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Abstract

Cintra, Gisele Gées; Cardoso, Daniel Carlos Taissum (Advisor); Vieira,
Janine Domingos (Co-advisor). Keller, Thomas (Co-advisor).
Delamination and Multi-crack Behavior of Pultruded Glass Fiber-
Polymer Web-flange Junctions. Rio de Janeiro, 2023. 221 p. Tese de
Doutorado — Departamento de Engenharia Civil e Ambiental. Pontificia
Universidade Catolica do Rio de Janeiro.

This work aims to discuss the behavior of pultruded glass fiber-polymer
composites related to issues not fully understood, comprising the damage and
failure mechanisms, as well as the multi-crack composites response. Experimental
and numerical investigations are conducted mainly on web-flange junctions (WFJ)
extracted from varied profiles and bridge decks systems. Factors that favor the
composites’ delamination, such as the influence of local defects/imperfections and
the consequent modification on the junctions’ stresses trajectories are addressed.
Theoretical equations were proposed to determine the WFJs rotational stiffness,
resulting in maximum differences of 24% and 38% for I-sections and channels,
respectively. To complement the scarcity of fracture parameter data related to the
material, adaptations of classical fracture mechanic experiments for both Modes I
and II were proposed and conducted. Nine data reduction methods were analyzed
and compared with finite element models. The Modified Beam Theory method
presented the best results for crack propagation in Mode I, whereas for Mode 11, the
Corrected Beam Theory using effective crack length and the Experimental
Compliance Methods presented the closest results to numerical models. Finally, a
novel approach for the multi-crack assessment is proposed. Compliance and R-
curves are obtained based on the sum of the crack lengths and the strain energy
release rate for each crack is evaluated separately. The results of this novel approach
were compared with numerical analyses developed with the use of cohesive
elements and a good agreement was found in terms of load vs. displacement

response.

Keywords

Damage, Multiple crack behavior, Web-flange junctions, Pultruded fiber-polymers,

Cohesive elements.
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Resumo

Cintra, Gisele Goes; Cardoso, Daniel Carlos Taissum (Orientador); Vieira,
Janine Domingos (Coorientadora). Keller, Thomas (Coorientador).
Delaminacdo e Comportamento de Multipla Fissuracdo de Juncdes
Alma-Mesa Pultrudadas de Polimero-Fibra de Vidro. Rio de Janeiro,
2023. 221 p. Tese de Doutorado — Departamento de Engenharia Civil e
Ambiental. Pontificia Universidade Catdlica do Rio de Janeiro.

Este trabalho visa discutir topicos ainda ndo totalmente compreendidos a
respeito do comportamento de compdsitos pultrudados de polimero reforgado com
fibras de vidro, englobando os mecanismos de falha e danos, bem como a resposta
a multipla fissuracdo dos compositos. Investigacbes experimentais e numéricas
foram conduzidas, com foco nas juncdes mesa-alma extraidas de variados tipos de
perfis e decks de pontes. Fatores que propiciam a delaminagdo, como a influéncia
de defeitos e imperfeicdes locais e a consequente modificacdo das trajetdrias de
tensdo sdo discutidas. Equacdes tedricas foram propostas para a determinacdo da
rigidez rotacional das juncGes mesa-alma, resultando em maximas diferencas de
24% e 38% para secdes | e C, respectivamente. Para contribuir para um banco de
dados de parametros da fratura relacionados a esse material, adaptacdes de classicos
experimentos da mecanica da fratura, para ambos os Modos 1 e Il, foram propostos
e conduzidos. Nove métodos de regressdo de dados foram analisados e comparados
com modelos de elementos finitos. O método “Modified Beam Theory” (MBTastm)
apresentou os melhores resultados para propagacéo de fissuras no Modo I, enquanto
para 0 Modo Il, os métodos “Corrected beam theory using effective crack length
(CBTE)” e “Experimental compliance method (EMC) " apresentaram os resultados
mais proximos dos modelos numéricos. Finalmente, uma nova abordagem para a
anélise de multipla fissuracdo € proposta. Curvas R e curvas compliance foram
obtidas com base na soma dos comprimentos de fissuras e as respectivas taxas de
liberacdo de energia elastica foram avaliadas separadamente. Os resultados da
abordagem proposta foram comparados com modelo numérico desenvolvido com
0 auxilio de elementos coesivos e boas correlagdes em termos da resposta carga x
deslocamento foram encontradas.

Palavras-chave

Dano, Multipla fissuracdo, Juncbes alma-mesa, Pultrudados de polimero com

fibras, Elementos coesivos.
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“E que a minha loucura seja perdoada
Pois metade de mim é amor

E a outra metade tambem”

Oswaldo Montenegro
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1. Introduction

Glass fiber-polymer composites are materials constituted of high strength
glass fibers embedded in a resin matrix. The combination between the two materials
allows achieving particular properties and a favorable behavior for structural
applications. The glass fibers are responsible for the load-bearing capacity and
stiffness, whereas the main role of the polymeric matrix is holding the fibers
together, while protecting them against aggressive agents and deterioration, besides
helping to transfer external loads to fiber [1].

In the 1940’s, glass fiber-polymer composites have drawn the attention of
marine and aerospace industries due to their several advantages for military
applications, including lightweight and corrosion resistance. Nevertheless, the high
manufacturing costs prevented these products from being an attractive alternative
for the construction market. To allow fast and economical method of producing
fiber-polymer profiles, an automate continuous molding process, called pultrusion,
was invented in 1950’s and gained place in industry. Ever since, the significant
number of researches, supported by industries and governments worldwide, have
contributed to develop standard provisions [2-7] and better understanding of the
material in several areas of knowledge. In 1990°s, the pultruded composites started
being used in primary load-bearing structural systems, finding applications in
pedestrian bridges, cooling towers, bridges decks, buildings, off-shore structures,
as well as in the rehabilitation and retrofit of existing buildings [8,9]. Figure 1.1

shows examples of structural systems.


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

STRRTRERIR

A

VY

SRTas

(e) Avancon bridge deck, (f) Staircase Tower (9) Kolding Bridge,
Switzerland (2012) Denmark (1997)
Figure 1.1 - Applications in structural systems: (a) Pontresina Bridge, Switzerland [10,11]; (b)
Fasano Hotel, Brazil [12]; (c) Salt Storage Unit of Tortuga, Brazil [13]; (d) Eyecatcher Building [10];
(e) Glass fiber-polymer balsa sandwich bridge deck, Switzerland [14] (f) Staircase Tower [15]; (9)
Kolding Bridge, Denmark [16]

Glass fiber-polymer composites are anisotropic materials and may be
constituted of different types of glass-fiber and resins, depending on the desired

application. Four typical fibers are commonly used: E-glass (electrical glass),
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which consists in a borosilicate glass with high electrical resistivity, is the most
used for structural applications due to its lower cost; A-glass (window glass) and C-
glass (corrosion resistant glass) are good alternatives when chemical resistance is
highly desirable; finally, S-glass (structural or high-strength glass) is used to
improve strength and stiffness [17]. Glass fibers are usually embedded in a
thermosetting resin, which undergoes a curing process during polymerization and
does not liquefy when heated. The matrix can be chosen to obtain particular
properties, such as chemical resistance and fire retardation. The most common
thermosetting resins are polyester, epoxy, vinyl ester and phenolic. Table 1.1 and
1.2 present the physical and mechanical properties of glass fibers and thermosetting

matrices, respectively.

Table 1.1 - Properties of glass fibers [17]

Glass  Density  Tensile Modulus  Tensile Strength Max. Elongation

Fiber  (g/cm3) (MPa) (MPa) (%)
E 2.57 72.5 3400 2.5
A 2.46 73 2760 2.5
C 2.46 74 2350 2.5
S 2.47 88 4600 3.0

Table 1.2 - Properties of thermosetting resins (Adapted from Bank [17])

Resins Density Tensile Tensile Max.
(g/cm3®)  Modulus (MPa) Strength (MPa) Elongation (%)

Polyester 1.2 4.0 65 2.5

Epoxy 1.2 3.0 90 8.0

Vinyl ester | 1.12 3.5 82 6.0

Phenolic 1.24 2.5 40 1.8

These composites can be manufactured by pultrusion process, which
consists in pulling the fibers through a resin tank in order to impregnate them with
liquid resin, as shown in Figure 1.2. The wet fibers continue to be pulled into a
heated steel die, where resin is cured at elevated temperatures. When solidified, the
profile assumes exactly the cavity shape of the die [18].
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Heated die
Puller

Cut-off saw

Surfacing veil

ii. Cure Pultruded

i. Impregnation

Figure 1.2 - Pultrusion process [19]

Pultrusion process enables versatility in properties and cross-section
geometry, allowing the fabrication of a wide variety of shapes, although usual
sections mimic those used in steel industry such as angles, channels and I-sections.
Moreover, the pultrusion is an eco-friendlier process when compared to other
materials manufacturing, such as steel and aluminum, due to, for instance, the
energy efficiency, less pollution, and the profiles longer life cycle [20,21]. The
profiles present inhomogeneous and orthotropic fiber distribution throughout cross
section, which results in a significant variability of properties [22]. Usually, the
fiber volume content ranges from 30 to 60%.

Three main types of fibers are used in a pultruded fiber-polymer composite:
I) rovings; ii) continuous strand mats (CSM) and/or fabrics and iii) surface veils.
The rovings are unidirectional continuous fibers aligned in pultrusion direction and
responsible for the high longitudinal material strength, whereas the fabrics are
structural mats comprised of randomly orientated strands responsible for the
transverse mechanical properties of the composite. Finally, veils are usually added
to external surfaces to improve weather resistance and to protect material from
ultraviolet (UV) degradation. The typical fiber arrangement of this type of
composite is illustrated in Figure 1.3.
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thermosetting
resin veil

CSM/ fabrics

rovings (long fibers)

Figure 1.3 — Typical fiber architecture for pultruded fiber-polymer profiles (Adapted from Azo
Materials [23])

Pultruded glass fiber-polymer composites present several advantages over
conventional construction materials, among which one may cite its lightweight,
resistance to a broad range of chemicals, low thermal and electrical conductivity,
corrosion and fatigue resistance, besides the low maintenance costs and easy
installation. However, to spread the composites use in structural systems, it is
necessary to fully understanding certain issues affecting their failure and damage
mechanisms, as it will be discussed in detail hereafter.
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1.1. Motivation

In recent decades, a considerable number of studies — including
experimental, numerical and analytical analyses — have been carried out to develop
a solid comprehension about the pultruded fiber-polymers weaknesses. However,
there remain topics not fully known or understood, especially when concerning
their failure mechanisms and multi-crack behavior. Despite all the previously
mentioned advantages over traditional construction materials, the fiber-polymer
composite’s load bearing capacity, global stiffness and serviceability may be
strongly affected by interlaminar delamination [24], usually initiated at the web-
flange junctions (WFJs) region. Due to their particular fiber architecture, with more
incidence of defects, imperfections, mat wrinkling and resin-rich zones, the
junctions are considered the weakest zone of the cross-section, being a potential
area for the onset failure [25-28]. The premature failure generated by the separation
of web and flange is a matter of concern for pultruded fiber-polymer structure’s
integrity and safety.

Although the WFJs are usually considered to be rigid, including in the
existing design codes, studies in literature have shown that they are characterized
by a non-linear semi-rigid behavior, which could be considered a weakness that
affect the local buckling capacity [29-34]. Moreover, the local behavior of the
junctions may also affect the composite’s overall buckling response [35]. In this
context, the characterization of the WFJs and its rotational stiffness is a topic of
interest in order to develop reliable numerical models able to accurately predict both
linear and nonlinear composite’s behavior, taking it account the junctions’
limitation. Therefore, the study of the rotational stiffness of the WFJs is a relevant
key point to understand how exactly they affect pultruded fiber-polymer members
and thus, providing fundamental information for the establishment of reliable
design guidelines. This topic is addressed in Chapter 2.

In parallel, fracture mechanics data, such as normal interface strength and
fracture toughness, are also needed to properly simulate the pultruded fiber-
polymers response, reducing the necessity for costly and time-consuming

experiments. Nevertheless, the investigations on damage mechanisms and failure
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of these composites are usually hampered by the scarcity of studies available,
especially addressed to interlaminar fracture and to Mode Il. Moreover, the
complexity in obtaining fracture parameters and the well-known high variability in
general properties of this type of material are aggravating factors that increase the
need of reliable guidelines for the accurate determination of their fracture
characteristics. Besides that, pultruded elements are manufactured through an
automatic continuous process in factories, which is an obstacle for the application
of existing standardized methods adopted for polymer matrix composites, such as
the Double Cantilever Beam (DCB) and the End-Loaded-Split (ELS). These
standards recommend introducing a very thin initial separation (or starter crack) in
the specimens during fabrication, which is not possible for pultruded elements.
Therefore, new techniques and methodologies need to be developed and assessed
to decrease the difficulty in determining the fracture parameters of these
composites. In the numerical field, more challenges to determine these parameters
are encountered. The R-curve dependence on specimens’ geometry in particular
cases, added to the influence of traction-separation cohesive laws shape, increase
the complexity in performing reliable simulations [36-38]. Fitting procedures are
usually adopted to calibrate the fracture parameters with load vs. displacement
curves. To contribute to the development of future research, it is fundamental to
complement this fracture mechanics data scarcity and also investigate the
parameters affecting numerical reliable responses, such as the cohesive laws shape.
These topics are addressed in Chapters 3 and 4.

Finally, most of the available numerical models intending to assess the
composites’ failure are focused on the fracture assessment due to a single crack, in
contrast to the actual failure behavior of multilayered composites. Very few works
in literature are focused on the multi-crack behavior of fiber-polymer composites
and, to the best of the author’s knowledge, none of them focused on pultruded
components. In this context, a multi-crack damage approach makes itself valuable
for fiber composites structural design, since its actual failure is often related, for
instance, to several small imperfections and interface issues, which results in
multiple layered delamination. Moreover, multiple local cracks at the junctions may
allow the composites to undergo important damage mechanisms and might also

enable a pseudo-ductile behavior. This is relevant, in view of the fact that pultruded
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fiber-polymers are composites with linear-elastic behavior when loaded in
longitudinal direction (i.e. parallel to pultrusion direction), exhibiting brittle
rupture. This behavior ends up restricting the material use in structural applications,
once the lack of warning in case of sudden failure and the ability to redistribute
stresses are usual concerns for structural engineers. Strategies are needed to obtain
an inelastic non-linear behavior, which may be achieved through dissipation or
storage of energy, resulted from multiple damages and progressive failure. This
topic is addressed in Chapter 5.

1.2. Objectives

The aim of this research is to investigate the delamination and multi-crack
behavior of pultruded fiber-polymer composites (bridge decks and different shapes
of profiles), seeking for a better comprehension about web-flange junctions’ (WFJs)
behavior and the progressive failure of these composites. The following objectives
can be cited:

e Propose the characterization of the rotational stiffness by a direct
method, where the relative rotation between web and flange is
measured directly during test using Digital Image Correlation
technique [39]. This procedure allows a simple setup to be used -
without the need of a special apparatus —and simplifies issues related
to the gap between the clamp tips and the junction that arise when
using elastic curve approaches.

e Discuss the influence of imperfections on the WFJ’s performance
and to fill existing gaps in literature by proposing three
complementary analyses for WFJs’ behavior: i) a simple
methodology to determine the stresses on crack onset region based
on the curved beam theory for anisotropic material [40]; ii) a lower-
bound function to model stiffness retention based on experimental
results; and iii) a theoretical expression for prediction of the
rotational stiffness of WFJs;

e Present a testing methodology to obtain interlaminar fracture

mechanics parameters of pultruded glass fiber-polymers, based on
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classical and standardized experiments, and assess different data
reduction methods to determine the strain energy release rate
(SERR) for both Fracture Modes I and II;

Complement the scarcity on the numerical interlaminar fracture
data, especially for Mode 11, and evaluate the use of different shapes
of traction-separation cohesive laws to simulate standardized tests,
such as the DCB and ELS;

Contribute to the development of a methodology that allows to reproduce
properly the failure generated through multiple cracks in WFJ’s,
proposing a novel approach for the multi-crack assessment. Besides
promoting the understanding on the multiple delamination growth,
the multi-crack analysis could help to reduce time-consuming
experiments and improve the existing design codes.

Discuss the benefits and structural behavior improvement due to the existence of

multiple interspersed layers.

Organization of the dissertation

This PhD dissertation is divided into four core chapters, presented in the

form of extended and complete articles — each one with its own literature review,

research methodology and results presentation. The results of Chapter 2 were

published in Composites Part B journal as the paper entitled “Experimental

investigation on the moment-rotation performance of pultruded FRP web-flange
junctions” (https://doi.org/10.1016/j.compositesh.2021.109087).
A summary of each chapter is presented in the following:

Chapter 2 presents an experimental investigation on the behavior of web-
flange junctions (WFJs) rotational stiffness of pultruded fiber- polymer
composites. Channels and I-sections were tested using a simple set-up,
which was developed in order to experimentally characterize the junctions
in a direct manner by using the Digital Image Correlation (DIC) technique.

The WFJs’ imperfections are analyzed, and damage thresholds are
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identified in order to propose lower bound functions to simulate the junction
stiffness retention. Moreover, two Equations are proposed to analytically

predict pultruded junctions’ rotational stiffness per unit of width.

Chapter 3 describes the results of an experimental program conducted on
interlaminar fracture of pultruded glass fiber-polymer specimens extracted
from a composite bridge deck system. Both Modes | and Il were
investigated, through Double Cantilever Beam (DCB) and End-Loaded-
Split (ELS) tests, respectively. Six data reduction methods used to
determine the critical strain energy release rate (SERR) were assessed for

Mode |, while other three methods were evaluated for Mode II.

Chapter 4 presents the results of 2D finite-element analyses conducted to
simulate the DCB and ELS experiments presented in Chapter 3. The
cohesive zone model (CZM) approach was adopted in the modelling and the
use of three different shapes of traction separation laws are investigated. The
experimental and numerical results are discussed and compared. A
parametric study on the different parameters of three-part cohesive laws was
conducted to assess how they affect pultruded glass fiber-polymers
progressive failure and their load vs. displacement curves.

Chapter 5 aims to contribute to the development of a methodology and numerical models
that allow to reproduce properly the failure generated through interlaminar
multiple cracks in WFJ’s. A cohesive damage model taking into account the
junctions’ heterogeneity is performed, implementing bilinear and bilinear-
exponential traction separation laws in order to simulate three curved and
parallel cracks on the WFJs. A novel approach is proposed to assess the
composites multiple delamination and the structural behavior improvement

due to the existence of multiple interspersed layers is discussed.

Chapter 6 presents the conclusions, major contributions of the thesis, along

with suggestions for future works.
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2. Experimental investigation on the moment-rotation
performance of pultruded fiber-polymer web-flange

junctions

2.1. Introduction

The use of pultruded fiber-polymer composites in structural applications has
greatly increased in recent decades, due to their several advantages over traditional
materials, such as its lightweight, corrosion resistance and ability to tailor geometry.
Researchers worldwide have dedicated significant efforts to better understand the
performance of pultruded fiber-polymer members, especially related to instability
problems. In this context, the behavior of the junctions between adjacent plates
comprising the cross section became a matter of interest due to its influence on the
buckling response of pultruded members. Moreover, the local failure at these
regions affects the overall structure behavior, having influence on its stiffness and
strength [1,2].

Previous works [3-5] have shown that web-flange junctions (WFJs) are
characterized by a non-linear semi-rigid constitutive law, which affects the local
buckling capacity. Cintra et al. [6] compared the critical loads for pultruded glass
fiber-polymer columns having semi-rigid and rigid junctions between web and
flange, reporting reductions up to 9.4% for the former. Liu and Harries [7]
investigated the flange local buckling behavior of pultruded box beams and found
out that the experimental results were less than one-third of the theoretical
predictions using rigid-junction expressions available in fiber-polymers design
codes [8]. The authors observed that analytical equations considering constituent
plates simply supported along edges between adjacent plates lead to better
predictions, ratifying the fact that junctions do not present a rigid behavior.
Mosallam and Bank [2] also reported results that have indicated that the web-flange

intersection could only offer a partial restraint to the compressed flange.
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The composites failure is often related to the junctions, which are an
important point of weakness [4,7,9,10] due to their curved shape and particular fiber
architecture with incidence of mat wrinkling and presence of resin-rich areas [1,11].
Such defects are cited in literature as some of main factors that lead to premature
failure of web-flange junctions [12]. The junction is, thus, a potential area for the
onset of failure that might lead to separation of web and flange, controlling the
overall behavior of the composite until its premature rupture [2,12,13]. Bank and
Yin [14] stated that this specific failure mode is a matter of concern, once it affects
the geometry integrity of the member cross-section, which will behave “as a
collection of individual and separate plates” [14] that can no longer bear the
applied load. The authors cited the geometry, fiber architecture and material
properties of junctions’ region as elements that play an important role in
determining the dominating failure mode. In this context, the junctions’
characterization became a matter of great relevance.

Many authors have devoted attention to develop appropriate techniques to
determine the moment-rotation relations (M — 6) and to obtain the WFJs rotational
stiffness [2,3,9-13]. Bank et al. [15] have conducted four-point bending tests to
characterize the junctions indirectly, through the measurements of the half-wave
lengths. Values of 5.04 and 3.29 kN/rad were reported for the rotational stiffness
per unit of width, considering properties obtained from characterization tests and
from the lay-up information provided by manufacturer, respectively. Turvey and
Zhang [16] developed three-point bending apparatus to characterize WFJs
rotational stiffness of an I-section. Analytical models were used to obtain transverse
bending modulus, as well as the relation between moments M and web rotations 6.
The same behavior was assumed for both junctions of cross-section and values of
6.83kN/rad and 6.57 kN/rad were found for rotational stiffness. The authors
reported “a relative lack of consistency” [16] in the results and attributed it to the
fact that fiber architecture in web-flange junctions are much less ordered than other
parts of the profile. In addition, the failure process was observed to initiate through
a delamination at the triangular core rovings. Mosallam et al. [1] also developed a
test apparatus to evaluate rotational stiffness of web-flange junctions of H-sections
and angles. The bottom flange and web were clamped using thick steel angles, while

rotation was applied to the upper flange. However, according to Yanes-Armas et al.
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[3], this test fixture may not have represented the actual boundary conditions, due
to pre-compression in specimens through thickness direction, affecting results and
failure mode. Xin et al. [12] developed a test apparatus to obtain the moment-
rotation relation. The test fixture consisted in clamping the specimen flanges with
screws on a base, while a load P is applied on the web from a distance d of the
junction. The set-up prevented the web’s flexure, simplifying issues related to the
obtaining of deflections due to bending, however demanding a more elaborate test
configuration. The authors also evaluated the influence of critical parameters on the
WHFJs behavior, concluding that greater values of flange/web thickness and fillet
radius result in higher junction’s rotational stiffness. Yanes-Armas et al. [3]
conducted an experimental study on WFJs of a bridge deck system and determined
the M-6 relation through two analytical models. Results ranging from 178 to 628
kN/rad were found for junction’s rotational stiffness, reaching significantly higher
values in some cases. These high values were attributed to the different decks’ fiber
architecture, which includes triaxial multi-ply fabrics besides rovings and non-
structural mats. On the other hand, some lower values were attributed to
nonlinearities due to existing pre-cracks.

Based on researches available on literature, the angle of rotation 6, needed
for the construction of the M-6 relation, is usually obtained through indirect
manners, i.e., using the elastic curve equation to previously determine additional
parameters — such as the transverse modulus E; — through specific characterization
tests [16,18]. Test setups using an especial apparatus to avoid influence of flexural
deformation in the measurement of 4 can also be found in literature [1,13].
Therefore, the present work proposes the characterization of the rotational stiffness
by a direct method, where the relative rotation between web and flange is measured
directly during test using Digital Image Correlation technique [17]. This procedure
allows a simple setup to be used - without the need of a special apparatus — and
simplifies issues related to the gap between the clamp tips and the junction that arise
when using elastic curve approaches.

Moreover, this paper aims to discuss the influence of imperfections on the
WEFJ’s performance and to fill existing gaps in literature by proposing three
complementary analyses for WFJs’ behavior: i) a simple methodology to determine

the stresses on crack onset region based on the curved beam theory for anisotropic
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material [18]; ii) a lower-bound function to model stiffness retention based on
experimental results; and iii) a theoretical expression for prediction of the rotational
stiffness of WFJs.

2.2. Materials and Methods

An experimental investigation addressing the WFJ’s rotational stiffness has
been conducted. A simple set-up is proposed, and the junctions are characterized
with the aid of the Digital Image Correlation (DIC) [19], defined as a non-contact
optical technique that consists in tracking blocks of pixels from taken photographs
during the tests. This technology allows the direct measurement of displacements,
rotations and the built up of deformation vector fields and strain maps [20], as will
be shown further. The WFJs experiments were conducted at the Laboratory of
Structures and Materials (LEM-DEC) of Pontifical Catholic University of Rio de
Janeiro (PUC-RI0).

2.2.1. Materials

In all, eighteen specimens 35-mm wide were extracted from four different
profiles, indicated in Figure 2.1 for testing. Two types of I-sections with dimensions
of 152.4 x 76.2 x 9.5-mm (I1) and 101.6 x 101.6 x 6.4-mm (I2) and two different
channels having 50.8 x 230.2 x 9.5-mm (C31) and 41.28 x 152.4 x 5-mm (C) were
analyzed. Four specimens were extracted from each I-section and eight specimens
were extracted from C-channel profiles, while only two were taken from C;-
channel. Table 2.1 presents the specifications of each studied section, indicating the
nominal dimensions, constituent matrices, respective nominal fillet radius, and total
fiber volume ratio (Vs), as well as both of continuous strand mat (Vesm) and roving
(Vrov) volume fraction. Unfortunately, it was not possible to measure individually
the roving and CSM volume content of the Cy-profile. The fiber volume ratios were
obtained through burn-off tests conducted at the Fernando Lobo Carneiro Material
Structure Laboratory (LABEST) of Federal University of Rio de Janeiro (UFRJ)
and at the Laboratory of Structures and Materials (LEM-DEC) of Pontifical
Catholic University of Rio de Janeiro (PUC-Rio0), following the recommendations
of 1ISO 1172:1996 [21] and the methodology presented in [22].
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Figure 2.1 - Studied cross-sections: (a) l1-section; (b) I>-section; (¢) Ci-channel; (d) Co-channel.

Table 2.1. Sections’ specifications.

) Nominal dimensions ) Nominal fillet Vi Vrov Vesm
Section Matrix )
(mm) radius (mm) | (%) | (%) | (%)
I1 152.4x76.2x 9.5 () Polyester 5.0 50.8 | 43.6 7.2
I2 101.6 x 101.6 x 6.4 (t) | Vinyl Ester 5.0 498 | 4238 7.0
C: 50.8 x 230.2 x 9.5 (t) Phenolic 7.5* 56.5 - -
07) 41.28x152.4x5.0 (t) | Vinyl Ester 5.0 488 | 4038 8.0

* curve geometry is not well-defined for this cross-section and a nominal radius

is informed only for reference.

The fiber architecture of the studied profiles is composed by rovings and
continuous strand mats (CSM). Table 2.2 presents the number (n) of mat and roving
layers of each profile and their respective thickness (t;) in flat regions, which were
measured visually through high quality pictures. The I>-sections have shown the
highest variability in terms of number of layers, presenting different number of
mat/roving layers on each flange of the same profile. The web, for instance,
presented three mat layers, among which two of them are distributed to the flanges
- one for each side. The third web’s mat layer also turns to one of the flanges,
leading to the existence of two mats in one of the flanges and three in the other one.
On the other hand, I1-sections are composed by four mat layers in the web, which
are distributed equally to each flange. Finally, the channels presented the same
number of mat and roving layers, both in web and in flange, interspersed throughout

the specimens’ thickness and having mats as the outermost layers. The profiles used
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in this study meet geometric tolerances required by ASTM D3917. These global
imperfections have minor influence on the junction's performance and, therefore,

were not considered.

Table 2.2. Fiber architecture of the studied sections.

Flange layers Web layers
Section mat roving mat roving
n ti (mm) n ti (mm) n ti (mm) n ti (mm)
l1 3 0.6-1.2 2 24-35 4 05-0.8 2 29-34

I2 2-3 04-038 1-2 16-24 3 0.6-0.9 2 14-24
C: 4 0.7-1.2 3 1.0-20 4 0.8-1.6 3 1.0-20

Cz 3 04-0.7 2 15-25 3 0.6-0.8 2 1.4 -20

2.2.2. Specimens’ imperfections

To better analyze the existence of imperfections from manufacturing, which
may have significant influence on the WFJ’s behavior, a complementary image
analysis was conducted. In a first step, the specimens were sanded, polished, and
embedded in a small container with liquid epoxy resin. This process allows a better
visualization of the fiber arrangement after the resin’s cure. Pictures of the results,

taken using a Nikon SMZ 800 stereoscope, are shown in Figure 2.2.

wrihkling

roving/resin
region

(b)
Figure 2.2. Images taken from the microscope: (a) specimen extracted from Cy; (b) specimen

extracted from I,

It can be noticed that the fiber architecture at channels junctions is more
uniform when compared to the I-sections, following the fillet curve shape.
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However, regardless of the cross-section’s shape, all profiles presented some sort
of imperfection at the region. The main types of imperfections that directly affect
the WFJs performance are: i) mat wrinkling due the pultrusion process; ii)
intralaminar (matrix) pre-cracks and iii) incidence of void.

