is the joint area, d is the joint displacement,
and t; is the adhesive layer thickness in single-lap joint specimens, equaling 1.5 mm. Fig. 4.5(a)
shows the stress-strain curves obtained from Eq. (4.4) and (4.5) for the selected specimens

under the applied displacement rates of 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 mm/s.

The effects of the applied strain rates on the shear behavior of the specimens were studied by
analyzing the parameters extracted from the stress-strain curves. The shear modulus, G1, was
calculated from the slope of a tangent line to the initial section of each specimen’s stress-strain
curve. The yield points were considered as the points where the tangent line’s slope dropped to
20% of the initial slope, and accordingly, the yield stress, 7, as well as its corresponding value
of strain, yy, were obtained. Furthermore, the post-yield modulus, G2, was calculated from the
slope of a line between the yield point and the maximum stress, the strength was defined as
the maximum stress, 7,4, and its corresponding value of strain, ¥4, as the maximum strain.
Table 4.1 summarizes the average values and standard errors of the extracted parameters for
each set of specimens subjected to the same applied displacement rates. It can be seen that
all parameters increased with increasing the strain rate except for the post-yield modulus
and the maximum strain, which decreased as the strain rate increased. The obtained shear
strain values from DIC results along the overlap of the joint are shown in Fig. 4.5(b) when the
stress was equal to 6 MPa. The shear strain values confirm a uniform strain distribution along
the joint area for all displacement rates. For each displacement rate, d, the corresponding

uniform strain rate, y, was calculated as follows:

(4.6)

-4
Y—ts

- Failure mode

Fig. 4.6 illustrates the failure surfaces of the single-lap joint area for selected specimens
subjected to six different displacement rates. All specimens failed within the adhesive layer,
which, based on the classification provided by [28], can be considered as a mixed mode of
cohesive failure and adhesive failure. However, the majority of the fracture surface exhibit

cohesive failure.
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Figure 4.5: a) Shear stress-strain relation under different applied displacement rates for
single-lap joints, b) shear strain distribution along single-lap joint overlap under different

Table 4.1: Single-lap joint experimental results.

applied displacement rates at shear stress of 6 MPa.

d

Sp. Y G1 Yy Ty Ga Tmax Y max
name (mm/s) (1/s)  (MPa) (MPa)  (MPa)  (MPa)
SL-0.01- 0.01 0.007 228+ 0.19+ 34+ 1.9+ 7.4+ 24+
1,2,3 0.6 0.01 0.1 0.0 0.4 0.0
SL-0.05- 0.05 0.033 269+ 022+ 50= 1.7+ 8.9+ 23+
1,2,3 2.1 0.01 0.3 0.2 0.2 0.0
SL-0.1- 0.1 0.066 29.1+ 023+ 53+ 1.6 + 9.3+ 23+
1,2,3 0.9 0.01 04 0.1 0.3 0.2
SL-0.5- 0.5 0330 303+ 027+ 6.6= 1.5+ 9.4+ 2.0+
1,2,3 1.2 0.01 0.4 0.1 0.8 0.3
SL-1.0- 1.0 0.660 322+ 028+ 8.1z 1.5+ 10.5 + 1.7+
1,2,3 1.0 0.01 04 0.0 0.4 0.1
SL-5.0- 5.0 3300 33.1+ 031+ 9.7# 1.4+ 11.9+ 1.6+
1,2,3 1.7 0.01 0.9 0.2 0.7 0.1

4.2.5.2 Angle joint experiments

- Rotation rate in the specimens

This section studies the laminate rotation angle and laminate rotation rate, stemming from the

external displacement applied by the machine to the angle joint specimens. The rotation angle

was measured relative to the initial undeformed state using the two installed inclinometers

(Fig. 4.4). Fig. 4.7(a) curves represent the clockwise (positive) and counterclockwise (negative)
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Figure 4.6: Cohesive failure of single-lap specimens under various applied displacement rates.

rotations of the inner and outer laminates, respectively. The identical rotation angles of inner
and outer laminates at each load level verify the rotational symmetry around the connecting
bolt within the joint area. Therefore, considering the symmetry in rotation and geometry of
the specimen, the relation between the edges of the right triangle formed between the bottom
load application point, the bolt and the midpoint between the top and bottom application

points could be written as follows (according to Fig. 4.1(b)):

Lo+d

Ly xsin(45+0) = 4.7)
where L is the vertical distance between top and bottom load application points (Fig. 4.1(a)),
and d is the machine displacement. Then, by rearranging Eq. (4.7), and substituting the
values of Ly and L, from Fig. 4.3, the laminate rotation angle can be derived from the machine

displacement, as follows:

X (Fg()) rad (4.8)

2x 315
= |45° — arcsi
0 [ 5 arcsm(445+d)

Fig. 4.7(b) illustrates the rotation angles calculated by Eq. (4.8), represented by the dashed
lines, and the rotation angles of the inner laminate, measured by the inclinometer depicted by
the solid lines, over time for specimens subjected to different displacement rates. The slope
of these curves corresponds to the laminate rotation rate of each specimen, denoted as 6.
The good agreement between the inclinometer rotation measurements and the calculated
rotations obtained from Eq. (4.8) further validates the calculations and symmetric deformation

of the joint area.
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Figure 4.7: Inclinometer data: a) Comparing two inclinometers against machine load for
specimen M-t5-0.1b; b) Comparing inclinometer data with geometrically calculated rotations
over time for specimens M-t5-0.1b, M-t5-0.5b, M-t5-2.0b, M-t2.5-0.5a.

- Torsion-rotation curve analysis

The torsional moment-laminate rotation responses of the angle joints subjected to monotonic
loading are presented in Fig. 4.8. The torsional responses were calculated using Eq. (4.3),
considering the loads measured by the machine. The laminate rotation angles presented in
Fig. 4.8 were calculated using Eq. (4.8). Fig. 4.8(a) illustrates the torsion-laminate rotation
responses for specimens with a 5 mm adhesive layer thickness, whereas Fig. 4.8(b) shows the
results for specimens subjected to an applied displacement rate of 0.5 mm/s, with adhesive
layer thicknesses of 5 mm and 2.5 mm. The torsion-rotation responses of the angle joint
specimens can be described by the following two distinct phases: (a) the initial linear segment
until the onset of yielding of the joint area, and (b) the continuous decrease in tangential
stiffness until the maximum torsional capacity is reached. The stage (a) is characterized by
two parameters, the slope of the initial linear segment, S, and the laminate rotation angle
at the onset of yielding in the joint area, ,. Meanwhile, the stage (b) is characterized by
two parameters, the maximum torsional moment, Tj,,x, and the laminate rotation angle
at maximum torsion, 0,,,,. With the increase of the applied displacement rate, S, 6, and
Tmax, increased while 6,4, decreased. At the highest displacement rate, Ty, attained its
maximum value, in contrast to 8,,,, which was the highest at the lowest rate. Compared
to the specimens with a 5.0 mm adhesive layer, those with a thinner 2.5 mm adhesive layer
thickness exhibited a higher initial stiffness and maximum torsional moment, by 15% and 11%,
respectively. However, this reduction in thickness led to a 40% decrease in 8,,,,x. Table 4.2

provides a summary of 0, S, 0y, Tmax, and 0,4, values for each specimen.
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Figure 4.8: Angle joint torsion-rotation relation a) for specimens with 5 mm adhesive layer
thickness subjected to various applied displacement rates, b) for specimens with 5 mm and
2.5 mm adhesive layer thickness subjected to 0.5 mm/s applied displacement rate.

Table 4.2: Angle joint experimental results.

Sp. name 6 S 0y Trax 01ax

(rad/s) (kN.m/rad) (rad) (kN.m) (rad)
M-t5-0.1a 0.0002 221.43 0.010 4.19 0.060
M-t5-0.1b 0.0002 223.63 0.010 4.51 0.066
M-t5-0.1c 0.0002 250.88 0.011 4.96 0.065
M-t5-0.5a 0.0011 229.41 0.012 4.81 0.041
M-t5-0.5b 0.0011 250.40 0.013 5.17 0.043
M-t5-0.5¢c 0.0011 228.68 0.012 5.06 0.045
M-t5-2.0a 0.0044 250.41 0.015 5.92 0.044
M-t5-2.0b 0.0044 244.11 0.014 5.99 0.041
M-t5-2.0c 0.0044 240.19 0.014 6.13 0.043
M-t2.5-0.5a 0.0011 255.95 0.013 5.71 0.036
M-t2.5-0.5b 0.0011 271.65 0.013 5.43 0.030
M-t2.5-0.5c 0.0011 274.59 0.014 5.59 0.032
- Shear strain variation

The shear strain at a particular point in the joint area, having a rotational deformation of 2 x 0

about its centroid (Fig. 4.9(a)), can be calculated using the following relationship:
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_r><2><9
= -

Y 4.9)
where r denotes the distance from the point of interest to the center of rotation, and ¢, is
the adhesive thickness. The shear strain is thus constant through the thickness, as shown in
Fig. 4.9(b), and the shear stress distribution is uniform through the thickness at a particular

point in the joint area (Fig. 4.9(c)).

Inner laminate rotation

=5
ta=35

Outer laminate rotation

a) b) c)

Figure 4.9: a) Schematic representation of deformed adhesive layer subjected to opposite
rotation of inner and outer laminates, b) corresponding constant shear strain, c)
corresponding uniform shear stress across adhesive thickness.

Fig. 4.10 displays the images of M-t5-0.1c joint along its outer and inner edges. Fig. 4.10(a) and
(b) are at the beginning and end of stage (a), when the specimen is at its undeformed state and
onset of yield, respectively. Fig. 4.10(c) corresponds to the end of stage (b), with maximum
achieved torsion, while Fig. 4.10(d) displays the state at which the torsion was dropped to 80%
of its maximum value. For each pair of images, the left one was captured by the DIC system,
whereas the right one was taken with a digital camera to track the propagation of failure along
the back-facing edges. In Fig. 4.10(b), no failure is apparent in the joint at the onset of yielding.
Meanwhile, Fig. 4.10(c) shows cracks initiating at the corners and propagating towards the
middle of the edge at maximum torsion. Finally, Fig. 4.10(d) illustrates the final state of the
specimens, showing the detached adhesive layer at the edges from laminates on both sides,

which propagates towards the center of the joint area with further applied deformation.

