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Abstract

Silva, Marcello Congro Dias da; Roehl, Deane de Mesquita (Advisor); Silva,
Flavio de Andrade (Co-Advisor); Vieira, Janine Domingos (Co-Advisor).
Experimental and numerical investigation of damage and stress transfer
mechanisms in cement materials. Rio de Janeiro, 2024. 190p. Tese de
Doutorado — Departamento de Engenharia Civil e Ambiental, Pontificia
Universidade Catdlica do Rio de Janeiro.

The interaction between cement and other constituents plays an important role
in several engineering applications, such as in the construction and oil and gas
(O&G) industries. In the construction industry, fiber-reinforced cementitious
composites (FRC) have gained wide prominence for their excellent mechanical
properties. Fibers can increase the post-cracking strength of the composite,
improving concrete durability and controlling crack propagation in the cement
matrix. Moreover, they perform a bridging mechanism at the interface, changing
the material post-peak behavior. On the other hand, in the O&G industry, cement
and steel are essential structural elements that should ensure well integrity and
provide zonal isolation. This interaction is considered critical since a strong bond
may prevent the generation of microannulus leakage paths along the cement and
steel interface, which also can lead to crack propagation.

In this sense, a comprehensive study of the damage mechanisms developed at
the cement interface is essential in both applications to understand the material
mechanical behavior. Therefore, it is possible to develop finite element models that
consider the pullout mechanisms (debonding, adhesion, and friction) and the
interface parameters that govern the local mechanical behavior of cement. While
numerous experimental studies and numerical models exist, the current state-of-
the-art lacks formulations investigating damage mapping and stress transfer
interactions at the cement interface, particularly considering different cement
matrix types and steel fiber geometries.

This thesis addresses a critical gap in the literature by proposing the numerical
modeling of interfacial debonding and damage evolution mechanisms for cement
advanced materials and well integrity applications. Elastoplastic finite element
models, incorporating surface-based cohesive formulations with contact, are
employed to simulate cement interface behavior. Additionally, mechanical

characterization tests and microCT analyses are conducted to validate and support



the numerical model results, assessing shear strength and damage propagation at
the cement interface. Therefore, this research can offer insights for engineers across
disciplines to enhance mechanical performance and prototype new advanced
materials by damage evolution investigation. The developed finite element models
emerge as valuable tools for cost-effective evaluations of cement performance

through reliably simulating pullout/pushout behavior.

Keywords

Cement; Damage; Interface; Finite Element Method; Pullout; Fiber/matrix

interaction.



Resumo

Silva, Marcello Congro Dias da; Roehl, Deane de Mesquita (Orientadora);
Silva, Flavio de Andrade (Coorientador); Vieira, Janine Domingos
(Coorientadora). Investigacdo experimental e numérica do dano e
mecanismos de transferéncia de tensdo em materiais cimenticios. Rio de
Janeiro, 2024. 190p. Tese de Doutorado — Departamento de Engenharia Civil
e Ambiental, Pontificia Universidade Catdlica do Rio de Janeiro.

A interacdo entre 0 cimento e outros constituintes desempenha um papel
importante em vérias aplicagbes de Engenharia, como nas indUstrias de construcdo
civil e de 6leo e gas (O&G). Na industria da construcdo, 0s compositos cimenticios
reforcados com fibras (CRF) ganharam grande destaque por suas excelentes
propriedades mecanicas. As fibras podem aumentar a resisténcia critica a fissuragédo
do compdsito, melhorando a durabilidade do concreto convencional e controlando
a propagacdo de fissuras na matriz cimenticia. Além disso, as fibras desenvolvem
um mecanismo de ponte de transferéncia de tensdes na interface, alterando o
comportamento pés-pico do composito. Por outro lado, na industria de O&G,
cimento e ago sdo elementos estruturais essenciais que devem garantir a integridade
de pocos e fornecer isolamento para a passagem de fluidos, especialmente em
cenarios de abandono. Esse mecanismo na interface é considerado critico, uma vez
gue uma interacdo ndo eficaz pode permitir a formacéo de caminhos de vazamento
no microanular ao longo da interface cimento-aco, gerando a formacao de fissuras.

Neste sentido, um estudo abrangente dos mecanismos de dano desenvolvidos
na interface do cimento é essencial em ambas as aplicacGes para entender o
comportamento mecanico do material. Portanto, faz-se necessario o0
desenvolvimento de modelos de elementos finitos que considerem 0s mecanismos
de pullout (descolamento, adesdo e atrito) e os parametros de interface que
governam o comportamento mecanico local do cimento. Embora existam
numerosos estudos experimentais e modelos numéricos na literatura, o estado-da-
arte atual carece de formulagdes que investiguem 0s mecanismos de mapeamento
de dano e as interagdes de transferéncia de tensdo na interface do cimento,
especialmente considerando diferentes tipos de matriz de cimento e geometrias de
fibra de aco.

Esta tese aborda uma lacuna critica na literatura ao propor a modelagem

numérica do descolamento interfacial e mecanismos de evolucdo de dano para



materiais cimenticios avangados e em aplicacOes de integridade de pocos. Modelos
de elementos finitos elastoplasticos, incorporando formulagdes coesivas baseadas
em superficies de contato, sdo empregados para simular o comportamento da
interface do cimento. Além disso, ensaios experimentais de caracterizacao
mecanica e anélises de microtomografia sdo realizados para validar e apoiar 0s
resultados do modelo numérico, avaliando a resisténcia ao cisalhamento e a
propagacdo de dano na interface do cimento. Assim sendo, esta pesquisa pode
oferecer contribuicdes para engenheiros de diferentes areas aprimorarem o
desempenho mecénico e prototipar novos materiais avancados por meio da
investigacdo da evolugdo do dano. Os modelos de elementos finitos desenvolvidos
emergem como ferramentas valiosas para avaliagdes de desempenho do cimento de

maneira eficaz, simulando confiavelmente o comportamento de pullout/pushout.

Palavras-chave

Cimento; Dano; Interface; Método dos Elementos Finitos; Arrancamento;

Interacdo fibra/matriz.
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Introduction

1.1.
Thesis background

In the last decades, fiber-reinforced cementitious composites (FRC) have
gained wide prominence in the construction industry for their excellent mechanical
properties. They can increase the critical cracking strength of the composite [1], [2],
improving concrete durability and controlling crack propagation [1]-[4].

The inclusion of fibers in the cement matrix also influences the stress transfer
mechanisms. In this process, the effects of debonding, adhesion, and friction at the
fiber/matrix interface play an essential role in the crack propagation behavior of the
composite. After matrix cracking initiation, fibers start to develop a bridging
mechanism, changing the post-cracking behavior of the composite [5], [6]. The
stress transfer mechanisms are associated with the interfacial bond properties of the
fiber/matrix region. According to Abdallah et al. [7], the interface is where tensile
forces are transmitted to the fibers and the surrounding cement matrix. In regions
where the bond is weak, fiber pullout occurs at low loading levels, and the fiber
does not contribute to controlling crack propagation. On the other hand, if the bond
is strong, damage mechanisms start at the cement interface and influence the global
mechanical behavior of concrete. Consequently, additional studies regarding the
bond failure mechanisms are necessary to investigate the mechanical behavior of
FRC at a local level of observation.

Several studies are reported in the literature [8]-[10] regarding the interaction
between fiber and matrix and their interfacial properties, especially for the
manufacturing process of the composite, where the bonding/debonding
mechanisms are essential to understand the stress transfer around the fiber. In this
sense, interfacial properties affect the stress transfer mechanisms at the fiber/matrix
interface. Therefore, weak interface bonding may lead to ineffective stress transfer
and the development of microcracks at the interface [11]. Figure 1.1 (a) presents
the effects of debonding and deformation developed at PVA fiber during a pullout
test, while Figure 1.1 (b) presents a schematic representation of this mechanism.
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Figure 1.1 — (a) Fiber deformation during pullout captured by scanning electron microscope
(courtesy from TU Dresden); (b) Schematic representation before pullout (Adapted from [12]).

The proper control of the fiber bridging effect and damage evolution mapping
in the fiber adjacencies is key to material design and prototyping since these
materials are desired to present greater durability performance. Damage mapping
can further aid in identifying critical regions within the composite, particularly
concerning crack propagation.

The significance of studying mechanisms occurring at the cement interface
extends beyond the construction industry, finding substantial relevance in the oil
and gas sector, specifically in Plug and Abandonment (P&A) operations and well
integrity management. For instance, this subject has gained prominence, mainly
driven by environmental concerns and regulatory activities requiring the long-term
safe and ecologic storage of CO2. Compromising well integrity can result in costly
remedial operations and substantial environmental contamination. Hence, the

integrity of the cement sheath and its interaction with the casing pipe is crucial for
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ensuring well integrity, aiming to establish zonal isolation without creating any
leakage pathway within the microannulus between these two materials. To prevent
the formation of a microannulus, a strong bond between the cement and the casing
is necessary, which leads to the investigation of the damage mechanisms at this
interface.

While several experimental studies and numerical models have been
presented in the literature, the current state-of-the-art lacks formulations
specifically addressing the exploration of mechanisms involved in damage mapping
and stress transfer interactions at the cement interface. Furthermore, the damage
evolution mapping and the comprehensive study of stress transfer mechanisms can
help engineers develop and prototype new advanced materials that can be applied
in construction and oil and gas (O&G) industries, improving their mechanical
performance and, consequently, the operation of a given system during its entire
life.

1.2.
The Damage and Fracture of Materials and Advanced Cementitious
Materials research lines

In the Graduate Program of the Department of Civil and Environmental
Engineering (DEC) at PUC-RIo, extensive research has been undertaken within the
Advanced Cementitious Materials research line. The primary objective of these
studies is to deepen the understanding of the mechanical behavior of fiber-
reinforced concrete and other construction materials. Laboratory investigations
focus on analyzing the post-cracking behavior of FRC, encompassing distinct fiber
types [12]-[17] and subjecting them to direct tensile tests, bending, or pullout tests,
for example. Additionally, dedicated experimental studies have explored the
interface of cement composite materials, with a specific emphasis on natural fibers
[15], [18].

Another research line at DEC/PUC-Rio, namely the Damage and Fracture of
Materials, also addresses FRC materials, emphasizing developing numerical
techniques for the computational simulation of damage mechanisms, crack
propagation, and mechanical behavior applicable to multiple Civil Engineering

scenarios [12], [19]-[21]. Several applications within these topics involve the
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cohesive interface element and the Extended Finite Element Method (XFEM)
formulations for modeling cracks in brittle or quasi-brittle materials.

The contributions of the Multiphysics Modeling and Simulation Group at the
Tecgraf Institute stand out in this context. Their work emphasizes studies across
multiple observation scales, incorporating the coupling of various physical effects
(thermal, chemical, mechanical, and hydraulic). This promising research line
contributes to academic knowledge and offers practical solutions for the
construction industry (e.g., construction materials) and the oil and gas sector (e.g.,
geomechanical applications in multiple scales, well abandonment investigations,
and reservoir/well modeling). A comprehensive understanding of interactions at the
mesoscale is achieved by integrating the knowledge derived from laboratory
experiments with numerical formulations. This integrated approach aids in
elucidating material behavior on a global level.

This doctoral thesis builds upon the scientific works undertaken within the
two research lines since 2017. Over the years, several studies have been carried out,
encompassing the numerical modeling of cementitious materials with applications
ranging from macroscale simulations using homogenization methods [12], [21]-
[26], the development of numerical formulations based on the Finite Element
Method at the mesoscale [27]-[29], establishment of workflows combining
artificial intelligence methods with finite element simulations [22], [30], [31],
sensitivity analysis of parameters in cementitious composite materials [32], pullout
modeling [33], and, more recently, cement modeling for applications in the oil and
gas industry [34].

During this period, a collaboration between PUC-Rio and the University of
Stavanger/Norway under the BRANOR (Knowledge-sharing between the
Norwegian Continental Shelf and the Brazilian Offshore on Well Abandonment)
project took place. Part of this thesis was developed in an exchange program at the
Norwegian Research Center (NORCE) for four months, under the supervision of
Prof. Hans Joakim Skadsem and Dr. Katherine Béltran-Jiménez, both with expertise

in well-integrity applications.
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1.3.
Objectives of the thesis

This thesis proposes the numerical modeling of interfacial debonding and
damage evolution mechanisms for advanced cement materials and well integrity
applications. Elastoplastic constitutive models, such as the concrete damage
plasticity model and surface-based cohesive formulations considering contact, are
carried out to model the local behavior of cement. In order to support and validate
the numerical model’s results, pullout/pushout tests and microCT analyses are
carried out at the laboratory to evaluate the shear strength and the damage
propagation between cement and other constituents at the interface region. The
applications consider straight and hooked-end steel fibers and two distinct types of
cement: Matrix A (compressive strength of 40 MPa) and Matrix B (compressive
strength of 80 MPa).

Considering the O&G industry, the application’s primary goal is to study the
pushout shear strength of conventional and expanding cement-casing sections.
Elastoplastic finite element models are developed to predict the pushout behavior
of the tested cement sections for P&A applications. Additionally, the computational
model is calibrated using recent full-scale pushout experimental measurements.
Sensitivity analyses are also conducted to study which model parameters influence
the pushout response since many contact variables do not have a physical
interpretation.

Furthermore, this investigation can help engineers from different areas to
prototype new advanced materials that can be applied to improve their mechanical
performance. The developed FE models can be valuable tools for simulating the
pullout/pushout behavior, enabling cost-effective evaluations of cement
performance. Therefore, the workflow formed by the execution of experimental
tests and the developed numerical models emerges as an interesting novelty

introduced by this thesis.

1.4.
Thesis outline

The thesis is organized into six chapters. Chapter 1 presents the thesis
introduction with a brief contextualization and motivation for the research

development. Moreover, the main characteristics concerning the mechanical
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behavior of cement advanced materials and the fiber/matrix interface properties are
summarized.

Chapter 2 comprehensively overviews cementitious composite materials and
the mechanics underlying their stress transfer mechanisms. Subsequently, it details
the various mechanisms involved in the pullout of straight and hooked fibers while
examining the fiber types' impact on these experiments. The chapter concludes with
an extensive literature review focused on damage mechanisms at the fiber/matrix
interface, along with an exploration of the techniques and experimental procedures
for damage mapping.

Chapter 3 summarizes the experimental program developed throughout this
thesis. The chapter is organized based on the experiments carried out and
categorized by the type of cementitious matrix used during the experimental
program. Within each section, the materials and methods employed, mechanical
characterization of the matrix through uniaxial tensile and compression tests,
pullout tests considering straight and hooked steel fibers, and, lastly, the microCT
analyses conducted before and after the pullout test are presented.

Chapter 4 provides a comprehensive overview of the numerical modeling
developed in this doctoral thesis. The chapter presents key analytical and finite
element models used in the literature to simulate pullout behavior. Next, the entire
mathematical formulation of the finite element numerical methodologies employed
in this work are presented, encompassing elastoplastic constitutive models and
contact formulations. Finally, the chapter presents the models’ results, along with
validations against experimental curves and microCT images showcased in Chapter
3.

Chapter 5 focuses on debonding modeling and the study of the cement
interface in applications within the oil and gas industry, particularly in scenarios
involving pushout tests for well integrity. The chapter frames the issue of
microannulus formation between the cement and steel casing, illustrating the
problem and presenting the latest numerical and experimental developments in the
literature on this subject. At the end of the chapter, the results of the developed
numerical models are presented, along with sensitivity analyses regarding
numerical contact parameters and a comparison of the evolution of damage regions

in the two types of studied cement.



Finally, Chapter 6 will

29

present the thesis conclusions, including

recommendations for future research.

The thesis scheme is presented in Figure 1.2.
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Figure 1.2 — Thesis outline with the main steps.
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Interfacial debonding and stress transfer mechanisms in
cement materials

2.1.
Overview

In recent years, several researchers and structural engineers have developed
numerical techniques to represent and predict material and structure mechanical
behavior. From the observation scale of the structure, fiber-reinforced concrete is
often considered homogeneous and isotropic. However, when observing the
material at a closer level, the composite is highly heterogeneous and formed by
multiple phases: cement paste, fibers, fine aggregates, voids, and capillary pores, as
indicated in Figure 2.1. Given the fibrous reinforcement and cementitious matrix
interaction, it is necessary to consider the heterogeneity effects on the composite's
nonlinear mechanical behavior [12], [35].

Cement Clinker C-S-H

Fiber paste matrix oy C-S-H
( ~ { _w solids +
= ¥ I = [ { . gel pores
B B
i e g
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concrete /L QO \ ‘\\\ @ @
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Figure 2.1 — Phases of conventional concrete or fiber-reinforced cement-based materials.

The properties of fiber-reinforced cementitious materials are dependent on
the properties of each phase of the composite, as presented in Figure 2.2. Therefore,
in order to predict their behavior, three components must be taken into
consideration: (i) the cementitious matrix, (ii) the fiber reinforcement, and (iii) the

interaction between the fiber and the matrix. From the behavior of each phase, it is
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possible to infer and understand the global behavior of the composite material in a

more comprehensive way.
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Figure 2.2 — Structure of a cement composite material (Adapted from [35]).

2.1.1.
Cement-based materials and stress transfer mechanisms

In cement composite materials, the matrix is the phase that supports,
separates, and protects the fibers. The primary function of the matrix phase is to
transfer and redistribute forces within the composite. It can be composed by several
elements, such as cement, mineral or chemical additives, coarse aggregates, pores,
among others [36], [37]. The second constituent of the structure of a cementitious
composite material is the reinforcement, characterized by the presence of fibers.
These can take on different types of geometries, and it is necessary to consider two
levels of description for their complete characterization: the shape of the individual
fibers and their respective dispersion in the cement matrix [4], [5], [36].

Concerning the geometry of the fibers incorporated into the cementitious
matrix, they do not have a perfectly cylindrical shape but are deformed in different
ways to improve their mechanical anchorage with the matrix. In this way, they can
also assume more complex geometries, with polygonal cross-sections or even
longitudinally twisted, to allow an adequate anchorage without harming the

workability during the process of mixing the concrete with the referred
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reinforcement [39], [40]. It is important to emphasize that fibers improve ductility,
increase the material's deformation capacity, prevent or stop the propagation of
cracks, especially in the case of a brittle matrix such as concrete, improve
volumetric stability, and increase tensile strength post-cracking of the composite.

Finally, the region between the fiber and the matrix is called the interfacial
transition zone (ITZ) and has different properties from the cement paste. The
microstructure of the ITZ in cement composite materials is directly related to the
nature of the matrix particles. During the hydration process, the cement particles
react to form hydrated calcium silicate (C-S-H) gel and calcium hydroxide crystals.
During the stage of new particles generation, pores can be identified in the fiber
region. Two main reasons explain this phenomenon: (i) the retention and release of
water by the fibers and (ii) the inefficient packing of the grains that are next to the
fibers [13], [36], [39], [41].

Regarding the fiber-matrix interaction, a typical mechanism of the interface
region between the fiber-matrix is the stress transfer bridge. The fibers act by
transferring the stresses across the cracks to the concrete matrix, preventing them
from propagating. This mechanism generates the material cracking control [21],
[36], [38], defined as the stress transfer bridge.