Although having a simpler shape, the junctions of C1 specimens presented
a little spot with mat wrinkling at the inner portion of the curve at the junctions’
shape, whereas the specimens extracted from the C» profiles presented intralaminar
pre-cracks and significant void content along the mid-thickness mat, as can be seen
in Figure 2.2a. The I-sections, on the other hand, presented regions with significant
mat wrinkling, as shown in Figure 2.2b. In order to complement this analysis and
better evaluate the imperfection of the I-sections junctions, a high resolution micro-
XCT system — ZEISS Xradia 510 Versa — was used to obtain a 3D image of the
configuration of layers, shown in Figure 2.3. The result of the microtomography
highlights the relevance of fiber wrinkling due the pultrusion process and the
complexity on I-sections fiber architecture, which has a great influence on the

junctions’ properties, as shown below.

roving/resin

wrinkling

Figure 2.3. Images of specimen extracted from I, obtained by microtomography.

The defects described herein are quite common in commercial pultruded
glass fiber-polymer profiles, used in real applications — such as offshore inspection
platforms, cooling towers, deck bridges, secondary and primary structures in
general —, and are often reported in literature [7,12,23,24]. If not taken into account

in the design procedure, the defects could generate undesirable results in structure
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behavior. This should inspire and engage the pultrusion industry to improve the

production quality.

2.2.3. Test set-up and DIC technique

Figure 2.4 shows the T and L-shaped specimens extracted from I-sections
and channels, respectively, obtained by cutting half of cross-section depth. The test
set-up used for the characterization of WFJs rotational stiffness is shown in Figure
2.5a. The specimens were clamped to a steel angle using rigid aluminum bars and
screws. The steel angle, on the other hand, was attached to a base, preventing the
specimens from coming out of the load application plane. The minimum distance
between the clamp tip and the specimen’s web was adopted as the value of the
composite thickness (t). Although this configuration might lead to a slightly rotation
of the clamped flange, the chosen technique for measuring the web’s rotation takes
into account the concerned flange flexibility, thus, not affecting the experimental
results. A laser device was used to place the specimen on the right position. The
load P was applied through a roller to the specimens’ free leg at a distance di of the
junction, as shown in Figure 2.5b. All tests were conducted under displacement
control at a rate of 0.6 mm/min until failure using a servo-hydraulic universal testing
machine MTS 244.41 with a load capacity of 500 kN. A load cell of 2.5 kN capacity
was attached to the actuator for appropriate testing control. This configuration

allows the set-up to be adapted to a wide range of cross-section types.
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Figure 2.4. Specimens extracted from profiles: (a) from I-section profiles; (b) from channels.
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Figure 2.5. Test set-up: (a) Overview; (b) detail of the test configuration.

Regarding channels testing, four among eight specimens were positioned on
the set-up in order that the applied load caused a ‘section closure’ during the test,
whereas the other four were loaded in order to ‘open’ the section, as presented in
Figure 2.6. This procedure was adopted since the dependency on the loading mode
has been reported in literature [1], which is related to the resulting stress distribution

that will be discussed further.
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Figure 2.6. Channel section tests: (a) close-mode; (b) open-mode.
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Considering the test geometry shown in Figure 2.5b, the applied moment
can be computed as M = P x di and the rotational stiffness per unit of width kr can
be obtained as the slope of the plot M/b versus @ —where 6 is the junction’s rotation
and b is the specimen’s width. To solve the challenge of obtaining the free leg’s
angle of rotation 9 by simple and direct means, the DIC technique was used. The
specimens had their cross-section painted in white to reduce possible light
reflections and increase accuracy. Subsequently, a black speckle pattern was
applied over the white surface, meeting the quality pattern required for the use of
the technique. During the tests, photos were taken every five seconds with a Nikon
D90, with a resolution of 4288 x 2848 pixels and subsequently, the pictures were
analyzed in the free software GOM Correlate 2020 [17]. As illustrated in Figure
2.7, the DIC allows the direct measurement of the angle of interest # by tracking
the subsets motion of a reference image (undeformed specimen) and matching it
with the ones in subsequent photos, in which there is a relative rotation between the
specimens’ free leg and the clamped one. The relative displacements are calculated
and decomposed at the center of each subset, which are, in other words, selected
portions of the dots pattern, spaced according to grid steps. In the present study, a
subset size of 25 x 25 pixels and a corresponding grid step of 8 pixels were adopted.
These parameters were chosen following the recommendation of a minimum of
three speckles per subset [19]. The measurement error was an average of 5.9 x 10

radians.

fitting
plane 2

=

fitting plane 1

fitting line 1

fitting line 2

(a) (b)
Figure 2.7. Angle of rotation measurement through software GOM: (a) undeformed shape and (b)
deformed shape.
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The relative rotations were measured by constructing an angle with the tool
“2-Directions-Angle”, through a chain of references. The first references are two
“fitting planes”, one located at the web’s specimens and the other at the flange, as
shown in Figure 2.7a. The width of the “fitting plane 1" is equal to the specimens’
thickness — the minimum distance allowed to avoid the influence of flexure effects
on the web. On the other hand, the “plane fitting 2 may assume any width greater
than the specimens’ thickness. Fitting lines, represented by green arrows, are
automatically plotted in the middle of each concerned plane, assuming as direction
the rectangle’s longest side. Finally, the two directions formed by both fitting lines
serve as references for the angle’s creation, represented by white with green arrows.

To validate the data obtained using GOM software, some specimens were
instrumented with a displacement transducer, which were attached to the specimens
immediately below the load application point. The displacements ¢ measured by
the transducer were compared to those obtained through the software GOM through
a P versus ¢ curve. For small rotations, there was a good correlation between the
transducer and GOM measurements, with an average difference lower than 2%
between the results. However, it was not possible to obtain a reliable correlation for
great angles, since readings of transducer were affected by the horizontal

displacements resulting from large rotations.

2.3. Results and Discussion

It is well known that there is a strong correlation between the existence of
manufacturing defects and experimental results such as cracking pattern, rotational
stiffness and the overall junctions’ behavior. In this first section of results, the
values found from WHFJs tests using DIC are reported and the aforementioned

correlation between parameters is discussed.

2.3.1. Rotational stiffness

The curves of moment per unit of width (M/b) versus rotation (0) are
presented in Figure 2.8. The specimens extracted from Io-profiles were loaded with
the mat wrinkling located both in tensioned (a) and compressed (b) region, as

illustrated in Figure 2.8. The rotational spring constants per unit of width, k;, can be
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obtained through the curve slope at linear range. The average values of I-sections

and channels are shown in Tables 2.3 and 2.4, respectively, with the corresponding

coefficient of variation (CoV) in parentheses.
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Figure 2.8. M/b x 6 curves from: (a) l:-section; (b) I>-section; (c) Ci-channel; (d) C.-channel.
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Table 2.3. Average rotational stiffness per unit of width k; for I-section (CoV in parenthesis).

Specimens |1 kr (kN/rad) Specimens Iz kr (kN/rad)
;.01 335 1,.01 20.1
11.02 35.1 1,.02 17.3
11.03 34.3 1,.03 24.1
11.04 35.3 1,.04 16.4

Average 34.5(0.02) Average 19.5 (0.15)

Table 2.4. Average rotational stiffness per unit of width k; for channels (CoV in parenthesis).

] Specimen C2 Specimen C>
Specimens C1 kr (kN/rad) kr (kN/rad) kr (KN/rad)
(open-mode) (close-mode)
C1.01-op 20.6 C..01-o0p 6.79 C,.07-cl 6.64
C1.02-o0p 16.9 C,.02-o0p 4.70 C,.08-cl 7.93
C,.03-0p 6.33 C,.09-cl 8.54
C,.04-0p 5.92 C,.10-cl 9.44
Average 18.9(0.13) Average 5.94 (0.13) Average 8.14 (0.13)

As can be seen through Tables 2.3 and 2.4, the l;-specimens, which has a
more uniform fiber architecture when compared to I>-sections presented the lowest
coefficient of variation with the highest values of rotational stiffness and greatest
peak of moments, reaching 0.63 kNmm/mm. In opposition, the specimens extracted
from I>-profiles presented the largest variation in results among tested WFJs. This
may be explained by their previously mentioned fiber architecture complexity, with
important areas of wrinkled mat. The location of these fabrication imperfections is
responsible for a significant change both in the general behavior, exhibited in Figure
2.8b, and in terms of rotational stiffness k¢, shown in Table 2.3. The specimens with
the “a” configuration (wrinkling at the tensioned part), such as 1,.01 and 12.03,
developed early cracks that followed the wrinkled mat layer closer to the
specimen’s tensioned face. Both presented greater load capacity when compared to
those with “b” configuration (wrinkling at the compressed part). The specimen
1,.01, with wrinkling both in compressed and tensioned regions, presented the first
crack at a moment per unit of width of only 0.054 KNmm/mm. The behavior
concerning the “a” configuration may be related to a change in stresses trajectories
due to the mat wrinkling location in the tested specimens. The wrinkle on the WFJ

tensioned side redistributes the stresses to the compressed part and influences the
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formation of cracks adjacent to the outermost tensioned mat layer. This leads the
specimens to experience a slower stiffness degradation and achieve greater peak
bending moments, behaving similarly to the channels tested in close mode. On the
other hand, the specimens loaded in the “b” configuration presented interlaminar
cracks adjacent to the junctions’ middle mat layer, leading to a faster stiffness
degradation and experiencing a sharp drop at some point of the cracking
development, resembling the channels tested in open-mode.

The channels presented lower values for rotational stiffness when compared
to I-sections. The Ci-specimens, with phenolic matrix and higher thickness,
presented greater values for the stiffness kr than C»-channels — constituted of vinyl
ester resin. Regarding the maximum bending moments per unit of width, values of
0.146 and 0.154 kKNmm/mm were found for specimens C1.01 and C1.02, being in
the range of results presented by C>-channels tested in open mode.

Regarding the open and close-modes, the C1- and C»>-specimens tested in the
former configuration could sustain the load after the occurrence of the first crack.
The specimens of this group presented notable differences in the overall behavior
between each other, with lower peak bending moments per unit of width when
compared to the specimens tested in close-mode, varying from 0.07 (for C,.02-op)
to 0.20 kKNmm/mm (for C2.04-op), which is related to the crack pattern possibilities,
explained below. On the other hand, the C>-specimens tested in close-mode have
an analogous behavior among themselves in terms of moment-rotation, presenting
greater bending moments per unit of width — varying from 0.25 and 0.37
KNmm/mm — and slightly higher values for kr than those tested in open-mode, as
shown in Table 2.4. The difference in rotational stiffness of channels tested in open
and close-mode configuration may be explained by the distinct response of
constituent materials and layers under tension or compression stresses in both

tangential and radial directions.

2.3.2. Crack pattern

Typical stresses produced in channels junctions tested in an open- and close-
mode configuration are shown in Figure 2.9. The expected cracks are indicated
along with tensile and compression stresses diagrams, represented by red and blue,

respectively. It is worth to point out that at the position of maximum radial stress,
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the tangential and radial stresses are the same, reaching the condition called as
‘isotropic point’ (I.P.) [25]. In general, the cracks observed in all tested specimens
are very close to the expected pattern, i.e., radial cracks form in the outer portion of
junctions when the specimen is loaded in a close-mode configuration, whereas in
open-mode radial and tangential cracks form at the inner part of the junction and at

the interface between layers, respectively.

(@)

. Typical cracks
Typical cracks

|

(b)

Figure 2.9. Typical cracks, radial and tangential stresses: (a) open-mode; (b) close-mode.

To support this discussion, images containing specimens’ principal strains,
shown in Figure 2.10, were extracted from DIC measurements. It can be noticed
that regions with larger strains correspond to the expected crack’s location

presented in Figure 2.9. However, in the presence of a wrinkled mat, as can be seen
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in the specimen 12.01, the cracks tend to be formed following the interface of this

weak region, changing the stresses trajectories and the WFJ’s overall behavior.

I-sections (M/b in kN/rad)

”" J3.00 [%] RS ] 3.00 [%]
Mat wrinkling 3
595 location i 535
ST R . 150 150
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-, ’.,0.00 . 000
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Channels (M/b in kN/rad)

« [ 2.00 [%] 2.50 [%]
1.60 ! 2.00
9 0.80 1.50
0.40 1.00
| 000 . 0.00

C2.02-op at M/b=0.07

Figure 2.10. Specimens’ major strain extracted from DIC measurements.

Figures 2.11 and 2.12 show pictures taken before and after the tests, using a
Nikon SMZ 800 stereoscope, for I-sections and channels, respectively. The images
on the left side present the geometry of specimens and their respective defects,
whereas the images on the right side present the crack patterns observed. Based on
cracks’ location and tensile stresses diagram, the cracks were classified in three
different types: (1) Interlaminar cracks, which occur due to mainly radial stresses,
producing interlaminar tension and separation of layers, especially in more porous
zones; (2) Cracks in wrinkled mat regions, formed due to tangential stresses
occurring in areas with mat wrinkling, which ends up leading to premature failure
of the junctions; (3) Intralaminar (matrix) cracks, generated by tangential tensile

stresses and facilitated by the fibers’ change of direction due to junctions’ shape,
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which makes the strength to be governed by matrix and ends up failing under low

tensile stresses.

Before cracking After cracking

I1-sections

mat layer

interlaminar
cracks
f ntralaminar
cracks

interlaminar O.ﬁqnn
cracks

Figure 2.11. I-sections’ imperfections and respective crack patterns.
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Before cracking After cracking

C1-channels

C2-channels

Figure 2.12. Channels’ imperfections and respective crack patterns.

To complement the discussion, the cracks developed on three specimens of
each cross-section were tracked with the aid of the GOM software and are shown
in Figures 2.13 and 2.14. As can be noticed, the I-sections and Ci-channels
presented a greater number of cracks and in more random positions when compared
to the Cz-channels tested in open-mode. In the case of I-sections, this may be due
to the complexity of stress trajectories in the T-shape specimens. Moreover, the
greater number of layers and the presence of mat wrinkling, both characteristics of
I- and C:-sections, have also contribute to this observed pattern.
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I1-section

4th crack
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1st crac|
(at mat wrinkling) ¥
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1st crack
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12.02

Figure 2.13. Cracks’ location in specimens extracted from I-sections.
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C1-section
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C2-section

1st crack

2nd crack

C2.06-l

Figure 2.14. Cracks’ location in specimens extracted from channels.

On the other hand, C2-specimens tested in close-mode showed a very similar
crack position between each other, as shown in Figure 2.14, presenting one
dominant intralaminar crack initiated on the outer layer of the junction. This may
be explained by a stress trajectory characterized by tangential tensile stresses with

greatest magnitude near the outer face of the specimen, limiting the emergence of
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the crack to that region. In opposition, for an open-mode configuration, tensile
tangential and radial stresses develop simultaneously (see Figure 2.9) and may lead
to interlaminar or intralaminar cracks in different locations, in agreement with the
previously mentioned crack pattern found in Cz-channels tested in open-mode.
Finally, the cracks with greater development are often located on the
adjacent regions to mats, to triangular-shaped roving core — in the case of I-sections
—, and in areas with more incidence of defects such as higher porosity or mat

wrinkling.

2.4. Complementary analyses

In this section, three topics are presented as suggestions to better understand
the junctions’ damage accumulation and rotational stiffness degradation process.
Junctions’ tangential and radial stresses are analyzed and calculated, and a lower
bound function is proposed to express the rotational stiffness retention. Finally, an
equation is proposed to estimate the WFJ’s theoretical rotational stiffness, based on
energy methods and original Lekhnitiskii’s equations. As an example of
application, the parameters determined herein may be added in numerical models
where junction properties can be incorporated. Since it is known the influence of
WFIJs’ rotational stiffness on critical buckling loads, it may allow, for instance, to
obtain more reliable predictions concerning the local buckling critical behavior.

The analytical analyses described in sections 2.4.1 and 2.4.3 were not
conducted for the phenolic section (C1), due to the lack of quality of these profiles
(see Table 2.1). It can be seen from Figure 2.12 that this cross-section has as a poor-
defined inner radius, which hindered an accurate measurement of relevant
parameters for determining junctions’ strength and theoretical rotational stiffness,

proposed herein.

2.4.1. Stress analysis

To better understand the damage process and obtain an order of magnitude
of stresses at cracking in pultruded glass fiber-polymer WFJs, the tangential (o)
and radial (or) stresses at the junctions were obtained through theory of elasticity
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Equations (2.1) and (2.2), reported by Kedward et al. [25] and originally presented
by Lekhnitskii [26], as follows:

o= M 1 1—ck*t (L)k—l _1_—Ck—1 o <&>k+1 2.1)
" RZbg 1—c2k \R, 1—c2k r

_ k+1 k—1 _ k-1 k+1
o= ——_ 112 (L) L0 peen (&) (2:2)
RZbg 1—c2k R, 1—c2k r

where r is the radial position in which the stresses are to be obtained; the constant
c is defined as the ratio of internal and external radii, Ri and Ro, as shown in
Equation (2.3); the constant k is equal to the square root of the ratio of transverse
moduli in the radial (Er) and tangential (Eo) direction, as given by Equation (2.4);
and the constant g is defined in Equation (2.5). It is important to highlight that
Equations (2.1) and (2.2) are valid for pure bending problems with the outer radius
equal to the inner radius plus the specimens’ thickness (Ro = Ri + t) and will be used
in the present work as a simplification.
R;

CcC = R_O (23)

_ (Ba\"? 2.4

t= (%) &9

1— CZ k (1 _ Ck+1)2 kCZ (1 _ Ck_1)2 (25)

= - +
9 2 k41 1—c?k 'Tk—1 1-c%

The radial crack position that leads to the maximum stresses is presented in
Equation (2.6).

- (k + D - c**Y) ¢ (R;R,) ] (2.6)
max (k _ 1)(1 _ Ck+1)

Since the authors’ purpose is to analyze the beginning of the damage
process, the radius r, in this specific case, is the distance between the junctions’
radius center and the crack onset. The radial position of the crack was measured

visually from the test pictures taken every five seconds.
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The tangential moduli Ey were determined for each specimen with the aid
of GOM software and the average value was adopted for each studied section, both
for the calculation of tensile stresses and theoretical rotational stiffness. On the
other hand, the radial modulus E was assumed to be 95% of Ey, based on the
average ratio of theoretical moduli resulting from a rule of mixtures approach. The
values of moduli found for each section are presented in Table 2.5. The differences
observed between the moduli found for close and open-mode configurations are in
agreement with the experimental values of rotational stiffness and may be explained

by the lack of symmetry in the layers’ distribution, as previously mentioned.

Table 2.5. Tangential and radial moduli adopted.

Section E¢ (MPa) Er (MPa)
lh 6146 5838
I2 8525 8098
C-op 4954 4706
Co-cl 7217 6856

Equations (2.1) to (2.5) were used to represent the behavior of L-shape
WHFJs, assumed as generic curved beam sections. On the other hand, the T-shape
junctions were considered as a superposition of results for two L-shapes, as
illustrated in Figure 2.15. After summing the stresses, the resultant stress state was
transformed into principal stresses o1 and o2, with the respective indication of the

principal plane direction (6p).
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CHANNEL 1 CHANNEL 2 SUPERPOSITION
() (C2) (C1+C2)

RADIAL AND RADIAL AND PRINCIPAL
TANGENTIAL TANGENTIAL STRESSES
STRESSES STRESSES

Figure 2.15. Superposition of tensile stresses in I-sections’ junctions.

Tables 2.6 and 2.7 present some useful information to analyze the damage
process at pultruded junctions of I-sections and channels, respectively — i.e.,
cracking moment per unit of width (Mcr/b), inner radius (R;), radial position of the
first crack (r) and radial location of the maximum radial stress (rmax). It is worth to
point out that the junctions' external radius was assumed to be the sum of its internal
radius and the specimens' thickness. Moreover, the maximum radius adopted in
these calculations is limited to the external radius value. In Table 2.6, for I-sections,
the principal stresses 61 and 62, maximum shear stresses zmax, and the principal plane
orientation @y are indicated. Whereas for channels, in Table 2.7, the crack type, as
well as radial and tangential stresses, or and o, are presented. In other words, such
data correspond to the stress at the point where the damage was initiated with the

subsequent beginning of rotational stiffness degradation.
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Table 2.6. Principal stresses at cracking for I-sections.

Specimen Men/b Ri (mm) r (mm) fméx ” o e 0 (°)
(KNmm/mm) (mm) (MPa) | (MPa) | (MPa)
11.01 0.112 447146 | 6.1%/13.6° | 7.0*/7.3 4.64 2.22 1.21 -19.4
11.02 0.413 437149 | 48°/13.9 | 6.8'/7.5 20.0 11.75 4.12 27.9
11.03 0.178 42144 | 5.6%/13.8 | 6.7°/7.00 7.38 3.39 1.99 -10.6
11.04 0.344 41%/34 | 5.1*/124 | 657 /5T 12.8 11.0 0.92 -19.0
1,.01 0.054 42143 | 6.7°/9.9 | 6.17/6.3 3.9 0.21 1.85 -1.96
1,.02 0.287 3.1%/3.9 | 46*/10.00 | 49*/59 | 286 6.33 111 -5.18
12.03 0.109 41*/48 | 59"/109 | 6.0*/6.8 | 10.3 1.60 4.37 -13.6
1,.04 0.147 43147 | 6.3*/10.7 | 6.2° /6.7 12.7 2.39 5.13 -11.5
+ values referring to the part of the I-section under tension
- values referring to the part of the I-section under compression
Table 2.7. Radial and tangential stresses at cracking for channels.
Specimen Mendb R ' fméx o 7 Crack type
(KNmm/mm) | (mm) | (mm) | (mm) (MPa) | (MPa)
C2.01-0p 0.083 3.39 7.72 5.18 1.85 -6.80 | Tangential-interlaminar
C2.02-0p 0.061 3.39 8.67 5.14 0.40 -8.06 | Tangential-interlaminar
C.03-0p 0.084 3.54 4.17 5.36 2.54 13.8 Radial-intralaminar
C,.04-op 0.112 3.34 7.73 5.10 2.39 -10.2 | Tangential-interlaminar
C..05-cl 0.170 3.76 9.46 557 0.00 25.2 Radial-intralaminar
C..06-cl 0.209 3.31 8.45 5.04 -1.86 26.5 Radial-intralaminar
C,.07-cl 0.145 3.54 8.27 5.34 -2.31 15.1 Radial-intralaminar
C..08-cl 0.221 3.58 8.26 5.39 -3.91 21.6 Radial-intralaminar

It can be observed a higher variability in the cracking stresses of I-sections
than those of channels. The results are directly proportional to the crack moment,
which is highly dependent on the distribution of layers, presence of manufacturing
defects, mat wrinkling, pre-cracks and existence of voids. For I>-sections, for
instance, a variation from 0.054 to 0.287 kN mm/mm was found for the moment at
cracking, resulting in principal stresses (c1) varying from 3.9 to 28.6 MPa. It is
worth to point out that, considering a usual longitudinal tensile strength ranging
between 250 and 400 MPa, the resistance of the junctions tested in open mode (see
Tables 2.6 and 2.7) corresponded to less than 5% of this strength, whereas for
specimens tested in close mode (see Table 2.7), this percentage increased to 11%.
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Besides the bending moment, the parameters that most influence the stress
values are the radial position of the first crack and the internal and external radius,
which also depend on the junctions’ fillet shape and on the presence of
imperfections. The variation of moduli of elasticity does not have a significant
influence on the obtained stresses. Although I1-sections present a more uniform
fiber architecture without the presence of mat wrinkling, the variation observed may
be an effect of the channels’ superposition, since the double of parameters are used
to obtain the principal stresses in this case. The channels, on the other hand,
presented lower variability in results and presented compression stresses that agree
with the cracks’ position and stresses diagrams of this section type, as shown in
Figure 2.9.

To illustrate the obtained results, Figure 2.16 presents the radial and
tangential stresses of the specimen C,.04-op related to different cracks’ radial
positions, varying from 3.34 mm (Ri) to 9.14 mm (Ro) — parameter adopted as the
sum of internal radius and specimens’ thickness for simplification purposes. In this
specimen, the maximum radial tension is expected at a radius of 5.10 mm and it is
marked in the plot as the isotropic point, in which the tangential and radial stresses
are both equal to 5.3 MPa. On the other hand, the crack onset occurs at a radius of
7.73 mm, indicated by the dashed blue line in the plot. At this point, a tangential
crack is formed due to a radial tensile stress of 2.4 MPa and there is a compressive
tangential stress of 10.2 MPa.

It can be noticed that in all specimens, the radial position of the first crack
is not coincident to the radius corresponding to the maximum radial stress. This
may be explained by the fact that the most susceptible regions to cracks are those
with some sort of imperfection and those located at the junctions’ interfaces. These
spots of weakness are responsible for premature failures at weak regions with lower

resistances than the maximum radial stress.
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Figure 2.16. Tangential and radial stresses corresponding to radial of C,.04-op.

2.4.2. Stiffness retention function

To express and predict the rotational stiffness retention behavior of
pultruded WFJs, a lower bound exponential function is proposed. Curves of Rk
versus 46 (rotation angle increments) were derived for each studied specimen from
the respective experimental relation M-6 and are shown in Figures 2.17 to 2.19. The
Rkr was calculated as the ratio between degraded and elastic rotational stiffnesses.
For a given rotation 6 after cracking, the degraded stiffness was calculated as the
slope of the secant line connecting the origin of the M/b x 8 curve to the M/b value
corresponding to the @ concerned. An idealized function Ry is proposed for each
studied section to express the respective experimental stiffness retention lower-
bound. Equation (2.7) describes the Rk curves, in which the constants A, B and C

were obtained through a nonlinear regression.

A

_ 2.7
(46 + B)¢ o

er
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Figure 2.17. Curves of I-sections stiffness degradation: (a) l1-section; (b) I»-section.
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Figure 2.18. Curves of Ci-channels stiffness degradation.
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Figure 2.19. Curves of C,-channels stiffness degradation: (a) open-mode; (b) close-mode.

All curves were derived to represent a lower-bound of experimental curves
up to a loss of stiffness of 95%, except for the Co-channels tested in close-mode. In
this case, when compared to C,-channels tested in open-mode, the specimens
presented a much higher load capacity, before experiencing an abrupt drop, which
occurred after 47% of the stiffness degradation for the reference experimental
curve. This behavior agrees with the catastrophic failure behavior observed in M
versus @ curves. In opposition, the channels made of vinyl-ester matrix experienced
greater crack developments and the stress redistribution allowed the load to be
sustained at least up to 90% of the stiffness degradation for all specimens. The
exponential functions agreed well with the experimental curves, presenting more
divergence, once more, in the case of I>-sections. Among all tested sections, the
lowest bound function, expressed by the following function Rkr,3, was described by
the Ci-channels, which presented quality issues, with important defects in the

junction’s region, as previously mentioned.

. __ L6OE—3
3 (46 4 0.010)141

To extend the proposal to a broader lower bound retention function that

could serve as reference for a wider range of section geometries and test set-ups,
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R,kr-40 curves were extracted from moment-rotation relations reported by other
authors [1,3,12]. The derived curves are shown in Figure 2.20, along with the Rir3
function. Mosallam et al. [1] tested five different sections, among H-profiles and
angles tested in open-mode, whereas Xin et al. [12] tested three series (J1, J2 and
J3) of T-shape specimens with different flange and web’ thickness. Yanes-Armas
and Keller [3], on the other hand, tested six series of WFJs of pultruded glass fiber-
polymer bridge decks. The series nomenclatures, presented in Figure 2.20, indicate
whether the specimen’s web is inclined (1) or vertical (V) with respect to the flange;
located far (f) or close (c) from an adhesively bonded joint; and if the tensioned
junction’s part was facing the obtuse (0) or the acute (a) angle side/ towards the

double adhesively bonded (d) or single (s) flange.

L I B Present work
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Figure 2.20. Retention curves derived from literature and proposed lower bound function.

In all, nineteen series of specimens tested through distinct set-ups, under

two different load-configurations (open and close-mode) were compared. The Rir;3
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function attended well its purpose as a geometrically independent lower bound
retention function in 84% of the cases. The other 16% corresponds to three series
of specimens extracted from a bridge deck system (If-o; If-a and Ic-0), which are
below the proposed lower bound limit.

2.4.3. Theoretical and experimental kr comparison
Aiming to fill existing gaps in literature and contribute to the development
of design guidelines, theoretical equations are proposed to predict the rotational
stiffness per unit of width of pultruded glass fiber-polymer T- and L-shape WFJs.
The formulas were derived considering the strain energy stored during rotation,
described in Equation (2.8).
%M@ = %j agedV (2.8)
V
Considering both radial and tangential tensile stresses and generalized

Hooke’s law, Equation (2.8) can be rewritten as:

1 _ 1 (10g (o
EMB = EL[E (0g —va,) +E—(Ur —vag)|dV (2.9)

r

In order to substitute the stresses terms o» and o by the formulas reported
by Kedward et al. [25], the Equations (2.1) and (2.2) are simplified to Equations
(2.10) to (2.13):

M

oy = _%ﬁ*(r) (2.10)
Where
1 —ck+tl ,p\k-1 1 _— k-1 R\ K+l
=1 - (— _ = k+1(0 (2.11)
fr(r) ll 1—c2k (RO) 1—c2k © (r) l
And
M
op = — ) (212)
9 RZbg fo
Where
1 — ck+1 rak-1 1 — k-1 R \K+1
= (L - - pekt1i(0 (2.13)
fo™ ll 1— 2k k(RO) +1—C2k ke (r) l
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Considering an L-shape junction with volume delimited by quarters of

circles with radii ro and ri, and replacing Equations (2.1) and (2.2) in Equation (2.9):

w775 @
MH:L. E, (Rgbgfe(r)_ Rzbg ))

(2.14)

55O [y
+ =9 (Rgbgfr(r)— RZbg fe(r)> b—rdr

E

Finally, the proposed theoretical rotational stiffness for a L-shape junctions

IS Kih,L = M/0 is given as:

Kin,L
ZRO g° 1

TR ER G v + BE (50 - vfe )| rar

(2.15)

A similar methodology can be used to develop equations for T-shape
junctions. The main difference with respect to L-shape is that a T-shape specimen
can be assumed as the sum of two L-shapes, but with a superposition of area in half
of each L-shape. In terms of material volume, a T-shape junction has approximately
3/2 of the material volume of an L-shape, leading to a rotational stiffness also 3/2
of that expressed in Equation (2.16). It is important to point out that although C-
and I-sections have been adopted in the present study, the analytical expressions
proposed could be extended to any type of section with square junctions, including
rectangular and square hollow sections. However, further studies are required to

confirm this hypothesis.