Shear strain distributions in the adhesive layer along the edge of the joint area can be calculated
using the DIC recordings. The origin of the DIC recorded coordinates was assumed to be on

the top face of an outer laminate at the center point of the joint area with X, Y, and Z axes
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Figure 4.10: DIC and tracking camera captured photos of specimen M-t5-0.1c at a) onset of
experiment, b) onset of yielding, c) maximum torsion, and d) when torsion drops to 80% of
maximum torsion.

pointing in the joint thickness, vertical, and horizontal directions, respectively, as shown in
Fig. 4.10(a). The shear strain for a specific point over the recorded area can be calculated from
the DIC data as follows:

_ Ve =y0)2 + (z: — 20)2

(4.10)
[ X0 = Xpm|

Ypic
where x, y, and z represent the coordinates of a certain point either at the start (undeformed
state), xo, Yo, and zg, or at a given time of ¢ (deformed state), y; and z;. The value of x,,,
the x coordinate at the mid-thickness of the adhesive layer, depends on the adhesive layer.
Specifically, x;, is —12.5 mm for adhesive layer with x between —10 mm and —15 mm, and
—27.5 mm for the one with x between —25 mm and —30 mm. Fig. 4.11(a) and (b) present
the y values calculated along the captured edge of the adhesive layer from the recorded DIC
coordinates at ten intervals at stages (a) and (b), as explained previously, for the M-t5-0.1c and

M-t5-0.5b joints, respectively. Shear strain values along the captured edge (y = —50 mm to 50
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mm at z = —50 mm) were also calculated using Eq. (4.9 with r values between 50 mm to 70.7
mm, corresponding to the distance from the edge of the adhesive layer to the joint centroid,
and the corresponding rotation, and depicted in Fig. 4.11 as dashed lines. As shown in Fig. 4.11,
the values obtained from Eq. (4.9 are in good agreement with DIC results. Yield shear strains
at the corners, y,, were determined to be 0.32 and 0.38 for M-t5-0.1c and M-t5-0.5b joints,
respectively. The maximum shear strain at the corner, y 4%, was found to be 1.51 and 1.12 for
M-t5-0.1c and M-t5-0.5b joints. The corner points at the adhesive layer edge corresponding to

stage (b) in Fig. 4.11 were eliminated from the curve due to the formation of small cracks.
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Figure 4.11: Shear strain variation obtained from DIC data along the joint edge at end of
stages (a) and (b) of torsion-rotation behavior at x = 10 for a) M-t5-0.1c and b) M-t5-0.5b.

Similar to the shear strain relation (Eq. (4.9)), the shear strain rate, y, can be calculated at each

point as follows:

-_erXH'
Y= 0

(4.11)
where 6 is reported in Table 4.2 for each displacement rate. Figs. 4.12(a)-(d) illustrate the linear
variation of y for specimens with 5 mm adhesive layer thickness under laminate rotation
rates of 0.0002, 0.0011, and 0.0044 rad/s and specimen with 2.5 mm adhesive layer thickness
under laminate rotation rate of 0.0011 rad/s, respectively. Strain rate values are shown along
two axes, one passing through the middle of the edges and the other passing through the
corners. The strain rate value at the middle of the edge and the corner are denoted as y,, and

Y ¢, respectively.
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Figure 4.12: Shear strain rate distribution of a) M-t5-0.1 b) M-t5-0.5, ¢) M-t5-2.0, and d)
M-t2.5-0.5.

- Failure mode

Fig. 4.13(a)-(c) illustrate the failure surfaces of the inner and outer laminates of angle joints
with 5 mm adhesive thickness subjected to three different laminate rotation rates of 0.00022,
0.0011, and 0.0044 rad/s, respectively. Meanwhile, Fig. 4.13(d) shows the failure surface of
an angle joint with 2.5 mm adhesive thickness under a laminate rotation rate of 0.0011 rad/s.
Five different failure modes were observed: cohesive failure, C, fiber tear, E shear-out, S, net
tension, N, and adhesive interface failure, A, each specified by a dashed line or an ellipse
in Fig. 4.13. The adhesive interface failure precedes all other failure modes, initiating in
the corners of the joint area and continuing up to the ultimate failure of the specimen. No
evidence of shear-out or net tension failure modes was observed during the experiments up to
stage (b) of the torsion-rotation behavior of the specimens. Shear-out and net tension failure
modes occurred only after further application of the displacement beyond stage (b). Cohesive
failure was mostly observed in angle joints subjected to the lowest applied laminate rotation
0f 0.00022 rad/s while being only slightly observed in angle joints with a 2.5 mm adhesive layer
thickness subjected to the laminate rotation of 0.0011 rad/s. In all other cases, fiber tear failure
was observed, followed by shear-out and net tension failure modes after reaching maximum

joint capacity.

4.3 Analytical model

An analytical model was developed to predict the behavior of the pseudo-ductile adhesive
angle joints torsion-rotation response, considering the rate-dependent characteristics of the
pseudo-ductile adhesive. This approach was selected since each point within the adhesive
layer of the angle joint experiences a different strain rate relative to its distance from the center

of rotation making it challenging to calculate the shear stress distribution using conventional

99



Chapter 4. Pseudo-ductile adhesive angle double lap joints

Figure 4.13: Combination of failure modes for angle-joints under a) 0.00022 rad/s (M-t5-0.1b)
b) 0.0011 rad/s (M-t5-0.5a) c) 0.0044 rad/s (M-t5-2.0b) d) 0.0011 rad/s (M-t2.5-0.5a) laminate
rotation rates, C = cohesive, F = fiber tear, S = shear-out, and N = net tension, A =
adhesive/interface.

methods (Egs. (4.4) and (4.5)).

The initial step in developing the torsional behavior model involved fitting a bilinear model to
the single-lap joint experimental results obtained under six distinct shear strain rates (men-
tioned in Section 4.2.5.1 and Table 4.1). The bilinear model comprises a pre-yield section with
two parameters of G, and yy, and a post-yield section with two parameters of Gz and y 5. A
power-law relationship was then fitted to Gy, vy, and Go parameters, and the corresponding
shear strain rate. The power-law relations between the pseudo-ductile adhesive bilinear model
parameters and the shear strain rate under the aforementioned laboratory condition of the

single-lap joints are expressed as follows:

Gy =33 x y%0? (4.12)
¥y =0.29 x y*05 (4.13)
Gy =1.5x 004 (4.14)
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4.3 Analytical model

Fig. 4.14(a) presents the experimental results (dashed lines) and their corresponding bilinear
model (solid lines), while Fig. 4.14(b)-(c) show the fitted power-law relations to Gy, yy, and G2
data, previously reported in Table 4.1.

Since the failure mode of the single-lap joints was different from that of the angle joints,
Y max values were obtained from angle joint experiments and then denominated as Y qx,angle-
To estimate the values of ¥ ,4x,angle @ power-law relation was fitted to the maximum shear
strain over the results of angle joint experiments obtained from the DIC data. The resulting

power-law relation is as follows:

Ymax,angle = 0.7 x ).’_0'14 (4.15)
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Figure 4.14: Comparison of single-lap joint stress-strain responses between experimental
results and bilinear model.
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In the next step, the torsion moment within the adhesive layer, T, can be calculated by

integrating torsion moment increments as follows:

50 (50
f / r-17-dydz (4.16)
-50J-50

where dydz is the area increment at each point of the joint area, with y and z ranging from
—50 to 50 considering the origin at the center of the middle bolt in Fig. 4.10(a), T is the shear
stress at the corresponding area increment, and r is the length of the arm from the joint center

(center of rotation) for a point with y and z coordinates which can be determined as follows:

r=4/y*+z? (4.17)

The stress at each point was derived based on the bilinear model by applying the following

conditions:

T=Gy xy it y<vy, (4.18)
T=G1xYy+Gax(y—7vy) if vy <y=Yraitangle (4.19)
7=0 if Y fail,angle <Y (4.20)

Using the described procedure for each rotation angle of the laminates, 6, the torsion-rotation

response of the angle joint can be predicted.

Fig. 4.15 presents the experimental results of angle joints (dashed lines) and the predicted
torsion-rotation response (solid lines). Fig. 4.15(a)-(c) depict these responses for the speci-
mens with an adhesive layer thickness of 5 mm subjected to laminate rotation rates of 0.00022,
0.0011, and 0.0044 rad/s, respectively. Meanwhile, Fig. 4.15(d) shows the aforementioned
responses and predictions for the specimens with an adhesive layer thickness of 2.5 mm under

a laminate rotation rate of 0.0011 rad/s.
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Figure 4.15: Torsion-rotation response comparison of experimental and analytical results for
specimens a) M-t5-0.1, 6 = 0.00022 rad/s, b) M-t5-0.5, @ = 0.0011 rad/s, ¢) M-t5-2.0,
6 = 0.0044 rad/s, and d) M-t2.5-0.5, 0 = 0.0011 rad/s.

4.4 Discussion

4.4.1 Analytical model validation and discussion

As it is shown in Fig. 4.5(b), in single-lap joints under tension, the pseudo-ductile adhesive
exhibited a uniform shear strain distribution across the joint area. In contrast, in angle joints
subjected to torsion, the shear strain distribution is not uniform as it changes depending on
the distance from the center of rotation over the joint area of the adhesive layer, as it is shown
in Fig. 4.11.

The comparison between experimental results of angle joints and the predicted torsion-
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Chapter 4. Pseudo-ductile adhesive angle double lap joints

rotation response for the specimens under different laminate rotation rates, 6, and different
adhesive layer thicknesses are presented in Fig. 4.15. A good agreement between the analytical
model predictions and experimental results is observed, especially for the lower laminate
rotation rates (Fig. 4.15(a) and (b)). However, the analytical model and experimental results do
not exhibit good agreement at higher strain rates during the pre-yield stage. This discrepancy
may be attributed to the basis of the analytical model, in which the stress-strain relationship
was obtained from a uniform strain rate distribution. The analytical model, however, demon-
strates robust validation for the post-yield stage, with the maximum torsion being of higher

importance in the joint design process.

By using the developed analytical model, the stress distribution profile across the joint area
in each angle joint specimen can be derived. Fig. 4.16 illustrates the predicted shear stress
profile along two axes passing through either the corners or the middle of the edge of the joint
area. The stress profiles are depicted at the yield and maximum stages, stage (a) and stage (b),
respectively, for a specimen with an adhesive layer thickness of 5 mm subjected to a 0.0044
rad/s laminate rotation rate. The figure highlights the fact that the points lying on a circle at a
distance r from the joint centroid have identical shear stress values. The corner stress, 7., was
calculated to be equal to 7.2 MPa at stage (a) and increased to 8.2 MPa up to stage (b). The
shear stress at the middle of the edge, 7, rises from 5.0 MPa to 7.5 MPa from the stage (a)
up to its maximum (stage (b)). The slight difference between the maximum shear stress at
the corners and the middle of the edge can be attributed to the lower shear strain rate at the
middle of the edge. This emphasizes the rate-dependent nature of the adhesive and its impact

on shear stress distribution within the joint area under torsional loading.

Z=50 TC=7.2 MPa Z=_5O Z=50 Tc=8.2 MPa/\ Z=_50
— y=50 — y=50
/ /
™=5.0 MPa m™m=7.5 MPa

a) b)

Figure 4.16: Shear stress distribution for M-t5-2.0 with 6 = 0.0044 at a) stage (a) and b) stage
(b).

Fig. 4.17 displays the radial shear stress profiles for r values ranging from 7 to 70.7 mm at
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the stage where the whole joint area is in the pre-yield state, end of stage (a), and the state at
which the maximum torsion is achieved, end of stage (b). Each case comprises four curves
representing: three angle joints with an adhesive layer thickness of 5 mm under laminate
rotation of 0.00022, 0.0011, 0.0044 rad/s, and an angle joint with an adhesive layer thickness
of 2.5 mm subjected to a 0.0011 rad/s laminate rotation rate. For each specimen, the corre-
sponding rotation angles at which the corner of the joint area reaches its yield and maximum
strength, obtained from the analytical model, are reported in the legends of Fig. 4.17(a) and (b),
respectively. In Fig. 4.17(a) each stress profile shows a slightly convex (upward) curvature, since
the power-law relations of the two pre-yield bilinear model parameters are increasing with
the strain rate. In Fig. 4.17(b) the shear stresses at r = 70.7 dropped to zero, due to reaching
maximum strain at the corners. A significant decrease in the slope of each stress profile in
Fig. 4.17(b) indicates the distance, r, beyond which the points are in the post-yield region of
the bilinear behavior, whereas the points with a smaller r, are in the pre-yield state. At the end
of stage (b), 3% of the joint area (r < 10 mm) for specimens subjected to 0.00022 rad/s and
10% of the joint area (r < 18 mm) for specimens under 0.0044 rad/s are still in their pre-yield
state. The slightly concave (downward) curvature in the post-yield section of the stress profiles
in Fig. 4.17(b) was caused by the decreasing power-law relations of the two bilinear model

post-yield parameters with the strain rate.
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Figure 4.17: Shear stress distribution in radial direction of specimens under different laminate
rotation rate and adhesive thickness at end of a) stage (a) and b) stage (b).

