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Abstract

Rocha, Thais da Silva; Cardoso, Daniel Carlos Taissum (Advisor); Bitencourt
Junior, Luis Anténio Guimarées (Co-advisor). Short- and long-term pullout
behavior of macro synthetic fibers. Rio de Janeiro, 2024. 144p. Tese de
Doutorado — Departamento de Engenharia Civil e Ambiental, Pontificia
Universidade Catolica do Rio de Janeiro.

The creep phenomenon in fiber-reinforced composites is particularly
important when macro synthetic fibers are used, due to their low modulus of
elasticity, exhibit pronounced viscoelastic behavior even at room temperature,
which can lead to changes in the cracking control over time. Pullout tests are
commonly used to predict fiber—matrix interactions and in this work were
conducted for short- and long-term on three types of polymeric macro fibers.
Different levels of long-term loads (20, 30, 40 and 50% of the maximum short-term
pullout load) and fiber orientation angles (15°, 30°, and 45°) with respect to the
direction of the load were considered to investigate the influence of these
parameters on the interaction between macro synthetic fibers and matrix. Macro
fibers with crimped surfaces and higher modulus of elasticity achieved higher bond
stresses and lower creep deformations. In short-term tests, optical microscopy
images were obtained on the pulled-out fibers to correlate the surface degradation
of the fibers with the stress versus strain curves. In quasi-static pullout (short-term),
small reductions in pullout strength were observed for all fibers and angles, in
addition to an intensive degradation of their surfaces owing to the significant
snubbing effect of this type of fiber. In contrast, for the long-term tests, a creep
reduction was observed with increasing fiber inclination angle caused by the creep
reduction of the fiber due to non-axial loading and additional force components
produced by the deviation of the axial force. The Burgers viscoelastic model was
applied and showed good agreement with the experimental creep curves, therefore
consisting of a promising alternative for modeling the long-term behavior of
individual fibers. Microtomography and scanning electron microscopy images
showed that a large portion of the strain in tension, under sustained load, can be

attributed to the creep of the fiber itself, thus making it challenging to estimate the



creep of this type of composite, given the considerable variability of fiber

configurations.
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Resumo

Rocha, Thais da Silva; Cardoso, Daniel Carlos Taissum (Orientador);
Bitencourt ~ Junior,  Luis  Anténio  Guimardes  (Coorientador).
Comportamento de arrancamento em curta e longa duracdo de macro
fibras sintéticas. Rio de Janeiro, 2024. 144p. Tese de Doutorado —
Departamento de Engenharia Civil e Ambiental, Pontificia Universidade
Catdlica do Rio de Janeiro.

O fenébmeno de fluéncia em compositos reforcados com fibras €
particularmente importante quando sdo utilizadas macro fibras sintéticas, que
devido ao seu baixo modulo de elasticidade, apresentam comportamento
viscoelastico pronunciado mesmo em temperatura ambiente, o que pode levar a
alteracdes no controle de fissuracdo ao longo do tempo. Testes de arrancamento sao
comumente usados para prever interacOes fibra-matriz e neste trabalho foram
realizados para cargas de curto e longo prazo em trés tipos de macro fibras
sintéticas. Diferentes niveis de cargas de longo prazo (20, 30, 40 e 50% da carga
méaxima de arrancamento em curta duracdo) e angulos de orientacéo das fibras (15°,
30° e 45°) em relagcdo a direcdo da carga foram considerados para investigar a
influéncia desses parametros na interacdo entre macro fibras sintéticas e matriz.
Macro fibras com superficies onduladas e maior modulo de elasticidade alcangaram
maiores tensbes de aderéncia e menores deformactes por fluéncia. Em testes de
curto prazo, imagens de microscopia 6ptica foram obtidas nas fibras arrancadas
para correlacionar a degradacdo superficial das fibras com as curvas de tensdo
versus deformacdo. No arrancamento quase estatico (curto prazo), foram
observadas pequenas reducdes na resisténcia ao arrancamento a medida que o
angulo foi aumentado para todas as fibras, além de uma intensa degradacéo de suas
superficies devido ao significativo efeito de polia. Em contraste, para os testes de
longo prazo, foi observada uma redugéo da fluéncia com o aumento do angulo de
inclinacdo da fibra causada pela reducdo da fluéncia da fibra devido ao
carregamento ndo axial e componentes de forga adicionais produzidos pelo desvio
da forca axial. O modelo viscoelastico de Burgers foi aplicado e apresentou boa
concordancia com as curvas de fluéncia experimentais, consistindo, portanto, em

uma alternativa promissora para modelar o comportamento de longo prazo de fibras



individuais. Imagens de microtomografia e microscopia eletronica de varredura
mostraram que uma parte da deformacéo em tragdo, sob carga sustentada, pode ser
atribuida a fluéncia da propria fibra, tornando desafiador estimar a fluéncia deste

tipo de composito, dada a consideravel variabilidade de configuracdes de fibra.