Kenr

_ 3RO g° 1 (2.16)
T ED () - v ) + D (0) ~ v )] rar

The analytical (kn) and experimental (k) values of rotational stiffness for

each specimen were compared and the results are presented in Figure 2.21 and
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Table 2.8. The analytical values obtained through Equations (2.15) and (2.16)
agreed well with experimental results. A maximum difference between the results
of 24% was found for I-sections, against a minimum ratio ki kr of 1%. For Co-
channels, constituted of vinyl ester matrix, this same ratio varied from 3% to 38%.
These greater differences may be related with the orthotropic ratio E«/Eg, since this

parameter have a significant influence on the theoretical rotational stiffness value.

Section 11 Section 12 Section C2-op Section C2-cl
2 T 1 T [ T | T ‘ T T I T ‘ T | T ‘ l T | T ‘ T | T T [ T | T ‘ T I T

1.8

1.6

1.4

12—

kth/kr

0.8

0.6—

0.4

0.2

Figure 2.21. Comparison between theoretical and experimental rotational stiffness.
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Table 2.8. Comparison between experimental and predict results.

Specimen kin (kKN/rad) kr (kN/rad) Kins Kr
1:.01 331 335 0.99
1:.02 33.9 35.1 0.97
1:.03 37.7 34.3 1.10
1:.04 34.4 35.3 0.98
1,.01 18.1 20.1 0.90
1,.02 20.7 17.3 1.20
1..03 18.1 24.1 0.76
1,.04 17.0 16.4 1.03

C..01-0p 7.11 6.79 1.05

C,.02-o0p 6.50 4.70 1.38

C».03-op 7.03 6.33 1.11

C».04-op 6.87 5.92 1.16

C,.05-cl 9.02 6.64 1.36

C..06-cl 9.59 7.93 1.21

C,.07-cl 9.72 8.54 1.14

C,.08-cl 9.70 9.43 1.03

Average 1.08
Standard
deviation 016

Considering that analytical results proposed in Equations (2.15) and (2.16)
in general overpredicted the experimental data, a knockdown factor was determined
in order to have only 5% of the theoretical rotational stiffness k; greater than the
experimental one. Assuming a normal distribution for the ratio of ki /k: described
by a mean of 1.08 and a standard deviation of 0.16 (Table 2.8), a knockdown factor
of 0.745 can be anticipated.

The theoretical parameter ki was also compared with the experimental
rotational stiffness reported by Xin et al [12], obtained from good quality specimens
of J1 series (see [12]) . The proposed formulation agreed fairly well with such
experimental results, presenting differences varying from 19 to 31%. Although
manufacturing imperfections, incidence of voids and particularities of fiber
architecture are not incorporated in the formulation, in general, the proposed
theoretical equations may be, nevertheless, a suitable option to determine the WFJs

rotational stiffness parameters.
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2.5. Conclusions

This work brings the suggestion of a simple method to characterize the
rotational stiffness of WFJs of pultruded glass fiber-polymers. The DIC technique
was used, allowing to obtain the necessary free leg’s rotation angle in a direct
manner, without the need of additional equations or special testing apparatus,
besides avoiding issues related, for instance, with the appropriate distance between
testing clamps and junctions’ face. The analyses conducted in this work aim to
contribute to the understanding of the junctions’ rotational stiffness degradation
process and bring important discussions about the WFJs behavior, such as the
influence of imperfections, expected crack patterns and stresses. The parameters
determined herein may be used to obtain more reliable responses regarding the
composites’ local buckling behavior, that have proven to be influenced by the semi-

rigid web-flange junctions. The following conclusions can be drawn:

e The I;-sections presented the highest rotational stiffness values and load
capacity. The specimens that showed most variability in results were
those extracted from Iz-sections, which presented important mat
wrinkling areas in the junction region, that proved to have a significant
influence in the rotational stiffness parameter. It was observed that mat
wrinkling located at the tensioned junctions’ side may change the
stresses trajectories, having influence on the rate of properties
degradation. At this configuration, l>-sections behaved similarly to
channels tested in close mode, attesting the change in the overall

composite’s response.

e A notable difference in terms of overall behavior was noticed for C»-
channels tested in open- and close-mode. In the former, the cracks
experienced greater developments, allowing the load to be sustained at
least up to 90% of the stiffness degradation. On the other hand, C»-
specimens tested in close-mode presented higher load capacity, before

experiencing a catastrophic failure after less than 55% of their stiffness
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degradation.

From theory of elasticity equations reported originally by Lekhnitsky
[26], tangential and radial stresses at the occurrence of the first crack
were calculated for channels, whereas principal stresses were calculated
for the specimens extracted from I-sections. The I-sections, especially
I>-specimens, presented the most variability in results once more. This
occurred since the parameters that most influence the equations — such
as the crack moment, internal and external radii and radial position of
the crack — are dependent on the presence of imperfections. It was
observed that, in all cases, the cracks did not occur at the radial position
of maximum radial stress, which may be explained by the fact that
regions of interface and with some sort of defects represent a point of

weakness, leading to premature cracks in the composites.

Normalized curves describing the rotational stiffness degradation
behavior were presented for each studied specimen. A lower bound
function was proposed to express the WFJs rotational stiffness retention
and it was proven to be applied for a wide range of profiles, set-ups and
load-mode configurations. In general, the idealized curves fitted well
with the experimental results, presenting greater gaps for I>-sections.
All specimens presented a smooth decay of stiffness, except for the
channels tested in close-mode as aforementioned and for the I>-sections
with mat wrinkling in the tensioned region, which experienced quick

drops of stiffness.

Based on the strain energy stored during rotation, equations were
proposed to predict the theoretical rotational stiffness per unit of width
for any type of section with L-and T-shape junctions. The analytical
and experimental results of I-sections specimens agreed fairly well,
reaching a maximum difference of 20%. For channels, differences of
38% were observed between theoretical and experimental results.

These high differences may have relation with the adopted orthotropic
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ratio E+/E, adopted in this work as 95% based on the rule of mixtures
approach. The incidence of voids and the presence of imperfections
may also have contributed to the found results. Due to the high
variability often presented by pultruded profiles, the proposed
equations may be considered a suitable option to predict pultruded
WFIJs’ rotational stiffness.
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3. Modeland Mode Il Fracture Behavior in Pultruded Glass
Fiber-Polymer  Bridge Decks -  Experimental

Investigation

3.1. Introduction

The structural applications of pultruded glass fiber-polymer bridge decks
have experienced an expansion in the last few decades, being designed mostly to
carry pedestrian, cyclists and light weight vehicles [1]. Their corrosion resistance
provides longer life cycles and significant reduction of maintenance costs when
compared to traditional materials. Moreover, the material presents high
compressive and tensile strength parallel to fibers, whereas their lightweight allows
a fast and easy installation. In replacement applications over reinforced concrete,
the dead load reduction also increases the live load capacity [2].

The pultruded glass fiber-polymer bridge decks are constructed by bonding
units of composite materials with adhesive joints [1]. The decks are supported by
longitudinal bridge girders, generally having the rovings aligned transversely to the
traffic direction [3]. However, such composites usually present weak interlaminar
strengths, resulting commonly in delamination in the junction region, transversely
to the pultrusion direction, as shown in Figure 3.1. The effect of this kind of damage
influences the composite behavior, reducing its ultimate load and global stiffness
[4]. Further, delamination may also affect serviceability if occurring at early loading

stages.
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interlaminar
delamination

Figure 3.1. Delamination on a bridge deck system (adapted from [2]).

In this context, it is important to introduce basic concepts of Fracture
Mechanics, as the strain energy released rate (SERR), which is defined by Irwin as
the energy available (G) for crack extension, measured per increment of crack
extension and per unit of thickness [5]. In Linear Elastic Fracture Mechanics
(LEFM), the central assumption is that all the fracture process is reduced to the
single point of the crack tip [6]. The stresses in the vicinity of this crack tip may be
divided into three modes (see Figure 3.2) related to the crack surface displacements
[5]. Mode I, dominant in many practical cases [5], is characterized by an opening
that occurs perpendicular to the crack plane, whereas Mode 11 corresponds to shear
loading, in which the crack surfaces slide relative to each other in the plane. On the
other hand, Mode 111 causes out-of-plane shear displacements. The SERR can be,
thus, divided into the three aforementioned components according to the separate
mechanisms observed in the fracture process [7]. The crack growth will occur when
the SERR is larger than the energy required for crack extension, called critical
SERR (Gc). and which is a measure of fracture toughness [8,9]. The latter is also
called, in some works [10], of steady state toughness, which corresponds to the
plateau of the R-curve (SERR vs. crack length curve). Throughout this work, only
in-plane modes will be addressed. The SERR related to crack initiation will be

named as Gtip and the critical SERR required for crack propagation as Gt
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4

MODE | MODE I MODE Il
OPENING IN-PLANE SHEAR OUT-OF-PLANE SHEAR

Figure 3.2. Mode | and Mode 11 of loading.

Due to the relevance to understand the fracture behavior and obtain the
delamination toughness, different experimental methods have been standardized for
this purpose, among which one may cite the Double Cantilever Beam (DCB) and
the End-Loaded-Split (ELS). Such methods are extensively documented in
literature to assess the fracture toughness under pure Mode | and Mode Il of loading.
To the best of the author’s knowledge, with exception of the studies addressing the
delamination in adhesively bonded joints, no experimental investigations about the
interlaminar fracture of pultruded fiber-polymers have been carried out previously.
The few experimental investigations about the fracture behavior of pultruded fiber-
polymer materials that can be found in the literature are focused on intralaminar
and translaminar fracture. Almeida-Fernandes et al. [11,12] recently reported
experimental investigations on the transverse fracture behavior of pultruded glass
fiber-polymer composites based on compact compression (CC), compact tension
(CT) and wide compact tension (WCT) tests, in which the failure occurred in the
roving direction. The authors also conducted numerical simulations to assess the
fracture toughness related to the web-crippling tests [13]. El-Hajjar and Haj-Ali
[14,15] conducted experimental and numerical analyses to assess the Mode | stress-
intensity factor of thick glass fiber-polymer materials for transverse (90°) and
longitudinal (0°) directions using the single-edge-notch tension ESE(T) specimen.
Liu et al. [16] also investigated the Mode | fracture property of pultruded fiber-
polymers along the fiber direction through three-point flexural tests on single edge

notched (SEN) specimens.
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Regarding the testing techniques, there is currently no standard or guideline
concerning the determination of fracture toughness for pultruded elements. Double-
cantilever beam (DCB) and end-loaded split (ELS) are well-established methods
and have been used for a wide variety of materials, but their applicability to
pultruded fiber-polymers is unknown. One of the main challenges of the application
of DCB and ELS tests in pultruded composites is related to the initial starter crack
(or initial separation). The standards for polymer matrix composites recommend
inserting a thin film made of, for instance, polyimide, at the midplane of the
laminate, to introduce an initiation site for delamination. Nevertheless, pultruded
glass fiber-polymer elements are manufactured through an automatic continuous
process in factories, precluding the aforementioned technique. In this context,
Burda et al. [17] performed DCB tests in pultruded glass fiber reinforced epoxy
rods, evaluating four different methods for the introduction of the initial separation.
The authors observed that the different methods provided different values of
initiation and propagation from each other, pointing out that a pre-crack made with
a diamond wire saw combined with a knife blade tapping resulted in reproducible
low initiation values. Specimens at least 250-mm long with pre-cracks limited to
35 mm were recommended to characterize the full R-curve behavior, which
describes the SERR plotted against the delamination crack growth. No plateau was
observed in the R-curves. Besides this research, very few other DCB and ELS
experiments in pultruded fiber-polymers are reported in the literature, mostly
focused on the behavior of adhesively bonded joints [18-21]. Among these works,
it is worth citing Ye Zhang et al. [19] and Shahverdi et al. [18], who observed part
of the fracture occurring in the pultruded material. The authors conducted DCB and
ELS tests to calculate the critical strain energy release rate (SERR) based on the
existing standards.

The authors conducted DCB and ELS tests to calculate the critical SERR
based on the existing standards. In the former, a fiber-tear failure at the mat layer
was observed, whereas the latter investigated the G¢ parameters for three different
crack paths: i. failure between the adhesive and the mat layer, ii. between two mat
layers and iii. between roving and mat layers. Lower values of SERR were found

for the first crack path, both in terms of crack initiation and propagation.
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Tables 3.1 and 3.2 present detailed information of the previous works

focused on pultruded profiles and the reported G. parameters for Modes | and 1. It

can be noticed a great variability between the found values. Furthermore, the

limited number of studies available, especially related to the interlaminar fracture

and to Mode 11, added to the complexity in obtaining fracture parameters and the

well-known high variability observed in general properties in this type of material

are aggravating factors that increase the need of reliable guidelines for the accurate

determination of fracture characteristics for this material. Moreover, the lack of

fracture parameters data for pultruded glass fiber-polymers in literature is a relevant

obstacle for appropriate numerical damage simulations, which often cause

researchers to adopt properties without an experimental basis [22].

Table 3.1. Average SERR in J/m? reported in literature for Mode 1.

; Experimental G, Numerical G
Authors Matrix Crack path __ _ __ _
Initiation Propagation | Initiation | Propagation
) fiber-tear failure at
Ye Zhang | Isophthalic
the mat layer 196 -702 | 1,506 1,674 316.1 1982.7
etal. [19] polyester ) )
(interlaminar)
between the adhesive
and the mat layer 151 536
(interlaminar)
Shahverdi | Isophthalic between two mat
. _ 360 1,102 NR
etal. [18] polyester layers (interlaminar)
between roving and
mat layers 456 851
(interlaminar)
in the roving layer
Almeida- ) _g /
direction
Fernandes NR o 6,600 — 27,000 -
(longitudinal
etal. [12] ) )
intralaminar)
transversely to the
roving direction 15,000 — 18,500* NR
Hajjar (translaminar)
and Haj- Polyester along the roving
Ali [14] direction
o 8,600 — 8,900* NR
(longitudinal

intralaminar)
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Liu et al.
[16]

NR

along the roving
direction between the
fibers and the matrix

(intralaminar)

4,680 7,711

*Estimated based on the reported stress-intensity factor

NR — Non-reported.

Table 3.2. Average SERR in J/m? values reported in literature for Mode II.

) Experimental GlI Numerical GlI
Authors Matrix Crack path ___ _ ___ _
Initiation Propagation Initiation | Propagation
) fiber-tear failure at
Ye Zhang Isophtalic 904.2 — 1,722.4 —
the mat layer 1,199.6 2,177.9
et al. [19] polyester . . 1,337.1 2,292.8
(interlaminar)
between the adhesive
and the mat layer 1,156 1,736
(interlaminar)
Shahverdi Isophthalic between two mat
) ) - 2,670 NR
etal. [18] polyester layers (interlaminar)
between roving and
mat layers - -
(interlaminar)

NR — Non-reported.

This scarcity of fracture mechanics data hampers the investigations on the
failure behavior of these composites, being a relevant obstacle for appropriate
numerical damage simulations. It is often required to conduct an extensive
experimental investigation to obtain the concerned composite’s fracture parameters.
In this scenario, the present work aims to complement this scarcity, providing
interlaminar fracture mechanic data obtained from classical and standardized tests,
such as DCB and ELS. Experimental procedures for both Mode | and Mode Il were
conducted. The starter crack (or initial separation) required to perform the
experimental procedures was introduced via a water jet machine. In all, nine
different methods were applied to obtain the fracture toughness Gic and Gjic. The
results are discussed and compared with the values reported by previous authors. In
the next chapters, the found parameters are compared with numerical models and
applied in a multi-crack finite element method (FEM) analysis of pultruded glass

fiber-polymer web-flange junctions.
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3.2. Theoretical background

3.2.1. SERR in Mode |

Based on the energy balance approach in the LEFM field, Equation (3.1)
expresses the Irwin-Kies formula, which serves as the basis of measurement of the
fracture energy [23], used in this work as a synonym for fracture toughness or

critical SERR.
_P2dc
2bda
Where P is the applied load, b is the specimen’s width, a is the delamination or

(3.1)

crack length measured from the loading line and C is the compliance known as the
ratio of 6/P, in which ¢ is the applied displacement.

It should be noticed that the SERR is not dependent on the loading system,
allowing the formulation to be valid for fixed grip, constant load or any other
arbitrary loading condition [5]. Standard methods for the G calculation were
derived from this relation, presenting differences basically in the determination of
the derivate of dC/da [19].

The standard ASTM D5528-01 [24] presents three different methods in order
to quantify the strain energy released rate (SERR) for Mode I: i. Modified Beam
Theory (MBT), ii. Compliance Calibration (CC) and iii. Modified Compliance
Calibration (MCC) methods. The formulae used for each method are expressed in
Equations from (3.2) to (3.4).

MBT method G, = 3Po 3.2
ASTM I_Zb(a+|A|) (3.2)
nPé

CcC method = — 3.3
ASTM G, b (3.3)

3PZCZ/3
MCC method = 3.4
ASTM G, 2ADh (3.4)

where o is the displacement correspondent to the applied load P and h is the
specimen thickness. The parameter 4 expressed in Equation (3.2) is an attempt to

correct a possible overestimation of G, due to rotations that may occur at the
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delamination front [25]. It is obtained experimentally by the plot of C*® vs. the
delamination length a, as shown in Figure 3.3. On the other hand, the parameter n
of Equation (3.3) represents the slope of the logarithmic functions of the compliance
(log C) and the delamination length (log a) plotted against each other (log C vs. log
a). Finally, in Equation (3.4), the parameter A: indicates the slope of the curve (a/h)
vs. (CY3).

c13

e experimental results
leasts squares plot

m delamination length, a

Figure 3.3. Determination of parameter A according to MBT method.

The standardized MBTastm method derives from the elementary beam
theory, with the addition of the correction parameter 4. However, for a crack
occurring out of the specimen midplane, this formulation might be inaccurate. To
consider the asymmetry generated in this scenario, Mollon et al. [26] presented a

formulation to determine G, based on an equivalent stiffness Eleg, as follows:

_ 3P%(a+ |4)>

MBT-Eleqg method G = 2b(EL) (3.5)
eq

where (1/Eleq)*? is the slope of the plot CY vs. a.

Regarding the CC method, an alternative function, expressed in Equation
(3.6), is adopted in some works [27,28] to describe the compliance of compact
tension (CT) specimens. The critical SERR in Mode | can be obtained by Equation
(3.7) and is dependent on the optically measured crack length. Hereafter, the
method in which the presented expressions are used will be designated as CC-f
method.
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CC-f method C = (aa + B)* (3.6)

G, = P—Za)((aa +p)* 1 3.7
2b
The parameters o, B and y are the constants calculated to best fit the experimental
data.

Likewise, the standardized MCCastm method also requires the visual crack
length determination in DCB tests. However, to eliminate this optical measurement
dependency, an effective crack length aef - see Equation (3.8) — can be determined
as a function of the measured compliance presented in Equation (3.6). The critical
SERR Gic can also be expressed according to Equation (3.7). This procedure is
adopted in many works [12,28-30] and is considered by some authors as the most
appropriate data reduction scheme for determining the critical SERR [28].
However, it requires additional experiments and increase the complexity in
obtaining the compliance vs delamination length curves by numerical simulations
[28].

_x-p (3.8)
MCC-aeft method Aeff =7 4

More conservative G values have been found for MCC-aef method when
compared to CC-f and another popular approach known as J-integral, which
accounts for nonlinearities within the fracture process zone (FPZ) at the crack tip
[29,30]. On the other hand, some authors have observed that although the MCC-aet
method is able to provide a good response for the cohesive behavior, being well
correlated with the J-integral, the former is slightly less accurate than the latter. In
P vs. 6 curves obtained from FEM analyses, the MCC-aets has underestimated the
peak load in 6.9% and overpredicted the critical SERR for propagation by 2% [30].
In this context, Almeida-Fernandes [12] stated that the method significantly
underestimated the critical SERR when compared to other methods, such as J-
Integral and CC-f. This fact was attributed to the influence of fiber pull-out in
loading/unloading cycles, as well as to the thickness (maximum of 9.9 mm) of
specimens. However, the MCC-aett method has the advantage of being simpler

since it is based on LEFM conditions. In this work, in an attempt to maintain the
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simplicity and accuracy for obtaining the SERR parameters of pultruded glass fiber-
polymer specimens, six methods based on LEFM are assessed and discussed,
among which three are standardized (MBTastm, CCastm and MCCastwm) and the
other three incorporate modifications proposed by the aforementioned authors
(MBT-Eleq, CC-f and MCC-aety).

3.2.2. SERR in Mode Il

For Mode I1, the standard ISO 15114 [31] proposes other three methods for
the assessment of the fracture energy, which are also used in this research to analyze
the data provided by ELS tests: i. Experimental compliance method (ECM), ii.
Simple beam theory (SBT) and iii. Corrected beam theory using effective crack
length (CBTE). The equations 3.9, 3.11 and 3.13 are used to obtain the parameter
Gu, whereas the formulations 3.10, 3.12 and 3.14 expresses the compliance solution

for each method, respectively.

c 3P%a’*m

= 3.9

EMC method 2b (3.9
C = Cyyma® (3.10)

where Co and m are constants that represent the linear regression of the compliance

function related to the crack length a.

c 9P?%q? (3.11)
"7 4p2t 3E,
SBT method
3(13 + Lf3
=— (3.12)
2bt°E,

where ts is the half of the specimen’s thickness, Ly is the testing free length and E:

is the specimen’s flexural modulus.

= 9P?%q,?
™ 4p2¢ 3E, (3.13)
CBTE method

C = B(ae)s + (Lf + Aclamp)3

3.14
2bt3E, (3.14)
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1 1/3
a, = [§{ZthS3E1 —(Ly + Aclam,,f}] (3.15)

where ae is the effective (calculated) crack length and Aciamp is the clamp correction
obtained in the clamp calibration tests, which are conducted by clamping one side
of the ELS specimen with different free lengths and applying a maximum load of
150 N to elastically deform the specimen. The loads and displacements are
recorded, allowing the plot of the curve C'3vs. each tested free length L. The Aciamp

can be obtained by Equation (3.16).

c/3 = (aLf + aIAclampD (3.16)

where o is the slope of the curve C3vs. L expressed in Equation (3.17).

1

1 3
*= <2bt3E1> (3.17)

The flexural modulus E;1 can also be deduced from the slope of the clamp

calibration data and can be written as follows:
E, = ;3 (3.18)
2b (ts @)

The SBT formulation is obtained based on a shear-corrected beam analysis
and some researchers have shown that the approach may underestimate the SERR
values [19]. On the other hand, the EMC method, which can be considered as
equivalent to MCC for Mode I, presented similar results provided by finite element
models [19]. The CBTE method assumes the beam theory, although considering an
effective crack length that eliminates the dependency of the measured delamination
length, which is often difficult to quantify. Some authors observed that this method
might lead to less accurate values for crack initiation due to geometrical

characteristics and generated asymmetries in the fracture process [19].
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3.3. Experimental Program

3.3.1. Materials

In all, five DCB and five ELS tests were performed in specimens extracted from
a DuraSpan bridge deck system [32], manufactured by Martin Marietta Composites
Inc. (Raleigh, United States). Throughout this work, the specimens were named as
DCB.01 to DCB.05 and ELS.01 to ELS.05. The cross-section geometry of the
deck’s unit module is presented in Figure 3.4. The given pultruded structure is
constituted of E-glass fibers embedded in an isophthalic polyester matrix. All
experiments described hereafter were conducted in the Composite Construction
Laboratory (CCLab) at the Ecole Polytechnique Fédérale de Lausanne (EPFL).
The experiments were conducted under ambient laboratory conditions (approx.
22°C and 50% RH).

o
" DS deck | =
TN —
\_\_\_\
© 6.1 l, 56
< 1 . ) A7
@ inclined web
o
N N {
b 304.8 4 101.6 )

Figure 3.4. Unit section of DS deck (dimensions in mm).

Burn-off tests were conducted in specimens extracted from the DS bridge deck
at the Laboratory for Processing of Advanced Composites (LPAC) in the Ecole
Polytechnique Fédérale de Lausanne (EPFL), following the recommendations of
ISO 1172:1996 [33] and the methodology presented in [34]. The composite’s fiber
architecture is composed of rovings (r), triaxial fabrics (f) oriented in -45°, 90°, and
45° and non-structural mats, as shown in Figure 3.5. The found average fiber

volume ratios are presented in Table 3.3, with their respective standard deviation
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and coefficient of variation (CoV) indicated in parentheses. It was found an average
roving volume content of 22% at the flange and 13.5% at the web. On the other
hand, the triaxial fabrics constitute 30.4% and 34.5% of the flange and web
volumes, respectively. The non-structural mats were considered as part of the

triaxial fabrics both in the fiber content estimate and in the numerical model,

presented in the next Chapter.

Figure 3.5. Fiber architecture: (a) flange (t=16.8 mm); (b) flange (t=20.3 mm); (c) web.

Table 3.3. Fiber volume ratio.

Vf,total (%) Vroving (%) Viabric (%)
48 +1.12 13.5+1.02 345+1.24
web
(0.023) (0.076) (0.036)
flange 52.3+0.72 23.6 £1.82 28.8 £2.36
(t=16.8 mm) (0.014) (0.077) (0.082)
flange 525+ 1.68 19.7+£1.20 32.8+0.49
(t=20.3 mm) (0.032) (0.061) (0.015)
524 +1.21 22.0+£2.46 30.4+£2.70
flange
(0.023) (0.112) (0.089)
roving (0.048) (0.244) (0.094)

3.3.2. DCB tests
In order to determine Mode | SERR, double cantilever beam (DCB)

experiments were conducted in five specimens of 250-mm length, which were
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extracted from DS decks flanges, as shown in Figure 3.6. The specimens were cut
having the length perpendicular to the roving direction and its fiber architecture was
composed of four roving layers, interspersed with seven layers of triaxial fabrics.
The existing standards for DCB tests recommend the specimens to have a constant
thickness, however, the flanges of the used bridge deck system were originally
manufactured with a thickness variation along the cross-section, as shown in Figure
3.4. Therefore, a water jet cutting machine was used to remove the spare parts from
the flanges, resulting in a variation of thickness of less than 0.14 mm. The average
width of the specimens was 23 + 0.90 mm against an average thickness of 15.5 £
0.44 mm. The water jet cutting machine was also used to introduce an initial
separation in the specimens midplane of 60 mm of length and having 1 mm of
thickness. The used test fixture is presented in Figure 3.7. The initial delamination

length ao adopted is measured from the load application line.

DS deck
————— e
specimen
- F— ‘_/J —
250 \ adhesive layer

Figure 3.6. Specimens extracted from the DS bridge deck system.

Several preliminary tests were carried out to evaluate a suitable way to
attach the specimen to the pair of aluminum plates linked to the piano-hinged
loading blocks shown in Figure 3.7. The Sikadur-32 adhesive presented good
results for this purpose, and it was used in all tests presented hereafter. The
experiments were conducted under displacement control on a servo-hydraulic
universal testing machine Walter + Bai with a load capacity of 40 kN. Based on
existing standards for DCB [24], the displacements were applied at a rate of
Imm/min until reaching a delamination crack growth (hereafter called pre-crack

length) of less than 5 mm and subsequently unloaded at a rate of 25 mm/min.
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Thereafter, the specimens were reloaded at the same constant crosshead speed of
1mm/min. To eliminate the influence of the adhesive region, a minimum distance
of 25 mm was kept between the considered final crack length and the beginning of
the adhesive layer, which illustrated in Figure 3.7a.

a

m | @ |

)

adhesive

pre-crack

L =250 mm

(@)

. OpQOOOOLO £ 0 0 QO 0 00 Q2QP VOO0 POO0OO0O0ODO0O0000O0CK

0000000 0 0O 00 0000000000 Q0Q0000000000000OC

(b)

Figure 3.7. DCB test fixture: (a) scheme (dimensions in mm); (b) picture taken with video-
extensometer technique.

96


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

To accurately capture the development of the crack propagation, the video-
extensometer technique was used. Photos were taken every three seconds using a
Progressive Scan IT CCD and an XCG-5005E camera with a resolution of 2448 x
2048 pixels and an acquisition frequency of 1 Hz. The specimens’ face was polished
and painted in white to improve the visualization of the crack growth. Subsequently,
several pairs of circular targets were drawn ahead the initial separation, spaced
approximately every 1.7-mm over at least the first 10 centimeters and every 3.4-
mm over the rest of the length, as shown in Figure 3.7b. For each registered picture,
the corresponding load and displacement increments were recorded, whereas the
respective CODs were measured at the first pair of black targets ahead the initial
separation.

The SERR for Mode | was obtained from MBTastm, MBT-Eleq, CCasTm,
CC-f, MCCastm and MCC-aeff and the results are discussed further ahead.

3.3.3. ELS tests

End-loaded-split (ELS) tests were conducted to evaluate the Mode 11 SERR.
The same procedure used for DCB specimens cutting was adopted and an initial
separation with 100 mm of length and 1 mm of thickness was introduced in its
midplane by means of a water jet cutting machine. Five specimens of 310-mm
length, average width of 25.3 + 0.03-mm, and average thickness of 16.0 £ 0.03-mm
were extracted from DS flanges, as shown in Figure 3.8, and tested. The maximum

thickness variation along the specimen length was lower than 0.34 mm.