The processes involved in the fiber-matrix interaction are located in a
relatively small volume of the matrix around the fibers. In addition, the matrix
microstructure around this region can be quite distinct from other areas, generating
effects that are not always predicted by the analytical models that often assume a
uniform matrix in this region. Understanding the stress transfer mechanisms
provides a reasonable basis for predicting the stress-strain curve of the composite
material and its fracture mode (whether ductile or brittle) [12], [14], [36], [39].

According to Sujivorakul & Naaman [42], the stress transfer process is
divided into three phases. The first phase occurs before the crack opening process,
governed essentially by an elastic behavior: the fiber is fully embedded into the
cementitious matrix. Therefore, fiber and matrix have the same strain until the shear
stress is greater than the adhesion between the two constituents. The second phase
corresponds to partial fiber debonding, reducing the stress transfer between the
cementitious matrix and the fiber. Finally, the fiber completely debonds from the
matrix, moving as a rigid body. In this stage, the interfacial shear stress is governed

by fiber-matrix friction [12]. Figure 2.3 illustrates the stress distribution process
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along with the fiber that intersects a crack and the stress transfer process described

in the previous paragraphs.
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Figure 2.3 — Representation of the stress distribution stages during fiber pullout (Adapted
from [12]).

The change from the elastic stress transfer to the friction stress transfer occurs
when the interfacial shear stresses are more significant than the shear strength at the
fiber-matrix interface (tau). Fiber debonding initiates when this occurs and the
friction shear stress will act at the interface (Figure 2.4). Such debonding can occur
before the first crack appears which is not expected. This fact can vary according
to the adhesion shear stress at the interface or the shear stress at the cementitious
matrix [12], [14], [36], [43].
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Figure 2.4 — Distribution of shear stresses along the fiber: (a) for intact composite and (b)
for cracked composite (Adapted from [36]).

The higher the porosity, the smaller the adhesion between fiber and matrix
[13], [14]. During the crack initiation process, there is a concentration of tensile
stresses at the crack ends due to the reduction of their effective area. When the stress
is equivalent to the matrix strength, concrete suddenly fails, cancelling any residual
strength value [44].

The steps involving crack propagation are described by Rossi et al. [45] in
three stages: (i) the first one involves the microcracking process (continuous
material damage); (ii) the second stage is characterized by the coalescence of
microcracks, following the directions of the principal strains. From a mechanical
point of view, there is a process of strain concentration that generates the emergence
of one or several major fractures; and (iii) the third stage, where the macro crack
propagates in the direction of the principal tensile strain [12], [14].

Concerning interface modeling, the main models are the pullout and tension
vs. fiber slip curves. Analytical models were created to predict the values that can
be obtained from experimental tests. These models calculate the force and slip for
each stage (elastic, non-linear and frictional). In fiber-reinforced concrete
applications, pullout tests are often carried out to measure the force required to pull
the fiber out [43], [46].

2.2.
Pullout behavior of cement composite materials

The interface behavior of fiber-reinforced cement-based materials is
challenging and complex, mainly due to the several mechanisms in this region. In
this sense, it is crucial to understand these mechanisms to choose the proper
mathematical formulation for the numerical modeling of the mechanical behavior

of these composites.
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In order to investigate the mechanisms in the interface region, pullout tests
are carried out. Therefore, the following sections present some essential theoretical
aspects that need to be understood to develop numerical formulations/models.

Figure 2.5 summarizes the mechanisms for fiber/matrix interactions at the interface

region.
Debonding
Bridging
Pullout
Failure
Figure 2.5 — Mechanisms for fiber/matrix interface interactions (Adapted from [47]).

2.2.1.
Bonding

The adhesion or chemical bond is defined as the bond between the fiber and
cement matrix adjacencies. According to Naaman & Najm [43] and Cunha [48], the
bond is the first activated mechanism during the pullout. In this stage, the fiber and
matrix strains are fully compatible, and the fiber/matrix interface does not present
any level of damage. Naaman & Shah [46] point out that the bond improvement
observed in a single pullout test does not promote equal improvement globally. In
this sense, fiber deformation processes can give the mechanical bond, which results
in local interactions between the cementitious matrix and the fiber on a smaller
scale. On the other hand, it can be seen as a roughening effect [49].

In recent decades, several fibers have been crimped, indented, or hooked,
improving the fiber mechanical anchorage to the matrix. Smooth fibers present a
distinct bond mechanism since the slip mainly depends on chemical adhesion,
rupture and friction. Some authors (e.g. [43], [50], [51]) also list the fiber-to-fiber
interlock as an important mechanism for bonding. However, this phenomenon is
only observed in composites with high levels of volumetric fraction (up to 10%)
[50], which is not reasonable for fiber-reinforced concrete applications.
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Bartos [52] and Gray [53] defined two types of bond according to the nature
of stress transfer and type of interface: the first one is classified as the shear bond,
which is related to the transfer of the parallel stresses to the longitudinal fiber axis.
This type of bond assures deformation compatibility between fiber and matrix. If
the shear bond stress is higher than a limit value, a relative fiber displacement for
the cement matrix is observed. Therefore, it corresponds to a friction mechanism.
The second type of bond is called tension bond: this stress component enables to
resist forces perpendicular to the interface. It can be activated due to mechanical
stresses or physical mechanisms, such as concrete shrinkage. For single fiber
models, this bond type is usually neglected [43].

The mechanics of the fiber-matrix interfacial bond are highly sophisticated as
a result of different interactions between linear and nonlinear modes:
physical/chemical bond, interfacial debonding, plastic material strains, mechanical
bond deformations, and frictional sliding. According to Chin & Xiao [54], from a
general point of view, the fiber bridging/debonding pullout mechanism is a possible

failure for fiber-reinforced concrete, as shown in Figure 2.6.

Fiber-reinforced concrete

—=1» Cement matrix

> Fiber

Figure 2.6 — Schematic representation of fiber bridging/debonding in pullout tests (Adapted
from [47]).

2.2.2.
Critical embedment length and fiber rupture

The stress transfer mechanisms at the fiber/matrix interface play an important

role in the failure mode of fiber-reinforced concrete. Two failure modes can be
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verified after matrix cracking for a straight fiber without anchorage: (i) fiber rupture
and (ii) fiber sliding [48].

The most basic model assumes balancing the forces on a straight fiber
subjected to tension load. Suppose uniform adherence distribution T is verified
along the fiber. In that case, the critical embedment length can be expressed
according to Equation 2.1, where o, refers to the fiber rupture stress and dy is the
fiber diameter.

Opy df
Lt crit = :f (2.1)

Fiber will fail if the fiber embedment length is higher than L .,;.. On the other
hand, fiber sliding will be detected if the fiber embedment length is smaller than the
critical embedment length. However, other parameters can also influence the
pullout mechanisms, such as fiber orientation, geometry configuration and
fiber/matrix interfacial bond stress not being constant over the fiber embedded
length [47].

2.2.3.
Pullout mechanisms for straight fibers

Figure 2.7 presents a typical pullout load-slip (F-6) curve for a straight and
smooth fiber. The curve can be divided into three distinct steps, represented in

Figure 2.7 as specific points: A, B and C.



38

Debonding
energy

Friction
energy

-————— >

o o

Figure 2.7 — Pullout load-end slip curve for a smooth straight fiber (Adapted from [48]).

The first stage (O-A) refers to the elastic phase, where the fiber and the
concrete matrix stresses are generated due to the adhesive bond. Next, the second
step (A-B) describes fiber debonding. At point A, the maximum shear stress is
reached and the fiber starts to debond. As the slip increases, the fiber continues to
debond (point B). During this process, the stresses due to friction start to increase
until the fiber has fully lost adhesion. The final step (B-D) considers the pullout of
the fully debonded fiber, where region C-D refers to fiber pullout due to frictional
slip [55]-[57].

Figure 2.7 also represents the areas under the pullout load-slip curve for
debonding and pure friction mechanisms. The pullout energy for debonding and
friction is directly related to the fiber embedded length up to fiber rupture. During
debonding, the frictional stress increases, which leads to local shear stress
characterized by debonding and friction. The contribution of each phenomenon is
undetermined because only the combined response can be measured in a pullout
test. Figure 2.8 presents the schematic representation of each stage presented in
Figure 2.7 [43], [46], [48].
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Figure 2.8 — Mechanisms for the straight smooth fiber pullout test (Adapted from [48]]).

2.2.4.
Pullout mechanisms for hooked-end fibers

Alternatively, Figure 2.9 presents the pullout load-slip curve for hooked-end

fibers and the comparison with the straight fiber pullout curve.



40

Hooked-
end fiber

Straight
fiber

O e

0

Figure 2.9 — Pullout load-end slip curve for a hooked-end fiber.

As in the smooth straight fiber pullout curve, the first step (O-A) is fully
elastic and describes the full adhesive bonding between the fiber and the
cementitious matrix. The second step (A-B) describes the fiber debonding. In
contrast to the straight fiber, the pullout load increases until point C due to the
mechanical anchorage of the fiber hook. At point C, the fiber end passes the first
corner in the surrounding concrete matrix, in which fiber plastic deformation has
already started. During the C-E stage, the fiber is subjected to deformation until the
end hook of the fiber straightens out. Next, at stage D-E, the fiber end passes the
second corner in the surrounding concrete matrix, and an increase in the pullout
load can be observed. Finally, stage E-G refers to the phase where the fiber is pulled
out under frictional resistance. The hooked-end fiber is not entirely straight, leading
to a higher frictional resistance than in the straight fiber configuration [55]-[57].

The pullout behavior for a hooked-end fiber is also described by adhesive
bonding, debonding, and friction at the fiber-matrix interface. However, specific
differences in the pullout load-displacement curve can be observed due to the
nonlinear deformation of the fiber end hook and the concrete matrix. Figure 2.10
summarizes the main mechanisms that are observed during hooked-end fiber

pullout tests.
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Figure 2.10 — Mechanisms for the hooked-end fiber pullout test (Adapted from [48]).

2.2.5.
Influence of fiber type in pullout tests

As previously discussed in Section 2.1.1, several types of fibers can be
applied to fiber-reinforced concrete applications. They can be classified according
to their chemical/physical properties (density, surface roughness, fire resistance,
among others), fiber material (natural, organic, mineral, among others), or
mechanical properties (tensile strength, Young’s modulus, adhesion properties,
among others). Due to the distinct manufacturing processes available in the
construction industry, the mechanical properties differ for each fiber. Therefore,
these distinct properties impact the pullout behavior and, consequently, the global
behavior of fiber-reinforced concrete [58].

Due to the weak bond between the fiber/matrix interface, the pullout energy
from a straight fiber is small. In order to solve this challenge, several fiber

treatments can be carried out by optimizing the fiber anchorage properties, such as
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roughening or inducing other mechanical deformations [59]. Concerning this point,
steel fibers have a primary advantage over other fibers since they can be easily
deformed and indented to improve their anchorage to cement matrix. Figure 2.11

shows distinct types of steel fibers according to their geometric shapes.

Undeformed fibers Deformed fibers
Straight (round, flat or any shape) Round with end buttons B
[ ) o
Round with end paddles Deformation at

—_

the fiber end
Round with hooked ends

Indented surface r

Polygonal twisted
S A TI S SIS SIS SIS S

Crimped (round, flat or any section) Deformation

along the fiber

Arch with bend ends

7\

Figure 2.11 — Distinct steel fiber geometries (undeformed or deformed shapes) (Adapted
from [58]).

Figure 2.12 compares the pullout responses for distinct types of deformed
fibers adopting different embedded lengths (Le) and matrix compressive strengths
(fc). Itis observed that the peak pullout load and the pullout energy are considerably
higher for deformed fibers than for straight/smooth ones. When increasing the
lateral fiber surface area, there is an increase in frictional and adhesive bond forces
for the same cross-section and the fiber, leading to a higher pullout resistance [48].
On the other hand, the additional fiber stiffness provided by the untwisting process

will provide a slip hardening behavior.
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Figure 2.12 — Typical pullout responses for distinct steel fibers considering different matrix
compressive strengths (fc) and embedded lengths (L.) (Adapted from [48]).

2.2.6.

Influence of fiber orientation and matrix strength in pullout tests

Figure 2.13 presents the pullout relationships for hooked-end fibers with

different inclination angles. The ultimate fiber tensile strength (UTS) is also

represented in this figure. It is observed that the fiber with an inclination of 45° and

60° fractured below the ultimate tensile strength [60].

The high-stress
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concentrations can explain this fact at the fiber bending point. According to Banthia
et al. [60], the additional shear stresses in inclined fibers will promote the fiber
intercrystal slippage on a smaller scale, reducing the material yield and ultimate

strength.

Hooked-end steel fibers in high-strength matrix
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300
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0 1 2 3 4 5
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Figure 2.13 — Pullout relationships for hooked-end fibers from a high strength cement
matrix (85 MPa) at several inclination angles; UTS = ultimate tensile strength.
(Adapted from [48]).

The peak load and toughness are, in general, higher for inclination angles
between 0° and 20°. Higher angles often lead to a lower pullout load in the first
stage of the pullout behavior. Depending on fiber type, matrix strength and other
parameters, the maximum pullout load may increase with the fiber inclination until
an angle of 45° [46], [60].

For uncracked composites, the orientation efficiency can be determined in
two ways. The first one assumes that the composite is subjected to deformation only
in the applied stress direction. Alternatively, the second hypothesis assumes that the
strains occur in the other directions of the composite. For the first case, the pullout

load of fibers oriented at an angle 8 is given by Equation 2.2.

Pputiout = cos* 0 (2.2)

For fibers aligned in multiple directions, the orientation efficiency ny is given

by Equation 2.3, where ay is the proportion of fibers oriented at an angle 6.
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ng = z ag cos* 6 (2.3)

When analyzing the orientation effect at the post-cracking zone, the local
fibers bending around the crack should be considered, which geometric
considerations can induce. The orientation effects determined by a conventional
composite material approach include an implicit assumption of orientation with a
constant fiber angle along the crack. However, local bending of the fiber around the
crack will induce bending stresses in the fibers and, at the same time, will lead to
local compressive stresses in the matrix [36]. A complex stress state will be
developed, and the global behavior will depend on the balance between the stiffness
and ductility of the matrix and the fiber. Within this context, two different situations
must be considered [36], [39]:

i. Ductile fibers bonding the crack in a brittle matrix: if the fiber is ductile and
with a low modulus, it will be pulled off easily, and a pin effect can be induced,
causing an increase in pullout strength;

ii. Brittle fibers connecting the crack in a ductile matrix: if the fiber is brittle
and has a higher Young’s modulus, there is an accumulation of local bending
stresses in the fiber, which are superimposed to the axial tensile stress, which can
lead to premature fiber rupture. In turn, this rupture can result in lower efficiency
than expected compared to a linear fiber with an angle of inclination, assuming only

axial forces. Figure 2.14 presents a schematic representation of this approach.

Crack faces ‘

Matrix spalling

- =3
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Fiber subjected to
bending and shear

(@) (b)

Figure 2.14 — (a) Bending of a fiber across a crack; (b) components of crack bridging
force (Adapted from [36]).



46

These concepts may account for a range of orientation effects observed in a
variety of FRC systems, as presented in Figure 2.15. An increase in the orientation
angle in a composite with brittle and ductile fibers (carbon, for example) reduces
pullout strength. The opposite occurs for ductile and low-modulus fibers
(polypropylene, for example): a pullout strength increases with orientation [36],
[46].
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Figure 2.15 — Orientation effects for distinct fiber types (Adapted from [22]).

Moreover, Jamee et al. [61] emphasized that the composition and
compressive strength of the cement matrix directly influence the pullout
characteristics of hooked steel fibers. Similarly, Isla et al. [62] observed that fibers
extracted from mortars with higher compressive strength demonstrate increased
pullout strength. Therefore, as the matrix strength increases, there is a
corresponding increase in matrix stiffness, compelling the fibers to undergo more

deformation for sliding.

2.3.
Interfacial damage mechanisms

Damage mechanisms in cement composite materials gather several
processes that take place at the material level of the composite according to
different physical degradation mechanisms, such as fiber pullout [63]-[65],

crack propagation in the cement matrix [66], [67], interfacial debonding [68]-
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[70], and fiber breakage [71], [72]. All the previous studies reported in the
literature pointed out that fiber/matrix interfacial debonding plays an essential
role in the predominant damage mechanism and the progressive degradation of
the effective behavior [73]. Therefore, it is essential to study the stress state in
and around the fiber in order to understand the macroscopic mechanical
behavior of FRC.

According to Xia et al. [74], the tensile load in a discrete fiber-reinforced
concrete loaded in the fiber direction is mainly carried by the stiff fibers. Once
the fiber strain to failure is much smaller than the matrix strain to failure, and
when loaded in quasi-static tension in the fiber direction, the first fiber breaks
occur in random positions. This process is due to the defect distribution in
fibers, which leads to the fiber break during the loading stage. In this sense, a
stress transfer mechanism between the fibers near the broken fiber is observed.
Pupurs [75] points out that, depending on the fiber, matrix, and interface
properties, several events may influence the fiber break, as presented in Figure
2.16: (a) the crack can propagate from fiber to the cement matrix until the
neighboring fiber arrests it, where it may cause a fiber break or may be deflected
as a debond crack growing along with the fiber interface; (b) shear yielding of
the cement may occur at the fiber break tip, blunting the crack or (c) a debond
crack may grow from the fiber break along with the interface. The debond crack
can grow in composite materials until it meets another debond crack growing
with the same or neighboring fiber. In this sense, cracks coalesce into one larger

crack, leading to the composite failure (Figure 2.17).
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Figure 2.16 — Damage development after fiber break formation: (a) crack propagation,
(b) matrix yielding, (c) debonding at the interface (Adapted from [75]).
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Figure 2.17 — Damage events leading to the final failure of a composite considering
unidirectional loading (Adapted from [75]).

During the stress transfer mechanism, the stress concentration in the
neighboring fibers around the broken fiber and the ineffective longitudinal
length over which the broken fiber recovers load-carrying capacity are the most
relevant parameters. Therefore, the transverse stress concentration governs the
fiber damage process, establishing a critical damage cluster size and
determining the composite tensile strength related to the in-situ fiber strength
and the size-scaling of the composite strength [74], [75]. Consequently,
predictions regarding the composite failure require detailed studies about the
micromechanical stress state around the broken fibers as a function of the
material properties. Several methods have been applied to the investigation of
stress distribution at the micromechanical scale, such as the shear-lag model
[76], [77], Green's function method [74], and the Finite Element Method [78].

The mechanical strength of the cement matrix provides the
circumferential compressive normal stress around the fiber, which is a crucial
issue in terms of interface friction. The dense matrix microstructure benefits
friction strength at the interface and the geometric deformation of the fiber
contributes to a strong anchorage force at the interface. At the same time, for
steel fibers, the hydrophobic nature leads to the formation of a weak bond at
the interface, reducing the pullout resistance of steel fibers from the cement
matrix [79].

Moreover, the microstructure and the matrix mechanical strength are key

points by the performance of the ITZ [80]. The shape of the steel fibers



influences the anchorage force at the fiber/matrix interface. Several shapes of
steel fibers have been developed to improve interfacial performance [81], [82].
Additionally, distinct methods have been proposed to modify steel fibers'
surface [83], [84] since a dense microstructure is desirable for good interfacial
performance. Table 2.1 summarizes the effect of several methods carried out to
improve the fiber/matrix interfacial performance [79], such as fiber shape, fiber
diameter, fiber embedded length and angle, and matrix strength, among others.
Therefore, in order to better investigate the surrounding region between fiber
and matrix, pullout tests are carried out.