Palavras-chave

Arrancamento; fluéncia; macro fibras sintéticas.
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1. INTRODUCTION

1.1. Motivation

Fiber-reinforced concrete composites have diverse applications in civil
engineering, with steel fibers and synthetic fibers being the two most commonly
used types of fibers. It is known that steel fibers do not experience creep and can
even restrict the deformation of concrete due to this property. On the other hand,
when polymeric fibers are used, their long-term behavior must be taken into
account as these materials are highly sensitive to creep, that is, they deform
significantly under sustained loads and this can be a property that limits their use,
as the widening of cracks in service of this type of composite becomes a concern.

Several studies have investigated the tensile [1-5] and flexural [5-13]
behavior of these composites under sustained loads to clarify the phenomena
associated with the increase in cracking over time; however, the mechanisms that
occur at the fiber scale, such as pullout and stretching of the fiber itself, still need
to be further investigated. Pullout tests are commonly used to study fiber-matrix
interactions, as they can measure the force required to extract fibers from the
matrix. But the response to pullout is influenced especially by the type of fiber, fiber
orientation, matrix characteristics, among others.

Studies with pullout tests [5,7,14,15] were used to evaluate the behavior of
the composite at the fiber level; however, several variables could interfere with the
results obtained, especially the type and fiber orientation. More studies at the fiber
scale with pullout tests are necessary as there is a wide variety of synthetic fibers
available with different raw materials, geometry and surface corrugations, which
influence their response to pullout, and although the behavior of plain concrete
under sustained loading has already been investigated and can be predicted,
creep deformations resulting from fiber-matrix interactions and the fiber itself can
significantly affect the performance of this type of composite. Furthermore, studies
have reported that the displacement obtained in the pullout tests of macro synthetic
fibers under creep is basically due to the creep of the fiber itself [16-18].

In this way, this work seeks to investigate the complex mechanism during

the short and long-term pullout of synthetic fibers aligned and not aligned with the



loading direction, contributing to a better comprehension of these cementitious

composites.

1.2. Objectives

Investigate the mechanisms involved in short- and long-term pullout tests of
macro synthetic fibers, with the main variables being the loading levels and the
angle of inclination of the fibers, in order to contribute to a better understanding of
the behavior at the fiber level. To achieve this, the following specific objectives are
outlined:

e Investigate the short- and long-term pullout behavior of three different
macro synthetic fibers aligned with the loading direction,
understanding the mechanisms involved through X-ray
microtomography (microCT) and scanning electron microscopy
(SEM) and developing viscoelastic models.

¢ Investigate the influence of the fiber orientation on the short- and
long-term pullout behavior of three different macro synthetic fibers,
studying the mechanisms and developing models that account for the
fiber orientation.

e Develop an analytical model to determinate the contributions of

interface on the pullout response.

1.3. Work organization

This work is outlined in the form of five chapters, the last three of which refer
to the contributions and objectives outlined. In Figure 1, a graphical abstract is
shown with the main tests carried out in the final three chapters, in addition to the
results found and the general outline of each of them. Descriptions of each of the

chapters and their contributions are summarized below.
Chapter 1: Introduction
This chapter describes the motivation for carrying out the thesis, objectives and

the organization of the chapters.

Chapter 2: Literature Review

20



This chapter presents a literature review on the main concepts covering the
pullout behavior of fibers in cementitious composites, the angle effect of the fibers
in the pullout response, the long-term pullout behavior of synthetic fibers and the

viscoelastic rheological models that can be applied.

Chapter 3: Macro Synthetic Fiber Pullout Behavior on Short- And Long-Term
Tests

This chapter presents pullout tests on macro synthetic fibers and discusses the
pullout behavior based on X-ray microtomography and scanning electron
microscope tests.

Chapter 4: Influence of Fiber Orientation on The Behavior of Macro Synthetic
Fiber in Short- And Long- Term Pullout Test

This chapter presents pullout tests of macro synthetic fibers inclined in relation
to the loading direction and discusses the influence of this inclination. Burger's
viscoelastic model is applied to all experimental curves, and approximate

eqguations for its parameters are presented.