DS deck
————— —————,
specimen adhesive
- layer \
1 I \‘ 1 4
310

Figure 3.8. ELS specimens extracted from the DS deck.
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The experiments were conducted under displacement control on a table
machine Walter + Bai with a load capacity of 50 KN. The setup test is shown in
Figure 3.9. An aluminum angle having 3 mm of thickness was bonded to the
specimen with Sikadur 32 to prevent the specimen from slipping out of the loading
line. Following recommendations of existing standards [31], after a calibration of
the test fixture, a pre-cracking procedure was performed. The specimens were
clamped with a free length, Ly, set as 113.5 mm and loaded at a displacement rate
of Imm/min until reaching a pre-crack of less than 5 mm. Subsequently, the
specimens were unloaded at a rate of 25 mm/min. After this pre-cracking procedure,
the specimens were clamped with a new free length, Ls, of 180 mm, as shown in
Figure 3.9, and reloaded at the same constant crosshead speed of 1mm/min until,
until the final crack delamination was reached. To guarantee the clamping, the
specimen was positioned and simply supported by the fixture presented in Figure
3.10a, and fixed with screws at the top, as shown in Figure 3.10b. As performed for
DCB, a minimum distance of 25 mm was kept between the considered final crack
length and the beginning of the adhesive layer to eliminate the influence of the

latter.

clamping

425

aluminum adhesive

angle

QO O O O O O O
| -
Lf=180 mm

L=310 mm

Figure 3.9. ELS test fixture scheme.
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Figure 3.10. ELS test fixture: (a) front view; (b) clamping.

The video-extensometer was also used to capture the Mode Il crack
propagation. However, in ELS tests, the pair of black dots were spaced every 1.7
mm along the overall specimen length, due to greater difficulty in following the
crack development. The pictures were registered every three seconds and the
corresponding load and displacement increments were recorded. Figure 3.11 shows
a detailed view of the pair of circular targets drawn on the ELS specimens faces. As
can be noticed, the specimen ELS.05 presented some voids near its midplane, where
the crack is supposed to develop. Similar initial defects were observed on the
specimens ELS.03 and ELS.04. This is relevant in this case, since it constitutes an

additional challenge for the accurate reading of crack length data at these regions.

voids
O oooggéooooooooooooooooooooqoom
————— *
©00000000000000000003000000
ey ' SR Y iy IR

rl /2 : ! »

0000
1

Figure 3.11. Detail of pair of black dots on the ELS.05 specimen.
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3.4. DCB experimental results

3.4.1. Failure modes

All DCB specimens experienced interlaminar failure between the two
adjacent multiply fabrics layers at its midplane, as presented in Figure 3.12. The
values of the pre-crack length introduced by the pre-loading varied from 1.70 to
3.57 mm. The crack propagation typically followed the fiber architecture
configuration, as shown in Figure 3.13, i.e., the crack remained between the same
fabric layers until reaching in average approximately 108 mm of total crack length
and 11.1 mm of crack opening displacement (COD). Audible noises were heard
followed by an abrupt crack deviation at the final stages of the DCB.02 and DCB.04

tests due to the imminent encounter with the existent adhesive layer shown in Figure
3.7.

(c) DCB.03

(d) DCB.04 (e) DCB.05

Figure 3.12. Failure mode of DCB specimens: (a) DCB.01; (b) DCB.02; (c) DCB.03; (d) DCB.04;
(e) DCB.05.
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Figure 3.13. Delamination growth between fabric layers at the midplane DCB.01 specimen.

The presence of fiber bridging, shown in Figure 3.14, was observed in all
specimens, to lesser or greater degree. The specimen DCB.06 was, clearly, the one
that least presented the development of such mechanism, whereas in DCB.01, it
was possible to visually notice a large fiber amount crossing the crack along the

crack length.

Figure 3.14. Fiber bridging observed in DCB.05.
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3.4.2. Asymmetry assessment

Since the cracks propagated through the layers path, an asymmetry is
generated at some points of the specimen, as can be seen in Figure 3.13 A maximum
eccentricity of 1.30 mm between the crack line and the symmetry axis was
registered for the specimen DCB.01. Therefore, this asymmetry effect was assessed
following the procedure reported by Zhang et al. [19]. The relative through-
thickness displacements related to Mode | were compared with the shear
displacements related to Mode I1. The former is represented by the vertical distance
between the points P and P2 of Figure 3.15, whereas the latter is defined by the
horizontal one. Figure 3.16 shows, through a typical graph having the respective
relative displacements plotted against the crack length, that the Mode | is the
dominant fracture mode for the specimen, with an increase up to 28 mm in the
vertical distance between the points. On the other hand, the horizontal relative
displacement achieves its maximum value for DCB.04 with 0.7 mm, showing that

the Mode Il can be neglected.

. Ooooooo‘p £ 0000 0O

@000000 0 © © 0 0 0 00

Figure 3.15. Points definition for the assessment of the asymmetry effect.
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Figure 3.16. Fracture modes assessment for DCB.01.

3.4.3. Load-displacement and compliance responses

The load P vs. displacement ¢ curves of all five specimens are presented in
Figure 3.17a and the compliance ¢/P vs. the measured crack length, a, curve is
plotted in Figure 3.17b. It can be observed that all specimens have shown a very
similar behavior in terms of both curves. With exception of DCB.01, all specimens
have reached close peak loads, ranging between 0.367 and 0.385 kN. The DCB.01
presented an unreliable increase in the maximum load (Pmax = 0.408 kN) compared
to the other specimens, which may be explained by a possible small initial torque
applied on the piano-hinges blocks screws used in the test fixture, leading to a load
relief at the first seconds of testing. The difference noticed in the compliance curve
of DCB.01, when compared to the other specimens, may be due to the same reason.
All specimens presented similar compliance behavior, with a nonlinear increase of
o/P as the crack propagated, revealing a dominance of softening mechanisms over
the stiffening generated by the presence of fiber bridging.
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Figure 3.17. Curves obtained experimentally: a) load vs. displacement curves with fracture SERR

initiation points; b) compliance vs. crack length curves.

3.4.4. Crack initiation points

The standards define the concept of different crack initiations points (NL,
VIS and C105) to be identify in the experimental curves. The NL represents the
onset of nonlinearity, or in other words, the value for crack initiation (Gtip) where a
deviation from linearity in the load-displacement curve occurred. On the other hand,
VIS represents the point in which the delamination growth is visually observed,
whereas C105 is that at which the compliance increased by 5%. The MAX point
corresponds to the maximum load achieved.

The crack initiation points identified in the DCB experiments are indicated
in Figure 3.17a and detailed in Table 3.4. It can be observed that, as expected, the
NL is the lower bounder for SERR initiation, preceding the VIS and C105 points.
The C105 points occurred before the peak loads points (MAX) in all specimens,
with exception of DCB.01, where both points were coincident. The NL point varied
from less than 2% (DCB.02) to 42% (DCB.03) of the value corresponding to the

visualization of the crack.
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Table 3.4. Values of the load P in kN at the crack initiation points.

Load at (kN) | DCB.01 DCB.02 DCB.03 DCB.04 DCB.05
NL 0.232 0.334 0.113 0.284 0.335
VIS 0.319 0.338 0.196 0.300 0.338
C105 0.408 0.341 0.370 0.290 0.336
MAX 0.408 0.385 0.378 0.384 0.367

3.4.5. R-curves and SERR values for Mode |
The derived R-curves for the six data reduction methods are shown in

Figures 3.18 to 3.20. The obtained fitting constants for all methods are listed in

Table 3.5. A comparison between the six methods applied in DCB.02 experiment

can be seen through Figure 3.21. The initiation values G, sip were attributed to VIS

points and are indicated in Table 3.6, along with the correspondent initial pre-crack

length introduced in each specimen. Additionally, Table 3.7 shows the critical

SERR for crack propagation, obtained as the average of SERR values at the R-curve

plateau.
Table 3.5. Fitting constants for data reduction methods.
Method DCB.01 DCB.02 DCB.03 DCB.04 DCB.05
MBTastm
A =345 A=272 A=278 A=228 A=27.7
MBT'Equ
CCast™m n=162 n=1.88 n=1.83 n=197 n=178
ce-f a=0.0010 | =0.0035 | 0=0.0035 | a=0.0037 | a=0.0035
=0.797 =0.133 =0.184 =0.170 =0.265
MCC-ur p p p p p
v =26.3 v=3.40 v=3.85 x=3.83 v =4.90
MCCASTM A1= 209 A1= 190 A1= 186 A1= 180 A1= 1.82
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Table 3.6. Initiation values for SERR from different methods.

. a SERR for crack initiation G tip (J/m?)
Specimens
(mm) | MBTastm© MBT-Eleq CCastm CC-f MCCastm  MCC-aeft
DCB.01 3.52 832 532 1,217 399 732 510
DCB.02 3.57 745 663 1,091 633 717 671
DCB.03 1.83 315 223 481 207 283 250
DCB.04 1.88 667 532 975 501 620 535
DCB.05 1.70 747 651 1,051 582 719 598
661+181 520+159 963+254 465+151 615+171 513+ 143
average + sd (cov)
(0.273) (0.306) (0.263) (0.325) (0.278) (0.279)

Table 3.7. Propagation SERR values from different methods.

PUC-Rio- CertificagcaoDigital N° 1721348/CA

) Critical SERR for crack propagation Gitot (J/m?)
Specimens
MBTastm MBT-Eleq CCast™m CC-f MCCastm  MCC-aeft
DCB.01 1,265 1,352 1,070 1,406 1,321 1,390
DCB.02 1,336 1,355 1,211 1,365 1,344 1,359
DCB.03 1,297 1,319 1,195 1,339 1,313 1,315
DCB.04 1,445 1,483 1,311 1,465 1,462 1,448
DCB.05 1,158 1,178 1,086 1,184 1,174 1,173
average+ | 1,300+93 1,337 +97 1,175 + 88 1,352+94  1,323+92 1,337+93
sd (cov) (0.07) 0.07) (0.08) 0.07) 0.07) (0.07)

With exception of the CCastm, in all methods it is possible to identify a
typical curve for specimens experiencing delamination growth with the presence of
fiber bridging, in which the energy release rate increase is noticeable up to a
maximum level, reaching the steady-state SERR value, characterized by a well-
defined plateau that corresponds to the full development of fiber bridging
mechanism. As can be seen, five methods (MBTastm, MCCastm, MBT-Eleq, CC-f
and MCC-aefr) presented very similar R-curves. On the other hand, for CCastm
method, it can be observed by Figure 3.21 a clear downward tendency in SERR
values for the specimen DCB.02 at the plateau region. This behavior was observed
for all specimens when using the given method. The DCB.01 specimen, for
instance, presented a SERR value for crack propagation (Giwt) lower than the one
for initiation (G tip). Although this fact was only observed for the CCastm method,
it is important to remind that this might be due to the previously mentioned initial
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load relief during the experiment. This observed downward tendency might be due
to the absence of the parameter A, which is present in the MBTastm and MBT-Eleq
equations — see Equations (3.2) and (3.5) — in order to account for rotations at the
delamination front. To illustrate this statement, Figure 3.22 presents the R-curves
of DCB.02 specimen for both CCastm and MBTastm methods, with and without
the addition of the parameter A. It can be observed in Figure 3.22 that the addition
of the parameter A has significant influence in the steady state propagation curve
shape, correcting the downward tendency in SERR values. However, the inclusion
of the parameter in the CCastm formulation led to Gi ot values up to 38% lower
than all the other data reduction methods, also being 30% lower than the value

obtained from the original CCastm equation.

- -=-CC,,,,, without A ——MBT, . with A
—CC,,,, WithA == =MBT,_.. without A
| | | | | |
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Figure 3.22. R-curves of DCB.02 for CCastm and MBTastm methods with and without the
addition of the parameter A.

With respect to the initiation values for all the six methods investigated, it
Is worth to point out that it was observed a higher scattering when compared to

values reported in literature for composite materials produced in loco, with a
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standardized introduction of an initial delamination length [35]. This may be due to
the initial separation method, which introduces delamination with different
sharpness for each specimen and preclude the possible damage control around the
crack tip. Furthermore, pultruded profiles are known as materials with high
incidence of defects, as discussed in Chapter 2, which may significantly affect the
crack initiation. In this scenario, it can be highlighted the difference between the
SERR initiation values for the DCB.03 and the other specimens. This is explained
by the fact that the specimen DCB.03 experienced the crack initiation at very early
stages of loading when compared to other specimens, possibly due to small voids
located at the crack initiation region.

As previously mentioned, the CCastm method resulted on the highest
average SERR for crack initiation, representing more than twice the values found
by CC-f method. Apart of CCastm, the average initiation values of G, p obtained
for the other five methods presented a maximum difference of 29.6%. On the other
hand, the average SERR for crack propagation obtained through the same five
methods presented a difference up to 3.8%. In this context, the SERR for crack
initiation represented from 34.4 % to 50.8% of the Gt for crack propagation. In
opposition, for CCastwm, a ratio of 82% was obtained for initiation and propagation
values. The given method has proven to be the most conservative for determining
the propagation values for G tt, with results up to 12% lower than the ones obtained
by other methods.

No significant differences were found for propagation SERR obtained
through the MBTastm and MBT-Eleq. Thus, it can be concluded that, the MTB
formulation provided in the ASTM standard is suitable enough to determine the
critical SERR in experiments where the crack growth led to a slight level of
asymmetry in the specimens. However, for crack initiation, the MBT-Eleq method
led to SERR values 14.8% lower when compared to the MBTastm. Similar
conclusions can be drawn regarding the MCC methods using optically measured
(MCCastm) and effective crack length (MCC-aetf). For the steady state SERR
propagation, differences up to 1% were observed, whereas for crack initiation
values, the MCC-aess method led to results 16.5% lower than former, presenting very
similar values to the ones found by MBT-Eleqg method. This divergence is expected

due to the difficulty in determining the crack initiation by visual means.
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3.4.6. Fiber bridging length

The starting point of the plateau in R-curves, which indicates that the fiber
bridging mechanism is fully developed, was used to estimate the bridging length of
the composites. The results are shown in Table 3.8, along with their correspondent
crack opening displacements (COD). The average value of the opening crack for a
fully developed fiber bridging was 0.49 mm and this information is relevant to
determine the cohesive law used in FEM models in the next chapter. The DCB.01
presented the largest values of fiber bridging lengths and its behavior might be
compared to a large-scale bridging, since the specimen’s thickness is close to 16
mm. In opposition, DCB.02 and DCB.03 presented approximately only 7 mm and
9 mm of fiber bridging length, respectively.

Table 3.8. Fiber bridging length and correspondent COD.

. Fiber bridging COD (mm)
Specimens
length (mm)
DCB.01 16.2 0.42
DCB.02 7.08 0.35
DCB.03 8.99 0.41
DCB.04 13.2 0.62
DCB.05 121 0.68
average * sd 11.5+3.18 0.49+0.12
(cov) (0.276) (0.261)

3.4.7. Comparison with previous works

The SERR results found in this work are of the same order of magnitude as
the values for interlaminar failure reported by Ye Zhang et al. [19] and Shahverdi
et al. [18], as shown in Table 3.1. For the crack path adjacent to the mat layer, Ye
Zhang et al. [19] found SERR for crack initiation and propagation varying,
respectively, from 196 to 702 J/m? and from 1,506 to 1,674 J/m2. Whereas
Shahverdi et al. [18] found initiation and propagation values of 360 and 1,102 J/m2,
respectively. In this work, considering only the five methods that presented more
similar results (MBTastm, MCCastm, MBT-Eleq, CC-f and MCC-aetf), energy
release rates ranging from 465 to 661 J/m2 were found for crack initiation, whereas

for crack propagation, SERR varying from 1,300 to 1,352 J/m? were calculated.
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3.5. ELS experimental results

3.5.1. Failure modes

Differently from DCB tests, the interlaminar failure in ELS specimens
occurred in different locations: The ELS.01 and ELS.05 presented the delamination
between two adjacent fabric layers, whereas the ELS.02 to ELS.04 experienced a
crack growth at the interface between fabric and roving layers, as shown in Figure
3.23. The groves observed on the specimens’ lateral sides were generated by the

cutting process with the water jet machine and it was not possible to remove them

via manual polishing.

(i) ELS.04 G) ELs.bs

Figure 3.23. Failure mode of ELS specimens: (a) ELS.01; (b) ELS.02; (c) ELS.03; (d) ELS.04; (e)
ELS.05.

The crack propagation in Mode Il occurred following the interface between
layers until reaching an average total crack length of 136 mm. Figure 3.24 shows
the typical failure mode presented in all tests. In general, the asymmetry generated
in ELS specimens was greater than those observed in DCB tests. For instance, in
the specimen ELS.01, it was observed a minimum eccentricity between the crack

and the section’s centroid of 0.65 mm along all the specimen’s length and a
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maximum eccentricity of 2 mm. All other specimens presented an eccentricity
lower than 1.30 mm.

Figure 3.24. Maximum deflection of ELS.01 (Pmax = 467.6 N).

3.5.2. Asymmetry assessment

In order to verify the effect of this asymmetry in the fracture mode, the
difference between the distances d> and di, indicated in Figure 3.25, should be
analyzed, as conducted in [36]. In opening mode, d1and d2 present disproportionate
increases between each other along the crack propagation, whereas for pure Mode
I, the difference d> — di should remain constant. Based on this, the Mode | was
considered negligible in the ELS tests conducted in this work, as can be observed
in Figure 3.25.
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Figure 3.25. Fracture modes assessment for ELS.01: distance between d1 and d2 vs. crack length.

3.5.3. Load-displacement and compliance responses

In general, all specimens experienced a fast delamination growth after crack
initiation, with abrupt and high increases in crack length, among which some can
be identified in P vs. d curves (see Figure 3.26) through sudden drops of the load.
All specimens presented similar initial stiffness, with maximum loads varying from
550.3 N (ELS.04) to 603.02 N (ELS.02). The ELS.02 presented the greatest peak
load, above the average of the other four specimens, and the latest crack initiation.
This might have been caused by a pre-crack misidentification, even with the aid of
the video-extensometer, occurred during the pre-cracking procedure. All specimens
presented a similar compliance curve, shown in Figure 3.26b, with an increase of

o/P as the crack propagates.

114


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

load P (kN)
o o (=] (=] o o
v o R o >~

o
—

T T T T T 90 T I T T T T T
| N | —e—EL501 |
7 75— | o Fs02 n
__ L =—F15.03 g
a 60 . H.S:. 04 B
il e —+—F[S.05
- = L |
— ==
i E iy -]
] ‘§v45 B f"".ﬁ“ri b:::.-;: /”-‘*
N - ‘:;f:;:_ |
L # exp 1501 = NI || 30 - .‘.gi;'jg;"f;:!‘?’ B
. -~ -expELS.02 * VIS B ]
/ — —expElS.03 + €105
L Z — expFIS04 s MAX|] 15 -
s @) £LS, 05 I B |
| | L | | | ‘ L | | | | 0 \ | \ | | | | |
5 10 15 20 25 30 35 75 90 105 120 135
displacement (3) crack length, a (mm)
(@) (b)

Figure 3.26. (a) load vs displacement curves of ELS specimens with fracture SERR initiation

points; (b) compliance vs. crack length curves.

3.5.4. Crack initiation points

The NL, VIS and C105 and MAX points are indicated in Figure 3.26a and
detailed in Table 3.9. According to recommendations of the standard 1SO 15114,
the crack iniation point is defined as the lowest value between the C105 point —
which as previously mentioned indicates a 5% of increase in the initial compliance

—and the maximum load point (MAX).

Table 3.9. Values of the load P at the crack initiation points.

Load at (kN) ELS.01 ELS.02 ELS.03 ELS.04 ELS.05
NL 0.094 0.222 0.204 0.196 0.183
VIS 0.366 0.594 0.323 0.503 0.250
C105 0.539 0.345 0.334 0.204 0.314
MAX 0.539 0.603 0.578 0.550 0.570

It can be noticed that the crack initiation point was significantly higher for
the specimen ELS.01, when compared to the others. In this case, the increase of 5%
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in initial compliance was reached after the peak load, and therefore the C105 point
is equal to the MAX one. This occurred since the ELS.01 was the only specimen to
experience a slightly softening in the compliance curve between the loss of linearity
and the visualization of the crack, as shown in Figure 3.27, suggesting a prevalence
of stiffening mechanisms during this short period of time, which delayed the crack
initiation and the consequent increase in compliance. The transition point (TP)
indicates the minimum of the compliance curve and represents a change in the
fracture process at the load P=238 N, where the crack propagation starts to play a

dominant role over the driving forces acting at the crack tip.
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Figure 3.27. Decrease in compliance in the ELS.01 specimen.

3.5.5. R-curves and SERR values for Mode Il

The SERR values for Mode Il were obtained from EMC, SBT and CBTE
methods with the application of formulae described in Section 3.2.2. The flexural
modulus E1 and the parameter 4q.mp — both used to determine the fracture toughness
through SBT and CBTE methods —, were obtained by the calibration tests, being
equal to 22.2 GPa and 57, respectively. The generated R-curves for each method
are shown in Figure 3.28. Tables 3.10 and 3.11 presents the G tip and Giitot Values
in detail, along with the pre-crack lengths achieved in each test. It is possible to
observe that, with exception of ELS.03 and ELS.04, all specimens experienced an
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increase of Gt until the end, without a well-defined plateau. This indicates a
possible fiber bridging not yet fully developed, which is difficult to confirm visually
during the test due the mode of loading.

This increase in SERR and the lack of a plateau is even more evident for
SBT and EMC methods. The latter reached, in general, intermediary average SERR
values for both crack initiation and propagation, presenting results very close to the
ones provided by CBTE method, with differences lower than 1% and 8% for crack
propagation and initiation, respectively. In opposition, the SBT has proven to be the
most conservative method, as shown in Figure 3.28, with differences up to 45%
when compared to the other methods, both for crack initiation and propagation. This
result agrees well with literature that highlights the deficiency of the concerned
method. The high values found for Gy ip of ELS.01 specimen, in all methods, was
caused by the misidentification in the respective crack initiation previously
explained, which generated a great coefficient of variation (CoV) between the
results.

It can also be observed a certain similarity between the SERR obtained for
different crack paths. For instance, differences of 26.5% and 12.5% were found
between the initiation and propagation SERR values, respectively, of the ELS.01
specimen, which experienced the delamination between roving and fabric layers,
and the specimen ELS.05, which experienced the crack between two fabric layers.
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Figure 3.28 - R-curve obtained from different methods: (a) CBTE method; (b) SBT method; (c)
EMC method; (d) comparison between the three methods (ELS.05).
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Table 3.10. Initiation values for SERR from different methods.

] SERR for crack initiation G tip (J/m?)
Specimens a1 (mm)

CBTE SBT EMC

ELS.01 3.53 1,158 748 1,423
ELS.02 2.64 474.2 244 467
ELS.03 1.71 470.9 247 464
ELS.04 3.85 155.7 88.3 168
ELS.05 3.64 346.2 234 313

average 522 + 340 312 + 226 568 * 442
sd (cov) (0.652) (0.723) (0.778)

Table 3.11. Propagation SERR values from different methods.

Critical SERR for crack propagation Giitot
Specimens (I/m2)
CBTE SBT EMC
ELS.01 2,121 1,373 2,638
ELS.02 2,417 1,107 2,023
ELS.03 2,016 1,020 2,014
ELS.04 1,690 0,961 1,779
ELS.05 2,305 1,395 1,866
averagetsd | 2,124+291 1,177 + 184 2,104 + 307
(cov) (0.137) (0.156) (0.146)

3.5.6. Comparison with previous works

The results obtained in this work were compared with the ones reported in
Zhang et al. [19] and Shahverdi et al. [18]. The former found Gy values varying
from 904 to 1,337 J/m2 and from 1,772 to 2,293 J/m?2 for crack initiation and
propagation, respectively. On the other hand, Shahverdi et al. [18] reported SERR
of 1,156 and 2,670 J/m2 for crack initiation and propagation between the epoxy
adhesive and the mat layer. Differences for G wt values equal to 7.7% and 20.8%
were found between this work and the previous authors’ research. In opposition, a
great difference was found between the results reported in literature and the ones
calculates in this work by SBT method. The SBT is referred in literature as a method

that underestimate the SERR values, however, this effect was apparently
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accentuated in the ELS tests conducted in this research, resulting in values 46%
lower than those reported in previous works. Differences up to 68% were also
observed for SERR required for crack initiation, when comparing to the previous
researches. This high variability might be expected due to the high incidence of
defects in pultruded materials.

Zhang et al. [19] observed that CBTE might lead to less accurate results for
crack initiation and stated that the values provided by the ECM method agreed well
with FEM analyses. In the present research, the CBTE presented very similar results
when compared to ECM method, with 8% of difference between Gy tip values

obtained by each method.

3.6. Comparison between G and Gi

Previous works have stated that, regardless the material or method of
calculation, the critical fracture energy for Mode 11 is always higher than the one
related to Mode 1 [19,25]. Nevertheless, in this research, average lower values of
Guitot Were found through SBT approach when compared to almost all the methods
used to calculate the critical SERR for Mode I, with differences up to 11.9%. On
the other hand, CBTE and EMC methods, which presented very similar outcomes,
resulted in greater Gy ot values than those obtained for Mode 1, in agreement with
the literature, with a ratio of Gii ot/Gi ot ranging from 1.57 to 1.63. In literature, this
ratio is approximately 1.2 for crack propagation and varies from 2 to 3 for crack
initiation [37]. However, in this work, disregarding the results provided by CCastm
and SBT methods, which presented discrepant results when compared to the other

methods, the ratio found for crack initiation ranged from 0.78 to 1.12.

3.7. Conclusions

This work aims to bring clarity about the application of standardized
methods for the determination of Mode | and Mode Il interlaminar fracture

parameters in pultruded specimens where it is not applicable to insert a thin pre-
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crack during fabrication. Experimental and numerical investigations are conducted
on DCB and ELS specimens having the initial separation of 1-mm of thickness
introduced via a water jet machine. The video-extensometer technique was used to

conduct an accurate crack length measurement, especially in Mode II.

The following conclusions can be drawn:

e The DCB specimens presented R-curves with an increase of SERR before
reaching a plateau, indicating the presence of fiber bridging, which was also
observed in the experiments. On the other hand, ELS specimens did not
present a clear and well-defined plateau, experiencing, in general, a SERR
increase until the final crack length was reached.

e Among the six methods (three standardized and three non-standardized)
assessed to determine Gy, the CCastm Was the only one that presented a
non-typical R-curve behavior with a clear downward tendency in the plateau
region. This response could possibly be caused by the absence of the
parameter A in the formulation. However, the inclusion of the parameter in
the CCastm formulation led to SERR values for crack propagation (G tot)
up to 38% lower than all the other data reduction methods.

e The other five methods (MBTastm, MCCastm, MBT-Eleq, CC-f and MCC-
aefr) used for Mode | presented very similar results in terms of SERR for
crack propagation, with differences lower than 3.8% between each other.
The results showed that for the specimens analyzed in this work, i.e., in
which the crack growth led to a slight level of asymmetry, it would not be
necessary to consider improved methods (for instance, MBT-Eleq or MCC-
aeff) than the ones recommended by the ASTM standard, especially for the
crack propagation SERR evaluation.

e For Mode Il, the SBT method presented Gic results below the expected,
being even lower than the values found for Mode I. On the other hand,
CBTE and EMC methods provided very similar SERR values, both for
crack initiation and propagation, with differences lower than 8% and 1%,

respectively, between each other.
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e For both Modes, a higher scattering was observed for crack initiation SERR
values. This might be associated to the pre-crack method and the well-
known high incidence of defects in pultruded profiles, precluding a damage
control around the crack tip, which may have influence at the crack
initiation.

e Theratio of Giic/Gic ranged between 1.57 and 1.63 for crack propagation and
varied from 0.78 to 1.12 for crack initiation. The latter is different from the
average presented in literature, since in this work both Modes presented

similar SERR for crack initiation.

All these results will be compared with numerical models in the next Chapter.
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4. Mode | and Mode Il Fracture Behavior in Pultruded
Glass Fiber-Polymers Bridge Decks - Numerical

Investigation

4.1. Introduction

In order to obtain the fracture toughness parameter, several numerical
approaches have been used to decrease the time-consuming experiments and to
simulate the progressive damage behavior in composites. For interlaminar failure
in gquasi-static analysis, virtual crack closure technique (VCCT) and the cohesive
zone modelling (CZM) are usual approaches and both methods require the fracture
toughness Gc as input for the assessed mode loading [1]. The former is one of the
most popular methods employed to calculate the fracture components at the crack
tip [2]. It requires the presence of an initial crack to be applicable and is used
typically for brittle crack growth [3]. The method has bases in Linear Elastic
Fracture Mechanics (LEFM) and assumes that the energy required for crack
propagation is equal to the one needed to close two separated crack surfaces [4].
Although being an effective method, the VCCT requires complex moving mesh
techniques for crack propagation [5,6]. In parallel, the CZM also has been
extensively used in order to model fracture process zones (FPZ) in quasi-brittle
materials. The method overcomes some obstacles presented by VCCT, especially
when it is required to take into account the nonlinear zone ahead of the crack tip
[3]. Moreover, it can predict efficiently both the composite progressive failure, fiber
bridging in particular, and crack initiation [4]. Nevertheless, it is important to point
out that the use of cohesive elements for simulating progressive delamination
requires refined meshes and, very commonly, may present convergence issues [6].