Table 2.1 — Effect of several methods for interfacial performance of steel fiber-
reinforced concrete [79].

Method Variable Improvement

Mechamcgl_ properties of Water to binder ratio 10-25% in pullout load
cementitious matrix

Mechanical properties of Autoclave curing and 85-110% in interfacial
cementitious matrix steam curing bonding
- : — o -
Mechanlcgl_ properties of Content of silica fume 9-40% in |r_1terfaC|aI
cementitious matrix bonding
Content of nanomaterials 40-55% in interfacial

Mechanical properties of

cementitious matrix (nano-SiO,, nano bonding and 70-230% in

CaCOsg, etc) pullout energy
140-300% in interfacial
Corrugated steel fiber bonding and 250-350%

in pullout energy
240-700% in interfacial
Hooked steel fiber bonding and 190-400%
in pullout energy

Physical arrangement of
steel fiber

Physical arrangement of
steel fiber

Physical arrangement of

steel fiber Embedded length 30-50% in pullout load
Physical arrangement of 20-80% in interfacial
steel fiber Embedded angle bonding
Physical arrangement of 5-20% in interfacial
y steel fit?er Fibers distance bonding and 15-20% in
pullout load
Che(r)r]ll;:iakljlerrn;)frl:allzgtlon ZnPh coating 20-70% in pullout load
Chemical modification 85-75% in Interfacial
! SCA modification bonding and 20-85% in
of fiber surface
pullout energy
Chemical modification 20-30% in pullout load
: Plasma treatment
of fiber surface and energy

70-80% in interfacial
Nanomaterials coating bonding and 60-70% in
pullout energy

Chemical modification
of fiber surface

49



According to Zhou et al. [79], Chan et al. [85] and Wu et al. [86], the
addition of silica fume to the cement matrix can change the interfacial
performance of steel fiber-reinforced concrete, where the optimal content of
silica fume for interfacial bonding strength ranges between 25 to 35% [85],
[86]. In addition, the adoption of nanomaterials as additives can also improve
the interfacial bonding since the filling and chemical reactivity of nanomaterials
lead to a dense microstructure and high mechanical strength [81], [82]. As
previously reported in Table 2.1, the interfacial bonding strength and pullout
energy of hooked fibers were three and four times greater compared to straight
fibers [64]. The increase in bonding area can benefit the stress transfer
mechanism at the interface, improving the performance of steel fiber-reinforced
concrete. Moreover, the interfacial bonding strength of straight fibers increased
20% when the fiber embedded angle varied from 0° to 30° [87], [88]. Table 2.2
presents the effect of enhancement approaches on the global mechanical

behavior of fiber-reinforced concrete.

Table 2.2 — Effect of several methods for mechanical global behavior of fiber-
reinforced concrete [79].

Method Variable

Mechanical properties
of cementitious matrix

Improvement
30% in compressive
strength and 60% in

flexural strength

Water to binder ratio

Mechanical properties
of cementitious matrix

Content of silica fume

10-30% in compressive
and flexural strength

Physical arrangement of

Corrugated steel fiber

60% in compressive

steel fiber strength
- vV -
Physical arrangement of Hooked steel fiber 50% in compressive
steel fiber strength

Chemical modification
of fiber surface

ZnPh coating

20% in flexural and
tensile strength

Chemical modification
of fiber surface

SCA modification

15% in compressive and
flexural strength; 50%
in peak toughness under

dynamic load
Chemical modification 10% in compressive
. Plasma treatment
of fiber surface strength

Experimental tests are crucial for explaining and investigating the

surrounding region between fiber/matrix interface. In this sense,

microtomography techniques are used to investigate the damage mechanisms

at the microscopic scale involved in the load distribution between mortar and

50
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fibers [89]-[91]. The aim is to detect and characterize in 3D the microscopic
nature and the evolution of interfacial debonding and associated damage

mechanisms in the matrix close to the fiber region.

2.4.
Damage due to anchorage failure in deformed fibers

Concerning the fiber/matrix interaction, the evolution of damage in this
region plays an essential role in analyzing the mechanical behavior of fiber-
reinforced cement-based materials. Nieuwoudt [92] carried out a study and
concluded that fracture could occur in the surrounding region of fiber in the cement
matrix as the fiber is pulled out, especially in the case of hooked-end or undulated
steel fibers. When such damage progresses with time and load level due to
microcracking and local crushing produced by the sustained loading, the pullout is
facilitated. Figure 2.18 presents CT scan images of a single fiber at different stages

of pullout presented in the work of Nieuwoudt [92].

Detail A-A Detail B-B Detail C-C

Figure 2.18 — Scan images of a fiber in distinct pull-out stages, where the lower images are
magnifications of the upper images (Adapted from [92]).

In the case of straight fibers with lower Young’s modulus, like the polymeric
ones, such damage is not expected to be significant. These fibers can experience
creep, especially at higher temperatures, due to their viscoelastic nature. The
relaxation of the stress in the fiber will decrease the bridging effect, leading to crack
widening and further propagation. It is important to highlight that significant
differences can be observed among polymeric fibers, such as the polymer family,
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shape, texture, and production processes. On the other hand, steel fibers hardly
experience any creep at ambient temperature [93], [94].

When a strain-softening fiber-reinforced concrete is subjected to constant
loading, crack propagation and widening with time can be expected. Eventually,
sudden failure can occur after tertiary creep response when the load ratio is high
enough. However, when strain-hardening fiber-reinforced concrete behavior is
expected, multiple cracking will widen with time without any failure behavior.
Gettu et al. [94] studied the CMOD-time response considering distinct load ratios
for steel and polymeric fiber reinforced concrete (Figure 2.19 (a) and (b),
respectively). They concluded that the creep crack widths increase with the loading
level, and the increase of crack widths due to sustained loading can be expected to
be more in polymeric fiber-reinforced concrete. Moreover, the pullout mechanisms

due to mechanical anchorage and adherence influence creep behavior [94].

Load ratio 53%
1.2

0.8

0.6

CMOD (mm)

0.4

0.2

0 20 40 60 80 100 120

Time (days)

(@)

Load ratio 48%
1.2

0.8

0.6 - V
0.4 r/——/(\/

0.2

CMOD (mm)

0 2‘0 4‘0 66 éO 160 120
Time (days)
(b)

Figure 2.19 — CMOD-time responses for (a) polymeric fiber-reinforced concrete and (b) steel
fiber-reinforced concrete (Adapted from [94]).



53

2.5.
Experimental methods for damage mapping

From the stress generation developed in the composite, the microscopic
damage gradually evolves within the material's internal structure until the
subsequent development of macroscopic cracks. Therefore, it is possible to point
out the relationship between the material microstructure and its mechanical
properties since the experimental evaluation of damage is essential to understand
the composite global mechanical behavior.

Many technigues have been developed to detect and map damage at various
stages in cement composite materials. However, it is not possible to list a single
technique capable of analyzing this variable considering all types of loads, test
conditions, material type, and failure modes since all experimental techniques have
advantages and limitations. The application of each technique can be based on the
type of equipment available, sample size, type of analysis, among others. In order
to assess the presence of damage in quasi-brittle materials due to a given loading,
several studies have been carried out in the literature using different methods, such
as acoustic emission methods (AE), fluorescent methods, X-ray CT method, digital
image correlation (DIC) methods, or nanoindentation/microindentation techniques.

The acoustic emission method is commonly used to analyze the location of
cracks and the type of crack present in cementitious materials/rocks during the
loading stage. In order to assess the arrival time and the energy of an elastic wave
caused by microcracking, sensors are fixed to the surface of the sample [95], [96]
to capture this information. The elastic waves propagate within the range of
ultrasonic frequencies, generated due to the quick release of energy within a given
material. It is a non-destructive method that detects and analyzes the waves
generated from localized sources when a material is conveniently subjected to a
specific stress level [97]. On the other hand, this method makes estimating crack
length and width difficult [98]. It is a technique often used in the literature for
detecting and mapping damage to materials and structures, especially regarding
health structure monitoring applications in concrete structures and cementitious
materials [99]-[101]. The technique helps extract the microcrack details, such as

location, type, and extent, to validate the numerical models. Figure 2.20
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schematically shows the typical setup of an acoustic emission test for damage

detection.
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Figure 2.20 — Typical experimental setup for AE methods (Adapted from [102]).

Fluorescent methods are also possible techniques to observe and quantify
microcracks and the damage evolution in a specimen by image analysis after
injection of a low-viscosity resin with dye into the microcracks. Wajima et al. [103]
and Chen et al. [104] studied the effects of microscopic pore spaces and microcracks
filled with a synthetic resin mixed with fluorescent ink under ultraviolet light for
applications in an oil and gas reservoir, as illustrated in Figure 2.21. Therefore, it is
possible to map the formation of microcracks satisfactorily; however, once the
specimen is cut, the results of the analyses are only described in two dimensions
[98].
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Figure 2.21 — Microcracks evaluated through the optic microscope and by fluorescent methods:
(a) open nicol; (b) crossed nicol; (¢) open nicol with UV; bit.: betume; m.c.: microcrack (Adapted
from [103]).

Alternatively, the microCT technique is another non-destructive method
that can be carried out to study the internal material structure with three-
dimensional images. The basic principle of the microCT is a source emitting X-ray
that is attenuated as it passes through the sample until reaching the detector. This
procedure is done as the specimen holder rotates 360° about a single axis at a certain
step, generating a sequence of projection images [105]. The projection images are
reconstructed using mathematical principles of tomography, finally providing a
sequence of 2D slices that compose the 3D image [105], [106]. Figure 2.22 presents
the schematic workflow for the microCT image acquisition and generation of the
2D slices.
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Figure 2.22 — X-ray acquisition and reconstruction process (Adapted from [106]).

Landis et al. [107] used the methodology in mortars, studying the
relationship between the fracture energy and the area of the induced crack during
the performance of uniaxial compression tests. Wang et al. [108] observed voids
and cracked surfaces using the X-ray CT methodology, suggesting the development
of a damage tensor to represent the damage. Later, Elagra et al. [89] used the same
methodology to identify the damage mechanisms and the crack propagation during
compression tests on mortar specimens. Sugiyama et al. [90] applied X-ray
tomography with a resolution of 0.5 um to analyze the deteriorated mortar,
visualizing the effects of the diffusion tortuosity present in the material's internal
structure. Another work in the area involved the studies by Promentilla et al. [91],
who applied a microfocus to characterize the internal structure of the mortar by
freeze-thaw action. More recently, Ren et al. [109] and Huang et al. [110] suggested
2D and 3D mesoscale finite element models based on X-ray computed tomography
images to investigate the microscale damage and crack propagation behavior in
concrete. Tian et al. [111] also tried to quantify the internal meso-cracking of
concrete to estimate the damage in a uniaxial compression test using a helical
tomography. However, much of the research regarding the investigation of damage
in concrete using X-ray microCT is focused mainly on apparent fractures produced
inside the sample, with little research dealing with the formation of microcracks

before the stress peak in tests of compression or direct tension. Jung et al. [112]
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demonstrated the quantitative analysis of the microcracking process of a concrete
specimen during a uniaxial compression cyclical test before the appearance of an
apparent fracture using three-dimensional X-ray computed tomography images,
similar as reported in the previous works of Lorenzoni [105], [106].

DIC is also a technique that has been applied to detect concrete deformation
and mesoscopic damage. The main goal of this methodology is to analyze the
speckle image before and after the specimen deformation via image correlation
matching [113]. However, previous research has focused on macroscopic cracks
inducing structural damage identification, and few studies are carried out
considering microcracks or microdamage evolution.

Finally, nanoindentation is an additional method that has been carried out in
the literature to investigate the evolution of damage in cement composite materials.
Lukovic et al. [114] have studied the mechanical parameters in cement materials
using nanoindentation and microscopy analysis. The microscopy images make it
possible to perform the needle penetration test in a small cement block and map the
distribution of mechanical properties (e.g., Young modulus) along the block. Since
the damage variable is related to the material stiffness, it is possible to determine
the evolution of the damage in the sample according to the progress of the
nanoindentation test. Figure 2.23 and Figure 2.24 present images taken from the
indentation analysis where the Young modulus and hardness distribution in a region

of the cement block are indicated.

Micrograph (ESEM) Young modulus (distribution map)

Figure 2.23 — Distribution map of Young’s modulus in the cement sample (Adapted from [114]).

Micrograph (ESEM) Hardness (distribution map)

Figure 2.24 — Distribution map of hardness in the cement sample (Adapted from [114]).



58

In some specific cases, microindentation is also carried out, considering a
very similar setup. It requires the polishing of composite samples with fibers
perpendicular to the surface and consists of pressing the extremity of fiber through
an indenture until fiber debonding [114].

In this sense, for quantifying microscopic damage at the interface of the
composite material, the techniques mentioned above are the most typically used in
the literature. The best methodology will depend on each research goal, setup

availability, expected level of detail, and image quality generated by the equipment.
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3
Experimental tests

This chapter presents the experimental program developed throughout this
work to analyze the damage, interfacial debonding, and stress transfer mechanisms
in cementitious materials. In this study, experimental tests are crucial to calibrate
and validate the further developed numerical models and give more insight into the
studied problems. Therefore, the experimental results from this chapter will support
the calibration and validation of the numerical models presented in Chapter 4.

Mechanical tests and microCT analyses were carried out considering two
distinct types of cement matrix: (i) Matrix A with compressive strength of 40 MPa
and (ii) Matrix B with compressive strength of 80 MPa. All the mechanical tests
were carried out in Laboratorio de Estruturas e Materiais (LEM/DEC) of PUC-Rio.
At the same time, the microCT analyses were performed in Plataforma Multiusuario
de Micro Tomografia Computadorizada at Universidade Federal Fluminense.
Figure 3.1 summarizes a schematic workflow for the experimental tests and

analyses carried out in this thesis.

—> Matrix A (f, = 40 MPa)

Matrix design —

L Matrix B (f, = 80 MPa)

— | Uniaxial tensile/compressive tests (matrix)

Mechanical tests —

—> | Straight steel fibers

L | Pullout tests (composite) —

L—» | Hooked-end steel fibers

— | Straight steel fibers

Micro-CT analysis —

— | Hooked-end steel fibers

Figure 3.1 — Schematic workflow for the experimental tests carried out in this thesis.
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3.1.
Matrix A

3.1.1.
Materials and methods

Matrix design

Matrix A was designed for the water/cement ratio of 0.5. The cementitious
material was composed in mass by Portland cement CPII-F32, as defined by the
Brazilian standard ABNT NBR 16697 [115]. The coarse gneiss aggregate (coarse
sand) has a maximum diameter of 9.5 mm and a fineness module of 5.41. The
natural quartz sand (fine sand) was used in two distinct fractions: the first fraction
was represented by the passing material in a 4.75 mm screen size and retained on a
screen size of 0.85 mm; the retained material represented the second fraction on a
150 um screen. The natural quartz sand originally had a maximum diameter of 2.36
mm and a fineness module of 2.68.

The additions included SILMIX ® active silica type D (densified),
POZOFLY ® fly ash, and a quartz powder filler sourced from the ceramic industry
and referred to in this study as #325 silica. The superplasticizer GLENIUM ® 3500
was used to provide the necessary workability. Table 3.1 summarizes the concrete

mix proportions for Matrix A.

Table 3.1 — Matrix A mix proportions.

Materials kg/m3

Portland cement (CP1I-F32) 360.0

Fine sand 830.0

Coarse sand 100.0

#325 silica 70.0

Fly ash 170.0
Microsilica 45.0

Water 164.0
Superplasticizer 20.0
Viscosity modifier 3.0

A flow slump test was also carried out according to the Brazilian standard
ABNT NBR 15823-2 [116], obtaining a diameter of 27 mm + 3 mm, as indicated
in Figure 3.2. The entire molding process was carried out to minimize the

incorporation of air voids into the cementitious matrix. Thus, in addition to
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assessing the mortar's flowability, tapping and manual vibration of the specimens

were applied.

Figure 3.2 — Flow test carried out with Matrix A.

3.1.1.1.
Mechanical characterization

Uniaxial compressive test

Uniaxial compression tests and determination of the Young’s modulus of
Matrix A were carried out at 28 days, in accordance with the Brazilian standards
ABNT NBR 5739 [117] and ABNT NBR 8522 [118], respectively. Three 200 mm
high and 100 mm in diameter cylinders were cast.

Before molding, the recipient was coated with a layer of demolding oil.
During molding, the concrete was compacted solely through external vibration,
using external blows with a rubber hammer. After 24 hours, the test specimens were
demolded, wrapped in plastic film, and placed in an environment with controlled
temperature of 25° C and humidity of 95%. Approximately 24 hours before testing,
the specimens underwent a facing process on the base and top to ensure surface
regularity and parallelism between the faces. This procedure ensures uniform stress

transfer during loading. The uniaxial compression tests were conducted on an MTS
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311 servo-hydraulic universal testing machine with hydraulic grips and a maximum
load capacity of 1000 kN. Two vertical displacement transducers (LVDTSs) coupled
to cylindrical rings were positioned around the test specimen for strain
measurement to assess the Young’s modulus (Figure 3.3). In this way, the strain
value of the specimen was obtained by the ratio of the simple arithmetic mean
measured relative displacement to the initial reference length given by the distance
between the rings. The stress was calculated as the ratio between the applied load
and the cross-sectional area of the test specimen. The elastic modulus corresponds
to the slope of the initial region of the stress-strain curve, up to approximately 30%
of the maximum stress. The tests were controlled by the axial displacement of the
LVDT with a rate of 0.1 mm/min. Additionally, Figure 3.3 presents the

experimental setup for the uniaxial compressive tests carried out in this thesis.

Figure 3.3 — Setup for the uniaxial compression tests in Matrix A.

Pullout tests

In order to assess damage evolution and stress transfer mechanisms at the
fiber/matrix interface, validating numerical models to be subsequently developed
in this study, pullout tests were conducted. DRAMIX® 3D 80/60 steel fibers with
a length of 60 mm and a diameter of 0.75 mm were used. Additionally, two fiber
geometries were selected for the pullout tests: (i) straight steel fibers and (ii)
hooked-end steel fibers. All fibers had an embedment length of L = 40 mm.

Recognizing that the primary objective of the pullout tests was to validate damage
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evolution mechanisms at the fiber/matrix interface occurring at a smaller
observation scale, and considering that the samples would be later taken to an X-
ray microCT, six specimens were produced for conducting the pullout tests. The
split cylindrical specimens had a total height of H = 40 mm. In order to position the
steel fiber centrally in the specimen, facilitating subsequent observation of the
damaged region in the microCT, there is a gradual reduction of the internal cross-
sectional area of the cylinder (dint = 11 mm) and a hole with a diameter of 0.75 mm
at the base of the mold to allow passage of the fiber. The design of this specimen
allows for the performance of mechanical tests and is also compatible with microCT
scanning.

It is essential to highlight the novelty of the proposed specimen since past
works in the literature consider samples with a distinct geometry for the pullout
experiments. The schematic representation of the specimen is presented in Figure
3.4. Figure 3.5 shows some specimens after the molding process, where "R" refers

to the straight steel fiber geometry, and "G" refers to the hooked-end steel fiber

geometry.
11 mm Steel fiber
+—>
/I\ ) 1 A
\-//—; Steel fiber N~
M
]| 15 mm
25 mm
D T
~—_ v

<
<

v

26 mm

Figure 3.4 — Schematic representation and specimen dimensions for the pullout tests.