Chapter 5: Analytical Model for the Pullout Creep Behavior of Macro Synthetic
Fibers

This chapter presents short- and long-term tensile tests of the fibers evaluated.
An analytical model is proposed to separate the contribution of fiber and interface

to pullout with sustained load.
Chapter 6: Conclusions and Suggestions for Future Works

This chapter presents a general briefing on the issues discussed in the thesis

and suggestions for future work.

21
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2. LITERATURE REVIEW

2.1. Fiber-reinforced concrete composites

Fiber-reinforced composites are characterized by cementitious matrices
reinforced with discontinuous, oriented, and randomly distributed fibers [19]. The
fibers can act both in the interception of cracks to delay their propagation and
prevent the coalescence of microcracks when added in adequate amounts. Yam
and Mindess [20] pointed out that the reinforcement achieved by the insertion of
fibers promotes the transfer of tension through the cracked sections, allowing the
composite to retain some post-cracking resistance and resist deformations much
greater than those resisted by the matrix. Therefore, the most significant
contribution of fibers to cementitious matrices is to increase the energy absorption
capacity [21].

Alwan et al. [22] stated that the energy absorption capacity or tenacity
(represented by the area under the stress-strain curve) of a composite is due to
the pulling out of fibers that connect one or more cracks and can be attributed to
two mechanisms: the deformation of the material and the formation of new crack
surfaces. The fibers that cross a crack can absorb energy, deform, and/or be pulled
out depending on their adherence characteristics [22].

The properties of fiber-reinforced composites depend on both the
cementitious matrix and the fibers, particularly the type, geometry, distribution, and
volumetric percentage of the fibers, the adherence between the fiber and the
matrix, and the mechanical characteristics of the fiber and matrix. Therefore, it is
possible to control the mechanical properties of the composite by changing the

proportions and characteristics of its constituents, mainly the fibers [19].

2.2. Pullout behavior

In fiber-reinforced composites, tensile forces are resisted by the fibers and
the matrix, and the strength portions corresponding to each component are
influenced by the transfer capacity across the fiber-matrix interface. Pullout tests
are commonly used to investigate fiber-matrix interactions because they measure
the force required to extract a fiber embedded in a matrix.

There are three particularly important types of fiber-matrix interactions: (i)

adhesion (or elastic adhesion) at the fiber-matrix interface, (ii) friction (or frictional

23



or frictional adhesion) that allows relative slips along the fiber-matrix interface, and
(iif) mechanical interactions (resulting from a specific fiber geometry that creates
localized load transfer points between the fiber and matrix) [23,24]. Banthia and
Trottier [25] argued that the contribution of adhesion is very small, with failure
occurring at the beginning of the pullout and slip resistance mainly guaranteed by
friction, which adjusts to the anchoring process still under development.

The stress transfer mechanisms in fiber-reinforced composites are directly
related to these interactions and must be considered in pre- and post-cracking
stages. Bentur and Mindess [24] reported that, in the pre-cracking phase, before
cracking occurs, the predominant stress transfer mechanism is elastic, and the
longitudinal displacements of the fiber and matrix at the interface are geometrically
compatible. The authors reported the occurrence of shear stresses at the fiber-
matrix interface that distributed the external load between these two components
such that the interface stress was only one, although the stresses in each material
were different. This elastic shear transfer (non-uniform along the fiber/matrix
interface) is the main mechanism for predicting the proportional limit and first crack
stress. In the postcracking stage, the stress-transfer mechanisms are essentially
the same as those presented for an uncracked composite: elastic adhesion (or
adhesion), mechanical adhesion, and sliding owing to friction.

To understand how the interactions between the fiber and matrix promote
gains in the energy absorption capacity compared with conventional concrete, it is
necessary to understand the stress transfer mechanisms acting at the fiber level.
A typical pullout curve for a single straight steel fiber oriented parallel to the load
direction is shown in Figure 2. Two stages can be distinguished during the
extraction process: the loss of adhesion and slippage [26]. The resistance
mechanism in the ascending AO stretch is the elastic adherence or adhesion. At
point A, gradual debonding of the fiber begins (loss of adhesion with the matrix),
and the stress transfer across the detached interface gradually becomes frictional,
with relative displacements between the fiber and the matrix [24]. After reaching
the peak load for very low displacements, an abrupt load drop can be observed,
which is the milestone for the second pullout stage. Detachment begins when the
elastic shear stress at the interface exceeds the shear strength of the matrix and
progresses to complete detachment at point B [24]. The fiber is plucked into the B-
C interval, and the only resistance is offered by friction. With fiber sliding, friction is
reduced owing to the progressive loss of length at the fiber-matrix interface and