The shear stress-strain relationship at the middle point of the edges of the specimens under
different laminate rotation rates and adhesive thicknesses with y,; of 0.0044, 0.022, 0.088, and
0.044 1/s, displayed in Fig. 4.12, are shown in Fig. 4.18 throughout the experiment. As shown

in this figure, the shear stress-strain curve corresponding to the specimen with adhesive
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Chapter 4. Pseudo-ductile adhesive angle double lap joints

thickness of 2.5 mm under 0.0011 rad/s laminate rotation rate falls between those of the
specimens with a thickness of 5 mm subjected to 0.0011 and 0.0044 rad/s laminate rotation

rates, following the magnitude of their shear strain rate.
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Figure 4.18: Estimated bilinear shear stress-strain at middle point of edges of specimens
under different laminate rotation rate and adhesive thickness during experiment.

The shear strain rate at the mid-edge of the joint area, y,,, was considered as the representative
strain rate for each specimen to investigate further the strain rate effects in the following

sections.

4.4.2 Variable strain rate effect

To elucidate the effects of strain rate on the torsion-rotation behavior of the angle joints, the
average values and corresponding standard errors of S, 6, Tyyax, and 0,y,4x, were computed
for specimens with the same adhesive thickness and under the same laminate rotation rate.
These extracted parameters were subsequently plotted against the strain rate, as illustrated
in Fig. 4.19(a)-(d), respectively. The analytical bilinear model results are also represented in
Fig. 4.19 with a solid line.

An increase in the strain rate resulted in an increase in initial stiffness, yield rotation, and
maximum torsional moment, but caused a decrease in maximum rotation. The predicted
analytical response overestimated the initial stiffness and underestimated the yield rotation
of the experimental data with the difference increasing with the strain rate. However, the

predicted analytical response was in good agreement with the experimental data for the
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maximum torsion and rotation.

With the increase in strain rate, the molecular chains of the pseudo-ductile adhesive have less
time to uncoil and rearrange to the applied load direction. This phenomenon contributes to
the higher stiffness within the pre-yield linear region as represented by both the experimental
and analytical results in Fig. 4.19(a). The experimental data shows an increase in the initial
stiffness by 5% (from 232 to 245 MPa) as the strain rate increases, while the analytical results
show a more pronounced 32% increase (from 276 to 365 MPa). The overestimation of the initial
stiffness in the torsion-rotation response in the analytical results arises from the incorporated
stress-strain relationship from the single-lap joint experimental results with uniform stress

distribution.

The stiffer response at higher strain rates leads to an increase in both yield rotation and maxi-
mum torsion and a decrease in rotation at the maximum torsion as presented in Fig. 4.19(b)-
(d), respectively. In Fig. 4.19(b) the analytical results demonstrate a 22% underestimation
compared to the experimental results at lower strain rates, and a more pronounced under-
estimation of 38% at higher strain rates. This underestimation of the yield rotation can be
attributed to the same reason as for initial stiffness. However, the analytical results for maxi-
mum torsion and rotation at the maximum torsion, as illustrated in Fig. 4.19(c) and Fig. 4.19(d),

respectively, are in good agreement with the experimental results in both values and trend.

4.4.3 Effect of adhesive layer thickness

Both angle joint specimens of M-t5-0.5 and M-t2.5-0.5 with respective adhesive layer thickness
of 5 and 2.5 mm were experimented under the same laminate rotation rate of 0.0011 rad/s. By
decreasing the adhesive layer thickness, the shear strain rate range expanded from 0-0.031 to 0-
0.062, consequently leading to a rise in initial stiffness and yield rotation followed by enhanced
strength, as depicted in Fig. 4.19(a)-(c). Conversely, the maximum rotation experienced a
decrease, as illustrated in Fig. 4.19(d). These trends are in line with the overall trends of S, 6,
Timax, and 8,45 for specimens with 5 mm adhesive thickness versus strain rate. The analytical

model is also capable of predicting the trend of the variables for the thinner adhesive thickness.

4.4.4 Effect of the adhesive joint type on ductility

In this section, the stress-strain responses from the linear single-lap joints and torsion-rotation
responses of the angle joint are compared with the load-displacement behavior of linear

double-lap joints with the same materials and adhesive joint area as the angle joints, according
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Figure 4.19: Variation of parameters a) S, b) 0y, ¢) Tj;ax, and d) 0,4x versus effective strain
rate

to the results presented in a previous research [29].

Fig. 4.20(a) provides insight into the effect of strain rate on the ductility of the studied adhesive
joint types. The ratio of the area under the post-yield segment of their respective stress-strain,
torsion-rotation, or load-displacement curves (i.e., the dissipated inelastic energy), to their
total area (i.e., total energy = elastic energy + inelastic energy) [30], ductility ratio, is used to
quantify the pseudo-ductility of the adhesive joints. The results show that the ductility ratio, p,
is higher for lower strain rates and decreases with strain rate for all three adhesive joint types
(note u = 1.0 denotes full ductility, neglecting the elastic segment). This behavior is expected
for pseudo-ductile adhesives, as higher strain rates result in a more brittle response due to
the reduced time available for deformation and energy dissipation. Furthermore, it can be

observed that the ductility ratio varies among the different experiment types. Both the linear
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double-lap and the linear single-lap joints demonstrate a higher ductility ratio compared
to the angle joint, particularly at the lowest strain rate. This difference can be attributed
to the uniform strain rate distribution of the linear double-lap and linear single-lap joints,
contrasted with the nonuniform strain rate distribution observed in the angle joints. The
almost overlapping results of the linear lap joints also demonstrate that, due to the uniform
strain rate distributions, the ductility becomes independent of scale, i.e. 13 x 25.0 x 1.5 mm

versus 100 x 100 x 5 mm adhesive layer geometries.
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Figure 4.20: Comparison of three adhesive joint experiments for a) inelastic energy to total
energy ratio, b) pre-yield stiffness to post-yield stiffness ratio, vs. strain rate.

Fig. 4.20(b) shows the pre-yield to post-yield stiffness ratio versus strain rate. This ratio is
always higher than one due to the inherently higher stiffness in the pre-yield stage. The
results show that the ratio increases with increasing strain rate for all three adhesive joints,
consistent with the previously explained behavior of pseudo-ductile adhesives (Fig. 4.14(d)).
This behavior results from the slower increase in deformation at lower strain rates, leading to
lower pre-yield stiffness, and then allowing the molecular chains to be aligned in the applied
deformation direction, leading to a stiffening effect in the post-yield stage. Furthermore,
the ratio varies across the joint types. The angle joint exhibits the highest ratio across all
strain rates, indicating its inability to effectively exploit the stiffening advantage of the pseudo-
ductile adhesives due to the variable strain rate in the adhesive layer. In the adhesive layer,
regions close to the center of rotation exhibit lower shear strain and strain rate, consequently
remaining in the pre-yield stage characterized by coiled molecular chains. As the distance from
the rotation center increases, the molecular chains are subjected to increasing shear strains
and strain rates, which enables their uncoiling and reorientation in the tangential direction.

However, in the regions furthest from the center of rotation, the molecular chains, which are in
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the post-yield stage, do not have sufficient time to fully uncoil and reorient tangentially before
the failure of the joint. This partially rearranged molecular chain structure in the adhesive layer
results in a diminished stiffening effect and reduced stiffness after yielding. Consequently, the
adhesive layer fails at its interface specially under the highest laminate rotation rate when the

joint area experienced the largest range of the strain rate as indicated in Fig. 4.13.

4.5 Conclusions

A novel bonded-bolted angle joint incorporating a central bolt that constrains relative transla-
tional deformation but allows for rotational deformation in the adherend plane was developed
in this study. Pure torsion moments are imposed in the adhesive layers in this configuration,
causing the formation of variable strain rates in the joint in the radial direction from the
rotation center. Accordingly, the static behavior of the hybrid bonded-bolted angle joints was
investigated, focusing on the effects of induced variable strain rates, adhesive thickness, and
adhesive joint type. The results provide insights into the complex performance character-
istics of adhesive joints, particularly under variable strain rates. The conclusions from this

experimental and analytical investigation are as follows:

1. The angle joint experimental results showed nonuniform shear strain distribution in
the radial direction from the rotation center, induced by torsion, in contrast to the

single-lap joint experiments.

2. The initial stiffness, yield rotation, and maximum torsion, of the angle-joint exper-
imental results showed increasing trends with the strain rate, while the maximum
rotation showed a decreasing trend, all aligned with the rate-dependent molecular

chain movement of the pseudo-ductile adhesive.

3. The analytical model developed using the stress-strain relation from single-lap joints
with uniform stress distribution overestimated the initial stiffness of the angle joint
results with nonuniform stress distribution. However, it could provide good estimations

for the strength and post-yield behavior.

4. The angle joint with a thinner adhesive layer exhibited a higher initial stiffness and

increased strength in torsion-rotation behavior due to a higher shear strain rate.

5. The adhesive joint ductility is influenced by both strain rate and joint configuration.
Lower strain rates enhance ductility in pseudo-ductile adhesives in all joint configu-

rations. Meanwhile, the lower ductility observed in angle joints compared to linear
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double-lap and single-lap joints shows that the pseudo-ductile adhesive capacity may
not be fully utilized in the angle configuration, due to the nonuniform strain rate in the

radial direction from the rotation center of the adhesive layers.

6. The angle joints exhibited the highest pre-yield stiffness to post-yield stiffness ratio
across all strain rates, indicating that they cannot effectively exploit the stiffening

advantage of the pseudo-ductile adhesive.
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5

Conclusions and future work

5.1 Conclusion

This thesis attempts to contribute to the field of lightweight construction by conducting
a comprehensive investigation into the performance of composite joints, which possess
a remarkable strength-to-weight ratio compared to conventional construction materials.
Common composite joints tend to exhibit suboptimal performance under seismic actions,
as their inherent brittleness results in limited energy dissipation capacity. Consequently,
pseudo-ductile adhesive bonded joints were selected to be the subject of studies, having the

potential to introduce pseudo-ductility in the joints of brittle composite structures.

Given the scarcity of literature on the behavior of pseudo-ductile adhesives, as well as their
intricate, nonlinear, and rate-dependent properties, this research program was conducted,
as detailed in the preceding chapters of this thesis. The main conclusions derived from this

research are presented below:

¢ Pseudo-ductile adhesives are known to exhibit strain rate-dependent mechanical be-
havior. This dependency originates from the molecular chain structure arrangement
of the adhesive in its initial state and its change dependent on the applied strain rate.
The effect of various phenomena at the molecular level, namely, coiling and uncoiling,
stretching, and damage accumulation on the response of a pseudo-ductile adhesive to

the applied displacement were studied and discussed in detail.