Figure 3.5 — Specimens for the pullout test (“R” for straight and “G” for hooked-end steel
fiber).
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The pullout tests were conducted on the EMIC ® DL 3000 electromechanical
universal testing machine with a maximum load capacity of 30 kN. A 2 kN load
cell was attached to the experimental setup. The test control was achieved by
displacing the actuator's internal LVDT at a rate of 0.5 mm/min. The samples were
clamped in grips, representing a fixed boundary condition. Fiber slippage was
obtained by the machine displacement. Direct measurement through machine
displacement was validated in previous experimental studies by Trindade [119] and
Castoldi [120], where it was observed that slippages obtained from LVDT
measurement were similar to those obtained by the internal acquisition of the testing
machine. The sample's base had its displacement restricted due to the presence of a
metallic ring secured with screws. Figure 3.6 (a) and (b) present the experimental

setup and the details regarding the fixed specimen.

Load cell

(b)

Figure 3.6 — (a) Pullout test configuration and (b) detail for the specimen fixation.

The maximum shear strength (z,,,,) Was obtained through the experimental
pullout loads, following the relationship presented in Equation 3.1, where P,
refers to the maximum pullout load, r is the fiber radius and L. is the embedded
length.

Pmax

Tmax = Zmrl, (3.1)
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MicroCT analysis
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The microCT scanning was performed in a Zeiss-Xradia Versa 510 in the

Plataforma Multiusuario de Micro Tomografia Computadorizada at Universidade

Federal Fluminense (UFF). The samples were scanned at a voxel size of 5 um for

higher level of detail. All acquisition was taken using camera binning 1, with field

of view of 2048 x 2048 pixels. The parameters used in the image acquisition

protocol are shown in Table 3.2.

Table 3.2 — Image acquisition data for the microCT analyses.

Information Value
Optical lens 04X -1X

Source sample distance (mm) 40.0

Detector sample distance (mm) 120.0
Voxel size (um) 5.0
Voltage (kV) 80.0
Power (W) 7.0

Exposition time (s) 6.4-8.0

All specimens were imaged prior to pullout testing. Twelve microCT scans

were carried out considering the distinct types of matrix, steel fiber geometry, and

the pullout stage (before, partial, or complete pullout). The information regarding

the microCT analyses developed in this thesis is summarized in detail in Table 3.3.

Table 3.3 — MicroCT scans carried out in this research.

Matrix type Steel fiber geometry Scenario
Straight fiber (1) Before pullout
Matrix A (Sample S01) (2) Partial pullout (6 =7 mm)
Hooked-end fiber (3) Before pullout
(Sample HO1) (4) Partial pullout (8 = 7 mm)
. . (5) Before pullout
(s;;?:]gr;(te fs'gg; (6) Partial pullout (5 = 7 mm)
P (7) Complete pullout
] ) . (8) Before pullout
Matrix B H?é’:r?]d |Zn|j g'zt;er (9) Partial pullout (5 = 7 mm)
P (10) Complete pullout
Hooked-end fiber shifted up (11) Before pullout
(Sample HO3) (12) Partial pullout (6 = 7 mm)

Considering the region of interest of the samples and the desired resolution

in order to adequately capture the microcracks at the fiber/matrix interface, the
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height of the scans was approximately 15 mm. Figure 3.7 presents the equipment
used for the microCT analyses and a schematic representation of the specimens
placed in the microCT test position, highlighting the approximate scanned region
of interest (ROI). Additionally, Figure 3.8 presents an example of the scanned

volume of one of the microCT analyses carried out in this work.

Region of interest

X-ray source N
Specimen .
Detector

(@) (b)

Figure 3.7 — (a) Zeiss-Xradia 510 Versa equipment for the microCT analyses; (b) schematic
representation of the CT scanning and specimen region of interest.

Figure 3.8 — X-ray scanned volume for the straight steel fiber in Matrix A.
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3.1.2.
Results

Uniaxial compression tests
The compressive strength result was 40.9 + 2 MPa with a Young’s modulus

of 29.7 + 1.33 GPa. The representative curve for the test is shown in Figure 3.9.

Uniaxial Compressive Test | Matrix A
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Figure 3.9 — Stress-strain representative Xurve for the uniaxial compressive test of Matrix
Direct tensile tests

The stress-strain curves for Matrix A were previously carried out by Pereira
[13] through direct tensile tests. The tensile strength result was 6.04 MPa + 0.9
MPa. For more information regarding the uniaxial tensile tests, refer to the work of
Pereira [13].

Pullout tests

Figure 3.10 and Figure 3.11 display the pullout force-displacement curves
obtained for straight and hooked-end steel fiber, considering Matrix A with good
consolidation, respectively. It is relevant to observe that these tests continued until
the fiber sliding reached a value of 7 mm, indicating that the fiber was not

completely pulled out from the cementitious matrix. This value represents an
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intermediate stage regarding fiber pullout, where a sufficient concentration of
damage was observed for the investigations carried out in this thesis.

Straight steel fiber | Matrix A
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Figure 3.10 — Pullout load-displacement of the straight steel fiber in Matrix A.

Hoked-end steel fiber | Matrix A
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Figure 3.11 — Pullout load-displacement of the hooked-end steel fiber in Matrix A.
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From the results obtained in the test with the straight fiber, it can be observed
that the pullout force initially increases linearly until the onset of the fiber
debonding process. This mechanism is indicated by the nonlinear shape of the
pullout curve until reaching the maximum load value. Therefore, the fiber
undergoes deformation before the debonding process is initiated. From this point
on, the behavior is governed by frictional shear strength and continues until the fiber
is completely debonded from the cementitious matrix. Finally, after complete
debonding, the fiber is then pulled out.

In the case of the hooked-end steel fiber, a similar mechanism is observed
until the peak load. However, this scenario's maximum pullout force value is
approximately 80% higher than in the straight fiber case. This fact is justified by
the fiber's greater adhesion and mechanical anchoring due to the fiber hook. Thus,
the hook is deformed until the onset of the fiber debonding process. In this case, the
area under the load-displacement curve is larger for the hooked-end fiber than for
the straight fiber scenario.

In this scenario, due to the increased anchorage resulting from the presence
of the hook, leading to a higher pullout force, a greater concentration of damage
and microcracks is expected in the regions of the interface and near the hook.
MicroCT analyses will verify these inferences and will be described in the
subsequent section.

Additional pullout tests were also conducted for specimens that exhibited
poor consolidation, leading to the incorporation of many voids in the cementitious
matrix. This more significant incorporation of voids is attributed to the initial
castings which do not consider the manual vibration and tamping process during
the molding. The results of the pullout load-displacement curves for this specific
group of samples are indicated in Figure 3.12 and Figure 3.13. These results
demonstrate that, due to the incorporation of air voids, the fiber sliding reaches

significantly lower values than Matrix A with good consolidation.
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ure 3.12 — Pullout load-displacement of the straight steel fiber in the poorly consolidated
Matrix A.

Hooked-end steel fiber | Poorly consolidated Matrix A
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Figure 3.13 — Pullout load-displacement of the hooked-end steel fiber in the poorly
consolidated Matrix A.



71

MicroCT analyses

The samples before and after the pullout test for the straight steel fiber are
shown in Figure 3.14, while the sample regarding the hooked-end steel fiber is
presented in Figure 3.15. All tomography analyses aimed to maintain the same
position (X, y, z) for image capture. For qualitative comparison in the before/after
pullout phases, images were selected so that the slice numbering corresponding to
the analysis before pullout matched that of the analysis conducted after the test.
Thus, it is possible to make an approximate qualitative comparison regarding the
evolution of damage and microcracks in the region of interest.

Comparing the images from before and after the pullout test for the straight
fiber (Figure 3.14), it is possible to observe that the concentration of microcracks
and damage is near the top of the sample (in red color). Few microcracks are
observed along the fiber length, and the perturbations due to the fiber debonding
are more prominent in the upper part of the specimen. For the hooked-end steel
fiber (Figure 3.15), more microcracks can be identified along the fiber length. It is
important to highlight that, for Figure 3.15, the fiber hook is outside the region of
interest. Matrix spalling is also observed in both cases near the fiber exit point.

Figure 3.14 — Micrograph (0.4x) of straight steel fiber in Matrix A: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Damaged areas are indicated in red color.
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@ (b)

Figure 3.15 — Micrograph (0.4x) of hooked-end steel fiber in Matrix A: (a) before pullout;
(b) partial debonding (fiber pullout of 7 mm). Damaged areas are indicated in red color.

Figure 3.16 displays the before/after pullout test images obtained by microCT
for the straight fiber in the poorly consolidated Matrix A. In addition, Figure 3.17
shows images of the poorly consolidated Matrix A for the hooked fiber before/after
the pullout process. Due to the higher number of defects observed in the matrix, the
fiber/matrix adhesion is lower, leading to a greater concentration of cracks and

damage compared to the previous cases.
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(@) (b)

Figure 3.16 — Micrograph (1x) of straight steel fiber in poorly consolidated Matrix A: (a) before
pullout; (b) after pullout. Damaged areas are indicated in red color.

(b)

Figure 3.17 — Micrograph (1x) of hooked-end steel fiber in poorly consolidated Matrix A: (a)
before pullout; (b) after pullout. Damaged areas are indicated in red color.

(@)
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3.2.
Matrix B

3.2.1.
Materials and methods

Matrix design

Matrix B was designed for a water/cement ratio of 0.4. The cementitious
material was composed in mass by Portland cement CPV, as defined by the
Brazilian standard ABNT NBR 16697 [115]. The used quartz sand had a maximum
diameter of 1.18 mm and a density of approximately 2.67 g/cmg.

The additions included metakaolin from Metacaulim do Brasil Industria e
Comércio Ltda. The superplasticizer GLENIUM ® 3500 was used to provide the
necessary workability. Teixeira [18] previously carried out a flow test and obtained
a spread of 375 mm. Table 3.4 summarizes the concrete mix proportions for Matrix
B.

Table 3.4 — Matrix B mix proportions.

Materials kg/m3

Portland cement (CPV) 242.0

Quartz sand 484.0

Fly ash 48.0

Metakaolin 194.0

Water 186.0
Superplasticizer 7.0

3.2.1.1.
Mechanical characterization

The mechanical tests carried out for Matrix B follow the same procedures
described in Section 3.1.1.1 for Matrix A.

3.2.1.2.
MicroCT analyses

The microCT analyses carried out for Matrix B follow the same procedures
described in Section 3.1.1.2 for Matrix A.
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3.2.2.
Results

Uniaxial compressive tests
Uniaxial compression tests were also conducted for Matrix B. The
compressive strength result was 81.3 £ 7 MPa with a Young’s modulus of 25 + 1.4

GPa. The representative curve for the three sample tests is shown in Figure 3.18.
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Figure 3.18 - Stress-strain curve for the uniaxial compressive test for Matrix B.

Indirect tensile tests

To characterize the tensile behavior of Matrix B, indirect tensile tests were
conducted following the recommendations of ASTM D3967-16 standard [121]. The
specimens were tested on the MTS 810 machine with a capacity of 500 kN. The
tests were controlled by the clip gauge opening with a rate of 0.1 mm/min.

To attach the clip gauge to the test specimens, diametrically opposed metal
plates were affixed to the geometric center of the specimen using glue. The spacing
between the plates was 8.37 mm. The load application was conducted using
cardboard strips with an average thickness of t = 0.48 mm, affixed along the
geometric centerline of the disc. Seven specimens were tested during the tensile

tests. The setup for the test is indicated in Figure 3.19.
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Figure 3.19 — Setup for the indirect tensile test.

The splitting tensile strength (o,) of the specimen with the flat patterns is
calculated according to Equation 3.2, where P refers to the applied load, t is the

thickness of the specimen, and D is the diameter of the specimen.

2P

- 3.2
mxtxD (3.2)

Ot

Moreover, Figure 3.20 displays the result of the representative stress-strain

curve specific to the indirect tensile test. The tensile strength result was 4.39 MPa
+ 0.32 MPa.
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Figure 3.20 - Stress-strain curve for the indirect tensile test for Matrix B.

Pullout tests

The pullout tests for Matrix B were carried out considering the specimen
geometry and test setup described in the previous section. Figure 3.21 and Figure
3.22 display the pullout force-displacement curves obtained for straight steel and
hooked-end steel fibers considering Matrix B, respectively. It is relevant to observe
that these tests continued until the fiber sliding reached a value of 7 mm, indicating

that the fiber was not completely pulled out from the cementitious matrix.
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Figure 3.21 — Pullout load-displacement of the straight steel fiber for Matrix B.
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Figure 3.22 — Pullout load-displacement of the hooked-end steel fiber for Matrix B.

From the analysis of the results in Figure 3.21 and Figure 3.22, it is possible

to observe that the maximum pullout load for straight steel fiber in Matrix B (P ~
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171 N) is slightly higher than the pullout load of the straight fiber in the Matrix A
(P ~ 153 N). In the case of Matrix B, it is noted that the maximum pullout load for
the hooked-end fiber is considerably higher when compared to the pullout of the
same fiber geometry in Matrix A.

In summary, Figure 3.23 gathers the pullout load-displacement behavior for
the pullout tests conducted in this study, considering the straight steel fiber
geometry. From the analysis of this curve, a slightly higher maximum pullout load
is observed for Matrix B compared to Matrix A's response. In this case, it can be
inferred that the fiber geometry also influences the pullout behavior. The straight
geometry facilitates the pullout process and induces a lower concentration of
damage along its length, resulting in lower pullout loads.
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Figure 3.23 — Comparison of the pullout response for the straight steel fiber considering
distinct types of cement matrix.

Figure 3.24 presents the pullout load-displacement behavior for the hooked-
end steel fiber geometry. In this specific case, the maximum pullout loads are much
higher than in the straight fiber scenario due to Matrix B behavior. In addition, the
hook and its progressive deformation throughout the test create greater difficulty for
the fiber to initiate its debonding/pullout process, justifying the higher load values
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observed in Figure 3.24. Pullout energy (i.e., the area under the pullout curve) is also
higher for the hooked-end steel fiber in Matrix B.
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Figure 3.24 — Comparison of the pullout response for the hooked-end steel fiber
considering distinct types of cement matrix.

MicroCT analyses
For the Matrix B samples S02 and H02, microCT analyses were carried out
considering the configurations and the region of interest specified in Section
3.1.1.2. The samples before and after the pullout test for the straight steel fiber are
shown in Figure 3.25, while the sample with the hooked-end steel fiber is presented
in Figure 3.26. To enable a consistent comparison, the same criterion based on the
numbering of slices is applied in the analyses of Matrix B. Matrix spalling is once

again observed in both cases near the fiber exit point.
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(@) (b)

Figure 3.25 — Micrograph (0.4x) of straight steel fiber in Matrix B: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Damaged areas are indicated in red color.

@ (b)

Figure 3.26 — Micrograph (0.4x) of hooked-end steel fiber Matrix B: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Damaged areas are indicated in red color.

For the steel fiber with a hook, it is known that the initial mechanism
associated with the pullout process is the deformation of the fiber hook. In order to
analyze the damage concentration and microcracks in this region of the fiber/matrix
interface based on microCT images, new specimens (samples H03) are molded by
displacing the steel fiber to the top of the specimen. Figure 3.27 illustrates the new
positioning of the fiber, ensuring that the hook is now located within the region of
interest. Moreover, Figure 3.28 presents the images captured by the microCT.
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Figure 3.27 — New configuration for the microCT analyses for the SO3 samples: (a)
schematic representation; (b) X-ray scanned volume.
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Figure 3.28 — Micrograph (0.4x) of the hook region in Matrix B: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Damaged areas are indicated in red color.

From the analysis of Figure 3.28, it is possible to observe a higher
concentration of microcracks in the hook-fiber/matrix interface regions. This region
undergoes significant disturbances, especially at the beginning of the pullout test.
It is important to highlight that the curved hook will be completely deformed until
it becomes straight. From then on, the mechanism associated with the total pullout
of the fiber follows the same mechanisms observed in the case of straight steel fiber
geometry. From Figure 3.28, a greater crack opening is noticeable, especially in the
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lower region immediately below the fiber hook zone. This fact suggests that pre-
existing cracks in the cement matrix, such as those formed due to shrinkage, become
larger after pullout.

Pullout tests were conducted to confirm that the hook deforms entirely before
pullout until the fiber pullout from the cementitious matrix was completed. Figure
3.29 displays an image obtained through microCT after the complete pullout

process, highlighting the concentration of cracks and damage in the fiber vicinity.

Figure 3.29 — Micrograph (0.4x) of the hook region in Matrix B after entire pullout.
Damaged areas are indicated in red color.

The experimental curves for the mechanical characterization of Matrix A and
Matrix B under tension and compression for all samples are detailed in Appendix
A. Moreover, the microCT images before/after pullout without the
microcrack/damage markings are presented in Appendix B.
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4
Numerical modeling

This chapter focuses on a comprehensive exploration of numerical modeling
methodologies aimed at simulating stress transfer mechanisms and damage
evolution in cementitious composite materials. Initially, a review of analytical and
finite element approaches employed for pullout simulation in cementitious
composite materials is conducted. This review serves as the foundational basis
regarding the state-of-the-art methodologies used by previous authors in the
literature to investigate pullout behavior in fiber-reinforced concrete, particularly
concerning the formulations applied to model the fiber/matrix interface.

Subsequently, the mathematical formulations implemented for the
elastoplastic finite element models within this thesis are presented. The surface-
based cohesive behavior, coupled with a damage constitutive law, is adopted to
simulate the fiber/matrix interface, while the Concrete Damage Plasticity (CDP)
constitutive model is employed for the cement behavior. The steel fiber behavior is
simulated through an elastoplastic behavior derived from the stress/strain curve.
Finally, this chapter showcases the results of numerical models and investigations
on stress transfer and damage evolution in cementitious composites. Additionally,
the chapter culminates in validating these numerical models through a comparative
analysis of their outcomes with experimental results and microCT images obtained

from pullout tests presented in Chapter 3.

4.1.
Analytical and finite element models for pullout

As previously explored in Chapter 2, the pullout test has been studied by
several authors in the literature, especially to predict and study the mechanical
behavior of cement-based advanced materials. Several configurations can be used
for experiments of this type. Depending on the fiber scale, these tests can occur
inside microscopes with high-precision load cells. Another type of test is the two-
sided pullout test, mainly used for durability investigations [36], [57].



85

Lawrence [122] pioneered one of the earliest pullout analytical models,
specifically addressing the shear stress-slip behavior dependent on the elastic
properties of the cement matrix and fibers. This model also introduced a criterion
for bond stress to delineate fiber debonding, albeit limited to straight fibers under
uniaxial loading. It considered the frictional slip in the debonded region and a linear
elastic shear transfer in the remaining part of the fiber (Figure 4.1). Subsequently,
Laws et al. [123] applied Lawrence’s model [122] to investigate glass fiber-
reinforced cement composites, considering a linear stress transfer at the fiber/matrix
interface. The analysis suggested that augmenting the interfacial bond would have
a modest impact on the strength of short fiber composites, but would significantly

increase frictional stresses at the interface.

Frictional  Elastic
P +— | | ) P
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Tau bocm e e '
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> A

Figure 4.1 - Analytical stress-slip (t-A) pullout model proposed by Lawrence [122].