The CZM simulates the damage according to cohesive laws and the
determination of its respective parameters still constitutes a challenge for an
accurate numerical analysis, especially when it comes to Mode Il. The high

variability inherent to pultruded glass fiber-polymer properties, added to the R-
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curve dependence of specimens’ geometry in particular cases, increase the
complexity in performing reliable simulations [7-9]. To accomplish this task,
fitting procedures are often used to calibrate the fracture parameters based on the
experimental curves. Two-part cohesive laws (for instance, bilinear or linear-
exponential) are commonly adopted in literature. However, to account for fiber
bridging mechanisms, some authors [10-12] have proven the efficiency of the use
of a three-part cohesive law (bilinear-exponential), describing a non-linear behavior
for tractions generated due to fiber bridging. Regardless of the material, several
works mention the influence of the cohesive laws shape on the progressive failure
behavior [4,13-15]. Furthermore, this influence tends to increase with the relative
size of the fracture process zone compared to the specimens’ dimensions [16].
Despite the several studies addressing CZM for fiber-polymer materials,
very few studies are focused on the interlaminar fracture behavior characterization
of pultruded fiber-polymers. Almeida-Fernandes et al. [17] recently implemented a
numerical model by using fitting procedures to simulate Compact Tension (CT) and
Wide Compact Tension (WCT) experiments. The authors used the Hashin criterion
to estipulate the intralaminar damage initiation and two types of cohesive laws
(bilinear and linear-exponential) to describe the damage evolution of pultruded
glass fiber-polymer specimens. Despite its good agreement with experimental
results, the numerical methodology adopted is considered valid for simplified cases
as the one studied. The authors found a better convergence in terms of average
ultimate loads by using the bilinear cohesive law, whereas the exponential softening
law presented the best fit for the crack growth, indicating the need for further
research. In another study, Almeida-Fernandes et al. [18] used a bilinear cohesive
law to obtain numerically the transverse intralaminar compressive fracture
toughness of pultruded glass fiber-polymer Compact Compression (CC) specimens.
Shahverdi et al. [2] also fitted the experimental Double Cantilever Beam (DCB)
and End-Loaded-Split (ELS) data to developed mixed-mode failure criteria for
adhesively-bonded pultruded glass fiber-polymer joints. The authors applied the
VCCT to calculate the interlaminar fracture components at the crack tip and
employed an exponential cohesive law to quantify the effects of the fiber bridging.
Ye Zhang et al. [19] also simulated DCB and ELS experiments via 3D finite

element models. On the other hand, Liu et al. [20] adopted a bilinear model and a
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double fracture toughness K criterion (used to obtain the fracture parameters of
wood). In this case, K means the stress intensity factor and the word “double” refers
to two stages of crack development: initial cracking and failure. The double K,
correspond, thus, to the initial cracking fracture toughness and the failure fracture
toughness. The criterion was used to analyze the intralaminar Mode | crack
propagation along the fiber direction of pultruded fiber-polymer specimens. In this
study, the fiber bridging mechanism was found to be 40% of the total fracture
energy.

In order to use CZM technique, it is required to estimate fracture mechanic
parameters, which may be an exhausting procedure depending on the adopt
cohesive law shape and, consequently, the number of variables. Therefore, it is
important to expand the available database for these composites in order to facilitate
the evolution of future investigations. Furthermore, in order to avoid time-
consuming in the fitting procedures, it is very useful to understand how each
specific parameter of the cohesive three-part traction separation law (interfacial
strength, maximum fiber bridge traction, SERR due to crack initiation and
propagation) influence on the composite’s behavior and the respective load vs.
displacement curves.

In this scenario, this work aims to study the interlaminar fracture in
pultruded glass fiber-polymer composite, evaluating the use of cohesive laws with
different shapes to numerically simulate DCB and ELS tests described in the
previous Chapter. The onset delamination and progressive failure of the specimens
were predicted through 2D non-linear finite element models, where CZM is used.
Three different shapes for traction-separation laws (bilinear, trilinear and bilinear-
exponential) were implemented via a VUMAT subroutine in Abaqus 2021 [21].
The results were discussed to determine the one that best expresses the experimental
data presented in the previous chapter. Further, a second objective of this research
is to assess how different parameters of a three-part cohesive law affect pultruded
glass fiber-polymers progressive failure and their load vs. displacement curves,
facilitating future fitting procedures in numerical analyses. A parametric study is
conducted to evaluate the influence of four different parameters of cohesive laws in

the presence of fiber bridging, namely the interlaminar strength oc; the fiber
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bridging traction omax; the energy required for crack initiation Gp; and the energy

dissipated due to fiber bridging Gpr.

4.2. CZM - theoretical background

4.2.1. Traction separation laws

The cohesive zone model (CZM) is a very powerful tool to predict the onset
and progressive failure of composite materials. The cohesive element behavior is
defined by a traction-separation law that correlates the surface tractions, o, with the
crack opening displacements (COD), along the FPZ of an interfacial crack. A
typical example of a two-part traction separation law used in quasi-brittle materials
Is given in Figure 4.1. The crack initiates when the stress at the crack tip reaches
the interface through-thickness strength (oc), corresponding to a COD dc. As the
COD increases, the cohesive tractions decrease, until vanishing when the final COD
ot is reached. The area under the cohesive law corresponds to the fracture toughness
Ge. In other words, the cohesive zone model is, thus, characterized by the bulk
material properties, the damage initiation condition, and the crack evolution
function — which describes the crack tractions behavior, ¢, between the interval

from the COD of crack initiation dc to the final opening displacement 6.

- maximum traction = interface
through-thickness strength
(crack initiation)

tractions, o
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Figure 4.1. Typical traction separation law with linear softening.
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As previously mentioned, a wide variety of studies have shown that the
traction-separation law shape is determinant when simulating progressive damage
for different materials. Different shapes, such as triangular, trapezoidal, and cubic
forms, among others have been proposed in literature. One of the most adopted
cohesive laws for composite materials is the bilinear one illustrated in Figure 4.1,
due to its effectiveness and simplicity. However, in the existence of stiffening
mechanisms such as fiber bridging, research available in literature [11,12,22] has
shown that the energy dissipated may be divided in two main processes, as
presented by the three-part cohesive law in Figure 4.2: 1. the energy required to
initiate the damage growth at the crack tip, Gtip, illustrated in orange; and 2. energy
dissipated due to fiber bridging, Gor, represented in green. The total and critical
SERR (Gg), in this case, corresponds to the total area under the cohesive law curve
(Gtot = Gtip + Gur). In this cohesive law shape, two parameters are added: the
maximum bridging tractions omax and the corresponding COD 6.

It is worth pointing out that fiber bridging is one of the most effective
toughening mechanisms that increases the energy dissipated level during the
fracture process of the material. It can be classified as an extrinsic mechanism for
occurring behind the crack tip. On the other hand, there are intrinsic damage
mechanisms, such as microcracking or microvoid formation, that act ahead the
crack tip. In other words, “fracture is the result of a mutual competition of intrinsic
(damage) mechanisms ahead of the crack tip that promote cracking and extrinsic
(shielding) mechanisms mainly behind the tip to impede it” [23]. The former is
inherent to the material, differently from the latter, which are dependent on the

crack size, specimen’s geometry and fiber architecture [7,23].
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Figure 4.2. Traction separation law that accounts for fiber bridging mechanism.

To illustrate the cohesive law behavior in Mode I, Figure 4.3 shows the
tractions over the fracture process zone (FPZ) in a specimen with fiber bridging. It
is shown that the tractions are maximum at the crack tip, tending to decrease until
zero as the maximum crack opening displacement, Jr, is achieved. The indicated
cracked region starts where the fiber breakage occurs, generating a stress-free
region, whereas the non-damaged material corresponds to an elastic region. On the
other hand, the indicated damage region accounts with two damage processes — the
first (DP1), ahead the crack tip, is associated to damage and microfractures of the
matrix [24]. It is related to the orange area of the cohesive law in Figure 4.2.
Meanwhile, the second damage process (DP2) is related to the green area of Figure
4.2, corresponding to the energy dissipated due to fiber bridging mechanisms (Ger)
behind the crack tip.

131


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

cracked region damaged region non-damaged region
1 1
| DP2 , DP1
ﬂ bridging length W

‘ ~c

Omax o

/\ rrr-m'rw’rfﬂl?lrﬂﬂﬂr[-ﬂr‘-‘T crack tip
et

fully active

fiber bridging
L FPZ L
1 71

Figure 4.3. Fracture process zone of Mode | delamination with fiber bridging (adapted from [22]).

4.2.2. R-curve responses and CZM length

Some parameters used in cohesive laws may be estimated from the
experimental R-curves. Figure 4.4 illustrates a typical R-curve response for
specimens with fiber bridging, representing the SERR related to the crack length,
a. It is important to point out that the definition of crack tip is different in the
fracture mechanics context and the CZM. The former is the one used in this work
and considers the crack tip as the point where bridging and fracture process initiate.
The plateau enables the determination of the steady state toughness Giot and its
starting point indicates that the fiber bridging mechanism is fully developed [22].
Thus, it is possible to estimate the fiber bridging length through the experiments, as
shown in Figure 4.4. In this context, when the fiber bridging length is comparable
to some of the specimens’ dimensions, the R-curve becomes dependent on the
specimen’s size and geometries [10], resulting in the so-called large-scale bridging
(LSB) effect.
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Figure 4.4. Typical shape of R-curve for DCB tests.

As previously mentioned, a fine discretization is needed in finite element
method (FEM) models to guarantee accuracy in tractions distributions ahead of the
crack-tip, with the recommendation of at least 3 to 5 cohesive elements in the
cohesive zone length [25,26]. The CZM length for a bilinear traction separation
law, i.e., for a failure mode without fiber bridging, can be determined as expressed
by the Equation (4.1), reported by Turon et al. [6].

Ezz Gtot (4_1)
ol

lczm

Where Giot is the critical energy release rate (or fracture toughness) Ez. is the
transverse young modulus of the material; o¢ is the normal cohesive (interfacial)
strength and M is a parameter that depends on the cohesive zone theory adopted.
The Hilleborg’s [27] and Rice’s [28] models are the most commonly used, in which
M is assumed to be equal to 1 [6]. The lcm is inversely related to the material’s
brittleness, i.e., the more brittle, the lower the material’s cohesive zone length [3].
On the other hand, J. Chen [29] used the critical crack length am, expressed in
Equation (4.2), to capture the crack below its critical value and determine the mesh
refinement at the CZM for a bilinear traction separation law. The author used from

2 to 3 cohesive elements to discretize the crack length.

@ = Ey; Giot (4,2)
mo Y2oim

133


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

tractions, o (MPa)

Where y is a crack shape parameter adopted as 1.12. In this work, the Equation

(4.2) was used.

4.3. Numerical Investigation

4.3.1. Traction separation laws

Three different traction separation laws were applied for the simulation of
both DCB and ELS experiments to evaluate which one best simulates the fracture
process of pultruded glass fiber-polymer specimens. A user material subroutine
(VUMAT) was implemented in Abaqus/Explicit based on the theory presented by
Gonzalez et al. [30]. Besides the classical bilinear cohesive law extensively used in
literature, two other laws were used to take into account the effects of the fiber
bridging stiffening mechanism: 1. bilinear-exponential law and 2. trilinear law.

Figure 4.5 illustrates the cohesive laws shape assessed in this work.

1. bilinear-exponential law 2. trilinear law 3. bilinear law
TGC 10, 10,
| | \
I b I
U] ’ !
| _ I —_ |
i Gtot - Gtip + Gbr I GmL - Glip + Gbr ‘
| {1 |
3 : Gtip ]
f i/ |
(1] 1 |
Il h : Gmr
| I |
I o | /
' [\ 1
1T (. |
I N e) I
| : I “,L T“T_’i\_z Gl:v :
| : ! ‘\7_71_77 :
l ! - L
) 0, 8, 5 9B, 5,

crack opening/shear displacements (mm)

Figure 4.5. Cohesive laws’ shape assessed: a) bilinear-exponential law; b) trilinear law; ¢) bilinear
law.

The different traction separation laws implemented via VUMAT are
expressed in Table 4.1. As can be seen, the main difference between the three-part
cohesive laws is that, in the bilinear-exponential one, the fiber bridging tractions oor
are represented by a non-linear behavior [12,22], in which the parameter y varies

from 0.01 to 1.0 depending on the curvature of the exponential softening. On the
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other hand, the bridging tractions o of the trilinear law are governed by a linear

function.
Table 4.1. Traction separation laws implemented via VUMAT.
Cohesive law Traction separation law COD interval
o, — O
a(6) = (w) (6coa — 6c) + o 0c < 8coa < 61
- 6C - 61
bilinear-
exponential I o 8coa — 61
Oor(0) = TR Omax \ 1= P55 | | 81 < 80a <6
o, — O
0(8) = (T ) (Boa =0 + Oc | B0 < 8ua <61
1
trilinear ‘ o
max
opr(8) = 5 -0 (6coa — 6f) 81 < bcoa < Of
. O¢
bilinear o(8) = —6—f5cod + o 8p < 8cpq < 61

In all cases, the tractions response o obeys to the Equation (4.3) [22].

0(8coa) = (1 = D(6))Kobcoa (4.3)
Where D(dcod) IS the damage variable, Ko is the initial cohesive stiffness assumed
as 100.000 N/mm3 [31] and dcod is the crack opening displacement (COD) in the
Mode 1. Analogously, for Mode 11, the shear displacements were considered. Thus,
the damage variable defined in the VUMAT subroutine for the bilinear-exponential
and the trilinear law is presented in Equation (4.4), whereas the damage for the

bilinear law is defined in Equation (4.5).

0for0<6.4 =<6,

_ 0(8coa)

D(6c0a) = Ko6coa
Gbr(Scod)

1——- 01 <O0poqa <6
Ko(scod fOT' 1 cod = Yf

foré, < 8c0q < 6;
(4.4)
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0for0<6.q <6,
_ a(6cod)
KOSCOd

D (660(1) =

1 for 6. < bcoq < b (4.5)

4.3.2. Fitting procedure

In order to estimate the parameters to be adopted for the cohesive laws, a
fitting procedure based on the experimental load vs. displacement curves was
conducted. A first attempt of using the average experimental results obtained in
Chapter 3 was made. However, the results for the Compliance Calibration (CCastm)
and the Simple Beam Theory (SBT) methods, obtained according to ASTM D5528-
01 and I1SO 15114, were not considered, due to the great differences observed when
compared to the other methods. These preliminary analyses resulted in the traction
separation laws shown in Figures 4.6 and 4.7, which were defined according to the

following methodology:

For bilinear-exponential and trilinear laws:

e For both Modes | and Il, the maximum traction o was adopted as 30% of
the tensile strength of the polymeric matrix o, which in this case is an
isophthalic polyester resin (ot = 65 MPa [32]). This hypothesis was based
on successful recommendations in literature applied to other fiber-polymer
materials [5,24].

e The final opening displacement ¢+ for both bilinear and bilinear-exponential
laws was estimated through the experimental R-curves for the
correspondent average crack length (a) where the fiber bridging mechanism
was fully developed.

e The parameters Giip and Giot Were adopted as the average experimental
SERR for crack initiation and propagation, respectively (without
considering the CCastm method).

e The parameter omax Was obtained through the compatibility of the areas
corresponding to the energy related to fiber bridging (Gor) and to the damage
initiated at the crack tip (Gtip).
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For bilinear laws:

e The maximum traction o was also adopted as 30% of the tensile strength of
the polymeric matrix.

e the parameter Gip was determined according to the average experimental
SERR for crack initiation, without considering the CCastm and SBT
methods.

e The parameter Js was obtained through the compatibility of the areas
corresponding to the energy related to the damage initiated at the crack tip

(Gtip).

In other words, these preliminary analyses were based only on the
experimental results and on the fracture toughness area compatibility. Therefore,
the fracture parameters presented in Figures 4.6 and 4.7 were determined without
an additional fitting procedure. The results for these analyses are described in
Section 4.4.

In a second analysis, the fracture parameters were slightly adjusted to best
fit the experimental vs. displacement curves, aiming to analyze which data
reduction method provided the closest results to the numerical model. For the
bilinear-exponential and the trilinear laws, the oc and ¢ were the same used in the
preliminary analysis, whereas the parameters omax, Gwt and Gtip Were obtained
through an iterative process. On the other hand, for the bilinear law, both G and
ot were varied in order to achieve the best results. This fitting procedure was also
based on the parametric study presented in the Section 4.7, which provides
information about the influence of each parameter in the load vs. displacement
behavior. The traction separation laws that best represented the experimental cracks

cohesive behavior for both Modes | and 11 are discussed in Sections 4.5 and 4.6.
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1. bilinear-exponential law

2. trilinear law

3. bilinear law

Mode | Mode | Mode |
cc=19.5 MPa Gc=19.5 MPa .= 19.5 MPa
©
% |
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& / ' 4 || G, =553 ym?
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ks]
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: jc o -
‘ , .~
1 . . |
5,=0.043 3,=0.49 5,=0.046 8,= 049 5, =0.06

crack opening displacement, 8.4, (MM)

Figure 4.6. Preliminary cohesive laws used for the DCB model.
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Figure 4.7. Preliminary cohesive laws used for the ELS model.

4.3.3. DCB model

The DCB experiments were simulated in a two dimensional plane-strain
finite element model in Abaqus/Explicit 2021 v.6.21-6 [21], which was used in this
case for comparison purposes with Chapter 5. The interspersed roving and triaxial
multi-ply fabrics specimen’s layers were modeled. A scheme of the adopted layer’s
distribution and the mesh refinement are presented in Figure 4.8. Two different
materials were considered to constitute the composite, according to its respective
fiber volume ratio: i. Triaxial fabrics + resin (in grey); ii. Roving + resin (in red).
The layers’ thicknesses were estimated based on the specimens’ visual observation

and burn-off tests. As can be seen in Figure 4.8, the composite layup is not
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symmetric. The specimen having 16 mm of thickness was modeled with seven
layers of triaxial fabric with 1 mm of thickness each, while four layers of roving +
resin were considered (three with 2.5 mm and one with 1.5 mm of thickness). The
elastic adopted properties, indicated in Table 4.2, were obtained by using the rule
of mixtures and verified with the aid of the software ESAComp [32]. For the roving
layers, the shear moduli Gi3 and G2z were considered equal to the Gy, for sake of

simplicity.

displacement and
binary moment

applied
PP cohesive elements
15 with zero thickness

] I M rigid body constraint

roving (red)

triaxial fabric (grey)

(@)

(b)

Figure 4.8. Scheme of DCB experiments modelling: (a) distribution of layers and adopted
boundary conditions; (b) adopted mesh of 1 mm.

Table 4.2. Elastic properties adopted for the DCB model.

Eu E2 Es3 G G3 G2
Layers vl2 vi3 v23
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
transverse to
® ] ] 5,460 5,460 31,000 0.30 0.05 0.05 2,100 2,100 2,100
=2 roving + resin
]
Y| tri-fabric + resin | 26,510 5,460 12,340 0.27 0.27 0.35 3,720 6,960 3,680

To model the experimental test configuration, a displacement of 25 mm is
applied on the top of the composite, at 15 mm from its edge, as shown in Figure
4.8. A rigid body constraint was used between the specimen and the applied
displacement to simulate the effects of the used aluminum plates. A binary moment

that takes into account the eccentricity of 30 mm between the piano-hinges loading
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blocks and the actual displacement application is also considered. At this same load
application line, the bottom part of the flange is restrained in horizontal (x) and
vertical (y) directions in order to simulate the boundary conditions provided by the
universal machine of testing. The displacements obtained through the model were
computed at 15 mm from the specimens’ edge, which corresponds to the load
transfer point in the experiments.

Four-node bilinear quadrilateral elements (CPE4R) were used in a
structured and uniform fine mesh, as shown in Figure 4.8b. At the specimen middle
plane, an initial separation having 60 mm long was introduced from its left edge,
between the two adjacent fabric layers (in grey). At this middle plane extension, a
layer with four-node two-dimensional cohesive elements (COH2D4) having zero
thickness was modeled in order to simulate the fracture process zone. The cohesive
zone length was calculated through the Equation (4.2) and a value of approximately
5 mm was found. Therefore, a mesh of 1 mm was adopted to account with 5
elements in the cohesive zone. The model comprised 5,020 nodes and 4,690

elements.

4.3.4. ELS model

Analogous to the DCB model, the multilayered specimen tested in ELS
experiments was simulated in a 2D plane-strain model, as presented in Figure 4.9.
The adhesive layer was not modeled since no significant changes in the results were
identified in complementary models where the given layer was considered. Since
the ELS and DCB specimens were extracted from the same DS deck, the elastic
properties adopted in the models are the same and are described in the previously
mentioned Table 4.2. A displacement boundary condition of 25 mm was applied at
21.5 mm from the edge via a rigid body constraint to simulate the load distribution
provided by the loading blocks on the aluminum plates attached to the specimens
in experiments. Both the top and bottom of the flange were restrained in the vertical
(y) direction at the points and regions indicated in Figure 4.9a, in an attempt to
simulate the pair of screws at the top and the continuous clamped region at the
bottom. The same mesh of 1 mm, used in the DCB model, was adopted for this
simulation. A “contact pair” (tool of Abaqus) with frictionless tangential behavior

was defined to model properly the existing interaction between the two separated
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surfaces during the analysis. The displacements obtained through the FEM model
were computed at 21.5 mm from the specimens’ edge to ensure compatibility with

experimental tests.

21.5

cohesive elements

djsp%acein ot with zero thickness
applied=25mm . 5
| /ngui body constraint 65 , 42.5

roving (red)’ uy=10 2
M LY
P‘air of contacts triaxial fabric (grey) (typical) 31_.1 I—» x
(frictionless)
(a) Modeled layers and adopted boundary conditions.

(@)

(b)

Figure 4.9. Scheme of ELS experiments modelling: (a) layers’ distribution and adopted boundary

conditions; (b) Adopted mesh of 1 mm.

As in DCB models, four-node bilinear quadrilateral (CPE4R) and cohesive
elements (COH2D4) having zero thickness were also used to describe the bulk
material and the fracture process zone, respectively. In this case, an initial
separation having 100 mm long was introduced from the specimens’ left edge at its

middle plane. The model comprised 6,220 nodes and 5,790 elements.

4.4. Results of preliminary numerical analyses

As previously mentioned in Section 4.3.2, preliminary analyses were
conducted in order to determine suitable fracture parameters for the traction
separation laws to be used in numerical models. In these analyses, the parameters
were obtained based only on the experimental results and on the fracture toughness
area compatibility, i.e., no fitting procedure was applied. The load vs. displacement
curves obtained through the three different cohesive laws (see Figures 4.6 and 4.7),
both for DCB and ELS models are presented in Figure 4.10.
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(® (b)
Figure 4.10. Load vs. displacement curves: (a) DCB models; (b) ELS models.

As can be seen, for DCB and ELS models, the bilinear law led to very
inaccurate results, both in terms of peak load and in the post-peak curve region. On
the other hand, good results were found for trilinear and bilinear-exponential laws,
especially for Mode I1. In general, the trilinear laws generated curves slightly closer
to the obtained experimentally. For the Mode I, the numerical model slightly
overestimated the peak loads obtained experimentally, disregarding the specimen
DCB.01. It is important to point out that this overestimation is not related to the
initial load relief occurred in DCB.01 experiment, since this specimen provided
very similar SERR results when comparing to the other specimens, especially for
crack propagation.

For this reason, the trilinear and bilinear-exponential laws of Mode | were
slightly adjusted, as shown in the next section, to better fit the experimental P vs. ¢
curve of the other four specimens. In parallel, an attempt to adjust the parameters
of the bilinear laws was also made, due to the numerical inaccurate results observed
in Figure 4.10 and to the scattered values for crack initiation obtained

experimentally when considering all the data reduction methods evaluated.
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4. 5. Results and discussion for DCB models

4.5.1. Adopted cohesive laws

After the fitting procedure previously mentioned, the traction separation
laws that resulted in the best fit with experimental P vs. ¢ curves are shown in Figure
4.11. In the bilinear-exponential law, the best fit was found for a G, p adopted as
42% of the Gi tot, with a parameter y equal to 0.01. On the other hand, for the trilinear
law, a lower value of G, tip was required, being equal to 29% of the G tot. In parallel,
a good fit was observed for omax assumed as 25% and 20% of o for the bilinear-
exponential and trilinear laws, respectively. Different values of ot were tested for
the bilinear law in order to consider the same interfacial strength of 19.5 MPa
adopted for the other cohesive laws. Therefore, the value of 0.13 mm indicated in
Figure 4.11 is the one that best fits the experimental results. The found fracture
toughness Gi ot Was 1,250 J/m? for both the trilinear and bilinear-exponential laws,

whereas a value of 998 J/m2 was obtained for the bilinear law.

1. bilinear-exponential law 2. trilinear law 3. bilinear law
ge=19.5 MPa l oc=19.5 MPa o= 19.5 MPa
|
5. = Gip= i :
£ 0.426,,, Gom= G G 4 Cre=029Gyy
/ Gypor = 1,250 J/m? { G = 1,250 J/m? 4G =998 J/m?
/
O, =0.250 )
/ 1=0.01 G,.,.=0200, G Y
J = ; br =
=% A.=00002mm / / 3.=0.0002 mm 5=0.0002 mm
4 T — 4 Te—
5,=0.043 5,=0.49 5,=0.031 8,= 0.49 5,=0.13

crack opening displacement, 5.4 (mm)

Figure 4.11. Cohesive laws used for the simulation of DCB experiments: (a) bilinear-exponential
law; (b) trilinear law; (c) bilinear law.

4.5.2. General behavior

The Mode Il was considered negligible in the DCB FEM model, with the
relative shear displacements representing less than 1% of the opening ones. Figure
4.12 presents the comparison between the experimental results (represented through

a grey envelope) and the load vs. displacement curves obtained numerically for
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different cohesive laws. Although exponential softening laws have been indicated
in literature [12,33] as the best option to simulate fracture mechanisms with fiber
bridging, both fitted trilinear and bilinear-exponential cohesive laws agreed well
with the experiments, presenting a maximum difference of only 3% between the
peak loads obtained numerically and experimentally for specimens DCB.02 to
DCB.05. On the other hand, differences up to 18.4% were observed between the
experimental and numerical peak loads when considering the bilinear law,
confirming that this type of law is not appropriated to take into account the effects
of the bridging mechanism. However, the fitted bilinear law was able to properly

simulate the P vs. & post-peak curve softening.

0.5 [ T T T | T ] T T T
I DCB experiments - envelope |
bilinear-exponential law
04 trilinear law

bilinear law

load P (kN)

0 L | |
0 5 10 15 20 25 30

displacement & (mm)

Figure 4.12. Comparison between the use of different traction-separation laws.

Figure 4.13 shows the typical deformed shaped of DCB specimens obtained

for the three FEM models, with the cohesive elements indicated in red.
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Figure 4.13. Deformed shape of DCB specimens.

Although the fitted bilinear law has overestimated the peak load in P vs. ¢
curves, it presented good agreement in terms of compliance and propagated crack
length, as shown in Figures 4.14 and 4.15a. In parallel, the bilinear-exponential and
the trilinear laws also simulated well the composite compliance and crack lengths,
with very similar responses between each other. It was observed that the difference
in the laws’ shape has no significant influence in the opening displacement values,
as can be seen in Figure 4.15b. Nevertheless, it can be observed that the
experimental CODs were not very well simulated by the DCB model, which

underestimated in average up to 27% the values obtained experimentally.

225 | T | T ‘ T ’ T

200 __ DCB experiments - envelope _—:
L |——FEM - bilinear _]'
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150 |- -
z 1
= 125 — Hl
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sl - -
75 — -
L _
|
50 — -
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25— —:
- 4
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crack length, a (mm)

Figure 4.14. Comparison between the DCB experimental and numerical compliance curves.
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Figure 4.15. Comparison between numerical and experimental curves: (a) crack length vs.
displacement; (b) crack opening displacement (COD) vs. displacement (3).

4.5.3. R-curve and SERR values

The SERR values found in the FEM model for both crack initiation (Gitip)
and propagation (Giwt) are shown in Table 4.3, along with the experimental values
found through six different methods described in Chapter 3. Among the given
methods, three are included in the recommendations of ASTM D5528-01 [34]:
MBTastm (Modified Beam Theory), CCastm (Compliance Calibration) and
MCCastm (Modified Compliance Calibration). On the other hand, the formulation
of the other three is reported in literature: MBT-Eleq (Modified Beam Theory
calculated from an equivalent stiffness [35]), CC-f (Compliance Calibration based
on an alternative function [36,37]) and, finally, MCC-aet (Modified Compliance
Calibration with an effective crack length aerr, which eliminates the optical
measurement dependency of the delamination length).

In the numerical model, the G, sip values were obtained for the corresponding
COD of 61 [22] — see Figure 4.11 — for the trilinear and bilinear-exponential laws.
The latter presented, in general, results closer to the experimental values, especially
when compared to CC-f method, where a difference of only 3% was observed
between the SERR results for crack initiation. On the other hand, the CCastm
method presented G tip values twice as high as those obtained through the FEM

model. In opposition, the MCC-aefr and MBT-Eleq presented G tip results that agreed
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well with the numerical values obtained with the bilinear-exponential cohesive law,

with differences of 12.2 % and 13.5%, respectively. Finally, the trilinear law led to

Gitip values 37% lower than those obtained through the bilinear-exponential

cohesive law.

A value of 1,250 J/m2 for crack propagation (Gi.wt) was obtained for both

bilinear-exponential and trilinear laws after fitting the experimental P vs. J curves.
Based on this, the CC-f method presented the highest difference (8.1%) from the

Gi ot Obtained through FEM models. In opposition, the Gt obtained through

MBTastm method presented the lowest difference (4%) from the numerical G tot

value. The bilinear law, on the other hand, underestimated in 20% the SERR values

when compared to the other cohesive laws.