¢ The strain rate effects on pseudo-ductile adhesive’s mechanical behavior were studied
for both uniform strain distribution along the joint area, for linear double lap and

single-lap joints, and for gradient strain distribution, for angle double lap joints.
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— Experimental results revealed that, in general, the response of pseudo-ductile
adhesive joints had a higher initial stiffness with the increase of the applied
displacement rate due to insufficient time for the uncoiling of the molecular

chains.

— With a stiffer pre-yield response at higher rates, pseudo-ductile adhesives ex-
hibit a higher yield load. In linear double lap joints, the pseudo-ductile adhesive
exhibited significant stiffening in the post-yield stage, due to stretching and re-
alignment of the molecular chains, leading to an increased peak load at lower
rates. Conversely, in angle joints, the pseudo-ductile adhesive could not fully ex-
ploit its stiffening capacity, as for the linear double lap joints, due to the presence
of nonuniform strain rates within the joint area. Consequently, the peak load is

increased with the strain rate in the angle joints.

— Inall joint types, a decreasing trend was observed for the failure deformation with
the increase of the strain rate, due to less time available for the rearrangement of
molecular chains, leading to brittle behavior of the pseudo-ductile adhesive and

failure at lower deformations.

* To compare the ductility of the pseudo-ductile adhesive joints subjected to monotonic

loading, the ratio of the total absorbed energy to the pre-yield energy for all three
types of single-lap, linear and angle double-lap joints could be compared versus their
respective strain rate. This provides a unitless measure for the comparison of the
ductility of the joints undergoing shear deformations. It was found that linear joints
exhibit a significantly higher ductility compared to the angle joints, mainly attributed

to the presence of variable strain rates within the adhesive layer of the angle joint.

The results of monotonic experiments on linear double lap adhesive joints were used as
a basis for definition of the displacement pattern applied to joints in cyclic experiments.
It was observed that the pseudo-ductile adhesive joints may exhibit varying behavioral
responses when subjected to monotonic or cyclic displacements. These variations were

found to be rate-dependent.

- Cyclic loading results in progressive damage accumulation in the pseudo-ductile
adhesive and consequently, the envelope curve defined by the cycles peak load,
is lower than that of the monotonic loading. For the cases in which the adhesive
undergoes a lower number of cycles, i.e., under the highest applied displacement
rate, damage accumulation is insignificant and therefore, a similar peak load was

measured for both monotonic and cyclic experiments.



5.1 Conclusion

- Being subjected to unloading phase, pseudo-ductile adhesive layers could par-
tially recover the lost secondary bonds and undergo larger displacements under
cyclic loading than those under monotonic loading, with an observed increase
of up to three times at medium rate. Consequently, a transition in failure mode
was also observed, from fiber-tear failure in monotonic experiments to cohesive

failure in cyclic experiments.

¢ Characterizing the rate-dependent behavior of pseudo-ductile adhesives often proves
to be time and resource-intensive due to the necessity for comprehensive experimental
campaigns to identify the complex behavior of the adhesives under various loading
conditions. In this context, having a constitutive behavioral model could be very
beneficial as it significantly reduces the dependency on the experimental results for
understanding the adhesives behavior. However, it shall be noted that a certain number
of experimental results are still required to calibrate the behavioral constitutive model

effectively.

— Due to the significantly larger stiffness of laminates compared to the pseudo-
ductile adhesive, the response of the pseudo-ductile adhesive joints can be pri-
marily attributed to the adhesive. Additionally, a behavioral model can be devel-
oped for linear double lap joints based on the observation of uniform shear stress
distribution in the adhesive layers. Pseudo-ductile adhesive joints subjected to
cyclic loading exhibited a similar nonlinear response between the two reversal
points of each cycle and the envelop curves to the cycles when compared to joints
subjected to monotonic loading. Consequently, the phenomenological model
designated to simulate the behavior of the pseudo-ductile adhesive joints under
monotonic loading can be expanded to simulate each segment of a cycle in cyclic

loading response.

— Given that the observed monotonic behavior of the pseudo-ductile adhesive con-
sisted of two branches, a phenomenological model composed of two dissimilar
parallel Maxwell units was employed to simulate the rate-dependent pre-yield

and post-yield branch of the behavior, each.

- Constitutive models must strike a balance between precise and computational
efficiency, two factors that are usually contradictory. However, in this thesis, a
computation model of only five parameters, comparatively fewer than the models
introduced in literature, could well capture both the response of the adhesive
and its physical characteristics, such as stretching of molecular chains (i.e., strain
hardening) and formation and accumulation of damage (i.e., softening), in both

monotonic and decomposed cyclic responses.
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— An analytical model was also developed for predicting the torsion-rotation be-
havior of the angle joints, based on the parameterization of their behavior. The
analytical model was also found to predict the behavior of the angle joints desir-

ably, particularly under lower strain rates.

— Both constitutive and analytical models for linear and angle double lap joints
were developed based on parameterization of the corresponding rate-dependent
behavior of the joints. The parameters used to develop both models were found
to have power-law relationships with respective strain rate. Moreover, the pa-
rameters used in the constitutive model to simulate each segment of the cyclic
response were also found to have a power-law or an exponential relationship with

the maximum displacement of that cycle.

* The energy dissipation capacity of the pseudo-ductile adhesive joints was one of the

main key parameters that necessitated the investigations conducted in this thesis.

- The energy dissipation capacity of the linear double lap pseudo-ductile adhesive
joints was found to be significantly higher than that of the bolted joints when ad-
hesive joints were subjected to lower strain rates. Meanwhile, bolted joints could
only dissipate energy through the undesirable irreversible crushing and shear-out
damage, making their replacement after a seismic event mandatory. While the
deformation of the pseudo-ductile adhesive joints remains within less than 25%
of their failure deformation, they contribute to the continuous serviceability of
all-composite structures. Moreover, they can help in collapse prevention in severe

seismic events up until they reach 75% of their failure deformation.

— The energy dissipation per-cycle in linear double lap pseudo-ductile adhesive
joints increased with the applied displacement rate. However, due to the defini-
tion of cycle displacements according to the monotonic response at each rate,
specimens under the medium rate undergone smaller displacement at each cycle
compared to those subjected to the lower rate. Consequently, because of their
similar ultimate displacement, specimens subjected to medium rate experienced
a higher number of cycles up to their failure and therefore, dissipated the highest

energy in total.

5.2 Original contributions

The original contributions of this thesis with regard to existing knowledge on this research

topic are the following:
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. A comparative study of the monotonic response of pseudo-ductile adhesive glass com-
posite double-lap joints with two configurations of bolted glass composite double-lap
joints having similar geometry and strength was conducted. The rate-dependent mono-
tonic response behavior of the pseudo-ductile adhesive was studied under three levels
of applied displacement rates. The experimental design effectively demonstrates the
superior deformation capacity of pseudo-ductile adhesive joints to bolted joints with

equivalent load-bearing capacity.

. Novel reversed cyclic experiments were conducted on pseudo-ductile adhesive double-
lap joints enabling a comparison of their energy dissipation capacity with similar bolted
joints. The effects of the applied displacement rate on the cyclic behavior and en-
ergy dissipation capacity of the pseudo-ductile adhesive double-lap joints were also

investigated.

. Anew phenomenological model was developed to simulate the monotonic viscoelas-
tic behavior of the pseudo-ductile adhesive under various displacement rates. The
developed model incorporated both linear and nonlinear viscoelastic behavior and
utilized only five parameters, each exhibiting a power-law relationship with the applied

displacement rate.

. The constitutive equation derived from the proposed phenomenological model was
adapted to the cyclic experimental results by introducing the concept of cycle decom-
position. A prediction process for the cyclic response was proposed and validated with
cyclic envelope curves and energy dissipation capacity. However, the accuracy of the
proposed procedure is limited to the uniform displacement rate values between the

minimum and the maximum rates used in the experiments.

. Anew experimental setup, named angle joint, was specifically designed for investigating
pseudo-ductile adhesives under variable strain rates. The angle joint configuration
provided pure torsion within the adhesive layer and, therefore, a varying strain rate
within the adhesive layer area with a value relative to the distance from the center of

rotation.

. The pseudo-ductile adhesive angle joints were subjected to three levels of displacement
rates to measure their moment-rotation response. The ductility achieved from the
adhesive angle double-lap joints was then compared to that of linear adhesive double-

lap joints.

. An analytical method was proposed for estimating the torsion-rotation response of

pseudo-ductile angle joints. The method employed a developed bilinear model based
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on the pseudo-ductile adhesive single-lap experimental results under six different strain
rates, which was then used to obtain the nonuniform stress distribution across the joint

area induced by torsion.

5.3 Recommendations for future work

5.3.1 Phenomenological model of the pseudo-ductile adhesive con-

taining failure criteria

The present research has focused on the rate-dependent pre-and post-yield behaviors of a
pseudo-ductile adhesive through the investigation of two stages of adhesive molecular chains,
namely uncoiling and loss of secondary bonds. Stiffening is an advantageous phenomenon
that was achieved under low strain rates due to the stretching of the molecular chains in the
absence of recoverable secondary bonds. Considering that by increasing the displacement,
the unrecoverable primary bonds in the chains and between them tend to be broken, knowing
this capacity is essential for enhancing the phenomenological model capabilities. In order
to characterize the rate-dependent failure properties of the pseudo-ductile adhesive, it is
necessary to find its energy release rate properties [1]. The development of appropriate new
experimental setups (e.g., Mode I, Mode II, and Mode III experiments) would be required so
that the analyzed results be used to achieve a phenomenological model with failure criteria
(21, [3].

5.3.2 Time evolution, thickness, and geometry effects

The results obtained from the pseudo-ductile adhesive linear double- and single-lap joints
in this thesis demonstrated a uniform stress distribution across the joint area. However, in
experiments of double-lap joints under torsion, a nonuniform stress distribution was formed
due to the variable strain rate across the joint area. While the effects of adhesive thickness
were negligible under uniform stress distribution, the presence of nonuniform distribution
magnified the impacts of adhesive thickness [4], [5]. This study also noted distinct behaviors
when altering the thickness of the adhesive layer, highlighting the need for further investiga-
tion on the subject. Moreover, applying torsional moments on geometries more complex than
the investigated square configuration may result in different critical conditions within the
adhesive layer, potentially resulting in more complex strain rate patterns within the joint area.
Another key aspect is the potential time evolution of adhesives at room temperature, such as

physical aging under load, which can significantly impact long-term adhesive joint perfor-
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mance. Considering the possibility of different aging conditions and joint area geometries
in common practice, in comparison to the investigated square geometry cured for five days
at room temperature just prior to the experiments, the development of new representative
experimental setups (e.g., angle joints with different thicknesses and joint area geometries
under different aging conditions), along with a numerical investigation, would be beneficial

to achieve a better understanding of pseudo-ductile adhesives under variable strain rates.