Over the decades, multiple fiber pullout one-dimensional analytical models
were developed for the fiber pullout problem [124]-[126]. These models consider
a shear-lag model for the fiber embedded length considering full bond conditions,
gradual debonding, and frictional fiber sliding [48]. The shear lag models assume
that the load is transferred from the matrix to the fibers by the generation of shear
stresses at the fiber/matrix interface, neglecting the transfer of normal stresses to
the fiber ends. In this sense, the model tends to underestimate the stiffness of short
fiber composites, for which the transfer of normal stresses is particularly important

as shear. Additionally, Naaman et al. [43] investigated the force distributions in the
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fiber and matrix, observing a decrease in frictional resistance as slip increased. This
behavior is indicated in Figure 4.2, where the stress-slip (t-A) diagram is displayed
alongside the load-slip (P-A) curve. The general trend involves initially elastic shear
stresses at the interface, followed by a gradual increase in load starting at Perit,
representing the critical slip. The gradual debonding continues until Ao, where the
entire fiber is debonded, and shear behavior becomes frictional. Between Acit and

Ao, stress transfer comprises a mix of adhesional and frictional stresses.
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Figure 4.2 — Pullout analytical model proposed by Naaman [43].

Sometime later, Leung and Li [127] introduced a two-end debonding theory,
where debonding can initiate from both ends of the fiber, marking an advancement
over traditional shear-lag analytical models. Alternatively, Gopalaratnam and Shah
[124] assumed that the interfacial shear bond stresses are initially elastic; however,
debonding gradually occurs at the interface, and the stress transfer is shifted to a
frictional mechanism.

Regarding the hooked-end pullout analytical models, Alwan et al. [128]
developed a model to predict the contribution of anchorage forces in hooked-end
steel fibers based on a frictional pulley along with two plastic hinges. In this
research, the mechanical bond provided by the hook is adopted as a function of the
work needed to straighten the fiber during pullout. More recently, Sujivorakul et al.
[55] proposed another model combining the frictional bond and mechanical
anchorage components, adopting a nonlinear spring component to simulate the

mechanical anchorage mechanism (Figure 4.3).



87

/ .
; Spring component \‘

Matrix ! ' /

\ k
\\ > x /
N 7
~

-

o -

o~
| — — F
Fiber ~ - Fictitious fiber

> x

Ly L,

Figure 4.3 — Representative pullout model proposed by Sujivorakul et al. [55]

For the development of pullout finite element models, it is necessary to first
define the behavior of the fiber/matrix interface considering the adhesive bonding,
debonding, and friction mechanisms. Next, elastoplastic constitutive models for the
cement matrix and the fiber are defined to run the numerical simulations [48], [57].

The bond-slip of the fiber/matrix interface can be compared with the bond-
slip of a reinforcement bar in concrete. Several models are presented in the literature
for modeling the bond-slip of reinforced concrete [56]. Spring elements were
initially proposed by Ngo and Scordelis [129] using a linear constitutive law. More
recently, nonlinear spring elements have been considered in the work of Davalos et
al. [130]. Moreover, interface elements have been proposed with a nonlinear
constitutive law to model the adhesive bond of the interface [131], as well as
embedded elements that combine the material behavior and the bond effects within

the same finite element [132], represented in Figure 4.4.
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Figure 4.4 — Finite element formulations carried out for modeling adhesive bonding
(Adapted from [56]).

Notably, the numerical model should represent adhesive bonding, debonding,
and friction at the interface. Combining the mechanisms within a single element is
not possible in most commercial FEM packages, which can be solved by either
combining multiple elements (cohesive elements with contact or gap elements) or
by user-defined implementations/subroutines inside in-house frameworks. When
using spring components, it is possible to model delamination mechanisms, with
the spring components situated behind the crack tip failing sequentially [133].
Alternatively, cohesive interface elements are also employed for modeling adhesive
bond and debonding in cementitious materials, especially in the context of several
fracture mechanics case studies [134].

Alternative ways to model bond-slip and fiber/matrix interaction for
reinforced concrete and cement composite materials are also carried out through a
surface-based contact simulation. This approach uses leader and follower surfaces
to model the interface behavior of composites (Figure 4.5), as presented in previous
works of Abbas et al. [135], Alfano and Sacco [136], and Rezazadeh et al. [137].
The mathematical background regarding this interaction for modeling the pullout

behavior in cement materials will be detailed in Section 4.2.

Concrete

AR ~—p | eader surface

Steel \

b Follower surface

Figure 4.5 — Schematic representation of the surface-based contact formulation.
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4.2.
Numerical methodology

The main objective of this section is to present the numerical methodology
carried out in this thesis for the computational modeling of the damage and stress
transfer mechanisms in fiber-reinforced concrete applications.

According to the topics discussed in the previous chapters of this thesis, three
components must be considered to simulate the pullout behavior in cement
composite materials: the cement matrix, the fiber, and the fiber/matrix interface.
The following subsections detail the mathematical formulation employed to
simulate the elastoplastic behavior of each component for the pullout tests. All the
numerical models from this thesis were developed using the commercial finite
element software ABAQUS ®.

4.2.1.
Cement matrix

4.2.1.1.
Concrete damage plasticity (CDP) model

The CDP constitutive model has been originally developed by Rabotnov
[138], where the material constitutive equation with scalar isotropic damage can be

expressed according to Equation 4.1.

oc=(1-d)DE :(e—ePH (4.1)
where o is the Cauchy stress tensor, d is the scalar stiffness degradation
variable, ¢ is the strain tensor and D¢ is the initial/undamaged elastic material
stiffness. The effective stress tensor can be defined according to Equation 4.2.
G =DE : (e —ePh) 4.2)

where P! is the plastic strain. In the formulation, it is necessary to propose

the evolution of the scalar degradation variable (Equation 4.3).
d = d(a, &Y (4.3

The evolution of the damage scalar variable is governed by a set of the

effective stress tensor & and hardening (softening) variables &Pt. The stiffness
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degradation is initially isotropic and defined by degradation variable d. in a
compression zone and variable d, in a tension zone. Finally, the Cauchy stress
tensor is related to the effective stress tensor & through the scalar degradation

parameter (1 — d), as expressed in Equation 4.4.

o=(1-d)3 (4.4)

The damage states in tension and compression are defined independently by
two hardening variables (éfl, e”fl), which are referred to equivalent plastic strains

in tension and compression, respectively (Equation 4.5). The evolution of the
hardening variables is given by Equation 4.6.

|5 (4.5)
= | _
t
&pl = h(G, &) - £l (4.6)

Cracking (tension) and crushing (compression) in concrete are represented by
increasing values of the hardening/softening variables. These variables control the
yield surface evolution and the elastic stiffness degradation. In this sense, the yield
function indicates a surface in effective stress space that determines the states of
failure or damage. The yield function is expressed in Equation 4.7 for the inviscid

plastic-damage model.
F(,8") <0 4.7)
The plastic flow is governed by a flow potential function G (&) defined in the

effective stress space according to the non-associative flow rule (Equation 4.8):

L 3G(5)

pl — 4.8
£ A FE (4.8)

For the CDP model, four constitutive parameters identify the shape of the
flow potential surface and the yield surface. In this model, for the flow potential G,
the Drucker-Prager hyperbolic function is considered for small elastic strains, as
presented in Equation 4.9.
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G=\(f.—-mfitgB)2+q*—ptgf—o (4.9)

where f; and f_ are the uniaxial tensile and compressive strengths of concrete,
respectively. Moreover, g is the dilation angle measured in the p-q plane at high

confining pressure, while m is an eccentricity of the plastic potential surface. The

flow potential surface is defined in the p-q plane, where p = —%&I is the

hydrostatic pressure stress and q = ES_ - S is the Mises equivalent stress. In

addition, S is the deviatoric part of the effective stress tensor &.
The non-associative flow rule requires the definition of a loading surface. The
plastic damage concrete model uses a yield condition based on the loading function

proposed by Lubliner et al. [139] and described in Equation 4.10.

F =t (=3P + 0™ i) — V(-G ~ () (410

The shape of the loading surface in the deviatoric plane is given by the
parameter y. The parameter a is calculated based on the Kupfer’s curve.
Additionally, &,,4, refers to the algebraically maximum eigenvalue of &. The
function 6(&P') is detailed in Equation 4.11, where &, and &, are the effective
tensile and compressive cohesion stresses, respectively. Subsequently, Equation
4.12 defines the parameter a, which depends on the ratio of the biaxial compressive
strength and uniaxial compressive strength. Therefore, it is necessary to carry out

biaxial laboratory tests to obtain parameter «a.

— (apl
f(ePhH) = % 1-a)—(1+a) (4.11)
fro
_ () -1
a_z(@)ﬂ (4.12)
fe

Other parameters, such as the tensile uniaxial strength and the concrete’s

uniaxial or biaxial compressive strength, should be taken from experimental curves.
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Moreover, the parameter y (Equation 4.13) is defined based on full triaxial concrete
tests.

31 -p)

=73 (4.13)

where the coefficient p (Equation 4.14) is defined at a given hydrostatic
pressure stress p. J, is the second invariant of stress deviator calculated for the yield
surface tensile meridian a; > o, = o3 (TM) and compressive meridian, o; = g, >
o3 (CM). According to Lubliner et al. [139], typical values for p are between 0.64
to 0.80.

(R,
(V2o

Based on the experimental stress-strain curves for both uniaxial tension and

(4.14)

compression, it is possible to obtain the dependence between stress-cracking strain
(£€%) in uniaxial tension and stress-crushing strain (&%) in uniaxial compression. In
this sense, we need to transform the stress-strain values given in the experimental
curves to obtain the plastic strain values. Firstly, we must define the scalar damage
variable d, as indicated in Equation 4.15.

Oc

de=1—— 4.15
¢ Ocu ( )

where o refers to the compression stresses from the uniaxial compression
curve and o, is the ultimate compressive stress. The elastic strains in compression
(€e1,c) can be calculated in terms of the compression stresses and the Young’s

modulus E, as indicated in Equation 4.16.

Oc
Eelc = z (4.16)

Additionally, the inelastic strains &;, . in compression are assessed by

subtracting the total strains from the elastic strain values (Equation 4.17):
€inec = € ~ €el,c (4.17)

Finally, the plastic strain values can be calculated according to Equation 4.18.
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dc Oc

Eplec = €inc 1—d, * F (4.18)

Equations 4.15-4.18 are analogous in the case of tension values. Figure 4.6
and Figure 4.7 present which values from the CDP model are interpreted in

compression and tension, respectively.

Ic o
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dc
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Figure 4.6 — Dependence of stress-strain curve in compression for CDP model (Adapted
from [140]).
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Figure 4.7 — Dependence of stress-strain curve in tension for CDP model (Adapted from
[140]).
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Figure 4.8 summarizes a schematic representation of the parameters required
for the CDP model used for the pullout simulations developed in this thesis. The
range determination for parameters «, B, p and m is obtained through a

comprehensive literature review of previous studies.

| Experimental tests | | Literature review |

T 1 T 1

(compression) (tension) B (m) () (p)

G-g curve c-g curve Dilation angle Eccentricity Ratio Coefficient

| | | | | |
i

Figure 4.8 — Required input parameters for the CDP model.

4.2.2.
Steel fiber

4.22.1.
Plastic behavior

In ABAQUS ® commercial software, the plastic behavior of a material is
given in terms of the true stress-true strain curve. The relationship between true and
nominal strain is established by expressing the nominal strain &,,,, according to

Equation 4.19, where L, is the original length and L refers to the current length.

L—L, L
Enom — I = L_ -1 (419)
0 0

Adding unity to both sides and taking the natural log of both sides of Equation

4.19, we can obtain Equation 4.20, where ¢ is the true strain.

e=In(1+ e0m) (4.20)

The relationship between true stress and nominal stress considers the
incompressible nature of the plastic deformation and assumes that the elastic

volumetric deformation is negligible. Therefore, we can write Equation 4.21:
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where A, is the original area and A refers to the current area. The expression

relating the current area to the original area is detailed in Equation 4.22.

A=a,2 (4.22)

Replacing Equation 4.22 into the definition of true stress (o = F/A), we obtain
Equation 4.23 that finally provides the relationship between true stress and nominal

stress and strain.

F L
0= A_O * E = Opom (1 + €nom) (4.23)
In this context, we provide the data pairs to define the true stress as a function
of the true plastic strain. The first data pair defines the initial yield stress and the

corresponding initial plastic strain. The true plastic strain &, is obtained by
subtracting the true elastic strain, defined as the true stress o divided by the Young’s

modulus E, from the total strain value &, (Equation 4.24):

o
Epl = & — Eo1 = & — E (4.24)

For the cases where the fiber post-peak curve is not available, perfect plastic

behavior is assumed for the steel fiber.

4.2.3.
Fiber/matrix interface

4.2.3.1.
Surface-based cohesive behavior and friction formulation

The surface-based cohesive behavior is an alternative approach to simulate
the interaction for pullout or pushout tests [135]-[137], [141]-[143]. This
formulation provides a simplified way to simulate the cohesive interactions with a
negligibly small interface thickness. A traction-separation constitutive model is
associated with the cohesive surface. The surface-based cohesive contact
formulation presents a similar mathematical background to the cohesive element
formulation presented originally by Camanho et al. [144]. In the FE analysis of the
interface surface, a zero-thickness cohesive zone is added with assigned interfacial

properties. The cohesive zone elements will perform the role of an interfacial
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surface in the finite element simulation, analogous to the bonded interfacial surface
observed in real applications [142], [143]. In order to prevent over-constraints, a
leader-follower surface to surface formulation is defined for the entities with
cohesive behavior.

For the fiber-reinforced concrete applications, the follower contact elements
are defined as the edges of the fiber, and the leader contact elements are defined as
the matrix surface. The follower nodes are released from the leader surface when
the interface separation meets the contact failure criterion. The interpenetration
between the follower nodes and the leader surface is prevented by contact.
Moreover, friction is assigned to cohesive contact surfaces. The distances between
nodes on the leader-follower surfaces along the normal and shear directions are
called contact separations 8. When surface-based cohesive contact is considered,
tractions ¢ are determined by dividing the nodal cohesive force by the contact
surface area at each contact node. The linear elastic traction-separation cohesive

surface behavior is given by Equation 4.25.

On Knn Kns Knt (O
Ts| = |Ksn Kss K| * |65 (4- 25)
T¢ Kin Kis  Kit 5t

where K denotes the interfacial stiffness, and subscripts n, s and t refer to the
normal direction, shear direction 1 (mode Il), and shear direction 2 (mode Il1I),
respectively.

In this work, mixed-mode stiffness coefficients are assumed to be zero. We
assume isotropic cohesive behavior, i.e., stiffness and strength are equivalent in the
three orthogonal directions. The failure of the interface adhesion can be simulated
through the definition of a damage initiation criterion and a damage evolution law.
A progressive damage traction-separation behavior with exponential damage
evolution law is adopted and indicated schematically in Figure 4.9, where §; and &¢
refer to the onset (damage equal to zero) and total (damage equal to 1) separation
values, respectively; T,,qx IS the maximum traction value and « is the non-

dimensional parameter that defines the rate of damage evolution.
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Figure 4.9 — Exponential traction-separation response for the cohesive zone interaction

The onset of cohesive damage is defined by a damage initiation criterion,

written in terms of a quadratic separation presented in Equation 4.26:

2 2 2
(G (o) o) ez
n N t

where §,, is the separation in the pure normal mode, and &, and &, are the

separations in the first and second shear directions, respectively.

When the damage initiation criterion is met, interfacial adhesion
degradation starts, and the exponential damage law gives the interface stiffness
degradation rate. The adhesion failure for any contacting pair between cement and
steel can be obtained by a scalar damage variable D that represents the overall
damage at the contact point, with an initial value equal to zero (Equations 4.27 to
4.29):

o, = {(1 _:i) *0n (4.27)
to=(1-D)*T, (4.28)
= (1-D)*% (4.29)

where @, 75 and 7, are the contact stress components predicted by the

elastic traction-separation behavior for the current separations.
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When the damage initiation criterion is fulfilled, D increases from 0 to 1,

according to the associated displacement &, as indicated in Equation 4.30.

)]

b=1- {%} L 1 —exp(—a)

(4.30)

The Coulomb friction law was considered to model the tangential contact.
Moreover, tangential slipping occurs when the shear stress on the contact surface
exceeds the friction limit between the surfaces. The Coulomb friction model is
widely employed to explain the interaction between contacting surfaces. The
models developed in this thesis employ a friction coefficient u to define the
frictional response between the interacting surfaces. Several studies adopt the
tangential behavior with friction coefficients for the interaction between cement and
steel around 0.1 and 0.5 [145]-[152]. In the current study, u parameter was
determined by calibrating the numerical simulations to the experimental
measurements. Figure 4.10 presents a shear stress-slip response regarding the
friction behavior in the tangential direction for the pullout models developed in this

thesis.

Shear stress
A

Slipping friction

Slip

Figure 4.10 — Friction behavior in the tangential direction for the pullout FE models.



99

Finally, the normal behavior is described by a pressure-overclosure contact
model. This model minimizes the penetration of the leader surface by the follower
nodes. The constraint induces pressure when the surfaces are in contact and sets the
pressure to zero when separated. Separated surfaces come into contact when the
clearance between them reduces to zero [153]. Figure 4.11 illustrates a schematic
representation of the pressure-overclosure model.

Contact

4 pressure

Any pressure possible

when in contact \

No pressure
when no contact

\

Figure 4.11 — Pressure-overclosure model (Adapted from [153]).
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<

Clearance

The contact pressure p is a function of the overclosure distance h, which is
the penetration distance during the iterations before equilibrium in the increment is
achieved. The basic model is described by the conditions listed in Equation 4.31.

p =0 for h <0 (open)

(4.31)
h =0 forp > 0 (closed)

Debonding at the interface leads to large displacements that need to be
incorporated into the finite element models. During the simulation, the individual
nodes on the follower surface try to contact the closest associated point on the leader
surface. Next, a discretization of the contact area is carried out between both
surfaces. Figure 4.12 presents a hypothetical solid with a leader surface (round
nodes) and a follower surface (triangular nodes). Four nodes (green triangles) of the
follower surface fall within the contact detection zone, finding the closest leader
surface nodes. The first step in a contact simulation is to check whether the follower

surface is close enough to the leader surface. For this verification, a maximum
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detection distance (d,,,4,) is calculated. If a follower node falls within the contact
detection zone of the leader surface, the follower node is considered a possible
contact node in the current load step, as indicated in Figure 4.12.

Follower
surface

Follower
surface

Leader

Leader
surface

surface

Figure 4.12 — Contact detection using the maximum detection distance (Adapted from
[154]).

4.3,
Results and discussions

In Section 4.2, we have elucidated the methodology and mathematical
formulations governing the numerical models developed in this thesis. This section
presents the results and discussions arising from these models, beginning with
establishing a proof-of-concept pullout model for straight and hooked-end steel
fibers (Section 4.3.1). The information regarding this model is taken from Cox
[155]. The pullout load-displacement curves generated by the model are validated
against the experimental curves provided by the author, thereby highlighting the
efficacy of our numerical approach.