Table 4.3. SERR values obtained experimentally and in FEM models.

Experimental

EXPERIMENTAL RESULTS:
Average G (J/m?)

Cohesive Laws

methods For crack initiation For crack propagation
(Gutip) (Gitot)

MBTastm 661 + 181 1,300 £ 93
MBT-Eleq 520 + 159 1,337 £ 97
CCastm 963 + 254 1,175+ 88
CC-f 465 + 151 1,352+ 94
MCCastm 615+ 171 1,323+ 92
MCC-aest 513 + 143 1,337 £93

NUMERICAL RESULTS:
Gitot (J/M?2)

For crack initiation

For crack propagation

(Gu.tip) (Gitot)
Bilinear-
. 450 1,250
exponential
trilinear 285 1,250
bilinear - 998

Figures 4.16 to 4.18 present a comparison between the R-curves obtained

numerically and experimentally (grey envelope) for the six reduction methods. As

can be noticed, both trilinear and bilinear-exponential laws agreed better with the
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composite’s behavior observed experimentally. In opposition, the bilinear cohesive
law underestimated the experimental steady state values of the SERR (defined by
the plateau). Among all the six methods, it can be observed that the MBT astm and
the MCCastm resulted in a better agreement with numerical simulations. On the
other hand, CCastm, CC-f and MCC-aetr presented greater differences than other

methods when compared to those obtained through the FEM model.
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Figure 4.16. Comparison between R-curves obtained numerically and from MBTs methods: a)
MBT astm method; b) MBT-Eleq method.
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Figure 4.17. Comparison between R-curves obtained numerically and from CC methods: a)
CCastm method; b) CC-f method.
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Figure 4.18. Comparison between R-curves obtained numerically and from MCCs methods: a)
MCCastm method; b) MCC-aess method.

4.6. Results and discussion for ELS models

4.6.1. Adopted cohesive laws

The task of obtaining the parameters for the traction separation laws in
Mode Il is not an easy one, especially due to the lack of references in literature. In
this work, for the trilinear and bilinear-exponential laws, the parameters found
experimentally were used due to the good convergence of numerical and
experimental P vs. 0 curves. However, as previously mentioned, the bilinear law
was adjusted due to the high scattering observed for the experimental SERR for
crack initiation.

The traction separation laws adopted for Mode Il are shown in Figure 4.19.
Both for the bilinear-exponential and the trilinear laws, the Giitip was adopted as
26% of the total fracture energy Giitt, Which was found to be equal to 2,115 J/m?
in all cases. The parameter omax Was adopted as 30% and 19% of the interfacial
strength oc for the bilinear-exponential and trilinear laws, respectively. For the
exponential softening function, the parameter y was adopted as 0.01. As performed
in DCB simulations, several combinations were tested for the bilinear cohesive law,

and the value of 0.22 mm was adopted as ¢Jr. For the other laws, the value of 0.87
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mm was used, based on the experimental results, although it is not possible to

estimate accurately this value, since the fiber bridging was not fully developed in

Mode Il R-curves, as it will be seen further ahead.

bilinear-exponential law trilinear law bilinear law
Gc=19.5 MPa oc=19.5 MPa oc=19.5 MPa
T
o . , Gy = 2,115 J/m?
=3 Gyp=0.26G ., Gy = 2,115 J/m Gymp = 0.26 Gy G = 2,115 )m
P ; ;
g Giitor = Giip + Gyyor Giror = G + Gy
ie]
k3]
g | ‘
F | lo,.=0300, . 6,,=0.190, 8, = 0.0002 mm
| S _ o =
| 8:=0.0002 mm 7=0.01 o/ S.=00002mm g
: Gy |
d\(.
f I \
§,=0.041 8,=0.87 §,=0.045 5,=0.87 3,=0.22

shear displacements (mm)

Figure 4.19. Cohesive laws used for the simulation of ELS experiments: (a) bilinear-exponential
law; (b) trilinear law; (c) bilinear law.

4.6.2. General behavior
The typical deformed shaped observed in FEM models is illustrated in
Figure 4.20.

Figure 4.20. Typical deformed shape of ELS specimens.

The numerical and experimental (grey envelope) P vs. ¢ curves are shown
in Figure 4.21. It can be noticed that the use of the average experimental SERR
values obtained through the CBTE and EMC methods enabled to numerically
simulate very well the composites curves load vs. displacement. In general, the
numerical models slightly overestimated the specimen’s stiffness. This small
difference may be influenced by the adopted shear properties of rovings in the
model, since the shear moduli Gi3 and Gz3 were considered equal to the Giz, for

sake of simplicity. Despite of that, the FEM results for trilinear and bilinear-
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exponential laws agreed well with experiments. The bilinear cohesive law, on the
other hand, led to a very inaccurate response, overestimating the peak load in 33%,
before presenting a sharp drop in the load. This brittle behavior can be observed
through an abrupt increase in its respective compliance curve, presented in Figure
4.22, from the point where the crack length reaches approximately 97 mm. It is also
well described in the graphs shown in Figure 4.23, which present the variation in
crack length and shear displacements according to the vertical displacement applied
() on the specimen. In the given graphs, it can be seen an abrupt increase both in
crack length — with a variation from 97 to 167 mm — and in shear displacement,
which varied from 0.17 to 0.91 mm.

With respect to the other cohesive laws, both bilinear-exponential and
trilinear laws were not able to simulate very well the composite’s compliance,
although a better convergence has been observed for the former. On the other hand,
a good agreement was obtained for the three-part laws with respect to the shear
displacement vs. vertical displacement (6) curves. Both laws presented very similar
results for the propagated crack length and shear displacements. However, the
models were not able to represent very accurately the variation of the crack length
according to the applied displacement, as shown in Figure 4.23a. The
experimentally measured crack lengths were lower than those obtained through the
FEM models. This might be related to the especial difficulty in identifying and
tracking the crack initiation and propagation in Mode Il, even with the aid of the
video extensometer. Moreover, it is important to point out that, as previously
mentioned, there are issues related to the experiments, such as the presence of
defects, voids asymmetry caused by the fiber architecture, that are hard to control
and thus, to be simulated in the model. As these parameters may have led to the
scattering in the experimental tests, they may have contributed to the inaccuracy of

the model, since it was not possible to take them into account.

151


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

—— FEM - bilinear-exponential —— FEM - bilinear

—— FEM - trilinear

ELS experiments - envelope

0»8 T | ‘

0.7 —

06—

load P (kN)
o o o o
[\ w B w
A B B

©
N
[

0 I

0 5 10

displacement & (mm)

15

20

25

30

Figure 4.21. Comparison between ELS numerical and experimental results: load vs. displacement
curves.
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Figure 4.22. Comparison between the ELS experimental and numerical compliance curves.
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Figure 4.23. Comparison between numerical and experimental curves: (a) crack length vs.
displacement; (b) shear displacement vs. displacement (5).

4.6.3. R-curves and SERR values

The FEM parameters related to the crack initiation (Gutp) and crack
propagation (Giitwt) are shown in Table 4.4. The former was obtained for the
corresponding shear displacement 1, according to references in literature [22] — see
Figure 4.11 — for the trilinear and bilinear-exponential laws. On the other hand, the
latter, as previously mentioned, was obtained based on the average results of CBTE
and EMC methods for bilinear-exponential and trilinear laws, whereas a fitting
procedure was conducted to determine the fracture properties for the bilinear law.

The trilinear law led to closer results to CBTE and EMC methods for the
G tip parameter, with a maximum difference of 22.5%. On the other hand, the Gy ip
obtained when using the bilinear-exponential law presented a maximum difference
of 26.9% from the same methods. Regarding the SERR for crack propagation, since
the parameters adopted in the numerical models were based on the average results
of CBTE and EMC methods and both presented very similar outcomes, a difference
lower than 1% was observed between the Gyt obtained through each method
individually and the FEM models. In opposition, the SBT method resulted in an

average Giitot 44% lower than the one obtained numerically.
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Table 4.4. Values of Gyicobtained experimentally and in FEM models.
EXPERIMENTAL RESULTS:

Experimental Average G (J/m?)
methods For crack initiation For crack propagation
(Gu,tip) (Gii,tot)
CBTE 522 + 340 2,124 £ 291
SBT 312 +226 1,177 + 184
EMC 568 + 442 2,104 £ 307
NUMERICAL RESULTS:
) Gittot (J/m?2)
Cohesive Laws _ _
For crack initiation For crack propagation
(G tip) (Gintot)
Bilinear-
_ 415 2,115
exponential
trilinear 440 2,115
bilinear - 2,115

The R-curves for both numerical models and experiments are presented in
Figure 4.24. It can be observed that the obtained numerical curves indicate an
important presence of fiber bridging, which is not fully developed. The three-part
cohesive laws resulted in a slower SERR increase when compared to the
experimental R-curves obtained from EMC and CBTE methods. The fact that the
experimentally measured crack lengths are lower than the ones obtained
numerically contributes to this result. It is also interesting to notice that the second
branch slope of the numerical curves for both bilinear-exponential and trilinear laws
are similar to the ones obtained experimentally — especially for the CBTE method
—, indicating that, apparently, the parameter Gt should be higher. However, many
attempts to fit greater values of Giip into the model were made, without success.

Although the given numerical results have apparently shown a good
agreement with the R-curves generated by SBT method, it is important to remember
that this method underestimated the Gt obtained through FEM models. Likewise,
the classical bilinear law presented a significant fast increase in the SERR before
reaching 100 mm of crack length. However, this response represents an unreliable
good agreement with the experiments, since this behavior is related to incorrect
values of load and an abrupt drop in the P vs. 6 curve, as shown in Figure 4.21.
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Thus, further investigations are necessary to evaluate this issue, since none of the
three methods (SBT, EMC and CBTE) could accurately express the SERR related
to the crack propagation in Mode Il obtained through the FEM model.

——FEM - bilinear law —— FEM- bilinear-exponential ——FEM - bilinear law —— FEM- bilinear-exponential
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Figure 4.24. Comparison of R-curves from ELS numerical models and experimental tests: (a)
CBTE method; (b) EMC method; (c) SBT method.
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4.7. Parametric study of the cohesive law

A parametric study was performed in other to understand how each parameter
of a three-part cohesive law influences in the progressive failure of DCB and ELS
specimens. Two different cohesive laws shapes (trilinear and bilinear-exponential
laws) were evaluated. The main parameters oc, omax, Gtip and Gt Were varied and
the responses in terms of load vs. displacements were discussed. The corresponding
opening and shear displacements d¢, d1 and Jr were modified when necessary to
assure the compatibility with the area correspondent to the fracture energy under

the cohesive law.

4.7.1. Effect of the interfacial strength (o)

Values of 5, 10 and 15 MPa were adopted for the interfacial strength oc to
assess the differences generated in the load vs. displacements behavior. The other
adopted parameters used in both bilinear-exponential laws in DCB and ELS
analyses are listed in Table 4.5.The results are shown in Figure 4.25. In general, the
parameter oc influences the peak load and the point where occurs the loss of
linearity, which is independent on the adopted cohesive law shape for both DCB
and ELS tests. In the former, for instance, both bilinear-exponential and trilinear
laws led to a nonlinear behavior beginning at approximately 0.072 kN for oc = 5
MPa and at 0.173 kN for ¢ = 15 MPa.

Table 4.5. Adopted parameters for cohesive laws to assess the a¢ influence.

9c(MPa) | omax (MPa) | Gup (I/m?) | Gror (3I/m?) v
5
10 0.2 o 0.25 Gt 1,250 0.01
15

In DCB tests, the oc value and the laws shape change the curve behavior
mainly until the maximum load is reached, without any significant differences
observed at the post-peak region. It can be noticed that increases in the oc parameter
led to an augmentation in maximum loads, although this behavior tended to become

less significant for higher values of oc. For instance, the o¢ variation from 5 to 10
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MPa is followed by an increase in 15% in the peak load considering the trilinear
law, against only 7% of increase when o¢ varies from 10 to 15 MPa. For the bilinear-
exponential law, these variations were equivalent to 17% and 8%, respectively.
Lower peak loads were typically observed for bilinear-exponential laws, with an
average difference of 7.8% from the maximum loads resulted from trilinear laws.
On the other hand, for ELS tests, the change in the curves’ behavior due to
the cohesive laws shape and to oc increase could be noticed until the final applied
displacement. Greater final loads were observed for lower values of the interfacial
strength oc. Moreover, as can be noticed, the influence of the laws shape in the
overall curve behavior tended to become more significant for greater values of o.
As observed in DCB models, increases of 30% and 16% were registered in the peak
loads for o¢ variations from 5 to 10 MPa and from 10 to 15 MPa, respectively, when
considering a trilinear law. Meanwhile, for the same variations of o, the bilinear-

exponential law led to increases of 19% and 15% in the peak loads, respectively.

05 T T | T | T | T | T 05 T T T T T T /
- DCB model (units in MPa) E = g -
—tril o =5 --expo =5
04+ . o —| 04— v —]
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3 ®
Soz2 1 Sosl _
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Figure 4.25. Influence of oc parameter: (a) in DCB tests; (b) in ELS tests.
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4.7.2. Effect of the maximum fiber bridge traction (Omax)

Values for omax 0f 1, 2.5 and 4 MPa were tested, and the corresponding load
vs. displacements curves are shown in Figure 4.26. The other adopted parameters
used in both bilinear-exponential laws in DCB and ELS analyses are listed in Table
4.6. It can be observed that the influence of the parameter omax is very similar to that
observed for oc. However, in this case, the loss of linearity point is the same for all
curves and is not dependent on the parameter omax. For both DCB and ELS models,
higher values of omax resulted in greater values of peak loads, especially for trilinear
laws. In DCB models, no significant differences could be observed in the P vs. §
curve softening, in opposition to what occurred in ELS analyses. A omax Variation
from 1 to 2.5 MPa led to increases of 17% and 25% in the peak loads for DCB and
ELS models, respectively, when adopting the trilinear law, whereas augmentations
of 7% and 14% were observed for the same tests when varying the parameter from
2.5 to 4 MPa. For the bilinear-exponential law, increases of 32% were registered in

the peak loads for both DCB and ELS models for a omax variation from 1 to 4 MPa.

Table 4.6. Adopted parameters for cohesive laws to assess the amax influence.

Omax (M Pa) Oc (M Pa) Gtip (J/mz) Gtot (J/mz) 'Y
1
2.5 19.5 0.25 Giot 1,250 0.01
4
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Figure 4.26. Influence of omax parameter: (a) in DCB tests; (b) in ELS tests.

4.7.3. Effect of the SERR due to crack initiation (Grtip)

Although the parameter Gtip is the one that led to the smallest differences in
the load vs. displacements curves, it is important to point that its significant
influence in R-curves was observed in the experimental data fitting procedure.
Values for Giip equal to 20%, 40% and 60% of the total fracture energy Giot Were
tested and the respective P vs. & curves are shown in Figure 4.27. The other adopted
parameters used in both bilinear-exponential laws in DCB and ELS analyses are
listed in Table 4.7. In this parametric study, the Gt was considered as 1,250 J/m?
for both DCB and ELS tests. It was noticed that reductions of Giip led to an earlier
loss of linearity, also with a decrease in peak loads. In DCB models, increases of
approximately 4% were observed in the peak load due the Gtip variation from both
20% to 40% and from 40% to 60% of Gtot, independent of the cohesive law used.
The non-linearity starts approximately at the same point for both traction separation
laws, occurring at P = 0.198 kN when Gtip = 0,2 Got and at P = 0.287 kN for Giip=
0,6 Gtot. Differences lower than 5% were observed between the peak loads of the
trilinear and the respective bilinear-exponential laws. On the other hand, in ELS
models, increases of 12% and 7% were observed in the peak loads when Gtip varied
from 20% to 60% of G, considering a trilinear and bilinear-exponential laws,

respectively.
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Table 4.7. Adopted parameters for cohesive laws to assess the Gy influence.

Gtip (J/mz) Oc (M Pa) Omax (M Pa) Gtot (\]/mz) Y
02 Gtot
0.4 Grot 195 0.2 oc 1,250 0.01
0.6 Got
DCB model (units in J/m?) ELS model {units in 1/m?)
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Figure 4.27. Influence of omax parameter: (a) in DCB tests; (b) in ELS tests.

4.7.4. Effect of the SERR due to fiber bridging (Gtot)

The parameter Giot presented the greatest influence on the P vs. & curves,
significantly changing the composites overall behavior both in DCB and ELS
models, as can be seen in the Figure 4.28. The other adopted parameters used in
both bilinear-exponential laws in DCB and ELS analyses are listed in Table 4.8. As
observed for other parameters, the influence of the cohesive law shape increased as
the Giot value augmented as well. However, in this case, greater Giot led to higher
load values along all the curve P vs. 6. In DCB models, the peak loads when
considering trilinear laws with Gyt equal to 3,000 J/m? were 59% higher than the
results provided by models where Giotequal to 1,000 J/m? was adopted. On the other

hand, for the bilinear-exponential laws, this proportion corresponded to 30%.
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For the ELS models, it can be noticed that the total fracture energy was
directly related with the post-peak behavior. In other words, higher Gt values
apparently simulated composites with a more pseudo-ductile behavior. The peak
loads presented increases of 29% and 27% when varying the total fracture energy
from 1,000 to 3,000 J/m2, considering the trilinear and bilinear-exponential laws,

respectively.

Table 4.8. Adopted parameters for cohesive laws to assess the Gy influence.

Gtot (J/mz) Oc (M Pa) Omax (M Pa) Gtip (J/mz) Y
1,000
2,000 195 0.2 oc 0.2 Grot 0.01
3,000
0-8 T T ‘ T ‘ T | T | T O'T T T T T T
DCB model (units in J/m?) i B
0.7 - —tril: G, =1 - - exp: Gy, =1| | 06
0.6 i —tril: Gy =2 - - exp: Gy, =2 ] - . - __
' __ —tril: G, ,,=3 -- exp:G,,=3 __ 05— E o=
' 204
| o = - —
=] -
1 3% 1
1 02— ELS model (units in J/m?) 7
B | tril: Gy, =1 --exp:G,=1| |
0.1 —tril: G,y =2 - - exp:G,,=2
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Figure 4.28. Influence of omax parameter: (a) in DCB tests; (b) in ELS tests.

4.7.5. Effect of the parameter y

The parameter y related to the curvature of the exponential function
influences the overall behavior of P vs. 8 curves from the loss of linearity point. The
other adopted parameters used in both bilinear-exponential laws in DCB and ELS
analyses are listed in Table 4.9. In the DCB model, when varying y from 0.01 to
1.0, a decrease of 13% was observed for the maximum load, along with a shift
downwards of all the post-peak curve regions. On the other hand, for the ELS
model, this variation led to a decrease of 10% in the peak load. In this case, it can

161


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

be noticed that the curves with y =0.01 and y = 1.0 tended to get closer in the post-

peak region.

Table 4.9. Adopted parameters for cohesive laws to assess the y influence.

Y oc (MPa) omax (MPa) | Gtip (J/M?) | Got (3/M?)
0.01
195 0.2 oc 0.25 Gtot 1,250
1
r DCB model T “
0.4 —y=001 --y=10 | 04l |
0.3 . Z03 —etT -
= =
o u o u
3 3
Soz2 - 502+ -
0.1 — 01— ELS model —
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0 0 [ I L
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Figure 4.29. Influence of the parameter y: (a) in DCB tests; (b) in ELS tests.

4.8.

Conclusions

30

In this work, CZM was used to numerically simulate the DCB and ELS

experimental tests. Three different cohesive laws (with bilinear, bilinear-

exponential and trilinear shapes) were tested to investigate the appropriate shape

and parameters to be used in pultruded glass fiber-polymers with fiber bridging. A

parametric study was conducted to give some elucidation for fitting procedures with

three-part cohesive laws. The numerical results and values for SERR were

compared with those obtained experimentally presented in Chapter 3.

The following conclusions can be highlighted:

162


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

Regarding the fitted trilinear and bilinear-exponential laws, both provided
good results in terms of the load vs. displacement curves for Modes | and I,
especially in terms of peak load. However, the latter presented SERR values
closer to the ones obtained experimentally, both for crack initiation and
propagation. The classical fitted bilinear law generally overestimated the
peak load in both fracture modes, proving once more that it is not suitable
for expressing the behavior of specimens with fiber bridging. Nevertheless,
it is important to point out that it led to good agreements in terms of
compliance, COD and crack length predictions, also simulating well, for
Mode I, the post-peak region in P vs. J curves.

For mode I, the MBTastm presented the closest results to the numerical
model for the SERR for crack propagation (Giwt), with a difference of 4%,
whereas CC-f presented the furthest results, with a difference of 8.1%. On
the other hand, for the SERR for crack initiation (G p), the CC-f presented
the closest results to the numerical model, when considering the bilinear-
exponential law. In terms of R-curve, the MBTastm and the MCCastm
resulted in a very good agreement with numerical simulations.

For Mode 11, the use of the average experimental SERR values, both for
crack initiation and propagation obtained through the CBTE and EMC
methods enabled to numerically simulate very well the composites load vs.
displacement curves. On the other hand, the SERR for both crack initiation
and propagation obtained through the SBT method resulted in differences
up to 44% from the numerical model. Furthermore, none of the data
reduction methods used to predict the experimental SERR could accurately
express the compliance response, R-curve behavior and crack lengths
obtained by FEM models.

For both Modes, the use of 30% of the matrix tensile strength to represent
the interfacial strength oc along with the & obtained through experimental
tests resulted in a good fit of experimental P vs. & curves.

The parametric study has shown how each parameter of the three-part
cohesive law has a different influence depending on the type of test. Higher
values of 6¢, omax and Gtip mainly result in greater peak loads, whereas the

parameter Gyt might lead to a general shift of the curve. The bilinear-
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exponential law tends to result in lower values of corresponding loads, and

this effect becomes more significant as the parameter y value increases.
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5. Novel Multi-crack Damage Approach for Pultruded

Fiber-Polymer Web-flange Junctions

5.1. Introduction

Over the last four decades, pultruded glass-fiber polymers have been
earning their place in the structural field. The lightness and high strength, combined
with the tolerance to de-icing salts and easy installation made these composites to
find large applications, among which one may cite pedestrian bridges, off-shore
structures, buildings rehabilitation and bridge decks [1]. However, there remain
topics not fully understood, especially concerning their failure mechanisms and
multi-crack behavior. Most of the available numerical models intending to evaluate
the composites crack behavior are focused on the fracture assessment due to a single
crack, in contrast to the actual failure behavior of multilayered composites. Very
few works in literature are focused on the multi-crack behavior of fiber-polymer
elements. Chen [2] investigated the multi-directional and single crack propagation
in a T-piece from a braided composite, by using a bilinear constitutive law. The
author succeeded by using cohesive models to simulate the fracture behavior and
predict failure loads of a specimen under pull-out end condition. Moreover, both
power law and Benzeggagh-Kenane equation [3] were tested to simulate damage
evolution and no significant differences were observed in load-displacement curves
when comparing the use of both laws. Chen and Fox [4] investigated the general
multi-delamination of the same T-piece specimen under mixed mode loading
conditions (bending and pulling force). Liu et al. [5] studied the effects of cohesive
law parameters on the post buckling and multiple delamination of laminates under
compression. The authors used the Cohesive Zone Model (CZM), implementing
both bilinear and exponential laws and concluding that the cohesive shapes have

not large effect on the load responses, although improved results were observed for


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

exponential laws. Moreover, it was observed that zero-thickness cohesive elements
led to more computational efficiency and numerical convergence.

To the best of the author’s knowledge, no previous research has addressed
to the multiple and parallel crack behavior of pultruded elements. However, the
progressive failure of this type of material is often related to several small
imperfections and interface issues, which may often result in multiple layered
delamination. In this context, a multi-failure damage approach to interlaminar
fracture — especially focused on weak regions with more incidence of defects such
as the junctions — is valuable for pultruded fiber-polymer composites structural
design. Furthermore, the progressive failure achieved by multiple cracks may also
help the composite to experience a pseudo-ductile behavior. In other words, in
brittle materials, strategies are needed to obtain an inelastic non-linear behavior,
which may be achieved through the energy dissipated from damage mechanisms
[6]. Several studies in literature are focused on the investigation of different means
to provide pseudo-ductility to this type of material [7], although it has not been
intentionally exploited in existing design codes [8].

In parallel, it is well known that delamination and failure process are often
related to the web-flange junctions (WFJs), both in bridge decks [9,10] and in
pultruded profiles [11-16]. As discussed in Chapter 2, the particular fiber
architecture at junctions, with more incidence of defects, mat wrinkling and
presence of resin-rich zones [17,18] is responsible for the fast properties
degradation that occurs through a progressive damage accumulation. Due to the
WFlJs’ important role in composite’s general behavior and failure, experimental
works focused on characterizing its stiffness and strength are available in literature
[19-25]. Added to this, some authors have dedicated significant efforts to develop
numerical analyses able to predict the WFJs rotational stiffness, understanding how
the boundary conditions of WFJs experiments affect the junctions characterization,
while evaluating the influence of the junctions’ semi-rigidity on the buckling loads
and overall composites’ behavior [18,26-28]. Nevertheless, in this context, only
few numerical models addressing the crack propagation assessment in WFJs have
been reported in literature. Fascetti et al. [29] developed a nonlinear lattice model
using Tsai-Hill failure criterion to simulate pull-out tests and evaluate the crack

propagation path, strength and stiffness in WFJs of pultruded glass fiber-polymer
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I-beams. Although not considering the particularities of the different layers
composing the junction, the authors’ model was able to correctly predict the crack
path observed experimentally, without the need to be superimposed by the user.
Bank and Yin [16] proposed a numerical node-separation procedure to simulate the
progressive failure in the post-buckling regime of I-beams due to local web-flange
separation. According to the authors, the composite’s failure mode, usually initiated
at the junctions, can be modified by improvements in fiber architecture, with, for
instance, the addition of biaxial fabrics at junction’s region, which would enhance
the transverse tensile strength. Recently, Yan et al. [30] simulated the Mode |
delamination in 3D woven composite T-joints subjected to quasi-static tensile pull-
off loading. The authors used a voxel based cohesive zone model and stated that
although more accurate tractions separation laws have been proposed in literature,
a bilinear constitutive law was adopted due to commercial availability. The
quadratic stress criterion and the mixed mode power law were selected for damage
initiation and evolution, respectively.

In view of all that, the main objective of this chapter is to present the
development of a methodology that allows to assess the contribution of each crack
to the overall behavior of WFJs with multiple cracks. The novel approach is applied
to experiments conducted on WFJs extracted from bridge decks [21] that led to the
progressive growth of three relevant curved and parallel main cracks. A numerical
investigation is also carried out to compare results of simulations considering
fracture properties estimated from the novel methodology with those obtained from
specific tests on flat parts (see Chapters 3 and 4). Besides promoting the
understanding on the progressive multiple delamination growth at the composite’s
weakest region, the multi-crack analysis could help to reduce time-consuming
experiments and improve the existing design codes. Additionally, WFJs
experiments were conducted on a second type of bridge deck composed by a
different number of layers and distinct sequence of roving and fabric layers, with
the purpose to address a discussion on the influence and benefits of multiple

interspersed layers on the composite’s behavior.
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5.2. Experimental program

5.2.1. DS decks tests

Yanes-Armas et al. [21] conducted web-cantilever bending tests on WFJs
of the DuraSpan (DS) bridge deck system. The load was applied at 65 mm from the
junction under displacement control at a rate of 0.01 mm/s. For the validation of the
numerical model presented in this chapter, the experimental results regarding the
If-0 series reported in [21] will be used. The two first characters “/” and “f” indicate
that the specimens were extracted from the deck part with an inclined web and
having the respective web-flange junction located farther to the adhesively bonded
joints, as illustrated in Figure 5.1a. The additional character “o” indicates that the
load was applied in order to produce tensile stresses on the obtuse angle side of the
junction, as shown in Figure 5.1b. The decks were constituted of rovings, triaxial
multi-ply fabrics (oriented in -45°, 90° and 45°) and non-structural mats embedded
in isophthalic polyester resin. The fiber architecture in the tensioned part of the
tested WFJs is formed by three layers of triaxial fabrics, interspersed with three
layers of rovings.

The dimensions of the specimens extracted from DS decks, with 50-mm of
width, are indicated in Figure 5.1a, along with the test fixture used in [21]. In all,
three specimens from If-o series (named hereafter as If-01, If-02 and 1f-03) were
tested and their junction’s rotational stiffness were found to be significantly high,
reaching “infinite” values (see [21]). A resin pocket located near the roving core
and some inequality in triaxial fabric distribution across the web thickness was
observed at all specimens, as detailed in [7].

adhesive layer
DS deck :

—

specimen

@ (b)

Figure 5.1. WFJs experiments in DS decks: (a) specimens’ dimensions; (b) test fixture [7].
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Burn-off tests conducted at the Laboratory for Processing of Advanced
Composites (LPAC) in the Ecole Polytechnique Fédérale de Lausanne (EPFL)
showed that the flange’s glass fiber volume ratio is equal to 52.4%, among which
the roving and triaxial fabric volumes correspond to 22% and 30.4%, respectively.
On the other hand, the web is composed by 48% of glass fiber volume content,
among which 13.5% are roving and 34.5% are triaxial fabrics. The non-structural
mats were considered as part of the triaxial fabrics both in the fiber content
estimated and in the numerical model. To evaluate the triangular core material
constituent, a small piece of the junction was subjected to an additional burn-off
test. Although the triangular core is usually reported in literature as a resin-rich zone
[17], it was observed that, in DS decks, this region is filled with roving, as shown
in Figure 5.2.

Figure 5.2. Assessment of the triangular core constituent: (a) junction before burn-off; (b)

junction after burn-off.