5.3.3 Cycle amplitude effects in tension and torsion

In this study, the CUREE loading pattern, one of the proposed cyclic loading patterns in ASTM
Standard E2126 [6], was utilized to determine the history of the applied cyclic displacement.
However, CUREE is originally intended for wooden structures. It was found that the amplitude
of the cycles plays a crucial role in the competition between damage accumulation and
stiffening phenomena during the post-yield branch of the load-displacement response of
the pseudo-ductile adhesive joints under different displacement rates. Consequently, it is
valuable to investigate different cyclic loading patterns under various displacement rates.
Moreover, the interplay between damage accumulation and stiffening phenomena becomes
increasingly critical under variable strain rates. Examining cyclic behavior under variable
strain rates, in conjunction with diverse loading patterns, could ultimately assist in developing
a cyclic loading pattern dedicated to all-composite structures, a contribution currently absent

in the literature.

5.3.4 Frame application

The primary objective of this thesis was to introduce pseudo-ductility in all-composite struc-
tures through the use of pseudo-ductile adhesive joints. Achieving ductility is particularly
important in seismic-prone areas, as increased ductility contributes to enhanced energy
dissipation capacity. Given that the benefits of the proposed pseudo-ductile adhesive joint
may be more significant in seismic areas, it is crucial to evaluate the dynamic behavior of
all-composite structures. While some studies have examined pultruded glass composite
frames with bolted connections [7], [8], there remains a gap in understanding the dynamic
performance of pultruded glass composite frames with adhesive joints. To address this, con-
ducting experimental investigations of frames with appropriately designed adhesively bonded
beam-column connections under monotonic (push-over) [9], [10] and then cyclic loading [11]

would serve as a valuable starting point, followed by analytical and numerical investigations.
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5.3.5 Exploring a predictive model using machine learning methods

As interest in glass composite profiles and their pseudo-ductile joints grows, the variety of
available adhesives is also increasing. Experimentally investigating every type of adhesive
under all probable conditions is both time-consuming and cost-inefficient; therefore, search-
ing for an optimal choice is justified. Recently, machine learning techniques and algorithms
have demonstrated their utility in prediction and optimization tasks, offering an alternative to
altering a single parameter at a time through experimental investigation. As a result, contem-
porary studies have begun employing evidence-based machine learning techniques to replace
the traditional numerical and experimental methods examining the interplay of adhesive
joint design parameters [12]. Consequently, the development of a machine learning-based
algorithm tailored to enhancing the behavior of pseudo-ductile adhesive joints is an essential

direction for future research.
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A

Fabrication process and experiments
on linear adhesive and bolted glass

composite double-lap joints

Appendix A provides supplementary information and data related to the fabrication of linear
double-lap joints and the results of the experiments that were performed on them, as detailed
in Chapter 1.4.

The experimental program involved the application of monotonic and cyclic loadings on
bolted and pseudo-ductile adhesive double-lap joints. These joints were comprised of two
outer glass composite laminates, each measuring 230 mm in length and 100 mm in width,
as well as an inner glass composite laminate of 200 mm length and 100 mm width. All three
laminates were of a uniform thickness of 10 mm. The laminates’ surface underwent initial
treatment with 60 grit sandpaper to remove the polyester surface veil down to an approximate
depth of 0.5 mm. A promoter layer of Sikadur 330 epoxy adhesive was then applied and then
the specimen was cured for four hours in an oven at a temperature of 60 °C. This procedure

ensured prevention of a premature adhesion failure in pseudo-ductile adhesive joints (Fig. 1.1).

The subsequent figures (Figs. 1.2-1.8) of this appendix show the load-displacement curves,
along with the failure modes observed in the bolted and pseudo-ductile adhesive linear double-
lap joints under monotonic and cyclic loading conditions. These figures provide the results

substantiated with two replicates of the specimens.

Furthermore, to verify the quality of the fabrication, tomographic imaging was conducted on a
prepared joint before initiating the experiment. These images, capturing the whole joint area,
coupled with the known adhesive density, facilitated the computation of the voids percentage
within the adhesive layer. It was discovered that voids occupied less than 10% of the adhesive

layer’s total volume in a fabricated joint. This image can be seen in Fig. 1.9.
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Figure 1.1: a) Scratching of glass composite laminates, b) Applying epoxy promoter coating on
glass composite laminates, ¢) Curing glass composite laminate in the oven.
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Figure 1.2: Load-joint displacement responses under monotonic loading for a)
pseudo-ductile adhesive joints, and b) bolted joints.
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Figure 1.3: Fiber-tear failure modes of adhesive joints under monotonic loading.
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B4-S0.1a 4 B4-S0.1b

d)

Figure 1.4: Combined crushing and shear-out failure modes of bolted joints under monotonic
loading.
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Figure 1.5: Load-joint displacement responses of adhesive joints under cyclic loading.
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Figure 1.6: Failure modes of adhesive joints under cyclic loading; cohesive failure in a), b), c),
and d), fiber-tear failure in e) and f).
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Figure 1.7: Load-joint displacement responses of bolted joints under cyclic loading.
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glass composite double-lap joints

d)

Figure 1.8: Combined crushing and shear-out failure modes of bolted joints under cyclic
loading.
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Figure 1.9: Tomography photo at middle section of joint area (100x100).
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Phenomenological constitutive model

development and Python program

Appendix B provides the Python script used for predictions described in Chapter 2.5. This
script represents an executable code that performs the computations and analyses described
in that chapter. The flowchart presented in Fig. 3.10, which provides a visual overview of
the script’s sequence of operations, is directly reflected in this script. This makes it easier to
understand how the steps outlined in the flowchart are implemented in the code. Additionally,

the script is directly linked to the generation of the parameters depicted in Fig. 3.11.
Code:

# Importing the necessary libraries
import pandas as pd

import numpy as np

import warnings

import math

import matplotlib.pyplot as plt

from scipy import interpolate

from scipy.optimize import curve_fit

from sklearn.metrics import r2_score

# Reading the experiment’s data as a DataFrame and minor formatting

data_joint = pd.read_excel(’Cyclic_linear_doublelap.xlsx’, sheet_name=’A-CO.la’,
skiprows=3, usecols = ’A:C’)

data_joint = data_joint.rename(columns={’s’ : ’Time’, ’mm’ : ’Joint_displacement
>, ’kN’: ’Load’})

###

### Cleaning Data - Removing the rows where the recorded displacement was noisy

### (e.g. decreasing disps in an increasing disp-control loading)
#H##

noisy_rows_list = []

old_len = len(data_joint ["Load"])

new_len = old_len - 5

while new_len < old_len - 4:
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Appendix B. Phenomenological constitutive model development and Python

program

for i in range (6,

disp_increasing_1 =
"Jo
disp_increasing_2 =
"Jo

joint.loc[i-2,

joint.loc[i-2,

load_increasing =

if disp_increasing_1

noisy_rows_list.

elif not (disp_increasing_l or disp_increasing_Q) and load_increasing:

noisy_rows_list.

# Dropping the noisy row

data_joint.drop(noisy_rows_list,

data_joint.reset_index (drop=True,

old_len = new_len
new_len = len(data_joint
noisy_rows_list = []

###

### Extracting cycle numbers
decomposition

###

data_joint ["new_time"] = np
data_joint ["new_disp"] = np
data_joint ["new_load"] = np

data_joint ["cycle_situation
t0 =

do =

10 =

cycle_count =1

cycle_segment = 1

data_joint.loc[i,

len(data_joint ["Joint_displacement"])-2):

data_joint.loc[i-1,
int_displacement"]
data_joint.loc[i-1,
int_displacement"]
"Load"] > data_joint.loc[i-1,

and disp_increasing_2 and (not load_increasing):

append (i)

append (i)

s
inplace = True)
inplace = True)

["Load"])

from the joint data and performing cycle

.nan
.nan
.nan

"] o=

np.nan

for i in range (5, len(data_joint["Load"])):
if cycle_segment == 2:
if data_joint.at[i, "Load"] >= data_joint.at[i-1, "Load"]:
t0 = data_joint.at[i-1, "Time"]
d0 = data_joint.at[i-1, "Joint_displacement"]
10 = data_joint.at[i-1, "Load"]
cycle_count += 1
if data_joint.at[i, "Load"] >= data_joint.at[i-1, "Load"]:
data_joint.at[i, "new_time"] = data_joint.at[i, "Time"] - tO
data_joint.at[i, "new_disp"] = data_joint.at[i, "Joint_displacement"]
0
data_joint.at[i, "new_load"] = data_joint.at[i, "Load"] - 10
data_joint.loc[i, "cycle_Number"] = cycle_count
data_joint.loc[i, "cycle_situation"] = str(cycle_count) + "_T_P"
cycle_segment = 1

else:
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102
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if cycle_segment == 1:
t0 = data_joint.at[i-1 ,"Time"]
d0 = data_joint.at[i-1 ,"Joint_displacement"]
10 = data_joint.at[i-1 ,"Load"]
data_joint.at[i ,"new_time"] = data_joint.at[i ,"Time"] - tO
data_joint.at[i ,"new_disp"] = d0 - data_joint.at[i ,"Joint_displacement
"]
data_joint.at[i ,"new_load"] = 10 - data_joint.at[i ,"Load"]
data_joint.loc[i ,"cycle_Number"] = cycle_count
data_joint.loc[i ,"cycle_situation"] = str(cycle_count) + "_P_P"
cycle_segment = 2
# Storing the cycle segments in a new DataFrame
for i in range(l, cycle_count + 1):
Namel = ’data_joint_’ + str(i) + ’_T_P’
cycle_partl = str(i) + ’_T_P’
Name2 = ’data_joint_’ + str(i) + ’_P_P’
cycle_part2 = str(i) + ’_P_P’
globals () [Namel] = data_joint[data_joint.cycle_situation == cycle_parti1][["
cycle_Number", "new_time", "Load", "Joint_displacement"]]
globals () [Name2] = data_joint[data_joint.cycle_situation == cycle_part2][["
cycle_Number", "new_time", "Load", "Joint_displacement"]]
globals () [Namel].reset_index(drop=True, inplace = True)
globals () [Name2] .reset_index (drop=True, inplace = True)

# Translating the cycle segment t
origin

for i in range (7, cycle_count):

namel = "data_joint_" + str(i
name2 = "data_joint_" + str(i
name3 = "data_joint_" + str(i

globals () [name2] ["New_displac

o be originated from the coordinate system’s

) +

)+

n T P n
n P P n
+1) + "_T_P"
ement"] = .iloc[-1,3] -

globals () [name1] globals

() [name2] [" Joint_displacement"]

globals () [name2] ["New_load"]
2] ["Load"]

globals () [name2] ["New_time"]
1] .iloc[-1,1]

globals () [name3] ["New_displac
- globals () [name?2].iloc[-1

globals () [name3] ["New_load"]
iloc[-1,2]

globals () [name3] ["New_time"]
2] .iloc[-1,1]

f:3:3:3

= globals () [namei1].iloc[-1,2] - globals () [name

= globals () [name2] ["new_time"] - globals () [name

ement"] =
,31]
= globals () [name3] ["Load"]

globals () [name3] ["Joint _displacement"]

- globals () [name2].