Subsequently, we extend our numerical modeling by incorporating the
experimental setup developed and tested in Chapter 3 of the thesis (Section 4.3.2).
The subsequent models are carried out in the commercial software ABAQUS ®,
and their results are compared against the corresponding experimental curves.
Furthermore, we investigate the damage evolution by comparing the damage area
results with the X-ray tomography images obtained in Chapter 3. This comparative
analysis enhances our understanding of the model's predictive capabilities and
fidelity in capturing cementitious composite materials' stress transfer and damage

evolution mechanisms.
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4.3.1.
Proof of concept models

The conceptual models consider straight and hooked-end steel fiber pullout
tests carried out by Cox [155]. All the pullout experiments were performed using a
250 kN hydraulic test bench with a 2000 N load cell in order to generate and
accurately measure the pullout force. Subsequently, this force was transferred to the
steel fiber by a manually tightened friction clamp. The pullout displacement was
measured by means of two LVDTs with an accuracy of 0.0001 mm. Figure 4.13

presents the experimental setup used for the tests.
F Load cell
Friction clamp

LVDT

Frame

Test specimen

AN

Figure 4.13 — Schematic setup representation of the pullout test performed by Cox (Adapted
from [155]).

Figure 4.14 and Figure 4.15 show, respectively, the stress-strain behavior in
tension and compression for the cementitious matrix. This curve is necessary to
define the concrete damage plasticity constitutive model used to conduct the
computational analyses. Additionally, Figure 4.16 presents the yield stress-plastic

strain behavior of steel fiber.
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Figure 4.16 — Fiber post-peak behavior for Cox’s experimental test.

For a straight fiber pullout test, an axisymmetric finite element model is
carried out for the analyses. The CDP model is adopted for the cement matrix, while
elastoplastic behavior is considered for the steel fiber. Figure 4.17 presents the
geometric representation and the boundary conditions for the straight fiber pullout
numerical model, where a prescribed displacement is applied at the fiber top node.
Moreover, the definition of interactions in the straight fiber/matrix interface region
is also represented in Figure 4.17. It is important to emphasize that the parameters
used to define the constitutive models of the cementitious matrix and the fiber in

the numerical models depend on the stress-strain curve in tension and compression.
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Figure 4.17 — Geometry and boundary conditions for the straight fiber proof of concept model.

The definition of the constitutive parameters for the fiber/matrix interface is
also very relevant to the numerical model. Two contact surfaces are defined: the
leader surface, the cementitious matrix, and a follower surface, which is associated
with the fiber. A traction-separation zone with cohesive behavior and an
exponential damage law is applied along the embedded lateral length of the fiber.
Additionally, a tangential behavior is considered for the interface between the
fiber's horizontal base and the matrix from the definition of a friction coefficient,
whose numerical value is determined from the experimental data of the test.

The matrix shrinkage is not considered in the analyses for the numerical
pullout model with straight fiber. A prescribed displacement ¢ is applied to the fiber
top. From the model, it is possible to obtain the pullout load-displacement behavior,
and the analysis of all stress transfer mechanisms that occur during the test,
especially in the fiber/matrix interface region. Table 4.1 presents the parameters
selected for the numerical model of straight fiber pullout considering the

experimental data reported by Cox [155].
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Table 4.1 — Interface parameters for the straight pullout proof of concept model.

Parameter Value
Friction coefficient (-) 0.3
Elastic stiffness (N/mm2) 8.5
Maximum traction (MPa) 0.4
Maximum separation (mm) 0.3
Exponential parameter (-) 4.2
Damage evolution type Displacement
Softening type Exponential

Contact modeling requires further study with respect to the finite element
(FE) mesh, which leads to the need of mesh dependency tests. In the case of this
first application, three different meshes were constructed to compare the results and

verify the convergence of the analyses, as shown in Figure 4.18.

@ : (b) | ©

Figure 4.18 — Mesh dependence tests considering (a) coarse mesh with ~265 elements; (b)
intermediate mesh with ~620 elements; (c) fine mesh with ~3930 elements.

Figure 4.19 presents the pullout load-displacement results for the three
distinct finite element meshes presented in Figure 4.18. From a comparison between
the values of the numerical curves and the experimental response, it is possible to
infer that the proposed axisymmetric model can adequately predict the pullout load-
displacement behavior, especially for the meshes with intermediate and high

refinement.
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Proof of concept model: Straight fiber
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Figure 4.19 — Pullout load-displacement curves considering three distinct meshes and the
experimental reference for the straight pullout proof of concept model.

In addition to the pullout load-displacement behavior, it is interesting to
propose a computational model capable of identifying and predicting the
mechanisms that act during the fiber pullout process: fiber deformation, debonding,
and friction. Figure 4.20 shows the images of the numerical model that illustrate the

mechanisms verified during the test considering the intermediate FE mesh (~620

elements).
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Figure 4.20 — Straight fiber pullout mechanisms detected in the numerical model (stress units in MPa).
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A 2D plane stress finite element model is carried out for the hooked-end fiber
pullout test analyses. The CDP (concrete damaged plasticity) constitutive model is
adopted for the cement matrix, while elastoplastic behavior is considered for the
steel fiber. Figure 4.21 presents the geometric representation and the boundary
conditions for the hooked-end fiber pullout proof of concept model, where a
prescribed displacement is applied at the fiber top node. Moreover, the definition
of interactions in the hooked-end fiber/matrix interface region is also represented
in Figure 4.21.
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Figure 4.21 — Interface behavior for the hooked-end fiber pullout model.

The numerical model of pullout with straight fiber does not consider matrix
shrinkage. In addition, the non-linear geometric effects due to large fiber
deformations are considered in the numerical simulations. Moreover, a prescribed
displacement ¢ is applied to the upper left node of the fiber. The interaction
properties of the fiber/matrix interface for the hooked-end pullout test model need
to be calibrated according to the experimental data. Table 4.2 presents the
parameters selected for the numerical model of the hooked-end fiber pullout

conceptual model.
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Table 4.2 — Interface parameters for the hooked-end pullout proof of concept model.

Parameter Value
Friction coefficient (-) 0.4
Elastic stiffness (N/mma2) 11.0
Maximum traction (MPa) 0.7
Maximum separation (mm) 0.5
Exponential parameter (-) 6.0
Damage evolution type Displacement
Softening type Exponential

In the case of this second conceptual model, three different meshes were built
to compare the results and verify the convergence of the analyses, as shown in
Figure 4.22. Due to stress concentration, mesh refinement is preferred for contact
problems involving hooked-end fiber geometry, especially around the fiber hook.
Moreover, local refinement is done near the contact surface to minimize the

follower surface (fiber) penetration by the leader surface (cement matrix).

(a) (b) (¢)

Figure 4.22 — Mesh dependence tests considering (a) coarse mesh with ~777 elements; (b)
intermediate mesh with ~1450 elements; (c) fine mesh with ~3500 elements.

Figure 4.23 presents the pullout load-displacement results for the second
conceptual model and the three different finite element meshes presented in Figure
4.22. From a comparison between the values of the numerical curves and the
experimental response, it is possible to infer that the proposed model can properly
predict the pullout load-displacement behavior, especially for the fine mesh (~3500

elements).
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Figure 4.23 — Pullout load-displacement curves considering three distinct meshes and the
experimental reference for the hooked-end pullout proof of concept model.

Finally, Figure 4.24 presents the images of the numerical model that illustrate

the mechanisms verified during the numerical test for the mesh with the best

convergence. The colormap represented in Figure 4.24 indicates the plastic strains
(PE) at each load stage during the pullout test.
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Figure 4.24 — Hooked-end fiber pullout mechanisms detected in the second conceptual model.
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The stress transfer mechanisms along the fiber length and the fiber/matrix
interface region are essential to define how cement composite materials behave
mechanically. As detailed in Chapter 2, the fiber works as a bridge to transfer
adhesive and shear stresses during the pullout process. Consequently, the numerical
model must detect these mechanisms to better understand how this transfer occurs.
Figure 4.25 (a) to (e) shows the evolution of shear stresses that act along the fiber

length considering the second proof of concept model.
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Shear Stress Distribution (1V)
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Figure 4.25 — Shear stress transfer mechanisms detected by second conceptual model: (a)
first step of the analysis; (b) during the fiber hook deformation; (c) and (d) at fiber debonding; ()
final steps of the analysis.

According to Figure 4.25, there is a relatively large stress oscillation during
the pullout process. This mechanism indicates the tension-relaxing cycle endured
by the cement matrix. On the other hand, it can be attributed to the spalled matrix
being assigned with zero stiffness at the moment of spalling, whereas the real failure
process is gradual. According to Leung et al. [156] and Li et al. [157], due to the
local curvature of the fiber and residual stress at the interface, the matrix tends to
crack and spall. This effect directly impacts the effective embedment length and
deformation within the fiber. Moreover, snubbing friction near the fiber exit point
can increase the pullout resistance.

Additional verifications are carried out at one fiber interface node of the
numerical model to verify the normal stress-normal opening curve and the shear
stress-slip opening behavior. The results are presented in Figure 4.26 and Figure

4.27 and indicate the local expected behavior.
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Figure 4.26 — Normal stress-normal opening behavior at one interface fiber node of the
model.
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Figure 4.27 — Shear stress-slip opening behavior at one interface fiber node of the model.

In the initial steps of the computational pullout model (Figure 4.28(a)), it is
possible to identify the concentration of plastic deformations, especially in the
region of the fiber hook, which indicates the hook deformation process and the loss
of its adhesion at the base with the matrix. In this loading stage, damage
concentration occurs predominantly in the hook region, not evolving to other model

areas. After a given increase in the pullout load, it is possible to observe the
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evolution of damage to other regions of the model (Figure 4.28(b)), especially in
the region along the embedded longitudinal length of the fiber and in some regions
away from the interface, which demonstrates the evolution of damage also in the
cement matrix. This step refers to the gradual debonding mechanism of the fiber to
the cementitious matrix, inducing the evolution of damage in the previously
mentioned areas. Finally, the model becomes governed purely by friction (Figure
4.28(c)). At this stage, the fiber debonding process had already finished, and several
model regions (fiber, matrix, and interface) started presenting some level of plastic

deformation and damage.
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Figure 4.28 — Plastic strain evolution at the pullout model: (a) first steps; (b) during fiber
debonding; (c) after fiber debonding.

Finally, a sensitivity analysis is carried out to investigate the influence of the
interface parameters on the peak load for the proof of concept models. This
procedure is conducted since none of the required interface numerical parameters
have a physical interpretation.

The analyses were carried out using the Design of Experiments (DOE)
methodology in Minitab 18 ® software, adopting a central circumscribed composite
design (CCC) with a full quadratic polynomial model. The default configuration of
statistical analyses considers a 95% confidence interval for the simulations and a
5% significance level. Pareto charts were generated to determine which contact
parameters influence the pullout peak load. Twenty-five models were simulated for

the straight and hooked-end fiber proof of concept models. Figure 4.29 and Figure
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4.30 present the Pareto charts with absolute values of the standardized effects from
the most significant to the least. A reference line (p-value) is also included to
indicate the statistically significant effects for the maximum pullout load in straight

and hooked-end fiber models.
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Figure 4.29 — Pareto chart of the standardized effects for the maximum pullout load in
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straight fiber proof of concept model.
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The Pareto chart presented in Figure 4.29 for the straight fiber model indicates
that the friction coefficient, the damage separation, and the cohesive stiffness
parameter are the most relevant parameters for the maximum pullout load. In terms
of the pullout load-displacement curve, it can be observed that an increase in the
friction coefficient and the damage initiation parameter directly impacts the vertical
translation of the peak load. The higher their values, the greater the peak. The
cohesive stiffness parameter also induces modifications in the peak load value, and
its horizontal translation. The friction coefficient refers to the resistance to relative
motion between the matrix and fiber contacting surfaces. On the other hand, the
damage initiation parameter determines the threshold at which damage starts to
develop in the interface region. Finally, the cohesive stiffness parameter defines the
stiffness and resistance to separating the matrix and the fiber.

For the hooked fiber model (Figure 4.30), the three contact parameters are
also relevant for the maximum pullout load, emphasizing the damage initiation
variable as the most significant. The same translational behavior observed in the
straight fiber model is noted in this case. Despite not demonstrating sensitivity from
the DOE analyses, the exponential damage softening parameter has a significant
impact on the pullout load-displacement curve behavior, as it is associated with the
shape of the exponential softening curve.

The sensitivity analysis of parameters for the proof-of-concept models
allows a better understanding of the influence of each interface parameter on the
pullout load-displacement curve. With an understanding of the impact of each
parameter on the global pullout curve and using the same numerical methodology,
models are developed considering the exact geometry of the specimens tested in the

laboratory for this thesis, as detailed in the next section.

4.3.2.
Developed pullout models

This section presents the finite element models considering the novel
experimental setup and the pullout curves presented in Section 3.1 of Chapter 3.
The pullout models encompass the two types of cement matrix considered in this
thesis: Matrix A (compressive strength of 40 MPa) and Matrix B (compressive
strength of 80 MPa), and two distinct types of geometry: straight and hooked-end

steel fibers.
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4.3.2.1.
Straight steel fiber in Matrix A

An axisymmetric model was carried out using ABAQUS ® commercial
software for the straight fiber in both cement matrices. The mechanical behavior of
the cement matrix was considered elastoplastic using the CDP (concrete damage
plasticity) constitutive model. Therefore, the cement matrix's uniaxial compression
and tension curves were used to define the matrix behavior. Moreover, the elastic
parameters from the cement matrix were taken from the compressive uniaxial tests
carried out in Section 3.1 and are shown in Table 4.3. Table 4.3 also presents the
required mechanical parameters for the CDP model considering typical values for
cement and used by previous works in the literature [139], [158], [159].

The steel fiber was modeled considering perfect plastic behavior with a
Young’s modulus of 200 GPa, Poisson ratio equal to 0.3, and tensile strength of
1225 MPa. All the fiber properties were taken from DRAMIX ® specifications
(Table 4.4).

Table 4.3 — Elastic and mechanical parameters for the matrix A.

Parameter Value
Young’s modulus (GPa) 29.60
Poisson ratio (-) 0.25
Tensile strength (MPa) 4.79
Compressive strength (MPa) 42.65
Dilation angle (°) 38.00
Eccentricity (-) 0.10
foo/feo (-) 1.16
K () 0.67
Viscosity parameter 0.00

Table 4.4 — Elastic and mechanical parameters for the steel fiber.

Parameter Value
Young’s modulus (GPa) 200.0
Poisson ratio (-) 0.30

Tensile strength (MPa) 1225.0

Figure 4.31 presents the boundary conditions for the axisymmetric pullout
finite element model with particular emphasis on the contact area between the
cement matrix and the steel fiber. Displacement control was adopted for the model,

applying a prescribed displacement § at the top edge of the steel fiber. The
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additional displacement boundary conditions consider symmetry effects and
prevent lateral displacements of the specimen. The four-node axisymmetric element

with full integration scheme was used for the numerical simulations.

)

Figure 4.31 — Boundary conditions adopted for the model and contact region between the
surfaces (in green color).

Accurate calibration of contact parameters is crucial in developing a reliable
finite element model for simulating pullout tests. In this sense, it is necessary to
calibrate key contact parameters, such as the friction coefficient, the damage
initiation parameter, the cohesive stiffness parameters, and the exponential damage
variable associated with the damage constitutive model at the fiber/matrix interface.

In this work, the interface parameters were calibrated to the experimental
results presented in Chapter 3. This calibration was adjusted through a trial and
error method. The final parameters obtained after this procedure are indicated in
Table 4.5.
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Table 4.5 — Interface parameters for Matrix A and straight steel fiber after the calibration
with the experimental results.

Parameter Value
Friction coefficient p (-) 0.3
Damage initiation & (mm) 15
Cohesive stiffness K (MPa/mm) 12.0
Exponential damage parameter « (-) 1.2

Mesh convergence tests were conducted to ensure the accuracy and reliability
of the finite element model for simulating pullout experiments. Six element meshes
were selected. All meshes used four-node axisymmetric elements to capture the
system behavior. The mesh sizes and corresponding number of elements are as
follows: Mesh A (90 elements), Mesh B (120 elements), Mesh C (350 elements),
Mesh D (600 elements), Mesh E (1000 elements), Mesh F (2500 elements) and
Mesh G (5000 elements). The vertical displacement of two selected interface nodes
was evaluated to assess the convergence of the FE model. Following the analyses
with distinct mesh sizes, it was observed that the models exhibited convergence
with the 1000-element mesh.

Considering the cement matrix, steel fiber, and interface parameters
presented in Table 4.3, Table 4.4 and Table 4.5, Figure 4.32 presents the pullout

load-displacement response for the straight steel fiber in Matrix A.
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Figure 4.32 — Pullout load-displacement experimental and numerical results for the straight fiber
in Matrix A.

As presented in the proof of concept models, Figure 4.33 shows the
evolution of shear stresses that act along the fiber length considering the straight
fiber model in Matrix A. At the beginning of the analysis (6 = 0 mm), the shear
stresses are zero. In the stage corresponding to the peak load on the graph (onset of
fiber debonding), a significant level of oscillation in shear stresses is observed,
especially at fiber ends. This pattern continues until the fiber response is totally

governed by friction (Figure 4.33 (d)).
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Figure 4.33 — Shear stress transfer mechanisms detected for the straight fiber in Matrix A model:
(a) at the first step; (b) at peak load); (c) during debonding; (d) during friction.

Figure 4.34 displays the concentration of plastic deformations captured by

the numerical model during the analyses, indicating a higher concentration of these

deformations in the upper region of the specimen. Additionally, Figure 4.35

illustrates the damaged regions (in red color) captured by the finite element model

and the comparison with images obtained via microCT. The qualitative comparison

of the microCT images and the numerical model shows a larger concentration of

damage at the top of the fiber, where matrix spalling is observed.
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Figure 4.34 — Plastic strain concentration in the upper part of the specimen captured by the
numerical model at 6 =1 mm.
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Figure 4.35 — Concentration of damage for the straight steel fiber in Matrix A (region of interest)
at 8 =7 mm: (a) numerical model; (b) microCT analysis.
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4.3.2.2.
Straight steel fiber in Matrix B

The same axisymmetric model is considered to simulate the straight steel
fiber in Matrix B. Table 4.6 presents the elastic and mechanical properties of the
cement matrix, while Table 4.7 gathers the interface parameters obtained after
calibration with the experimental curve. The four-node axisymmetric element with

a full integration scheme was used for the numerical simulation.

Table 4.6 — Elastic and mechanical parameters for Matrix B.

Parameter Value
Young’s modulus (GPa) 25.00
Poisson ratio (-) 0.25
Tensile strength (MPa) 4.39
Compressive strength (MPa) 81.3
Dilation angle (°) 40.00
Eccentricity (-) 0.10
foo/feo (-) 1.16
K () 0.67
Viscosity parameter 0.00

Table 4.7 — Interface parameters for Matrix B and straight steel fiber after the calibration
with the experimental results.

Parameter Value
Friction coefficient p (-) 0.4
Damage initiation 6; (mm) 2.4
Cohesive stiffness K (MPa/mm) 10.0
Exponential damage parameter a (-) 0.8

Figure 4.36 presents the pullout load-displacement response for the straight
steel fiber in Matrix B.
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Figure 4.36 — Pullout load-displacement experimental and numerical results for the straight fiber
in Matrix B.

Figure 4.37 shows the evolution of shear stresses along the fiber length in
Matrix B. Itis possible to observe a similar stress transfer mechanism since the fiber
geometry is the same as in the previous section. The most significant oscillations in
shear stress values are particularly observed at the fiber ends. Due to its straight
geometry, this occurs primarily when the fiber loses contact with the matrix (at the
base) and begins to debond, as well as at its upper end, where it is being pulled out.
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Figure 4.37 — Shear stress transfer mechanisms detected for the straight fiber in Matrix B model:
(a) at the first step; (b) at the peak load; (c) during debonding; (d) during friction.