The load vs. displacement curves obtained from DS decks experiments are
presented in Figure 5.3a and were carefully reported and analyzed in [21]. As can
be observed, all specimens presented a similar initial stiffness. While the If-o, and
If-02 presented similar peak load values, equal to 0.95 kN and 0.99 kN, respectively,
the If-03 specimen reached the highest maximum load among the three experiments,
equal to 1.28 kN. All specimens were able to bear similar values of load (between
0.65 and 0.8 kN) after the observed sharp drops, still experiencing displacement
increasing and cracks development. This behavior was achieved by the occurrence
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of multiple cracks, located at the different layers of the composite. The through-
thickness tensile stresses have governed the WFJs failure in the upper curved layers
of the junction [7]. In order to numerically simulate the given multi-crack behavior,
the respective crack lengths were measured in this work, as will be discussed in the
next topic. However, it is important to point out that after several preliminary
studies, it was observed that the crack analysis should be focused on the
experimental data corresponding to a maximum displacement applied of 4 mm,
since after this stage several minor cracks would play a relevant role in the
composite’s failure process, hampering the accuracy of the investigation.
Therefore, the load vs. displacement curves assessed in this research are presented

in Figure 5.3b.

14— : : . 14 - :
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Figure 5.3. Load vs. displacement curves: (a) until the final displacement applied; (b) until a
displacement applied of 4 mm.

5.2.2. Cracks measurement methodology

The specimens If-o01, If-02 and If-03 presented similar crack patterns, as
shown in Figure 5.4, with the propagation of multiple cracks, among which three
have shown greater development when compared to the others, both in terms of
length and crack opening. In other words, although minor cracks have occurred,
three main and parallel cracks, described hereafter as a; (first crack visually

identified), a» (second crack visually identified) and as (third crack visually
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identified), were assumed to govern the failure process during all experiments in all
specimens. In order to easily identify their location, each main crack will be
designated as inner crack (subscript -i), middle crack (subscript -m) or outer crack
(subscript -0), according to Figure 5.5. The crack pattern used as reference to this
work, i.e., obtained for a displacement applied of 4 mm, is presented in Figure 5.6,
where the nomenclature adopted to identify the major cracks (a1, a2 and a3) and the
minor ones (ax and ay) is illustrated.

Minor cracks, having initial crack length lower than 3 mm and without any
further development during testing were neglected in order to simplify the cracks
assessment. It is important to point out that, in all specimens. it was observed that
the longer cracks were formed by the progressive union of several smaller cracks,
increasing the difficulty in classifying properly the main cracks lengths. Minor
parallel cracks presenting a significant length were considered as being part of the
main cracks, aiming not to preclude the accuracy of the numerical analysis. For
instance, for the specimen If-03, the crack indicated with a yellow arrow in Figure
5.6¢ was considered as a part of the main crack a;-m, due to its significant length.

Furthermore, some cracks experienced layers jump, as, for instance, the
crack az-o in If-o1 specimen. However, in an attempt to simplify and enable the

analysis and numerical model, it was assumed that all the three cracks occurred

between roving and fabric layers.

Figure 5.4. Crack pattern with three main cracks: (a) If-o;1at 6 = 11.4 mm; (b) If-0zat 5 = 11.1 mm;
(c) If-ozat 6 = 11.0 mm.
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outer crack

middle crack

inner crack

roving /

core
fabric - flange

roving - flange
M fabric - web

roving - web

If-o1

ax i If-02
initia
2o initial Aro defect

defect

adi-m

(a) (b)
Figure 5.6. Major and minor cracks nomenclature: (a) If-o1 specimen at P = 0.71 kN; 6 = 4.0 mm;

(b) If-02 specimen at P = 0.66 kKN; & = 4.2 mm; (c) If-03 specimen at P = 0.76 KN; 6 =4.1 m.

The crack lengths were measured visually through high-quality photos taken
every 2 seconds during the test, with a Sony XCG-5005E progressive scan. The
cracks were mapped in the pictures taken at approximately each 21 seconds with
the aid of the software AutoCAD 2020 [31]. Although the visual technique allows
some uncertainties, it has been broadly used in fracture mechanics approaches, with

satisfactory results reported in literature, e.g. [32—35].

5.2.3. Novel approach to multi-crack assessment
The main assumption of the proposed approach consists in assuming for all

the three cracks ai, a; and az the same function correlating the compliance with the
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crack length, also considering that the cracks occur in the same material, i.e., in the
interface between rovings and triaxial fabrics. Taken this into account, it was
assumed a total crack length, a;, given by the sum of a;, a» and az. In order to
quantify their dominance over the smaller cracks and understand better the failure
process, the sum of the minor crack lengths (ax and ay in the case of If-02) is also
considered, resulting in the total crack length named as as hereafter. It is important
to highlight that, according to literature [36], unidirectional curved laminates, with
similar shape to WFJs, present a large Mode | dominance, which simplifies the
analysis. Considering the Compliance Calibration (CC) Method, the strain energy

release rate (SERR) for a single crack with length a is defined by Equation (5.1).

2
G = P~ oc (5.1)
2b oa

Where P is the applied load, b is the specimen’s width and 6C/da is the variation of
the compliance (C) related to the propagation of the aforementioned crack of length
a. The compliance function can be expressed according to Equation (5.2) — reported
by Laffan et al. [37] and originally presented by Davila et al. [38] —, in which the
parameters o, £ and y are constants determined from regression of the
compliance vs. the crack length curve. In this work, the coefficient  was assumed

equal to 2.0 for sake of simplicity, based on previous works [38].

C = (aa + B)* (5.2)

Considering now a number N of cracks that develop on the same material,

the Equations (5.3) and (5.4) express the compliance and SERR of a composite with
multiple cracks, respectively. In these equations, a; represents the length of the iwn
crack, with i varying from 1 to N. Based on the fundamental assumption described
in the beginning of this section, a and B are considered the same for all the cracks.
Moreover, these equations consider that each crack contributes independently to the

compliance.

N
C (aj,ay,..,ay) = Z(aai + B)* (5.3)
i=1
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P2 <& acC

— ) —= 5.4
2b - 8ai ( )
=1

G(al, az, ey aN) =

In order to express the compliance and the fracture toughness as a function of the

total crack length a: (sum of the cracks), a coefficient ki equal to % is introduced,
t

resulting in Equations (5.5) and (5.6).

N
C (ay,ay, ...,ay) = Z(akiat + B)* (5.5)
i=1
p? N
6(ar,az, ) = 5z atki ) (akia, + B! (56)
i=1

From this approach, it is possible to have a general and better
comprehension of the fracture process generated by the multiple cracks. This
approach enables the assessment of the compliance vs. total crack length a: and the
strain energy release rate (SERR) vs. total crack length a: (R-curve), in which it is
possible to separate the SERR related to each crack, as long as the crack lengths are

measured separately during the experiment.

5.2.4. AS decks tests

In order to complement the experimental program and investigate the
benefits of the existence of multiple layers, exploratory analogous WFJs tests were
also performed in ASSET (AS) bridge decks for a qualitative comparison. These
composites were manufactured by the Fiberline Composites A/S (Middelfart,
Denmark) and are constituted by one thick unidirectional roving layer between four
fabric layers and non-structural mats, as shown in Figure 5.7, i.e., having less than
half the number of layers of DS decks. Burn-off tests were conducted at the
Laboratory for Processing of Advanced Composites (LPAC) in the Ecole
Polytechnique Fédérale de Lausanne (EPFL) following the recommendations of
ISO 1172:1996 [39] and the methodology presented in [40], showing that the AS
decks present a higher glass fiber volume ratio than DS decks. In the former, the
total glass fiber content constitutes 61.3% and 48.2% of the flange and web

volumes, respectively. It was not possible to separately measure the fiber volume
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content of roving, mats, and structural fabrics. As observed for DS decks, the

triangular core material of AS decks is also constituted of roving.

e ——————————

— b

Structural fabrics

R ——
L —

Figure 5.7. Fiber architecture of AS decks [41].

Five specimens having 49.7 £ 2 mm of width were tested on a table machine
Walter + Bai with a load capacity of 50 kN. The specimens’ dimensions are
illustrated in Figure 5.8. The same set-up from DS tests was used, although with
adaptations to consider the AS decks’ different angle (60°) between the web and
flange. The specimens’ flange was clamped on only one junction’s side by means
of a steel plate having 10-mm of thickness and a set of 8-mm-diameter bolts, spaced
of 28 mm, as shown in Figure 5.9. The tests were conducted under a displacement
rate of 0.01 mm/s, with exception of the fourth specimen (AS.04), which was loaded
at a rate of 0.005 mm/s. The load was applied in order to tension the junction on the
acute angle side, with exception of the fifth specimen (AS.05). Different lever-arms
were used in each test in order to track a possible change in the brittle behavior
observed in load vs. displacement. The conditions of each specimen test are

summarized in Table 5.1.

AS deck

Figure 5.8. WFJs specimens’ dimensions extracted from AS decks.
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Loading nose

WFJs specimen

Figure 5.9. Used test fixture.

Table 5.1. AS tests information.

) Displacement Lever arm (Lv) Tensioned
Specimen

rate (mm/s) (mm) angle
AS.01 0.01 77 acute
AS.02 0.01 82 acute
AS.03 0.01 98 acute
AS.04 0.005 99 acute
AS.05 0.01 81 obtuse

5.3.  Numerical investigation

5.3.1. Properties and boundary conditions

The concerned multi-layered pultruded junction was simulated in a two
dimensional plane-strain finite element model, using Abaqus/Explicit 2021 v.6.21-
6 [42], which was chosen for presenting better results in terms of convergency when
compared to Abaqus/Standard. DS decks present several interspersed layers of
roving and triaxial multi-ply fabrics, as previously shown in Figure 3.5, containing
9 layers in web and at least 11 layers in the flange. A scheme of the model with the
layers distribution is presented in Figure 5.10, where four different materials were
considered to constitute the junction specimen, according to its respective fiber
volume ratio: 1. Triaxial fabrics and resin present in flange (orange); 2. Roving

and resin present in flange (yellow); 3. Triaxial fabrics and resin present in web
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(green); 4. Roving and resin present in web (grey). The layers individual modelling
aims to lead to more accurate results, in view of the complex fiber architecture of
this type of composite at the junctions. The triangular core was modeled with the
properties of the roving and resin existing in the flange, according to the results of
burn-off tests. The material properties used in the model were the same used in
previous chapters. They were calculated based on the rule of mixtures and are
presented in Table 5.2. It is important to point out that the properties on the roving
direction are indicated by axis 3, while the axis 2 corresponds to the through
thickness properties and the axis 1 corresponds to the other transverse direction, as
shown in Figure 5.11. In the curved part of the junction, the axes follow the edge
with an arc shape.

To simulate the experiment configuration, the flange was restricted on both
sides, in the vertical (x) and horizontal (y) direction, corresponding to the
experimental clamped regions, as shown in Figure 5.10. The remaining part of the
flange outside edge was also restricted in the x axis. A displacement of 4 mm was
applied at 91 mm of the web’s end. The model account with 22,715 nodes and 6,039

elements.
Table 5.2. Materials properties used in the numerical model.
Eun E22 Ess G2 Gis Gazs
Layers vi2 vi3 v23
(MPa) | (MPa) (MPa) (MPa) | (MPa) (MPa)

FlangPUC-Rio- CertificacadDigital N° 1721348/CA

transverse to
. . 5,460 5,460 31,000 0.30 0.05 0.05 2,100 2,100 2,100
roving + resin

tri-fabric + resin | 26,510 | 5,460 12,340 0.27 0.27 0.35 3,720 6,960 3,680

Web

transverse to
. . 4,670 4,670 23,400 0.30 0.06 0.06 1,800 1,800 1,800
roving + resin

tri-fabric + resin | 24,580 5,460 10,640 0.16 0.36 0.16 3,110 6,120 3,150
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restrained &splacmmt
edge applied
ux = 160.3

cohesive

restrained edge 4~ I fabric - flange

ux=0,uy=0 roving - flange
B fabric - web
roving - web
Y

game P restrained edge

ux=0 oving core

Figure 5.10. Scheme of the WFJs model.
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Figure 5.11. Local axis corresponding to the adopted properties (see Table 5.2).

5.3.2. Mesh elements and size

Four-node bilinear quadrilateral elements (CPE4R) were used in a non-
structured mesh on the most part of the junction’s flange, while three-node linear
triangles (CPE3) elements were used as transition elements, also being applied in
the deltoid region and adjacent to the cohesive element’s layers. Four-node two-
dimensional cohesive element elements (COH2D4) having zero thickness were
applied in order to discretize the fracture process zone of each one of the three
curved and parallel cracks. As previously mentioned, the cracks were assumed to
follow interlaminar paths, occurring between the roving and fabric layers located in
the tensioned part of the junction, according to experimental observations, as shown
in Figures 5.6a, b and c. After a mesh convergence study, elements’ sizes varying
from 0.25 mm (near the cracked region and in the roving core) to 1 mm (in the
uncracked regions and at the edges) were adopted according to the equation for the

critical crack length [2] — see Equation (4.2) presented in Chapter 4.
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5.3.3. Traction separation laws
Traction separation laws with both bilinear-exponential and bilinear shapes (see
Figure 5.12) were used, based on the results of the proposed multi-crack approach,
as described in the Section 5.4.2. For comparison purposes, the traction separation

laws used in the Chapter 4 were also tested.

1. bilinear-exponential law 2 bilinear law

TO—C TGc
1 I
1 1
I I
1 _ ]
’t—t? .:. Gtot - Gtip+ Gbr = |:
o II'I % I
= |} 4Gu =
8] n / o] |
- L} - |
W |y f w
S | s |
= (L ﬁ | tot
5] N © I
] 1 | I
: II .. - |
]
I o 1
1 | |
(i |
: A:\ [ ]
1 i
I
. |
— "
8:

s, 5. 8,

crack opening/shear displacements (mm) crack opening/shear displacements (mm)

[o2]

[y

Figure 5.12. Traction separations laws shape adopted.

The bilinear-exponential law shapes were implemented via a VUMAT
subroutine in Abaqus/Explicit based on the theory presented by Gonzalez et al.
[43]. The fiber bridge tractions were represented by a non-linear behavior following
formulations available in literature [44,45] (see Table 4.1 in Chapter 4) and the
parameter y related to the curvature of the exponential softening was adopted as
0.01 in all numerical tests. The damage evolution under mixed-mode loading was
computed by the Benzeggagh-Kenane (BK) fracture criterion [3], presented in

Equation (5.7), and the damage onset was defined according to Equation (5.8) [43]:

GII 7
6o = G+ Gne = 610) (=) 67)
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Gy )U

where Gic and Gy are the fracture toughnesses in Mode | and II, respectively,

e = 8es + Ben = 8.) ( 58)

whereas G and Gy are the energy release rates in Mode | and Mode II, respectively.
The n is a material parameter, adopted in this work as 2.0 [2]. The parameter oc
corresponds to the COD related to the crack initiation and the subscripts I and Il
refer to the Modes | and I, respectively.

Two additional correlations were proposed, according to Equations (5.9)
and (5.10).

G \"
Geip = Gtipy + (Gripr — Grip,1) (m) (5.9)
G \"
61 =611+ (61,1 — 61,1) (GI n G,,) (5.10)

where o1 is the COD corresponding to the maximum fiber bridge traction and Giip
is the SERR due to crack initiation.

On the other hand, the bilinear law was applied via the tools available in
ABAQUS default. The quadratic damage initiation criterion was used to describe
the damage initiation, whereas the damage evolution under mixed-mode loading
was also computed by the Benzeggagh-Kenane (BK) fracture criterion [3], using

the n parameter as 2.0 [2].

5.3.4. Adopted fracture parameters

The attempt to fit the accurate fracture parameters in the numerical model
to simulate the multiple delamination of junction’s specimens is a big challenge.
Due to the high dependency of R-curves on specimens’ geometry, it is very difficult
to obtain experimental basis for this type of procedure. At the same time, the
difficulty in simulating the WFJs specimens, which has a particular fiber
architecture, with high incidence of defects, voids and mat wrinkling is also an
issue. Added to this, the multi-crack behavior involves complex mechanisms,
requiring assumptions and simplifications to enable the analysis. The numerical
model presented herein was based on an attempt to control and minimize most of

parameters that could have led to an inaccurate composite’s response. Several
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Tractions, ¢ (MPa)

preliminary numerical tests were conducted based on the results reported in
Chapters 2, 3 and 4, as well as on the R-curves obtained from the novel approach

proposed for the multi-crack assessment. The methodology of two main models

will be presented hereafter.

5.3.4.1.

Model 1 — based on the DCB and ELS parameters

A first attempt of using the same bilinear-exponential cohesive laws adopted

in the previous Chapters, for DCB and ELS models, was made. The interfacial

strength was adopted as 19.5 MPa (30% of the matrix tensile strength) and the other

fracture parameters, both for Mode | and 11, are shown in Figure 5.13.

Mode |
» o= 19.5 MPa

GIJTIP: 0'42 Glltot G = G + G )
I,tot 1,TIP |, br

/

Gyooe = 1,250 J/m?

v=0.01

3,=0.043 5,=0.49

crack opening displacement (mm)

Tractions, c (MPa)

Mode Il
» = 19.5 MPa

—_ 2
Gyp= 026 G Gy ot = 2,115 J/m

| I,tot
/ G0t = Gyip + Gy

G, =0300,
—?

‘\\_ 8, =0.0002 mm y=0.01

-7\‘\\1_ /Z Gu,br /

——

|
|
|
|
i
8,=0.041 8,=0.87

shear displacement (mm)

Figure 5.13. Traction separation laws used in the Model 1.

5.3.4.2.

Model 2 - based on the proposed novel approach

The SERR for crack initiation and propagation was based on the If-02

specimen results derived from the novel approach for the multi-crack assessment,
reported further ahead in the Section 5.4.2. Different traction-separation law shapes

were assumed for the middle and the inner/outer cracks, as shown in Figure 5.14.
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The same values were used for Mode | and Il. The details that motivated the chosen

parameters are given in Section 5.4.3.

Middle crack Inner and outer cracks
oc=7 MPa cc=7 MPa

T G,, =525 J/m?
%J / ? Gt(:[ = G\lp + Gbr
e G, = 970J/m?
wn
c G, =250J)/m?
he: .. = 0450, ot /
©
o
a N v=0.01 )

: \\ . 3, = 0.0007 mm

: \\-\\\ br

5,=0.0007mm }4
: e
0 5,=0.10 8,=0.55 8,=0.071

crack opening/shear displacements (mm)

Figure 5.14. Traction separation laws used in Model 2.

5.4. Results and discussion

5.4.1. Cracks assessment and measurement

In this work, the visual measurement of the crack initiation has agreed well
with the loss of linearity observed in the experiments, as can be noticed in Figures
5.15a to 5.17a, where the load and the crack length development with the applied
displacement ¢ can be observed for specimens If-o1, If-02 and If-03, respectively. To
complement the analysis, Figures 5.15b to 5.17b present the load vs. the crack
lengths curves. It is worth mentioning that, among the three specimens, the If-0,
was the one that presented a more controlled failure process, in which the main
cracks followed a well-defined interlaminar path since its initiation.

For the specimen If-01, the middle crack a;-m occurred at a displacement
applied equal to 0.92 mm, being the one with the greater final crack length (14 mm).
The outer crack a2-0 and the inner crack as-i initiated approximately at an applied

displacement of 2.93 mm. The given specimen started presenting a non-linearity at
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1.2

1.05

0.9

).75

0.6

).45

0.3

0.15 -/

approximately 0.75 kN due to the gradual arising of a;-m crack. A peak load of 0.96
kN was observed for this specimen, followed by a sudden drop due to the abrupt
emergence of the a;-o crack - with an initial length equal to 10 mm — and the as-i
crack. On the other hand, the specimens If-02 and If-03 presented a linear behavior
until a sudden drop caused by initiation of multiple cracks, having a peak load of
1.05 kN and 1.25 kN, respectively. In the If-o. experiment, the outer a;-o0 and the
middle a>-m cracks formed at the same time, corresponding to a displacement
applied of 1.13 mm. On the other hand, the inner as-i crack occurred at 3.25 mm of
applied displacement. In this case, the outer crack a;-0 presented the greater
development, with a final crack length of 12.8 mm. In the specimen If-03, the middle
crack a;-m occurred at a displacement of 1.1 mm and reached a final crack length
of almost 19.8 mm. On the other hand, the outer crack ar-o occurred at a
displacement of 3.2 mm, presenting the smaller development in crack length during

all experiment. The inner crack as-i occurred for a & equal to 3.9mm.
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Figure 5.15. Ifo-1 experimental curves: (a) load and crack lengths vs. displacement; (b) load vs.

individual crack lengths.
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Figure 5.16. If-0, experimental curves: (a) load and crack lengths vs. displacement; (b) load P vs.
individual crack lengths.
16 T ‘ T 1 T l | | T [ T ‘ T ‘7 25 15 [ T T T I T T 1 j
14 :_ Pvsd al-m a2-o as-i 1225 1.35 — |
[ =20 1.2
1.2 - e
L ) \ 17.5 T 1.05
0 0.8 - 125% a 075
ko] / < Re] L i
o r Qo @
L 06 / 10 S 06+ —
' / Sudden drop 8 | i
r / due to the 175 & 045 |
04— propagation . L |
L of a1 -5 03 B
0.2~ ~55 015 ——gl-m —+—02-0 —e—03-i N
[ - E - . b
0 I L L L2 L 0 I Y T N B
0 o5 1 15 2 25 3 35 4 0 25 5 75 10 125 15 175 20
displacement 5 (mm) crack length, a (mm)
(a) (b)

Figure 5.17. Ifo-3 experimental curves: (a) load and crack lengths vs. displacement; (b) load P vs.
individual crack lengths.

5.4.2. Novel multi-crack approach

54.2.1.
Figures 5.18a to 5.20a present the evolution of the sum of the crack lengths

Sum of crack lengths assessment

(major cracks ar and minor cracks as) related to the applied displacement &, while
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the variation of the load (P) according to the growth of a: and as is shown in Figure

5.18 5.18b to 5.20b. For If-01, If-02 and If-03 specimens, the sum of the main crack

lengths reached 27.5 mm, 24.9 mm and 25.8, respectively. It can be also seen that

for the specific case of If-0z, the minor cracks represented only 5% of the total sum

of the crack lengths. Likewise, for the other two specimens, the major cracks

corresponded to 100% of the sum of the total crack lengths.
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Figure 5.18. Proposed multi-crack approach for If-o1: (a) P vs. & and total crack length at vs.

displacement applied &; (b) load P vs. total crack length at.
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Figure 5.20. Proposed multi-crack approach for If-o3: (a) P vs. & and total crack length at vs.

displacement applied &; (b) load P vs. total crack length at.

5.4.2.2.

Compliance curves

Figures 5.21a to ¢ show the If-01, If-02 and If-03 experimental curves for

compliance (8/P) vs. total crack length (a:), along with the curve fitted through the

compliance function reported by Laffan et al. [37] (see Section 5.2.3). The adopted

parameters o, f and y are indicated in the graphs. Additionally, Figure 5.21d

presents a comparison between the experimental compliance curves found for the

three specimens, also considering the sum of the main crack lengths. It can be seen

that the adopted compliance function fitted well the experimental curves, although

an inaccuracy in the fitting can be noticed for the specimens If-o1 and If-o3 before

the sum of the crack lengths achieve 5 mm. All three specimens presented very

similar compliance curves, with a continuous ascending, indicating the dominance

of softening mechanisms, such as the crack propagation, during the failure process.
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Figure 5.21. Compliance calibration for calculation of critical SERR: (a) specimen If-01; (b)

specimen If-02; (c) specimen If-ozand (d) comparison between the three specimens.

5.4.2.3. R-curve of If-o1specimen

The R-curves for the If-01 specimen are shown in Figure 5.22. Through this

novel approach, it is possible to separate the portion of SERR related to each crack:

the blue curve refers to the crack propagation of the middle crack a;-m, whereas the

green one is the SERR related to the sum of the cracks ai-m + a-o; finally, the

orange curve represents the SERR for the three cracks a;-m + a»-0 + as-i.
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As can be seen, the given R-curve shape is different from the typical R-
curves extracted from classical fracture mechanics tests related to a single crack.
The ascending branch, indicated by the regions from I to 111, may be related to the
presence of fiber bridging in the middle crack a;-m. Meanwhile, the regions Il and
Il are characterized by the occurrence of parallel small cracks that posteriorly
becomes part of the middle crack a;-m. On the other hand, the descending curve
branch, initiated after the region Ill, is related to the simultaneous and abrupt
occurrence of the cracks a-0 and as-i, which are responsible for the visually
identified partial closure of the first crack ai-m. Therefore, this progressive
descending branch might be related to the loss of the fiber bridging in the middle
crack a;-m due to its closure. It shows that the formation of delayed cracks may
modify significantly the contribution of a previously formed crack. Finally, the
SERR increase at the region V is related to the ascending in the P vs. ¢ curve after
the sharp drop caused by the occurrence of the cracks a-0 and as-i. The novel
approach also enabled the determination of the SERR for crack initiation (Gtip) of
the middle crack a:-m, which is approximately equal to 630 J/m2. Although the
fitted compliance function presented similar slope when compared to the
compliance experimental curve before the a,-0 and as-i cracks initiation, greater
slopes were observed for the former.

3,000 —————— .
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2,000
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total crack length, a; (mm)

Figure 5.22. R-curve for If-01 specimen.
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5.4.2.4. R-curve of If-o2specimen

The If-02 R-curve, shown in Figure 5.23, presented a typical behavior,
similar to the ones usually obtained in classical fracture mechanics experiments.
This may be due to the fact that this specimen presented very well-defined main
cracks paths since the beginning, with less occurrence of other parallel cracks. The
blue curve, related to the propagation of the main outer crack propagation (a:-0),
indicates an SERR for crack initiation (Gtip) approximately equal to 525 J/m2. The
presence of fiber bridging can be noticed through an increase of SERR values
before reaching the steady-state value (Gtwt) near 970 J/m2. At this point, a plateau
can be observed, indicating the full development of the fiber bridging. On the other
hand. the green curve represents the SERR related to the sum of the cracks a:-o +
ar-m, being very similar to the blue one, although shifted up approximately 230
J/m2, which can be considered the value of the SERR for crack initiation of the
middle crack a>-m. This shifted behavior may suggest a lower contribution of fiber
bridging related to the crack a>-m. Likewise, the energy dissipated related to the

third crack propagation az-i is apparently small.
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Figure 5.23. R-curve for If-0, specimen.
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5.4.2.5. R-curve of If-osspecimen

The If-03 R-curve, presented in Figure 5.24, also indicates the presence of
fiber bridging in the first crack ai-m. The misfitting in compliance before the 5 mm
of crack length, previously shown in Figure 5.21, led to the incorrect descending
branch represented by the red dashed line in the R-curve. A manual adjustment on
the compliance variation in relation to the total crack length resulted in the
ascending branch of the blue curve, which shows the SERR for the main middle
crack a;-m. As observed for the specimen If-01, the curve presents a decrease in
SERR values after the simultaneous initiation of the second and third main cracks
a>-0 and as-i. Likewise, it is possible to visually identify the first crack closure,
which could have led to a loss in the fiber bridging related to the crack a;-m.

Furthermore, a SERR of 430 J/m2 was found for the crack initiation.

2,500 T | T | T | ‘ T

2 250 | Incorrect descending branch
! due to a misfitting in the —
compliance curve

2,000 / *
1,750 |

al—m

al m+a7 o

alfm+a7 a+034'

0 5 10 15 20 25 30 35
total crack length, a; (mm)

Figure 5.24. R-curve for If-03specimen.

5.4.2.6. R-curves comparison

Figure 5.25 presents the R-curves of the three specimens If-01, If-02 and If-

03, for comparison purposes. In all specimens, the higher SERR contribution is
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provided by the first main crack, with smaller portions of energy dissipated related
to the second and third cracks. The higher SERR values observed for the If-0; may
have been overestimated, influenced by the misfitting in the compliance curve of
this specimen, that could not be manually adjusted. It was only possible to
determine the SERR for crack propagation (Gtt) for the If-0. experiment, which
was the one that presented a typical R-curve of specimens with fiber bridging and
consequent well-defined plateau. For this reason, the values found for the SERR for
crack initiation and propagation of If-o, specimen were used as reference for the
traction separation laws of the numerical model.

Furthermore, it can be seen that the specimens presented similar SERR for
the main crack a; initiation, with an average value of 527 J/m2 and a coefficient of
variation (CoV) of 0.16. It is worth pointing out that this value is very similar to the
average Gtip result found for Mode | experiments reported in Chapter 3, with
approximately 5% of difference (without considering the CCastm method due to its
discrepant value). On the other hand, taking into account only the specimen If-0.,
in which was possible to obtain a measurement of the SERR for crack propagation,
a difference of 27% was found when comparing the results generated by the
approach proposed herein and the average value found for DCB experiments,

without considering the CCastm method.

3,000 | |

—If-01

0 5 10 15 20 25 30
crack length, a; (mm)

Figure 5.25. R-curves comparison.
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The Appendix A reports the Tables with all the measured crack lengths and

the corresponding compliance and SERR values.

5.4.3. Numerical results for DS decks multi-crack behavior

5.4.3.1. Chosen fracture parameters for Model 2

As previously mentioned, for the Model 2, the chosen of fracture parameters
(listed in Table 5.3) were based on the If-02 specimen results derived from the novel
approach for the multi-crack assessment. Based on the observed plateau region of
the crack ai-o, shown in Figure 5.26, the presence of fiber bridging was taken into
account through a cohesive law with bilinear-exponential shape, considering the
Gtip and Gtot parameters equal to 525 J/m2 and 970 J/m2, respectively. Although the
first experimental crack has been classified as an outer crack in the If-o, specimen,
this cohesive law was assigned to the middle crack in the model, based on the
behavior of the other two specimens.