= globals () [name3]["new_time"] - globals() [name

### Preparation of data for fitting

### Finding the maximum segment displacement and making the data to be equally

spaced
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Appendix B. Phenomenological constitutive model development and Python
program

###
Disp = pd.DataFrame(columns = ["T_P", "P_P"])

while j < 8:
namel = "data_joint_" + str(i) + "_T_P"

name2 = "data_joint_" + str(i) + "_P_P"

Disp.at[j, "T_P"] globals () [namel] ["New_displacement"].max ()

Disp.at[j, "P_P"] = globals() [name2] ["New_displacement"].max()

# Creating equally spaced dataframes for each cycle segment
name3 = "data_joint_mnew" + str(i) + "_T_P"

name4 = "data_joint_mnew" + str(i) + "_P_P"

new_x_1 = np.linspace(globals() [namel] ["New_displacement"].min(), globals()[

namel] ["New_displacement"].max(), 500)

new_x_2 = np.linspace(globals () [name2] ["New_displacement"].min(), globals()[

name?2] ["New_displacement"].max(), 500)

f1 = interpolate.interpld(globals () [namel] ["New_displacement"], globals()[

namel] ["New_load"], kind="linear", fill_value="extrapolate")

f2 = interpolate.interpld(globals () [name2] ["New_displacement"], globals()[

name2] ["New_load"], kind="linear", fill_value="extrapolate")
new_y_1 = fi(new_x_1)

new_y_2 = fl(new_x_2)

globals () [name3] = pd.DataFrame ({"New_displacement": new_x_1, "New_load":
_y_1})
globals () [name4] = pd.DataFrame ({"New_displacement": new_x_2, "New_load":
_y_2})
if j == 0
i+=7
if j >= 1 and j < 3:
i += 4
if j >= 3
i += 3
jo+=1
###
### Creating initial value DataFrame
###
Initial_values = pd.DataFrame(columns = ["T_P", "P_P"])
i =29
j =

while j < 4:
namel = "data_joint_" + str(i) + "_T_P"

name2 = "data_joint_" + str(i) + "_P_P"
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161 Initial_values.at[j, "T_P"] = globals() [namel] ["New_displacement"].max()

162 Initial_values.at[j, "P_P"] = globals() [name2] ["New_displacement"].max()
163 i += 3

164 j +=1

165

166  H##

167 ### Define power-law relations

168 ###

169 def S1_def_T_P(cycle_disp, a_S1_T_P, b_S1_T_P):

170 return a_S1_T_Px((cycle_disp)**(-b_S1_T_P))

171

172 def S1_def_P_P(cycle_disp, a_S1_P_P, b_S1_P_P):

173 return a_S1_P_Px((cycle_disp)**(-b_S1_P_P))

174

175

176

177 def n1_def_T_P(cycle_disp, a_P_P1_T_P, b_P_P1_T_P):
178 return a_P_P1_T_P*((cycle_disp)**(-b_P_P1_T_P))
179

180 def nl1l_def_P_P(cycle_disp, a_P_P1_P_P, b_P_P1_P_P):
181 return a_P_P1_P_Px((cycle_disp)**b_P_P1_P_P)

182

183

184

185 def a_def _T_P(cycle_disp, a_a_T_P, b_a_T_P):

186 return a_a_T_P*((cycle_disp)**x(-b_a_T_P))

188 def a_def_P_P(cycle_disp, a_a_P_P, b_a_P_P):
189 return a_a_P_Px((cycle_disp)**x(-b_a_P_P))
190

191

192

193 def b_def _T_P(cycle_disp, a_b_T_P, b_b_T_P):
194 return a_b_T_P*((cycle_disp)**x(b_b_T_P))
195

196 def b_def P_P(cycle_disp, a_b_P_P, b_b_P_P):
197 return a_b_P_P*((cycle_disp)**x(b_b_P_P))
198

199

200

200 def n2_def _T_P(cycle_disp, a_P_P2_T_P, b_P_P2_T_P):

202 return a_P_P2_T_Px*((cycle_disp)**(b_P_P2_T_P))

203

204 def n2_def _P_P(cycle_disp, a_P_P2_P_P, b_P_P2_P_P):

205 return a_P_P2_P_Px((cycle_disp)**(b_P_P2_P_P))

206

207

208

209 def load_disp(t, S1, nl, a, b, n2):

210 X_dot = 0.1

211 load_model =(((X_dot*nl)+((-1%*X_dot*nl)/(np.exp((Sixt)/n1))))+
212 ((X_dot#*n2)+((-1*X_dot*n2)/(np.exp (((a*x(t**b))*t)/

213 (n2*(b+1)))))))
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Appendix B. Phenomenological constitutive model development and Python
program

##t#
###

return load_model

Definition the initial values of five main parameters for the displacement

rate of 0.1 mm/s.

###
##t#
F:3:2:2

Two decomposed segments of _T_P and _P_P are considered

Cycles 29, 32, 35, and 38 are considered for the fitting process

while j < 4:
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namel = "data_joint_" + str(i) + "_T_P"

name2 = "data_joint_" + str(i) + "_P_P"

# Initial value of stiffness (from initial stiffness)

Initial_values.at[j, "S1_T_P"] = ((globals() [namel].at[10,"New_load"]-globals
() [name1].at[2,"New_load"])/ (globals
() [name1] .at [10,"New_displacement"]-globals () [namel].at[2,"New_displacement
"1))

Initial_values.at[j, "S1_P_P"] = ((globals() [name2].at[15,"New_load"]-globals
() [name2] .at[5,"New_1load"])/ (globals
() [name2] .at [15,"New_displacement"]-globals () [name2].at[5,"New_displacement
"1))

# Initial value of eta 1 (from Eq.8 in chapter 3)

for k_T_P in range (20, len(globals() [namel]["New_load"])):
slope_T_P = ((globals() [namel].at[k_T_P,"New_load"]l-globals () [name1].at[(
k_T_P-8) ,"New_load"])/ (globals() [namel].at[k_T_P,"New_displacement"]-
globals () [namel].at [(k_T_P-8) ,"New_displacement"]))

if slope_T_P < 0.2xInitial_values.at[j, "S1_T_P"]:
X_y_T_P globals () [namel] .at[k_T_P,"New_displacement"]
F_y_T_P globals () [name1].at[k_T_P,"New_load"]
Initial_values.at[j, "n1_T_P"] = Initial_values.at[j, "S1_T_P"] * (X_
y_T_P/X_dot)
break

for k_P_P in range (20, len(globals() [name2]["New_load"])):
slope_P_P = ((globals() [name2].at[k_P_P,"New_load"]-globals () [name2].at [(
k_P_P-8) ,"New_load"])/ (globals () [name2].at[k_P_P,"
New_displacement"]-globals () [name2].at[(k_P_P-8) ,"New_displacement"]))

if slope_P_P < 0.2*Initial_values.at[j, "S1_P_P"]:
X_y_P_P = globals() [namel].at[k_P_P,"New_displacement"]
F_y_P_P globals () [namel].at[k_P_P,"New_load"]
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292

293

294

295

296

297

# Initi
chapt

F_X_c_T
X_c_T_P
F_X_c_P
X_c_P_P

Initial
Initial
Initial

_P)/X
Initial

_P)/X
S_2_T_P
S_2_P_P
# Initi

Initial

Initial

#i#
### Finding

Initial_values.at[j, "n1_P_P"] = Initial_values.at[j, "S1_P_P"] * (X_
y_P_P/X_dot)
break

al value of alpha and beta for nonlinear stiffness (from Eq.9 in
er 3)

_P = globals() [name1] ["New_load"].max ()
= globals () [namel1] ["New_displacement"].max ()
P = globals () [name2] ["New_load"].max ()
= globals () [name2] ["New_displacement"].max ()

]
-
[ure

values.at[j, "beta_T_P"]
values.at[j, "beta_P_P"]

|
-
[y

values.at[j, "alpha_T_P"] = ((F_X_c_T_P - F_y_T_P)/(((X_c_T_P - X_y_T
dot)**Initial _values.at[j, "beta_T_P"]))
values.at[j, "alpha_P_P"] = ((F_X_c_P_P - F_y_P_P)/(((X_c_P_P - X_y_P
dot)**Initial _values.at[j, "beta_P_P"]))

= (F_X_c_T_P - F_y_T_P)/(X_c_T_P - X_y_T_P)
= (F_X_c_P_P - F_y_P_P)/(X_c_P_P - X_y_P_P)

al value of eta 2 (from Eq.10 in chapter 3)

_values.at[j, "n2_T_P"] S_2_T_P * ((X_c_T_P - X_y_T_P)/X_dot)

_values.at[j, "n2_P_P"] = S_2_P_P * ((X_c_P_P - X_y_P_P)/X_dot)

the trends between initial parameters and the cycle displacement for

T_P segments

###
S1_T_P_O =
S1_opt_T_P,

Initial_v

[100, 0.1]
S1_cov_T_P = curve_fit(S1_def_T_P,Initial_values["T_P"].values,
alues["S1_T_P"].values, S1_T_P_O, bounds = ([S1_T_P_0[0]*0.5, S1_T_P

_0[1]1%0.5], [S1_T_P_O[0]*1.5, S1_T_P_O[1]1x1.5]1))

nl_T_P_0 =
nl_opt_T_P,

Initial_v

[500, 0.1]
ni_cov_T_P = curve_fit(nl_def_T_P,Initial_values["T_P"].values,
alues["n1_T_P"].values, n1_T_P_0, bounds = ([ni1_T_P_0[0]*0.5, n1_T_P

_0[1]1%0.5], [n1_T_P_O0[0]*1.5, n1 _T_P_O[1]1%*1.5]1))

a_T_P_0 = [
a_opt_T_P,

_values["

5, 1]
a_cov_T_P = curve_fit(a_def_T_P, Initial_values["T_P"].values, Initial
alpha_T_P"].values, a_T_P_0, bounds = ([a_T_P_O0[0]*0.5, a_T_P
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Appendix B. Phenomenological constitutive model development and Python
program

_0[11*x0.5], [a_T_P_O[0]*1.5, a_T_P_O[1]1*1.5]1))

b_T_P_O0 = [1, 0.1]

b_opt_T_P, b_cov_T_P = curve_fit(b_def_T_P, Initial_values["T_P"].values, Initial
_values["beta_T_P"].values, b_T_P_0, bounds = ([b_T_P_0[0]*0.5, b_T_P
_0[11%0.5], [b_T_P_0[0l*1.5, b_T_P_O0[11%1.5]))

n2_T_P_0 = [500, 0.1]

n2_opt_T_P, n2_cov_T_P = curve_fit(n2_def_T_P,Initial_values["T_P"].values,
Initial_values["n2_T_P"].values, n2_T_P_0, bounds = ([n2_T_P_0[0]*0.5, n2_T_P
_0[1]1*0.5], [n2_T_P_0[0]*1.5, n2_T_P_O0[1]1*1.5]))

###

### Finding the trends between initial parameters and the cycle displacement for
P_P segments

###

S1_P_P_0 = [100, 0.1]