Figure 4.38 displays the concentration of plastic deformations captured by
the numerical model during the analyses, indicating a higher level of damage in the
upper regions of the model. Additionally, Figure 4.39 presents the damaged regions
(in red color) captured by the finite element model and the comparison with images
obtained via microCT. The damaged areas are narrower in the case of Matrix B than

in Matrix A scenario.
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Figure 4.38 — Plastic strain concentration in the upper part of the specimen in Matrix B captured
by the numerical model at 5 =1 mm.
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Figure 4.39 — Concentration of damage for the straight steel fiber in Matrix B at 6 = 7 mm: (a)
numerical model; (b) microCT analysis.
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4.3.2.3.
Hooked-end steel fiber in Matrix A

For the hooked-end steel fiber model, a three-dimensional model was
carried out using ABAQUS ® commercial software in both types of cement matrix.
The choice of the 3D model for the hooked fiber was made to provide a more
appropriate visualization of the pullout mechanisms observed in the laboratory tests
carried out in this study. The mechanical behavior of the cement matrix and the
steel fiber was the same as in the straight fiber models (Figure 3.9, Table 4.3 and
Table 4.4). Displacement control was adopted for the model, applying a prescribed
displacement 6 at the top edge of the steel fiber. The additional displacement
boundary conditions consider symmetry effects and prevent lateral displacements
of the specimen. The ten-node quadratic tetrahedron element with full integration
scheme was used for the numerical simulations. One-half of the test specimen is
considered in the numerical modeling for symmetry effects. Figure 4.40 presents

the boundary conditions for the 3D model.

=0 Uy=U,=U,=0

Figure 4.40 — Boundary conditions adopted for the 3D model for the hooked-end steel fiber.

Additionally, Figure 4.41 presents the X-Z view with the details regarding
the surface-to-surface cohesive behavior applied at the fiber/matrix interaction for
the 3D model. Additional partitions in the fiber part are carried out to aid in finite
element mesh generation.
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Figure 4.41 — Contact region between the fiber/matrix surface (in yellow color).

The interface parameters were calibrated to the experimental results presented
in Chapter 3. This calibration was adjusted against the experimental results through
a trial and error method. The final parameters obtained after this procedure are
indicated in Table 4.8.

Table 4.8 — Interface parameters for Matrix A and hooked-end steel fiber after the
calibration with the experimental results.

Parameter Value
Friction coefficient p (-) 0.3
Damage initiation 6; (mm) 1.9
Cohesive stiffness K (MPa/mm) 185
Exponential damage parameter a (-) 0.8

In the same way as in the previous models, a mesh convergence study for
the hooked-end fiber model was carried out. A 1000-node mesh presented good
convergence regarding the displacement of two selected model nodes. Figure 4.42
presents the pullout load-displacement response for the hooked-end steel fiber in

Matrix A and the comparison with the experimental results presented in Chapter 3.
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Figure 4.42 — Pullout load-displacement experimental and numerical results for the straight fiber
in Matrix A.

Figure 4.43 shows the evolution of shear stresses that act along the fiber
length considering the hooked-end fiber model in Matrix A. In the first step of the
analysis, the shear stresses are zero. In the stage corresponding to the peak load on
the graph (onset of fiber debonding), a significant level of oscillation in shear

stresses is observed due to the deformation near the fiber hook.
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Figure 4.43 — Shear stress transfer mechanisms detected for the hooked-end fiber in Matrix A
model: (a) at the first step; (b) at the peak load; (c) during debonding; (d) during friction.

Figure 4.44 displays the concentration of plastic deformations captured by

the numerical model during the analyses, indicating a higher level of damage near

the fiber hook, as expected. Additionally, Figure 4.45 presents the damaged regions

(in red color) captured by the finite element model and the comparison with images

obtained via microCT. The qualitative comparison of the damaged regions

predicted by the numerical model and the results from the microCT images are in

good agreement.



PE, PE22

(Avg: 75%)
+7.323e-02
+6.450e-02

-3.151e-02

132

ﬁ/A

Figure 4.44 — Plastic strain concentration on the specimen captured by the numerical model at &

Plastic flag
1.00e+00
0.00e+00

(@)

=1mm.

7 TN

N

(b)

Figure 4.45 — Concentration of damage for the hooked-end steel fiber in Matrix A at 6 =7 mm:

(a) numerical model; (b) microCT analysis.
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4.3.2.4.
Hooked-end steel fiber in Matrix B

Finally, considering the same 3D model from the previous section, the last
model is developed for the hooked-end steel fiber in Matrix B. The elastic and
mechanical properties of Matrix B are indicated in Table 4.6, while Table 4.9
gathers the interface parameters obtained after the calibration step with the

experimental data.

Table 4.9 — Interface parameters for Matrix B and straight steel fiber after the calibration with the
experimental results.

Parameter Value
Friction coefficient p (-) 0.5
Damage initiation & (mm) 2.8
Cohesive stiffness K (MPa/mm) 19.0
Exponential damage parameter a (-) 1.2

Figure 4.46 presents the pullout load-displacement response for the hooked-

end steel fiber in Matrix B.

Hooked-end steel fiber | Matrix B
360

320 -

280 |

240 A

200 -
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Figure 4.46 — Pullout load-displacement experimental and numerical results for the straight fiber
in Matrix B.
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Figure 4.47 shows the evolution of shear stresses along the fiber length in
Matrix B. The numerical model captures the stress levels for this configuration,
which are higher than in the case of the straight fiber, given that the hook provides
greater anchoring to the fiber. Additionally, due to the high strength of the matrix,
there is increased difficulty in pulling the fiber away from the cementitious matrix.
Moreover, the models related to Matrix B also exhibit higher deformation values,
especially for the fiber and in the fiber/matrix interface. This inference also agrees

with the observations made in the experimental studies by Isla et al. [62].
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Figure 4.47 — Shear stress transfer mechanisms detected for the hooked-end fiber Matrix B
model: (a) at the first step; (b) at the peak load; (c) during debonding; (d) during friction.

Figure 4.48 displays the concentration of plastic deformations captured by the
numerical model during the analyses. Additionally, Figure 4.49 presents the
damaged regions (in red color) captured by the finite element model and the
comparison with images obtained via microCT. As expected, the numerical model
exhibits a higher level of damage for this configuration, attributed to the higher

strength of the matrix and increased fiber anchorage due to the presence of the hook.
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Thus, the qualitative comparison of the damaged regions predicted by the numerical

model and the results from the microCT images are in good agreement.
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Figure 4.48 — Plastic strain concentration captured by the numerical model at 8 =5 mm.
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Figure 4.49 — Concentration of damage for the hooked-end steel fiber in Matrix B at = 7 mm:

(@) numerical model; (b) microCT analysis.
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In calibrating parameters of the pullout numerical models using the trial and
error method based on experimental curves, it is crucial to acknowledge the inherent
complexity of the problem, often leading to multiple solutions. This challenge
means that various combinations of interface parameters may generate results
closely resembling the experimental curve. Typical values from the literature are
employed for the numerical parameters with physical interpretations, such as
friction coefficients. However, as discussed in previous sections, many contact
parameters lack direct physical interpretation. Hence, a combination of calibration
against experimental data and values derived from analogous literature works is
employed.

This iterative calibration process minimizes the difference between model
predictions and experimental observations. In this case, the inherent uncertainties
and challenges regarding contact problems are worth emphasizing. Additionally,
there is a lack of specific experimental tests to calibrate the contact parameters.
Therefore, a pragmatic approach is adopted, prioritizing parameter sets that fit well
with the experimental curve and demonstrate consistency with physical principles
and trends observed in related studies. This calibration strategy ensures that the
numerical model captures the essential system behavior while maintaining a
balance between the accuracy and interpretability of the parameters. Moreover, the
qualitative validation of damage propagation through comparison between the
numerical model and microCT images confirms that the employed calibration leads
to satisfactory results in terms of Engineering.
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Numerical case study on the pushout shear strength of
conventional and expanding cement-casing sections for
well integrity

The study of the interfacial debonding of cement and damage mechanisms is
not limited solely to applications involving cement composite materials and the
fiber/matrix interface. In the oil and gas industry, a good bond between the well
casing and cement is often considered essential for avoiding generating
microannulus leakage paths along the interface between the two materials. A
common method for characterizing the casing-to-cement bond is to perform
laboratory pushout tests, analogous to the pullout tests carried out with fibers.

This chapter investigates pushout tests conducted on conventional class G and
well cement samples containing expanding additive. A finite element model
incorporating the same methodology presented in Chapter 4 is proposed to simulate
the behavior of cement sections under pushout loading conditions. The results from
the FE model were compared with the experimental responses, demonstrating good
agreement in simulating the pushout behavior of conventional class G cement and
expanding cement samples. Notably, the significant findings of this work fill a
critical gap in the literature. Few experimental tests and elastoplastic numerical
models have been carried out in the literature to comprehensively capture the
damage evolution and predict the pushout shear strength in cement-casing

interactions in P&A scenarios.

Avrticle published — Geoenergy Science and Engineering
DOI: 10.106/j.geoen.2024.212638

5.1.
The cement/casing interface problem in O&G applications

The interaction between cement and steel plays an important role in several
engineering applications, such as in the construction and the O&G industries. In

structural engineering, the combination of cement and steel reinforcement is
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commonly used to create reinforced concrete structures, which are known for their
strength and durability given by the interface between both constituents [160],
[161]. On the other hand, in the O&G industry, cement and steel are essential
structural elements in wells that should ensure well integrity and provide zonal
isolation [162], [163]. The interaction between cement and steel is considered
critical for zonal isolation, as a strong bond may prevent the generation of
microannulus leakage paths along the cement and steel interface. Several factors,
including the type of cement, steel surface condition, and curing conditions, can
influence the bond strength between cement and steel [162]-[164]. Another critical
concern is when there is an excessive displacement of the steel casing due to high
pressure or thermal expansion in real-scale well applications [160], [165].

The annular cement sheath can suffer damage due to thermal and mechanical
loads, changes in in-situ stresses, and deformation of the surrounding rocks. This
damage can cause a separation between the casing and the cement, creating a
hydraulic pathway called microannulus [164]-[166]. To prevent the formation of
microannulus, a strong bond between the cement and the casing is necessary. In
production well sections, more complex arrangements can be found. These include
casing—cement-casing—cement—formation, providing two annular spaces filled with
cement. Typical cases involve 7” casing and 9 5/8” or 9 5/8” x 13 3/8”. For well
abandonment, it is necessary to install plugs inside the casing to prevent fluid
migration from the well to the surface [167].

The pushout test is an experimental method to evaluate the shear strength
between cement and steel [168]. In pushout experiments involving cement and steel
casings, a compressive load is applied to the cement plug bonded to a steel casing,
simulating the forces experienced during wellbore operations [166], [169]. Studies
regarding the interaction between well casing and cement interface strength
originally started with the predecessor works [170], [171]. De Andrade et al. [172]
developed a novel laboratory setup to study cement-sheath-failure mechanisms
during thermal cyclings, such as debonding and crack formation. Moreover, Corina
et al. [145] studied the cement-plug sealing of neat- and silica-cement systems
placed in pipes with three different levels of surface roughness using a test cell filled
with a cement plug. The authors verified a gas leak in all samples at low differential
pressure through leak sources at the cement/steel interface in this work. Similarly,

Tabatabaei et al. [146] studied the mixed-mode interfacial strength of cementitious
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materials at the casing-cement or rock-cement interfaces and compared their
experimental results with analytical elasticity solutions available in the literature.
Kamali et al. [147] investigated the shear bond strength of distinct cementitious
barrier materials, such as expansive cement and a geopolymer, and pointed out that
the slurry additives used in the preparation impact the hydraulic sealability of the
material. Similarly, Murcia et al. [148] carried out pushout tests to examine the
interfacial bond strength between the cement and rock formation with and without
applying a novel polymer-based sealant for plugging and abandonment (P&A)
application, where the sealant can be used for stronger bond between the steel and
the rock. Tabatabaei et al. [173] performed a series of pushout tests to evaluate how
the addition of surface-modified cement additive using graphite nanoplatelets
(GNPs) influences the bond strength in different scenarios of oil-based mud
residues. More recently, Cheng et al. [174] studied the bond behavior between
sandwich pipe layers also through the execution of pushout tests. The pipes
comprised a strain-hardening cementitious composite filling core for oil and gas
transportation in deep waters. Alternatively, Lavrov et al. [175] recently conducted
pushout tests cemented within Portland cement slurry under constant electrical
potential difference. The authors concluded that, at a high potential difference
voltage, the duration of the potential application presents an impact on the
interfacial bonding between cement and casing.

Numerical modeling is a powerful technique to understand the contact forces
and deformations between two bodies and material interfaces. However, few works
in the literature directly deal with modeling the casing-cement pushout test,
especially considering the cement's and interface's nonlinear constitutive behavior.
Coquard and Cerasi [149] developed a preliminary elastoplastic finite element
model to simulate the ensuing deformation of the cement/casing system under a
constant force. Cement behavior was modeled using the Mohr-Coulomb failure
criterion. For the steel casing, the Von-Mises criterion was adopted. The interface
between both materials was modeled using Coulomb’s law of friction. However,
the authors pointed out that specific mechanisms should be incorporated into the
formulation to get more accurate results, especially regarding the normal behavior
of the interface. Lavrov et al. [165] have also worked on a linear elastic finite
element model to simulate the pushout behavior between cement sections and steel

casing. This study estimated the normal stress expected at the cement-steel interface
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as cement shrinks towards the pipe in the pushout test. Jin et al. [150] proposed a
3D mesoscale elastoplastic model for reinforced concrete. The contact between
steel bars and surrounding concrete was modeled using a surface-to-surface
approach. The tangential behavior was simulated by a penalty formulation and
Coulomb’s law of friction. Moreover, a hard-contact relationship was considered to
simulate the normal behavior between the surfaces. A similar approach has been
adopted in the works of Jin et al. [151] and Chriatti et al. [152].

However, one alternative finite element formulation for simulating the normal
contact behavior between surfaces is the cohesive zone model (CZM). This
formulation was first introduced by Barenblatt [176] and Dugdale [177], who
studied brittle fractures and cracks, and vyielding of steel sheets with slits,
respectively. The CZM approach places cohesive interface elements associated
with a traction-separation constitutive model at the interface between cement and
steel. Abbas et al. [135] proposed a three-dimensional mesoscopic frictional
cohesive zone model to simulate the concrete-steel interface in reinforced concrete
applications. In this model, a cohesive zone model is associated with Coulomb’s
law of friction to model the steel-concrete interface pull-out test simulations.
Similarly, Lin et al. [141] updated the bilinear cohesive zone model to include the
frictional contact effect between the surfaces. Once again, the Coulomb model was
adopted to simulate the tangential behavior between concrete and steel bars. Alfano
and Sacco previously developed a similar approach [136], proposing a combination
between interface damage and friction in a cohesive-zone model. Rezazadeh et al.
[137] proposed damage-based approaches for assessing the bond damage evolution
in a glass-fiber-reinforced polymer (GFRP). The FE model considers the nonlinear
behavior of the concrete and the GFRP bar-concrete interface using cohesive
elements and a hard-based contact in the normal direction. A similar approach was
also carried out by Ali et al. [142] in the numerical simulation of a hybrid composite
with shape memory alloys and GFRP interface.

This chapter proposes a numerical study of the pushout shear strength of
conventional and expanding cement-casing sections. The experimental program
involves the preparation of well cement samples, uniaxial compressive strength,
and pushout tests and was detailed in Congro et al. [34]. The experimental pushout
tests were conducted by researchers from NORCE and the University of Stavanger

in collaboration with industry partners within the BRANOR project. These
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experimental tests serve as pivotal references for the finite element modeling
discussed in the current chapter of the thesis. These tests provided crucial data for
developing and validating the proposed models.

In this context, the slurries were injected into the bottom of two vertical 9 5/8-
in an outer diameter casing of 2 meters length (Figure 5.1 (a)). Next, the assemblies
were cut into shorter sections approximately 10-13cm long, as indicated in Figure
5.1 (b).
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Figure 5.1 — (a) Sections cut for pushout testing; (b) Cement sections inside the 2-meter casing
before the cut for pushout experiments (Adapted from [34]).
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The pushout tests were performed using an Enerpac VLP series hydraulic
press. The cement plug was placed on top of a 110 mm long empty 9 5/8-in casing
section and had a piston element placed on top of the cement plug [34]. The
diameter of the piston element was about 5 mm less than the diameter of the cement
plug to prevent mechanical contact between the piston and the inner casing wall.
The empty 9 5/8-in casing section was identical to the 9 5/8-in casing that housed
the cement plug but with an inner diameter enlarged by approximately 5 mm,
allowing the cement plug to eject freely from its original 9 5/8-in casing housing
[34]. Additional details regarding the cement slurries recipes, curing conditions and
pushout tests are explicitly outlined in [34].

Next, elastoplastic finite element models are developed to predict the pushout
behavior of the tested cement sections for P&A applications. Cement is simulated
as an elastoplastic material using the Mohr-Coulomb constitutive model; steel is
considered a linear elastic material. The surface-based cohesive approach presented
and carried out in Chapter 4 for the fiber pullout experiments was used to simulate
the interaction between cement and steel. Similarly to the works of [135], [141],
[149]-[152], the friction behavior of the interface follows Coulomb’s law. We
calibrate the computational model using recent full-scale diameter pushout
measurements. Sensitivity analyses are also carried out to verify which model
parameters influence the pushout response since some parameters calibrated for the
numerical analyses do not have a physical interpretation. This comprehensive study
explores the pushout shear strength. It brings a methodological advancement by
integrating experimental and numerical approaches for a better understanding of

cement-casing interactions in P&A scenarios.

5.2.
Finite element models for pushout tests

To simulate the pushout tests for conventional and expanding cement, an
axisymmetric model was carried out in the commercial software ABAQUS ®. This
choice assumed that the behavior of the cement would be symmetric around the
axis of the well casing. In real-scale applications, the casing will not be perfectly
smooth or circular. Surface roughness and irregularities may affect the frictional

response and partly explain sample-to-sample variations observed experimentally
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[34]. However, for the proposed numerical model, simplifying assumptions are
adopted that do not consider the effects of casing imperfections.

The mechanical behavior of the conventional class G cement was considered
elastoplastic using the Mohr-Coulomb plasticity constitutive model. The two steel
casings were modeled with linear elastic behavior, assuming isotropy and
homogeneity. This simplification was made based on the assumption that the
deformation of the casing would remain within the elastic range during the pushout
tests.

Table 5.1 gathers the numerical parameters considered for the conventional
class G cement, and Table 5.2 presents the elastic parameters for the steel casing.
Finally, Table 5.3 presents the constitutive parameters for the expansive cement

sections.

Table 5.1 — Constitutive parameters for the conventional class G cement.

Parameter Value
Young’s modulus (GPa) 9.10
Poisson ratio (-) 0.07
Friction angle (°) 5.00
Dilation angle (°) 5.00
Cohesion (MPa) 1.00

Table 5.2 — Elastic parameters for the steel casing.