On the other hand, the fiber bridging was not taken into account for the
second and third cracks, due to the lack of a significant SERR increase related to
these cracks. Therefore, a bilinear shape was used for the outer and inner cracks,
considering a SERR for crack initiation equal to 250 J/m2. As presented in Figure
5.26, this value was estimated based on both the approximate Gtp found for the
crack az-m and half of the difference between the curves a;-o0 and a;-0+ax-m+as-i
curves, considering that the energy of 500 J/m2 is dissipated by two cracks (a2-m
and as-i). Moreover, the interfacial strength was based on preliminary numerical
tests, including the results of the Model 1. This choice is also supported by the lower
radial stresses at cracking estimated in Chapter 2 (with maximum value of 2.54
MPa, although for a different material).

Table 5.3. Parameters adopted in the cohesive laws.

Crack Oc Omax Gtip Grot
o Shape Mode
classification (MPa) | (MPa) (J/m2) (I/m2)
Bilinear-
Middle . i 7 0.45 ac 525 970
exponential
Outer/Inner Bilinear i 7 - - 250

196


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

_aI—n
17504 o o, 0 R
1,500 || ——a,ta,,4a, | La, i
_ e £ -
£l ' Pk |
: o] 22 |
21000 = e
g 100 M
G : |
750 ¢ -
. : -
500 [~ -
1}
L - -
250~ =& s ]
B Ao 3
ol oy
0 5 10 15 20 - -

total crack length, a, (mm)

Figure 5.26. SERR values adopted for Model 2.

5.4.3.2. Load vs. displacement curves

Figure 5.27 presents the comparison between DS decks experimental results
(illustrated through a grey envelope) and the two finite element method (FEM)
models. It can be seen that the traction separation laws used in Model 1 do not
represent well the multi-cracking behavior at the junctions, leading to an incorrect
peak load with unstable cracking at the post-peak region. Therefore, although the
DCB and ELS specimens have been extracted from the same bridge deck as the
tested junctions’ specimens, the parameters previously found in Chapters 3 and 4
cannot be used to simulate the assessed junctions’ behavior. This result also
confirms that the R-curve and fracture parameters are dependent on the specimen’s

geometry in the presence of fiber bridging.
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Figure 5.27. Numerical P vs. ¢ curves: (a) Model 1 — based on DCB and ELS results; (b) Model 2
— Based on the proposed multi-crack assessment approach.

Despite all the difficulties previously mentioned in reproducing the multi-
cracking behavior of this type of material, the Model 2 was able to simulate well
the load vs. displacement curves obtained experimentally. The results indicated that
the interfacial strength at the junctions is in the order of 10.7% of the tensile matrix
strength. In general, preliminary tests have shown that cohesive laws with
interfacial strength of this magnitude presented better agreement with experiments.
Due to the high incidence of defects, it may be coherent that the interfacial strengths
at the junctions are lower when compared to flat parts of the bridge decks, as
observed through the low stresses calculated at the junctions in Chapter 2. In this
context, it is worth pointing out the specific defects of the given WFJs specimens
reported in [7], such as the inequality in triaxial fabric distribution and the resin
pocket located near the roving core. Moreover, although the same interfacial
strength has been adopted for all the three cracks, these values might vary between
the interfaces due to the common defects.

It was also observed that all numerical load vs. displacement curves
presented an upward stretch at the post peak region, in contrast with the experiment.
This may be due to internal or small fractures that might have occurred during the
experiments and could not be visually identified. In this scenario, it is important to
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remember that, as previously mentioned, crack lengths lower than 3 mm were
neglected from this analysis in order to simplify the model. Furthermore, the cracks
paths were imposed on the model, assuming interlaminar trajectories between
roving and fabrics, and thus, presenting some differences from what was observed

experimentally, such as, for instance, the presence of crack jumps.

5.4.3.3. Crack measurement

Finally, although a good agreement has been found for the P vs. J curves, a
very small crack opening was found for the middle crack, with a maximum value
of 0.012 mm. Therefore, it is difficult to estimate the respective middle crack length
since an opening displacement of this magnitude could not be visually identified.
Figure 5.28 shows the visual aspect of the three cracks in the FEM model. It was
not possible to quantify the inner and outer crack lengths and opening
displacements, due to the need of using ABAQUS default in order to apply different
traction separation laws to the cracks. However, it can be seen that the inner and
outer cracks visually played a greater role in the fracture process, when compared

to the middle one, differently from what happened in the experiment.
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Figure 5.28. Cracks’ opening displacements.

Nevertheless, considering all the complexity involved in multi-crack
mechanisms, especially in a composite known for having a high variability in
properties, the given approach represents a first step for a qualitative and
guantitative multi-crack assessment, serving as a guideline to a good initial guess
for the given fracture parameters and reducing, at a certain level, the dependency
of fitting procedures. Further studies are necessary in order to evaluate all the

mechanical explanation involved in this type of fracture process.

5.4.4. AS decks results and the benefits of multiple layers

The load vs. displacement curves of WFJs experiments extracted from AS
decks are shown in Figure 5.29. In general, the AS deck specimens experienced a
catastrophic delamination, with a sudden release of energy through a single and
long crack, which presented an average of 20-mm of initial length and developed
too little (approximately 2-mm), very differently from the behavior observed for
DS decks. For the specimens tensioned in acute angle (AS.01 to AS.04), it is

possible to separate the curves in three phases. The first stage is represented by the
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typical linear elastic behavior of the material, followed by a catastrophic failure that
indicates the second phase. In that stage, a sudden and sharp drop occurred caused
by the occurrence of one main long crack, located near the triangular roving core
region, as shown in Figure 5.30. As typically observed in brittle rupture of glass
fiber-polymer profiles, the crack is accompanied by an abrupt and audible sound.
Lastly, the third phase is marked by the little development of the existing crack. In
the case of the specimen AS.05, a second and parallel crack has arisen, as abrupt as
the first one, in the inner part of the junction. In this specific specimen loaded in the
obtuse angle, it was possible to observe other minor cracks crossing the web with

less than 6 mm of length, as shown in Figure 5.30.
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Figure 5.29. Load vs. displacements curves of AS decks.
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Figure 5.30. AS decks cracks: (a) specimen loaded on the acute angle side (AS.01); (b) specimen
loaded in the obtuse angle side (AS.05).

Normalized load vs. displacement curves of both AS and DS decks
specimens are shown in Figure 5.31. For comparison purposes, in the y axis, the
respective loads were divided by the peak load, whereas in the x axis, the applied
displacements ¢ were divided by the displacement corresponding to the peak load
— called opeak. The benefits of having interspersed multiple layers in pultruded fiber-
polymers fiber architecture can be clearly seen by comparing the behavior of AS
and DS decks. The delamination may cause stress relief and delay the final failure
[46] and this effect has shown to be improved in the presence of multiple cracks. In
contrast to AS decks, the DS decks junctions experienced a multiple delamination,
allowing the composite to undergo a gradual loss of stiffness and energy dissipation.
In the latter, the cracks, in more number, started with shorter lengths (in average
2.2 mm) and develop in a more stable fashion, reaching higher lengths and opening
displacements, as could be seen throughout this work. In summary, the multiple
delamination has delayed the final failure, allowing higher loads to be sustained for
longer and in the case of If-01, for instance, led to a pseudo-ductile behavior.
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Figure 5.31. Normalized P vs. ¢ curves for AS and DS decks.

5.5. Conclusions

The multi-crack behavior of pultruded glass fiber-polymer WFJs extracted
from a bridge deck was assessed. Three curved and parallel cracks reported in
previous experiments [21] were visually measured and a numerical model
simulation accounting for the junction’s heterogeneity was presented. A novel
approach for the multi-crack assessment using the sum of the experimental crack
lengths was proposed as a first step to assess the overall behavior of composites
with multiple delamination. WFJ specimens extracted from a second deck bridge,
with fewer and not interspersed layers were tested and a discussion about the

benefits of multiple layers was addressed.

The following conclusions can be drawn:

e The Compliance and R-curves generated from the novel approach were
useful to understand the multiple delamination process, enabling to evaluate

203


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

separately the SERR related to each crack. In general, the compliance curves
considering the sum of the cracks were well fitted with the function reported
by Laffan et al. [37], presenting a typical and ascending behavior. Manual
adjustments were necessary in the misfitting regions of the Compliance
curves, due to its strong influence on R-curves values.

The R-curves derived from the specimen If-02, which was the one that most
presented well-defined crack paths, showed a typical shape similar to the
ones generated from classical fracture mechanic experiments on specimens
with fiber bridging and one single crack propagation. In the other
specimens, If-01 and If-03, it was possible to notice a descending branch in
the R-curves in the case of a crack closure due to the occurrence of new
ones. Very similar SERR for the first crack initiation were found between
the three specimens, with an average value of 527 J/m2.

Taking into account the specimens’ defects, the difficulty in experimentally
visualizing the crack initiation and the challenges inherent to the analysis,
the load vs. displacements curves obtained through the numerical model
agreed very well with experiments, considering an interfacial strength in the
order of 10.7% of the tensile matrix strength, both for Mode | and Mode 1.
Although further studies are necessary, the approach might serve as a
guideline to an initial guess for the numerical fracture parameters and
reduce, at a certain level, the dependency of numerical fitting procedures.
Although the DCB and ELS specimens have been extracted from the same
bridge deck as the tested junctions’ specimens, the fracture parameters
previously found for these experiments were not able to simulate the multi-
crack junction’s behavior, confirming that the R-curve and fracture
parameters are highly dependent on the specimen’s geometry in the
presence of fiber bridging.

By the comparison of AS and DS decks experiments, the multiple
interspersed layers have shown to contribute to a more gradual loss of
stiffness and energy dissipation, besides improving the ability to sustain the
load for longer. This behavior is achieved through a progressive growth of

smaller multiple cracks, in contrast to the composites with lower number of
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layers not interspersed, which presented very abrupt rupture due to one long

and single crack.
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6. Conclusions and suggestions for future works

6.1.

Conclusions

This work aimed to investigate the delamination and multiple crack

behavior of pultruded fiber-polymer composites, with emphasis on the assessment

of web-flange junctions (WFJs) performance, due to its dominant role in pultruded

composites’ failure process. The main conclusions derived from this research are

presented as follows, separated according to the main Chapters of the thesis.

6.1.1. Experimental investigation on the moment-rotation

performance of pultruded fiber-polymer web-flange junctions

A novel characterization approach using the Digital Image Correlation
(DIC) technique was successfully introduced and applied to the moment-
rotation characterization of the web-flange junctions (WFJs) of different I-
sections and channels (tested in open- and closed mode), without the need
of additional parameters or equations to determine the rotational stiffness.
The imperfections, defects and mat wrinkling affecting the junction’s
performance were assessed and discussed and it was seen that I-sections
presented the highest variety in the experimental rotational stiffness values,
probably due the greater incidence of mat wrinkling areas at the junction
region. It was shown that these defects also modify the stress trajectories
significantly when located on tension regions, thus affecting the degradation
in moment-rotation relations.

Different crack behaviors were observed for channels tested in open- and
close-mode: while the former presented development of interlaminar cracks
produced by radial stresses with a pronounced post-cracking residual
moment capacity and a slow degradation of stiffness (up to 90% of

reduction in the original stiffness), the latter exhibited intralaminar cracks
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6.1.2.

due to tangential stresses and presented a higher load capacity, followed by
a catastrophic failure.

Equations based on energy principles were successfully developed to
estimate the rotational stiffness for both for L- and T-shape junctions and
maximum differences of 20% and 38% were observed between theoretical
and experimental results for I-sections and channels, respectively. A lower
bound function representing the rotational stiffness retention was also
proposed and fit well with experimental results from a wide variety of

profiles, although presenting greater differences for slender I-sections.

Mode | and Mode Il Fracture Behavior in Pultruded Glass Fiber-

Polymer Bridge Decks — Experimental Investigation

Standardized testing methodologies for fracture modes | and I, usually
applied to non-pultruded composites, were adopted to obtain the fracture
parameters in pultruded glass fiber-polymer specimens and the introduction
of starter crack via a water jet machine proved to be adequate.

Among the six methods adopted for Mode I, the Compliance Calibration
Method according to ASTM D5528-01 (CCastm) was the only one that
presented a non-typical R-curve behavior, with a clear downward tendency
in the expected plateau region. This response could possibly be caused by
the absence of the parameter A in the formulation. However, the inclusion
of the parameter in the CCastm formulation led to SERR values for crack
propagation up to 38% lower than all the other data reduction methods. The
other five methods presented very similar outcomes.

For Mode I, differences lower than 1% were obtained between the results
for crack propagation SERR when comparing the Corrected beam theory
using effective crack length (CBTE) and the Experimental compliance
method (EMC) methods. However, the SBT method presented SERR
results below the expected, lower than the results obtained for Mode I.
Regarding the crack initiation SERR values, a higher scattering was noticed

for both Modes, possibly associated with the pre-crack method and the well-
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6.1.3.

known high incidence of defects in pultruded profiles, which precludes a
damage control around the crack tip.

The ratio of SERR for crack propagation in Mode Il and Mode | (Guc/Gic)
ranged between 1.57 and 1.63 for crack propagation and varied from 0.78
to 1.12 for crack initiation.

Mode | and Mode Il Fracture Behavior in Pultruded Glass Fiber-

Polymers Bridge Decks — Numerical Investigation

Numerical models were developed to investigate the most suitable cohesive
laws shapes to fit experimental results obtained from fracture modes | and
Il. Among the three different shapes of cohesive laws tested, both the
trilinear and bilinear-exponential laws provided good results in terms of the
load vs. displacement curves, especially in terms of peak load. The latter
presented critical strain energy release rate (critical SERR) values closer to
the ones obtained experimentally, both for crack initiation and propagation,
whereas the classical bilinear law generally overestimated the peak load in
both fracture modes. Nevertheless, it is important to point out that it led to
good agreements in terms of compliance, crack opening displacement
(COD) and crack length predictions, also simulating very well the post-peak
descending branch for the double cantilever beam (DCB) test (mode I).

A parametric study performed has shown how each parameter of the three-
part cohesive law has a different influence depending on the type of test.
Higher values of normal interface strength (oc), maximum fiber bridging
traction (omax) and SERR due to crack initiation (Gtip) mainly result in
greater peak loads, whereas the total fracture toughness (Gtot) might lead to
a general shift of the curve. The bilinear-exponential law tends to result in
lower values of corresponding loads, and this effect becomes more
significant as the curvature of the cohesive law softening increases.

When comparing the simulations with the experimental techniques for
Mode I, the Modified Beam Theory (MBT astm) presented the closest results
for crack propagation SERR values, with a difference as low as 4% with
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6.1.4.

respect to the numerical response. On the other hand, the Compliance
Calibration Method with an alternate function (CC-f) presented the furthest
results, with a difference of 8.1%. For Mode II, although a good fit was
found between experimental and numerical load vs. displacement curves,
based on the SERR values obtained through CBTE and EMC methods, none
of the methods used to predict the experimental fracture toughness could
fully express the R-curves, compliance behavior and crack lengths obtained
through FEM models. In this context, the SBT method resulted in the
furthest values when compared to the numerical model, with a difference of

20% between them.

Novel approach for multi-crack assessment of pultruded fiber-

polymer web-flange junctions

A novel approach was proposed to assess the multiple crack propagation
behavior with respect to the total crack length. The method was applied to
experimental results of multiple layered web-flange junctions (WFJs) of
pultruded glass fiber-polymer deck bridge system available in literature.
The Compliance and R-curves generated from the novel approach were
useful to understand the multiple delamination process, enabling to evaluate
separately the SERR related to each crack. The method allowed to
successfully understand the apparent dominance of one crack over the
others on the R-curve and to identify different fiber bridge development for
each crack. Moreover, it was possible to observe that the formation of new
cracks may lead to closure of existing cracks, with a significant drop on R-
curve that may be associated with loss of fiber bridge.

A numerical investigation was conducted to simulate the damage evolution
and failure process observed experimentally. The fracture parameters
estimated based on the proposed approach led to a very good agreement in
terms of load vs. displacements curves between the numerical model and
the experiments. Moreover, for this type of material, good results were

observed considering an interfacial strength in the order of 10.7% of the

213


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

tensile matrix strength. However, it is worth pointing out that the model
could not represent correctly the individual importance of each crack on the
failure process.

The fracture parameters obtained for DCB and ELS specimens — extracted
from the same bridge deck as the WFJs specimens — were not able to
simulate well the multi-crack junction’s behavior in terms of P vs. & curves,
confirming that the R-curve and fracture parameters are dependent on the
specimen’s geometry in the presence of fiber bridging.

WHFJs extracted from the ASSET (AS) bridge deck system were also tested
to evaluate, by comparison, the benefits provided by a multiple interspersed
layered fiber architecture. The given WFJ composite, which present half of
the number of layers (not interspersed) of DS decks, exhibited a brittle
behavior, characterized by a sharp drop of load vs. displacement curves due
the occurrence of one single and long crack, being unable to sustain the same
load bearings for much long. In opposition, the DS bridge deck WFJs
developed multiple cracks with progressive growth, having an initial length
almost ten times smaller than the one observed for AS decks. The multiple
delamination in the DS decks has delayed the final failure, allowing higher

loads to be sustained for longer.

6.2. Major contributions of the Thesis

The most relevant contributions of this thesis are described as follows:
Suggestion of a simple and direct testing set-up and methodology to
characterize the rotational stiffness of WFJs of pultruded fiber-polymer
composites;

Suggestion of a simple methodology to determine the stresses on the crack
initiation region based on the curved beam theory for anisotropic material
[9];

Proposition of a lower bound function to simulate the post-peak rotational

stiffness retention;
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e Proposition of equations to determine the theoretical rotational stiffness for
both L- and T-shape specimens;

e Proposal to adapt and extend existing testing methodologies to obtain
interlaminar fracture mechanics parameters of pultruded glass fiber-
polymers, based on classical and standardized experiments;

e Complement the scarcity on interlaminar fracture data, especially for
interlaminar fracture in Mode II;

e Evaluation of the most suitable cohesive laws shapes for the studied material
through numerical simulation;

e Development of a novel approach to assess the multi-cracking behavior of
pultruded fiber polymer composites.

6.3. Suggestions for future works

In order to further develop the conclusions drawn in the present thesis,
suggestions for future works are described below.

Defects control

As addressed in Chapter 2, it is well known that pultruded fiber-polymer
composites present many defects that are difficult to control, especially at the
junction’s region, such as mat wrinkling, resin-rich zones, voids and imperfections
in general that can lead to an underperforming structural function. Further
quantitative and qualitative investigations on the influence of these defects on the
composites overall behavior and properties could help to improve the design codes
in favor of security. Moreover, studies focused on suggesting improvements in fiber
architectures and manufacturing could contribute to advances in pultrusion

industry.

Modes | and Il delamination

In the lack of standardized methods to serve as reference to experimentally
determine the pultruded composites fracture parameters, further investigations on
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the procedures used to insert an initial starter crack on the specimens are needed, in
order to quantify how it influences on the results, for instance, on the SERR for
crack initiation. Developing experimental studies on the Mode Il parameters
assessment, both for interlaminar, intralaminar or translaminar fracture, are also
fundamental to serve as basis for numerical analyses and reduce the time-
consuming experiments in the future. Likewise, the conclusions drawn in Chapter
4 of this work indicate the need to propose solutions that take into account the
difficulty in measuring the crack lengths in Mode II. In parallel, due to the great
differences observed for results provided by data reduction methods in Mode II,
comparisons comprising a higher number of methods would be useful to evaluate

which one provides the more accurate results.

Multi-crack assessment

The studies addressing the multi-crack behavior of pultruded fiber-polymer
composites are an open field for new propositions in experimental, numerical and
analytical analyses. There are very few works focused on the subject, despite the
importance to develop research simulating the actual failure composites behavior
that could lead to improvements in the existing design codes. Further investigations
on the novel approach concerning the sum of the total experimental crack lengths
are needed. Reducing the dependency on fitting procedures and visual crack lengths
measurements could be valuable in more accurately determining the fracture
mechanics parameters. Studies on multiple cracks mechanisms occurring in
pultruded fiber-polymer could help to improve the SERR quantification method
obtained by the novel approach proposed herein.

Benefits of multiple interspersed layers and pseudo-ductility

Parametric numerical studies focused on understanding and quantify the
influence of the fiber architecture on multi-crack behavior could generate positive
impacts in pultrusion industry. Further investigations on the composite’s
progressive failure and damage mechanisms to achieve a more pseudo-ductile
behavior, especially focused on weak regions such as the junctions, could also be

useful to the material structural design. Comprising different types of profiles in

216


DBD
PUC-Rio - Certificação Digital Nº 1721348/CA


PUC-Rio- CertificagcaoDigital N° 1721348/CA

this type of analysis, such as I-sections that present very few studies in this area,
could help to fill in existing gaps in literature. Finally, analysis in slender profiles
having large post-buckling deflections could also be investigated as an attempt to

provide early warning before rupture.
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7. Appendix A — Novel approach for multi-crack assessment

The Tables 7.1 to 7.3 contain the fracture parameters calculated for each WFJ specimen (If-o01, If-02 and If-03), with basis on the novel

approach proposed for the multi-crack assessment (see formulations presented in Section 5.2.3). The nomenclature used in the Tables is presented

as follows.

ail
az
as

at

applied load

applied displacement

crack length of the first crack

crack length of the second crack

crack length of the third crack

sum of the length of main cracks a; + a2 + as

compliance, calculated as 6/P

ki ratio of the assessed crack length (ai) and the

sum of the crack lengths (a:) — see Equation 5.6

G (a1) SERR related to the crack length a;
G (a2) SERR related to the crack length a;
G (a3) SERR related to the crack length a3

G (a1+a2) SERR related to the crack lengths a; and a2
G (a1+a2+a3) SERR related to the crack lengths a1, a; and az
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7.1.  If-01 specimen
Table 7.1. Fracture parameters of If-0; calculated with basis on the novel approach proposed for multi-crack assessment.

i(mm) | P(kN) |ai(mm)|a2(mm)| a3(mm) | C(mm/kN) | at(mm)| k1 k2 k3 | Cfitted (mm/kN)|G (a1) (J/m?) |G (a2) (J/m?)| G (a3) (J/m?) | G (a1+a2) (}/m?) | G (a1+a2+a3) (J/m?)
0.920 0.741 0.0 - - 1.24 0 - - - - - - - - -
1.121 0.772 1.6 - - 1.45 1.55 1 - - 0.88 628.2 0.0 0.0 628.2 628.2
1.314 0.801 4.8 - - 1.64 4,82 1 - - 1.30 975.4 0.0 0.0 975.4 975.4
1.521 0.807 7.4 - - 1.88 7.38 1 - - 1.73 1227.8 0.0 0.0 1227.8 1227.8
1.710 0.833 8.7 - - 2.05 8.71 1 - - 2.00 1439.7 0.0 0.0 1439.7 1439.7
1.895 0.886 9.4 - - 2.14 9.37 1 - - 2.14 1702.7 0.0 0.0 1702.7 1702.7
2.086 0.926 13.4 - - 2.25 13.357 1 - - 3.11 23473 0.0 0.0 23473 23473
2.287 0.951 13.4 - - 2.40 13.36 1 - - 3.12 2476.1 0.0 0.0 2476.1 2476.1
2.489 0.954 13.7 - - 2.61 13.67 1 - - 3.20 2532.0 0.0 0.0 2532.0 2532.0
2.709 0.935 132.6 - - 2.90 13.63 1 - - 3.19 24272 0.0 0.0 24272 24272
2.932 0.911 13.7 0.0 0.0 3.22 13.68 1 - - 3.20 23101 0.0 0.0 2310.1 2310.1
3.246 0.646 13.7 10.0 1.2 5.02 2495 | 055 | 0.40 | 0.05 4.87 640.1 377.8 46.5 1017.9 1064.4
3.452 0.673 12.8 10.0 1.2 5.13 25.01 | 055 | 0.40 | 0.05 4.89 698.2 409.1 50.3 1107.3 1157.6
3.665 0.688 14.0 10.0 1.2 5.23 25.26 | 056 | 0.40 | 0.05 4.96 7449 4233 52.1 1168.2 1220.3
3.879 0.701 14.1 10.8 1.3 5.53 26.08 | 054 | 0.41 | 0.05 5.15 751.8 480.7 55.8 1232.4 1288.2
4.077 0.711 14.1 10.8 2.7 5.73 2753 | 051 | 039 | 0.10 5.31 7335 468.4 117.0 1201.9 1318.9
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7.2.  If-02 specimen
Table 7.2. Fracture parameters of If-0, calculated with basis on the novel approach proposed for multi-crack assessment.

& (mm) | p(kN) |al(mm)|az (mm)|a3 (mm)| C (mm/kN) |at(mm)| ki1 k2 k3 | Cfitted (mm/kN) | G (a1) (J/m?) | G (a2) (}/m?)| G (a3) (J/m?) |G (a1+a2) ()/m?)|G (a1 +az+a3) (J/m?)
1124 | 0.999 0.0 0.0 - 1.13 0.0 - - - 112 - - - - -
1475 | 0.657 | 3.9 2.1 - 2.25 6.0 0.65 | 0.35 - 1.99 525.4 235.8 0.0 761.2 761.2
1.685 | 0.698 | 4.4 3.7 - 241 8.1 0.54 | 0.46 - 2.37 519.1 415.5 0.0 934.6 934.6
1891 | 0.739 | 5.2 4.4 - 2.56 9.6 0.54 | 046 - 2.66 626.0 494.3 0.0 1120.3 1120.3
2116 | 0.76 7.6 4.4 - 2.78 120 | 0.63 | 037 - 3.23 938.9 416.9 0.0 1355.8 1355.8
2333 | 0.762 | 7.9 4.8 - 3.06 127 | 0.62 | o038 - 3.38 940.7 451.6 0.0 1392.3 1392.3
256 | 0.756 | 8.2 4.8 - 3.29 13.0 | 0.63 | 0.37 - 3.47 965.6 432.2 0.0 1397.8 1397.8
2796 | 0.727 | 9.2 4.8 - 3.85 140 | 066 | 0.24 - 3.74 990.8 372.0 0.0 1362.8 1362.8
3.027 | 0.731 | 9.4 4.9 - 4.14 143 | 0.65 | 0.35 - 3.81 1008.8 382.8 0.0 1391.6 1391.6
3.252 | 0.737 | 10.0 6.4 0.0 4.41 164 | 0.61 | 0.39 - 4,32 990.5 498.1 0.0 1488.6 1488.6
3.483 | 0.730 | 105 6.4 0.6 4.77 175 | 060 | 037 | 0.03 4,55 985.9 457.4 43.5 1443.3 1486.9
3.739 | 0.723 | 109 7.8 0.6 5.17 19.2 | 056 | 041 | 0.03 5.01 930.1 550.6 43.0 1480.7 1523.7
3961 | 0.705 | 12.8 7.3 3.0 5.62 23.0 | 055 | 032 | 013 5.87 965.9 394.1 161.1 1359.9 1521.0
4197 | 0.663 | 12.8 8.7 3.4 6.33 249 | 051 | 035 | 0aa 6.32 790.1 425.1 167.4 1215.2 1382.6
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7.3.  If-03 specimen
Table 7.3. Fracture parameters of If-o3 calculated with basis on the novel approach proposed for multi-crack assessment.

& (mm) | P(kN) |a1(mm)|a2 (mm)| a3 (mm) | C(mm/kN) | at (mm) k1 k2 k3 |Cfitted (mm/kN)| G (a1) (J/m?) | G (a2) (J/m?) | G (a3) (J/m?) | G (a1+a2) (J/m?) | G (a1+az+a3) (Jfm?)
1.113 | 1136 | 0.0 - - 0.98 0.0 - - - 0.49 - - - - -
1.425 | 1.277 | 5.2 - - 1.12 5.2 1.00 - - 0.99 4273 - - 4273 427.3
1666 | 0.757 | 11.2 - - 2.20 11.2 1.00 - - 1.98 1155.0 - - 1155.0 1155.0
1.871 | 0.798 | 12.7 - - 2.34 12.7 1.00 - - 2.29 1399.3 - - 13993 1399.3
2.098 | 0.806 | 16.7 - - 2.60 16.7 1.00 - - 3.27 1747.1 - - 1747.1 1747.1
2311 | 0797 | 172 - - 2.90 17.2 1.00 - - 3.41 1749.7 - - 1749.7 1749.7
2529 | 0797 | 176 - - 3.17 17.6 1.00 - - 3.51 1777.8 - - 1777.8 1777.8
2751 | 0799 | 19.1 - - 3.44 19.1 1.00 - - 3.95 1906.1 - - 1906.1 1906.1
2974 | 0792 | 191 - - 3.76 19.1 1.00 - - 3.95 1872.9 - - 1872.9 1872.9
3194 | 0792 | 192 0.0 0.0 4.03 19.2 1.00 - - 3.99 1881.3 - - 1881.3 1881.3
3421 | 0780 | 19.8 1.1 1.9 4.39 228 | 087 | 005 | 0.08 4.39 1619.4 22.9 39.8 1642.3 1682.0
3.651 | 0.769 | 19.8 1.8 2.4 4.75 240 | 0.8 | 008 | 0.10 4.49 1496.7 39.1 50.6 1535.8 1586.4
3879 | 0.763 | 19.8 2.6 2.4 5.08 248 | 080 | 010 | 0.10 4.55 1429.4 57.9 53.4 1487.3 1540.7
4116 | 0.761 | 19.8 2.8 3.2 5.41 257 | 077 | 011 | 012 4.65 1367.2 61.8 69.5 1429.0 1498.5
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