S1_opt_P_P, Si1_cov_P_P = curve_fit(S1_def_P_P,Initial_values["T_P"].values,
Initial_values["S1_P_P"].values, S1_P_P_0, bounds = ([S1_P_P_0[0]*0.5, S1_P_P
_0[11%0.5], [S1_P_P_0[0]*1.5, S1_P_P_0[1]%1.51))

nl1_P_P_0 = [500, 0.1]

nl_opt_P_P, nil_cov_P_P = curve_fit(nl_def_P_P,Initial_values["T_P"].values,
Initial_values["n1_P_P"].values, n1_P_P_0, bounds = ([ni1_P_P_0[0]*0.5, n1_P_P
_0[1]1*0.5], [n1_P_P_O[0]l*1.5, n1_P_P_O0[1]*1.5]1))

a_P_P_0 = [5, 1]

a_opt_P_P, a_cov_P_P = curve_fit(a_def_P_P, Initial_values["T_P"].values, Initial
_values ["alpha_P_P"].values, a_P_P_0O, bounds = ([a_P_P_0[0]*0.5, a_P_P
_0[11%0.5], [a_P_P_0[0l*1.5, a_P_P_O[11%1.5]))

b_P_P_O0 = [1, 0.1]

b_opt _P_P, b_cov_P_P = curve_fit(b_def P_P, Initial_values["T_P"].values, Initial
_values["beta_P_P"].values, b_P_P_0, bounds = ([b_P_P_0[0]*0.5, b_P_P
_0[1]*0.5], [b_P_P_O[0O]l*1.5, b_P_P_O[1]%*1.5]))

n2_P_P_0 = [500, 0.1]

n2_opt_P_P, n2_cov_P_P = curve_fit(n2_def_P_P,Initial_values["T_P"].values,
Initial_values["n2_P_P"].values, n2_P_P_0, bounds = ([n2_P_P_O0[0]*0.5, n2_P_P
_0[11%0.5], [n2_P_P_0[0]*1.5, n2_P_P_0[1]%1.5]))

#it#
### Creating the constants DataFrame
### the first row, for T_P, the second row for their error, the third row for P_P

and the fourth row for their error

###
constants = pd.DataFrame(columns=["a_S1", "b_S1", "a_ni1", "b_nil", "a_a", "b_a", "
a_b", "b_b", "a_n2", "b_n2"], index=range (4))

for i in range (0,2):
constants.iloc[0, i] = S1_opt_T_P[i]
S1_opt_P_P[il]

constants.iloc[2, il
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333

334

335

336

337

339

340

341

342

343

344

345

346

347

348

349

350

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

constants.iloc[0, (i+2)] = ni1_opt_T_P[il]
constants.iloc[2, (i+2)] = n1_opt_P_P[il
constants.iloc[0, (i+4)] = a_opt_T_PI[il]
constants.iloc[2, (i+4)] = a_opt_P_P[i]
constants.iloc [0, (i+6)] = b_opt_T_PI[i]
constants.iloc[2, (i+6)] = b_opt_P_P[il]
constants.iloc[0, (i+8)] = n2_opt_T_P[il
constants.iloc[2, (i+8)] = n2_opt_P_P[i]

10) :

constants.iloc[1, il

for i in range (O,

[} [}
=

constants.iloc[3, il

#H##

### Finding the parameters and their trends for T_P segment of cycles number 29,

"b", "n2"], index=range (4))

constants.at[0,"a_S1"],

constants.at[0,"a_n1"],

constants.at[0,"a_a"],

constants.at[0,"a_b"],

32, 35, and 38, following the flowchart in the chapter 3
###
param_T_P = pd.DataFrame(columns=["S1", "nl", "a",
X_dot = 0.1
factor_low = 0.5
factor_up = 1.0
epsilon = 1
while epsilon > 0.01:
i = 29
for j in range (0,4):
namel = "data_joint_new" + str(i) + "_T_P"
T_P_O = [0,0,0,0,0]
T_P_0 [0] = S1_def_T_P(Disp.at[j+3, "T_P"],
constants.at[0,"b_S1"])
T_P_O0 [1] = ni_def_T_P(Disp.at[j+3, "T_P"],
constants.at[0,"b_n1"])
T_P_O0 [2] = a_def_T_P(Disp.at[j+3, "T_P"],
constants.at[0,"b_a"])
T_P_O0 [3] = b_def_T_P(Disp.at[j+3, "T_P"],
constants.at[0,"b_b"])
T_P_0 [4] = n2_def_T_P(Disp.at[j+3, "T_P"],

constants.at[0,"b_n2"])
# Finding the parameters
popt_T_P,

displacement"].div(X_dot),

pcov_T_P = curve_fit(load_disp,

=([p*factor_low for p in T_P_0],

constants.at[0,"a_n2"],

globals () [name1] ["New_
globals () [name1] ["New_load"],

T_P_O,

[pxfactor_up for p in T_P_0]))

bounds
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for k in range (0,5):
param_T_P.iloc[j, k] = popt_T_P[k]

i = i+3

# Determining the parameter trends

S1_T_P_0O = [constants.iloc[0,0], constants.iloc[0,1]]

S1_opt_T_P, S1_cov_T_P = curve_fit(S1_def _T_P, Initial_values["T_P"].values,
param_T_P["S1"].values, S1_T_P_O, bounds = ([S1_T_P_O[O]l*factor_low,S1_T_P
_0[1]xfactor_low], [S1_T_P_O[O]l*factor_up, S1_T_P_O[1]lxfactor_upl))

ni_T_P_O0 = [constants.iloc[0,2], comnstants.iloc[0,3]]

ni_opt_T_P, nil_cov_T_P = curve_fit(nil_def_T_P, Initial_values["T_P"].values,
param_T_P["n1"].values, n1_T_P_O, bounds = ([n1_T_P_O[O]l*factor_low,nl_T_P
_O[1]l*xfactor_low], [n1_T_P_O[O]l*factor_up, n1_T_P_O[1]l*factor_upl))

a_T_P_O = [constants.iloc[0,4], constants.iloc[0,5]]

a_opt_T_P, a_cov_T_P = curve_fit(a_def_T_P, Initial_values["T_P"].values,
param_T_P["a"].values, a_T_P_O, bounds = ([a_T_P_O[O0]l*factor_low, a_T_P
_0[1]xfactor_low], [a_T_P_O[O]l*factor_up, a_T_P_O[1]l*factor_upl))

b_T_P_O0 = [constants.iloc[0,6], constants.iloc[0,7]]

b_opt_T_P, b_cov_T_P = curve_fit(b_def _T_P, Initial_values["T_P"].values,
param_T_P["b"].values, b_T_P_O, bounds = ([b_T_P_O[0]l*factor_low, b_T_P
_O[1]l*xfactor_low], [b_T_P_O[O]l*xfactor_up, b_T_P_O[1]l*factor_upl))

n2_T_P_0 = [constants.iloc[0,8], constants.iloc[0,9]]

n2_opt_T_P, n2_cov_T_P = curve_fit(n2_def_T_P, Initial_values["T_P"].values,
param_T_P["n2"].values, n2_T_P_O, bounds = ([n2_T_P_O[O]*factor_low,n2_T_P
_0[1]xfactor_low], [n2_T_P_O[O]l*factor_up, n2_T_P_O[1]lxfactor_upl))

# Finding the trend error
abs (S1_opt_T_P[0] - constants.iloc[0,0])
constants.iloc[1,1] = abs (S1_opt_T_P[1] - constants.iloc[0,1])

constants.iloc[1,0]

constants.iloc[1,2] = abs (nl_opt_T_P[0] - constants.iloc[0,2])
constants.iloc[1,3] = abs (nl_opt_T_P[1] - constants.iloc[0,3])
constants.iloc[1,4] = abs (a_opt_T_P[0] - constants.iloc[0,4])
constants.iloc[1,56] = abs (a_opt_T_P[1] - comnstants.iloc[0,5])

constants.iloc[1,6] = abs (b_opt_T_P[0] - constants.iloc[0,6])
constants.iloc[1,7] = abs (b_opt_T_P[1] - constants.iloc[0,7])

constants.iloc[1,8] = abs (n2_opt_T_P[0] - constants.iloc[0,8])
constants.iloc[1,9] = abs (n2_opt_T_P[1] - constants.iloc[0,9])

# Substituting the new trend constants for the next iteration round
for n in range (0,2):

constants.iloc[0,n] = S1_opt_T_P[n]

constants.iloc[0,(n+2)] = ni1_opt_T_P[n]

constants.iloc[0,(n+4)] = a_opt_T_P[n]

constants.iloc[0,(n+6)] b_opt_T_P[n]
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constants.iloc[0,(n+8)] = n2_opt_T_P[nl]

for m in range (0, 10):
if m == 0:
if constants.iloc[1,m] < 0.01:

epsilon = 0.01

if m > O:
if epsilon == 0.01:
if comstants.iloc[1,m] < 0.01:
epsilon = 0.01

else:

]
fure

epsilon

#H##

### Finding the parameters and their trends for P_P segment of cycles number 29,
32, 35, and 38, following the flowchart in the chapter 3

#H##

param_P_P = pd.DataFrame (columns=["S1", "ni", "

a", "b", "n2"], index=range(4))

X_dot = 0.1

factor_low_ = 0.5

e

factor_up =

epsilon = 1

while epsilon > 0.01:

i =29

for j in range (0,4):

namel = "data_joint_new" + str(i) + "_P_P"

P_P_O = [0,0,0,0,0]

P_P_0 [0] = S1_def_P_P(Disp.at[j+3, "P_P"], constants.at[2,"a_S1"],
constants.at[2,"b_S1"])

P_P_0 [1] = ni_def_P_P(Disp.at[j+3, "P_P"], constants.at[2,"a_n1"],
constants.at[2,"b_ni1"])

P_P_0 [2] = a_def_P_P(Disp.at[j+3, "P_P"], constants.at[2,"a_a"],
constants.at[2,"b_a"])

P_P_O [3] = b_def_P_P(Disp.at[j+3, "P_P"], constants.at[2,"a_b"],
constants.at[2,"b_b"])

P_P_0 [4] = n2_def_P_P(Disp.at[j+3, "P_P"], constants.at[2,"a_n2"],
constants.at[2,"b_n2"])

# Finding the parameters

popt _P_P, pcov_P_P = curve_fit(load_disp, globals() [namel]["New_
displacement"].div(X_dot), globals() [namel] ["New_load"], P_P_0O, bounds
=([p*factor_low for p in P_P_0], [p*factor_up for p in P_P_0]))

for k in range (0,5):
param_P_P.iloc[j, k] = popt_P_P[k]
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i = 1i+3

# Determining the parameter trends

S1_P_P_O0 = [constants.iloc[2,0], constants.iloc[2,1]]

S1_opt_P_P, S1_cov_P_P = curve_fit(S1_def_P_P, Initial_values["P_P"].values,
param_P_P["S1"].values, S1_P_P_O, bounds = ([S1_P_P_O[O]l*factor_low,S1_P_P
_O[1]*xfactor_low], [S1_P_P_O[O]l*factor_up, S1_P_P_O[1]l*factor_upl))

n1i_P_P_0 = [constants.iloc[2,2], constants.iloc[2,3]]

nl_opt_P_P, nl_cov_P_P = curve_fit(nl_def_P_P, Initial_values["P_P"].values,
param_P_P["n1"].values, nl_P_P_O, bounds = ([n1_P_P_O[0O]*factor_low,nl_P_P
_0[1]xfactor_low], [ni1_P_P_O[0O]l*factor_up, ni_P_P_O[1]lxfactor_upl))

a_P_P_0 = [constants.iloc[2,4], constants.iloc[2,5]]

a_opt_P_P, a_cov_P_P = curve_fit(a_def_P_P, Initial_values["P_P"].values,
param_P_P["a"].values, a_P_P_0, bounds = ([a_P_P_O[0]l*factor_low, a_P_P
_O[1]*xfactor_low], [a_P_P_O[O]l*xfactor_up, a_P_P_O[1]l*factor_upl))

b_P_P_O0 = [constants.iloc[2,6], constants.iloc[2,7]]
b_opt_P_P, b_cov_P_P = curve_fit(b_def_P_P, Initial_values["P_P"].values,
param_P_P["b"].values, b_P_P_0O, bounds = ([b_P_P_O[0]*factor_low, b_P_P