Parameter Value
Young’s modulus (GPa) 210.0
Poisson ratio (-) 0.30

Table 5.3 — Constitutive parameters for the expanding cement.

Parameter Value
Young’s modulus (GPa) 125
Poisson ratio (-) 0.15
Friction angle (°) 5.00
Dilation angle (°) 5.00
Cohesion (MPa) 1.00

Figure 5.2 presents the boundary conditions for the axisymmetric pushout
finite element models with particular emphasis on the contact area between the
cement section and the casing. According to the experimental observations [34],
displacement control was adopted for the models, applying a prescribed

displacement § at the top edge of the cement plug part. The additional displacement
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boundary conditions consider the symmetry effects and prevent lateral
displacements of the casing.

Casing

Cement

Figure 5.2 — Boundary conditions for the model and contact region between the surfaces (in
green color).

5.3.
Sensitivity analyses

Accurate calibration of contact parameters is crucial in developing a reliable
finite element model for simulating pushout tests. In this section, we focus on
calibrating several key contact parameters, including the friction coefficient, the
damage initiation parameter, the cohesive stiffness parameters, and the exponential
damage variable associated with the damage constitutive model. These parameters
capture the interfacial behavior and bond strength between the cement and casing
during pushout loading. In this work, the interface parameters were calibrated to
the experimental results available in Congro et al. [34]. This calibration procedure
was carried out through a trial and error method. The final parameters obtained after
this process are indicated in Table 5.4 and Table 5.5. The sensitivity analyses

consider an example of a conventional class G cement plug.
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Table 5.4 — Interface parameters for the conventional class G cement and the steel casing
after the calibration with the experimental results.

Specimen/ Eriction _D_ama_ge theswe Exponential
g initiation stiffness damage parameter
Parameter | coefficient (-) (mm) (MPa/mm) )
Plug C 0.50 0.35 2.80 1.50
Plug D 0.30 0.12 2.10 0.80
Plug E 0.40 0.45 3.12 3.50

Table 5.5 — Interface parameters for the expanding cement and the steel casing after the

calibration with the experimental results.

Specimen/ Eriction Damage Cohesive Exponential

Pp . initiation stiffness damage parameter
arameter | coefficient (-) (mm) (MPa/mm) )
Plug E 0.40 0.45 10.00 1.00
Plug G 0.35 0.81 6.00 2.00

The friction coefficient represents the resistance to the relative motion
between the contact surfaces. In pushout tests, it is essential to calibrate this
parameter to simulate the frictional behavior between the cement and casing
accurately. The damage initiation parameter determines the threshold at which
damage starts to develop in the material. In pushout tests, it captures the initiation
and propagation of the damage at the cement-casing interface. The cohesive
stiffness parameters define the stiffness and resistance to separating cement and
casing. These parameters significantly influence the bond strength and interfacial
behavior during pushout loading. The normal and tangential stiffness parameters
are considered equal for simplification purposes. This assumption has been adopted
in the literature in several cement/steel interface problems, such as the works of
Feng et al.; Jiang et al.; Jiang et al.; Giasuddin et al. [178]-[181]. Finally, the
exponential damage variable is associated with the damage constitutive model and
determines the damage growth rate in the cement/casing interface. Calibration of
this variable is essential to capture damage evolution during pushout loading.

The sensitivity analyses were carried out using Design of Experiments
(DOE), particularly the Response Surface Methodology (RSM). The sensitivity
analyses were carried out in Minitab 18 ® software and adopted a central
circumscribed composite design (CCC) and a full quadratic polynomial model. The
default configurations of statistical analyses consider a 95% confidence interval for
the simulations and 5% significance level. Pareto charts are generated to check if



146

the contact numerical parameters influence the pushout peak load. Figure 5.3
presents the Pareto charts with the absolute values of the standardized effects from
the most significant to the least. A reference line (p-value) is also included to
indicate which effects are statistically significant for the maximum pushout load in

conventional class G cement sections.

Pareto chart of the standardized effects

K Cohesive stiffness
&; Damage initiation
n Friction coefficient

Exponential damage

o
parameter

0 1 2 223 3 4 5 6
Standardized effect

Figure 5.3 — Pareto chart of the standardized effects for the pushout maximum load in
conventional class G samples.

The Pareto chart indicates that the tangential cohesive stiffness parameter
plays an important role for conventional class G cement, the primary input
parameter influencing the pushout maximum load. The second significant input
parameter is the damage initiation displacement, which refers to the relative
displacements between the follower nodes (cement) on the follower surface and the
corresponding point on the leader surface (steel).

The statistical analysis using DOE allows the generation of response surface
plots that confirm the influence of each input parameter in the system response, as
indicated in Figure 5.4 (a) and (b).
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Figure 5.4 — Response surface plots: (a) Peak load variation in terms of friction coefficient and
damage initiation parameter; (b) Peak load variation in terms of exponential damage parameter and
cohesive interface stiffness.

5.4.
Mesh convergence tests

To ensure the accuracy and reliability of the FE model for simulating pushout
experiments, mesh convergence tests were conducted. Seven different FE meshes
were selected. All meshes used four-node axisymmetric elements to capture the
system behavior. The mesh sizes and corresponding number of elements are as
follows: Mesh A (98 elements), Mesh B (153 elements), Mesh C (300 elements),
Mesh D (500 elements), Mesh E (924 elements), Mesh F (2500 elements) and Mesh
G (5000 elements).

The vertical displacements of two selected model nodes were evaluated to
assess the convergence of the FE model. These nodes were strategically chosen to
represent critical points where the displacement behavior is expected to provide
insight into the pushout behavior of the cement and casing interface.

Following the analyses of the pushout using different mesh sizes, it was
observed that the models exhibited convergence with the 500-element mesh.
Convergence in this context means that further refining the mesh did not
significantly change the results, and the displacement values reached a stable and
consistent behavior. Thus, Mesh D, with 500 elements, was deemed appropriate for
accurately capturing the behavior of the cement and casing interface during pushout

loading.
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5.5.
Results

5.5.1.
Conventional class G sections

In order to evaluate the behavior of conventional class G cement short
sections, three FE models were developed for three tested sections (named as
sections ‘C’, ‘D’, and ‘E”). The pushout load-displacement curves for each section
were analyzed and compared to the experimental pushout tests conducted in the
laboratory and reported with more details in Congro et al. [34]. Figure 5.5 illustrates
the pushout load-displacement curve for section ‘C’, Figure 5.6 for section ‘D’, and
Figure 5.7 for section ‘E’. The input parameters used in these simulations were
derived from Table 5.1, Table 5.2 and Table 5.4.

Plug C - Conventional cement

Load (kN)

—— Experimental

10 == == FE model -

0 20 40 50 80
Displacement (mm)

Figure 5.5 — Pushout load-displacement experimental and numerical results for section ‘C’
conventional cement.
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Figure 5.6 — Pushout load-displacement experimental and numerical results for section ‘D’
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Figure 5.7 — Pushout load-displacement experimental and numerical results for section ‘E’

conventional cement.
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The results obtained from the FE models exhibit good agreement with the
experimental pushout tests. Notably, the peak loads of the FE models closely match
the peak loads obtained in the laboratory experiments. This alignment between the
experimental and numerical results indicates the effectiveness and accuracy of the
FE model in capturing the behavior of the conventional class G cement sections.
Figure 5.5 shows an initial linear increase in load with displacement, followed by a
more gradual increase until reaching the peak load.

Similarly, Figure 5.6 depicts the pushout load-displacement curve for
section ‘D’. The FE model effectively replicates the experimental trend, displaying
a comparable linear increase in load until reaching the peak load. Finally, Figure
5.7 illustrates the pushout load-displacement curve for section ‘E’.

Figure 5.8 confirms the evolution of section damage based on a plastic flag
(O for intact material and 1 for plasticized material). Figure 5.9 presents the plastic
strain evolution for section ‘C’ before adhesion loss at the interface for distinct
levels of displacement. Plastic strains are concentrated in the vicinity of the casing

and evolve from top to bottom of the section.
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Plastic flag
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0.00e+00
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Figure 5.8 — Plastic flag for section ‘C’: (a) 6 = 0.1 mm; (b) 6 = 1 mm; (c) 6 =4 mm.
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Figure 5.9 — Plastic strain evolution for section ‘C’: (a) 8 = 0.1 mm; (b) 6 = 1 mm; (¢) 8 = 4 mm.
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5.5.2.
Expanding cement sections

The same approach is carried out for the expanding cement sections. The
input parameters used in these simulations were derived from Table 5.1, Table 5.2
and Table 5.5. The expansion effect physically observed in the experimental tests
is captured by the model through calibration of the expansive cement and interface
parameters. In a similar way, the pushout load-displacement curves given by the
model are also in close agreement with the experimental response carried out at the

laboratory, including the maximum pushout load (Figure 5.10 and Figure 5.11).
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Figure 5.10 — Pushout load-displacement experimental and numerical results for section ‘E’
expanding cement.
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Figure 5.11 — Pushout load-displacement experimental and numerical results for section ‘G’
expanding cement.

Figure 5.12 and Figure 5.13 present the plastic strain for section ‘E’ at the
interface for distinct levels of displacement before loss of adhesion and the damage
evolution, respectively. The equivalent plastic deformation shows smaller values
than those of conventional cement. In terms of the level of damage, it is possible to
observe that the damaged region (in red color) is narrower for the expansive cement
section, affecting only the casing-cement interface surroundings. These significant
results demonstrate the novelty of the analyses developed in this chapter since these

applications and models have not yet been widely explored by other authors in the

literature.
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Figure 5.12 — Plastic flag for section ‘E’: (a) = 0.1 mm; (b) 6 = 1 mm; (¢) 6 = 4 mm.
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Figure 5.13 — Plastic strain evolution for section ‘E’: (a) 8 = 0.1 mm; (b) 6 = 1 mm; (¢) § =4 mm
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Furthermore, the results demonstrated that expanding cement samples
exhibited higher pushout loads than conventional sections, indicating potential for
improved performance in well casing applications. The calibration of contact
parameters in the FE models highlighted the significance of the friction coefficient,
with values ranging from 0.3 to 0.5 for conventional class G cement sections. The
damage initiation separation and the cohesive stiffness parameter emerged as the
most relevant parameters impacting the maximum pushout load in the FE models.

Finally, Figure 5.14 presents the load-displacement curve for section ‘C’ of
conventional class G cement and the evolution of plastic deformations associated
with each stage of the pushout test. In addition, Figure 5.15 presents the same

comparison for the expansive cement section ‘E’.
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Figure 5.14 — Plastic strains associated with the pushout load-displacement curve for conventional cement section ‘C’.
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6
Conclusions and suggestions for future works

6.1.
Conclusions

This doctoral thesis contributes significantly to understanding the
mechanical behavior and damage mechanisms at the interface of cementitious
materials, particularly in the context of fiber-reinforced composites used in the
construction and O&G industries. The research addresses a critical gap in the
literature, proposing numerical models for interfacial debonding and damage
evolution, considering distinct cement matrix types and steel fiber geometries.

The experimental program developed a novel pullout test setup to
investigate straight and hooked-end steel fibers embedded in two distinct types of
cement matrix. The tests provided crucial insights into the influence of fiber
geometry, matrix strength, and air voids on the pullout behavior. MicroCT analyses
offered a detailed view of the damage mechanisms, revealing microcracks at the
fiber/matrix interface and showcasing the impact of matrix consolidation on pullout
performance.

Regarding the experimental tests, a slightly higher maximum pullout load is
observed for Matrix B than for Matrix A's response, showing that the fiber geometry
also influences the pullout behavior. The straight geometry facilitates the pullout
process and induces a lower concentration of damage along its length, resulting in
lower pullout loads. For the hooked-end fiber, the maximum pullout loads are much
higher than in the straight fiber scenario due to the higher strength of Matrix B. In
addition, the hook and its progressive deformation throughout the test create greater
difficulty for the fiber to initiate its debonding/pullout process, justifying the higher
load values. Pullout energy (i.e., the area under the pullout curve) is also higher for
the hooked-end steel fiber in Matrix B. A wider concentration of damage and cracks
is observed, especially near the fiber hook, which is subject to significant levels of
deformation. In this sense, in all observed configurations of the pullout test, the
fiber undergoes deformation before initiating the debonding process and subsequent

pullout from the cement matrix.
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The numerical models, employing concrete damage plasticity and a surface-
based cohesive approach, demonstrated good agreement with experimental pullout
load-displacement curves. The models successfully captured the concentration of
damage in specific regions, such as the upper region in straight fiber scenarios and
along the fiber length, particularly near the hook, in hooked-end fiber
configurations. In the straight fiber models, the damage regions are concentrated in
the upper region of the specimen, where matrix spalling is frequently observed. In
the hooked-end fiber models, damage is wider along the fiber length, concentrating
high levels of damage and deformations in the fiber hook. The numerical model
exhibits a higher level of damage for this configuration, attributed to the higher
strength of Matrix B and increased fiber anchorage due to the presence of the hook.
Sensitivity analyses underscored the importance of calibrating interface parameters
for accurate predictions, with the friction coefficient, damage initiation parameter,
and tangential cohesive stiffness proving to be most influential. The methodology
proved to be robust, offering valuable insights into the pullout behavior of cement
composite materials.

For the interfacial debonding considering the well integrity application in
P&A scenarios, finite element models using the same methodology from the pullout
tests were considered to investigate the bond strength and the behavior of
conventional and expanding cement sections in pushout tests. The calibration of
contact parameters in the FE models highlighted the importance of the friction
coefficient parameter, with values ranging from 0.3 to 0.5 for conventional class G
cement sections. The damage initiation separation and the cohesive stiffness
parameter emerged as the most relevant interface variables impacting the maximum
pushout load in the FE models. The computational results demonstrated excellent
agreement with the experimental response for conventional and expanding cement
sections, validating their reliability and accuracy. Regarding damage evolution
patterns, the damaged region in standard cement sections is more extensive and
shows higher strains than the expansive cement.

Some limitations regarding the methodology for both applications include
calibrating the interface numerical parameters with the experimental
pullout/pushout response, for which the solution is not unique. This fact poses a
challenge, as various combinations of interface parameters may generate results

closely resembling the experimental curve. While typical values from literature are
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used for numerical parameters, such as friction coefficients, many contact
parameters lack direct physical interpretation. Therefore, the calibration against
experimental data prioritizes parameter sets that fit the experimental curve and
demonstrate consistency with physical principles and trends observed in related
studies. Calibrations considering more experimental results can be conducted to
corroborate the ranges of contact parameters obtained from the experiments and

models developed in this thesis.

6.2.
Suggestions for future works

This thesis aimed to gain more insight into the cement interface's damage and
stress transfer mechanisms, considering distinct applications. This goal was
achieved by developing a workflow using numerical models and laboratory
experiments. There are several possibilities for future works when working with
experimental and numerical investigations regarding cement composite materials.
These suggestions are listed considering three major groups/areas: improvements
in the experimental workflow, improvements in the mathematical model, and

applications to other material types.

6.2.1.
Improvements in the experimental workflow

(i) Perform in-situ microCT pullout tests: This suggestion aims to enhance
the experimental workflow by reducing execution time. By conducting pullout
experiments inside the microCT, researchers can observe real-time fiber behavior
without the need for separate imaging processes, thus streamlining data acquisition
and analysis;

(if) Automate microcrack detection using Al algorithms: Automating the
process of microcrack detection in microCT images with Al algorithms enables
efficient and accurate identification of microcracks. This procedure saves
significant time in data analysis, allowing researchers to focus on interpreting
results rather than manual image processing;

(iii) Analyze and compare the propagation process of microcracks using

alternative experimental techniques, such as optical microscopy or acoustic
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emission: The comparison between these techniques and the images obtained
through the microCT can provide complementary insights into the interface
mechanisms studied in this thesis;

(iv) Perform microCT tests with conventional and expansive class G cement
samples: The main goal is to detect damage in the samples and qualitatively validate
this information with the numerical model results obtained in this thesis.

(v) Investigate the pullout mechanisms considering distinct steel fiber

inclinations.

6.2.2.
Improvements in the mathematical model

(1) Incorporate matrix shrinkage hypothesis into the numerical pullout
models: by integrating the hypothesis of matrix shrinkage, researchers can more
accurately simulate the cement matrix behavior. This enhancement provides
insights into how matrix properties affect fiber/matrix interactions, contributing to
a more comprehensive understanding of pullout mechanisms;

(if) Incorporate the chemical effects of fiber treatment in the numerical
models: this suggestion focuses on exploring the impact of fiber treatment on
pullout behavior. By integrating this information into finite element models,
researchers can assess the efficiency of fiber treatments and optimize them for
improved performance in cement composite materials.

(iii) Incorporate the effects of defects introduced by poor consolidation into
the numerical models: This suggestion aims to deepen the investigations into the

effect of poorly consolidated cementitious matrices on pullout behavior and damage

mapping.

6.2.3.
Applications to other material types

(i) Apply the developed workflow to other types of cement matrixes or fiber
types and geometries: The application of the developed workflow expands the
scope of the research, investigating stress transfer mechanisms in various matrix
compositions, fiber types (e.g., polypropylene, natural fibers) and geometries (e.g.,
twisted, corrugated, undulated). Therefore, it provides insights into material

behavior beyond the matrix compositions and fiber geometries studied in this thesis.
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A.
Appendix A

In Chapter 3, the results of the experimental tests refer to representative
curves of the experimental tests carried out at the Laboratorio de Estruturas e
Materiais (LEM/DEC) at PUC-Rio. In this section, the uniaxial tensile and

compressive tests for all specimens tested are shown in Figures A.1 to A.4.
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Stress (MPa)

0 0.0005 0.001 0.0015 0.002

Strain (mm/mm)

Figure A.1 — Uniaxial compressive tests for Matrix A.
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Figure A.2 — Uniaxial tensile tests for Matrix A [13].
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B.
Appendix B

In Chapter 3, images from the microCT before and after the pullout tests are
presented. Since the microcracks in the images are very small and thin, visualizing
them with the naked eye is challenging, which led to the marking of the images
available in Chapter 3. For complementary purposes, Figures B.1 to B.8 show the
same microCT images after the pullout test without the markings for each of the

analyzed scenarios.

@

Figure B.1 — Micrograph (0.4x) of straight steel fiber in Matrix A: (a) before pullout; (b) partial
debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not marked in red.
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Figure B.2 — Micrograph (0.4x) of hooked-end steel fiber in Matrix A: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not marked in red.

@ (b)

Figure B.3 — Micrograph (0.4x) of straight steel fiber in poorly consolidated Matrix A: (a) before
pullout; (b) partial debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not marked
in red.
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(@) (b)

Figure B.4 — Micrograph (0.4x) of hooked-end steel fiber in poorly consolidated Matrix A: (a)
before pullout; (b) partial debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not
marked in red.

@ (b)

Figure B.5 — Micrograph (0.4x) of straight steel fiber in Matrix B: (a) before pullout; (b) partial
debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not marked in red.
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@

Figure B.6 — Micrograph (0.4x) of hooked-end steel fiber in Matrix B: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not marked in red.

@ (b)

Figure B.7 — Micrograph (0.4x) of the hook region in Matrix B: (a) before pullout; (b)
partial debonding (fiber pullout of 7 mm). Microcracks/damage in (b) are not marked in red.
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Figure B.8 — Micrograph (0.4x) of the hook region in Matrix B after entire pullout.
Microcracks/damage are not marked in red.