_0[1]xfactor_low], [b_P_P_O[O]l*factor_up, b_P_P_O[1]l*factor_upl))

n2_P_P_0 = [constants.iloc[2,8], constants.iloc[2,9]]

n2_opt_P_P, n2_cov_P_P = curve_fit(n2_def_P_P, Initial_values["P_P"].values,
param_P_P["n2"].values, n2_P_P_0, bounds = ([n2_P_P_O[O]*factor_low,n2_P_
P_O[1]l*factor_low], [n2_P_P_O[O]l*factor_up, n2_P_P_O[1]l*factor_upl))

# Finding the trend error
constants.iloc[3,0] abs (S1_opt_P_P[0] - constants.iloc[2,0])
constants.iloc[3,1] = abs (S1_opt_P_P[1] - constants.iloc[2,1])

constants.iloc[3,2] = abs (nl_opt_P_P[0] - constants.iloc[2,2])
constants.iloc[3,3] = abs (nl_opt_P_P[1] - constants.iloc[2,3])

constants.iloc[3,4] = abs (a_opt_P_P[0] - constants.iloc[2,4])
constants.iloc[3,5] = abs (a_opt_P_P[1] - constants.iloc[2,5])
constants.iloc[3,6] = abs (b_opt_P_P[0] - constants.iloc[2,6])

constants.iloc[3,7] = abs (b_opt_P_P[1] - comnstants.iloc[2,7])

constants.iloc[3,8] = abs (n2_opt_P_P[0] - constants.iloc[2,8])
constants.iloc[3,9] = abs (n2_opt_P_P[1] - constants.iloc[2,9])

# Substituting the new trend constants for the next iteration round
for n in range (0,2):
constants.iloc[2,n] = S1_opt_P_P[n]
constants.iloc[2,(n+2)] nl_opt_P_P[n]
constants.iloc[2,(n+4)] a_opt_P_P[n]
b_opt_P_P[nl]
constants.iloc[2,(n+8)] = n2_opt_P_P[n]

constants.iloc[2,(n+6)]



for m in range (0, 10):
if m == 0:
if constants.iloc[3,m] < 0.01:
epsilon = 0.01

if m > O:
if epsilon == 0.01:
if constants.iloc[3,m] < 0.01:
epsilon = 0.01
else:

epsilon =1
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Tensile experiments on adhesive

C dog-bone specimens

In this appendix, the rate-dependent tensile behavior of the pseudo-ductile adhesive, ’SikaFast®-
555’, is examined using dog-bone specimens, following ASTM D638 [1], at various tensile

displacement rates.

3.1 Experimental set-up
- Specimen dimensions and preparation

Type IV dog bone-shaped specimens, with the dimensions shown in Fig. 3.1(a), in line with
ASTM D638 [1] recommendations, were employed. Initially, these specimens were fabricated
as a plate, then cured at room temperature, and kept in their molds for nineteen days. After
demolding, the specimens were cut into the desired dimensions using a waterjet cutting

machine.

- Instrumentation

The tensile experiments, which were displacement-controlled, were carried out using an MTS
25 kN universal machine, depicted in Fig. 3.1(b). Aluminum tabs were attached to the ends of

the dog bone-shaped specimens, which were then fixed in the machine grips.

The applied displacement and load data was recorded using the MTS machine software. A 2D
DIC system was set up to track the strain field on the specimens’ surface. A random pattern of
black dots was sprayed onto each specimen, allowing the DIC to track their relative displace-
ment during the test. The strains were then calculated using one of three methods, as depicted
in Fig. 3.2(a): 1) average displacement of the speckles in a rectangular area covering the whole

gauge length, 2) average displacement of the speckles in a rectangular area expanding over
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Figure 3.1: a) Geometry of Type IV dog-bone shaped specimens used for tensile experiments
according to ASTM D638 [1], b) Specimen being loaded in MTS 25kN machine.

a smaller length in the center of the specimens, 3) average elongation between three lines
with different lengths along the length of the specimen. A comparison of the strain values
calculated for the specimens shows that they were almost identical among the three adopted

approaches, as shown in Fig. 3.1(b). The accuracy of the measurements was +0.001 for strains.

Ehaial S
— il prya
Torwa Ire

1] [ 8 Ll oy D [=E

a) b)

Figure 3.2: a) DIC captured image for strain measurement, and b) Comparison of the various
measurement methods using DIC images.
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3.2 Experimental results

3.2 Experimental results

Fig. 3.3(a)-(e) illustrate the engineering stress-strain curves derived from tensile experiments
conducted on the specimens at displacement rates of 0.1, 0.5, 1.0, 5.0, and 10 mm/s, respec-
tively. The engineering stresses, g¢,g, were determined by dividing the machine-recorded
load by the average initial cross-sectional area, measured at three different positions along
the gauge length of the specimens prior to the start of the experiments. Surface degradation
of the specimens led to the loss of black speckles, limiting the strains measured by DIC to
approximately 30% of the maximum applied deformation. For strains up to this limit, a com-
parison was made between the DIC-measured strains and those calculated by dividing the
machine-recorded displacement by the specimen gauge length (65 mm as per Fig. 3.1(a)).
The comparison demonstrated a good agreement between the measured strains and the
calculated values. Consequently, the engineering strains, €.,g, were determined by dividing

the machine-recorded displacement by the specimen gauge length.

The comparison of the engineering stress-strain curves for the specimens under various

applied displacement rates is shown in Fig. 3.4(a).

The true stress, 0 ¢y, and strain, €4, were calculated using the following equations:

Otrue =0Oeng- (eeng + 1) (C.1)

€true =10 (€eng +1) (C.2)

Fig. 3.4(b) displays the calculated true stress-strain curves for selected specimens under

displacement rates of 0.1, 0.5, 1.0, 5.0, and 10 mm/s.

The calculated Poisson’s ratio from DIC data versus the true strain under four applied displace-

ment rates is shown in Fig. 3.5.

The specimens exhibited two different deformation modes regardless of the applied displace-
ment rate. In most cases, a uniform deformation was observed along the specimen until a
sudden failure. However, a few specimens experienced a non-uniform local deformation,

resulting in necking and failure at the necking position.
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Figure 3.3: Engineering stress-strain curves for dog-bone specimens under a) 0.1, b) 0.5, ¢) 1.0,
d) 5.0, ) 10.0 mm/s displacement rates.
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Figure 3.4: Comparison between the stress-strain results under five applied displacement
rates, for a) engineering stress-strain, and b) true stress-strain.
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Figure 3.5: Comparison of Poisson’s ratio versus true strain under five strain rates.

Table 3.1 provides a summary of the specimens’ dimensional properties, elastic modulus,
E, yield strain, €y, yield stress, o, ultimate tensile strength (UTS) strain, eyrs, and UTS
stress, oyrs. The variation of orye, E, €y, 0y, €yrs, and oyrs are presented in Fig. 3.6.
All these mechanical properties followed a power-law relation versus strain rate shown in
Fig. 3.6 by a dashed line and their equation written in each curve. As seen from Fig. 3.6, an
increase in elastic modulus with the strain rate was observed, while the yield strain showed
less dependency on the strain rate. In contrast, both failure strain and failure stress decreased

as the strain rate increased.
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Table 3.1: Specimens measured dimensional and mechanical properties.

Sp. name  Thickness Width E €y oy €UTS oOuUTs
(mm) (mm) (MPa) (MPa) (MPa)
A-0.1-1 3.87 6.07 301 0.0094 2.8 0.9611 24.3
A-0.1-2 3.93 6.09 348 0.0094 3.2 1.0669 31.7
A-0.1-3 3.84 6.11 340 0.0097 3.3 0.8917 21.1
A-0.5-1 3.96 6.07 423 0.0102 4.3 0.9538  28.2
A-0.5-2 3.62 6.03 480 0.0089 4.3 0.8401 22.8
A-0.5-3 3.97 6.05 445 0.0091 4.0 0.8918 23.8
A-0.5-4 4.12 6.02 405 0.0090 3.7 0.9048 25.1
A-1.0-1 4.42 5.98 546 0.0091 5.0 0.8144 23.2
A-1.0-2 4.08 5.92 549 0.0100 5.5 0.8482  24.0
A-1.0-3 4.13 6.02 583 0.0095 5.5 0.9238  29.1
A-1.0-4 3.25 6.06 503 0.0087 44 0.7947 21.5
A-5.0-1 3.91 5.98 717 0.0085 6.4 0.3002 14.2
A-5.0-2 3.75 6.01 650 0.0093 5.2 0.8128 24.6
A-5.0-3 3.86 6.19 649 0.0095 6.0 0.7519  21.6
A-5.0-4 3.89 6.08 730 0.0089 6.3 0.7958 254
A-10-1 3.79 6.00 793 0.0087 6.8 0.4240 15.1
A-10-2 3.38 6.01 758 0.0093 7.0 0.4625 16.3
A-10-3 3.08 6.02 659 0.0083 5.5 0.2973 12.5
A-10-4 3.90 6.11 789 0.0097 7.6 0.6484 19.8
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Figure 3.6: Rate-dependent variation of parameters a) true stress b) elastic modulus, c) yield
strain, d) yield stress e) failure strain, and f) failure stress versus displacement rate.
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Adhesive glass composite angle

double-lap and single-lap experi-

ments

Appendix D presents supplementary information related to the experimental results of the
linear single-lap and angle double-lap joints. The stress-strain relationships of the linear
single-lap joints and their failure modes for all three replicates under six displacement rates
0f0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 mm/s are presented in the following. For angle double-lap
joints, the load-displacement data recorded by W+B 200 kN machine and the load-rotation
data recorded by inclinometers are depicted in Fig. 4.3. The angle double-lap joints failure
modes for specimens with 5 mm adhesive layer thickness under displacement rates of 0.1, 0.5,
and 2.0 mm/s and specimens with 2.5 mm adhesive layer thickness under displacement rate

of 0.5 mm/s are shown in Fig. 4.4 and Fig. 4.5.
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Appendix D. Adhesive glass composite angle double-lap and single-lap
experiments
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Figure 4.1: Stress-strain curves of single-lap experiments under a) 0.01, b) 0.05, c) 0.1, d) 0.5, )
1.0, f) 5.0 mm/s displacement rates.
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Figure 4.2: Failure surfaces of single-lap specimens under various applied displacement rates
of a) 0.01 mm/s, b) 0,05 mm/s, c) 0.1 mm/s, d) 0.5 mm/s, e) 1.0 mm/s, and f) 5.0 mm/s.
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Figure 4.3: Angle joints results for specimens with 5 mm adhesive layer thickness subjected to
various applied displacement rates and specimens with 2.5 mm adhesive layer thickness
subjected to displacement rate of 0.5 mm/s, a) load-displacement curves, and b)
load-laminate rotation curves.
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d) M-t5-2.0a
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e) M-t5-2.0b f) M-t5-2.0c

Figure 4.4: Combined failure modes for angle-joints with 5 mm adhesive layer thickness
under 0.1 and 2.0 mm/s displacement rates.
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¢) M-t5-0.5¢ d) M-t2.5-0.5a

e) M-t2.5-0.5b f) M-t2.5-0.5¢

Figure 4.5: Combined failure modes for angle-joints with 5 mm and 2.5 mm adhesive layer
thickness under 0.5 mm/s displacement rates.
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