the wear and compaction of the matrix around the fiber [26]. The pullout energy
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increases with increasing fiber embedding length; if the length is too long, the fiber

breaks instead of being pulled out.
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Figure 2. Load versus displacement curve typical of a single straight steel fiber pullout
(Adapted from ALWAN et al. [22] and DENG et al. [27]).

In general, fiber failure occurs mainly due to surface wear. In the case of
fibers with a modified geometry (deformed fibers), there is a great dissipation of
energy due to alignment and plastic deformation during pullout. Although the
deformations caused in the fibers along their lengths are necessary to increase
their resistance to pullout, they are only effective when a complete pullout occurs
[28]. The possible failure modes are complete fiber pullout, matrix fracture, fiber
separation/detachment, and fiber fracture. According to Banthia [28], among the
failure possibilities, the one that generally causes the greatest reduction in terms
of pullout energy is fiber fracture. Regardless of whether the fiber is straight or
deformed, sliding is the failure mode that leads to the greater energy absorption
capacity, followed by a complete fiber pullout. According to Isla et al. [29], when
the fibers fracture outside the cementitious matrix or at the beginning of the
incorporated part of the fiber, the failure can be considered total because the
pullout stress can no longer be transferred to the matrix. If the fracture occurs in
the part still embedded, the failure is considered partial because, although part of
the embedded length has been lost, the remaining portion continues to transfer
load to the matrix. The deformation and conformation of the fibers during pulling
directly contributed to the total deformation of the composite [22].

The predominant mechanisms depend on the properties of the fiber and
matrix. Bentur and Mindess [24] stated that, if the tensile strength of the matrix is

high, interface separation can occur before matrix cracking; otherwise, cracking
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may precede fiber detachment. When the adhesion is very low, the dominant
mechanism is friction, because the energy that causes fiber detachment is
practically negligible.

The pullout curves are influenced by several characteristics of the fibers and
matrix. In the case of the pullout of a single fiber, factors such as fiber geometry,
angle of inclination in relation to the loading direction, and matrix characteristics
can change the previously described behavior, which is valid for a single straight
fiber oriented parallel to the direction of loading. According to Bentur et al. [30],
fibers with changes in their geometry have a pullout response different from that of
smooth fibers and cannot be described by the same models; the flow mechanisms
and stress distribution along the fiber must be considered simultaneously to
determine the failure mode and general pullout behavior. Although it is a relatively
easy test to perform and requires important information to be extracted, many
variables must be considered when comparing these data with the composite real
behavior.

2.3. Influence of fiber orientation on pullout

The orientation of the fibers within a cementitious matrix is essential for
determining the overall efficiency of the composite because it influences the
strength and pullout energy. In real composites, the distribution and orientation of
the fibers are generally random in relation to the possible crack planes. This
distribution is mainly influenced by the casting technique, location within concrete
member, element geometry, and use of vibrators. Fibers often assume angles
other than 90° relative to the cracked surface. When this occurs, effects are
triggered that can either increase or reduce the strength of the composite.

Ding et al. [31] stated that if fibers are inserted to form bridges between
cracks, the bridging efficiency can be maximized when the fibers are perpendicular
to the plane of the crack. An increase in the orientation angle causes a reduction
in the efficiency and, consequently, a reduction in the pull-out resistance. However,
Lee et al. [32] and Cao and Yu [33] stated that the effect of the fiber inclination
angle on the load and pullout energy depends considerably on the proportion,
geometry, and properties of the fibers, including whether the fiber material is
metallic or synthetic.

When the fiber is inclined in relation to the fracture plane, it is necessary to

consider fiber bending due to local geometric restrictions [30], as shown in Figure
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3. Bentur et al. [30] claimed that a complex state of stress is formed in the fiber and
matrix due to local bending and that the general behavior depends on the stiffness
of both. Bentur et al. [30] explained that, if the fiber is ductile and has a low
modulus, it will easily bend, inducing dowel action, which can lead to an increase
in pullout resistance, compensating for the reduced efficiency associated to the
fiber inclination. However, if the fiber is brittle and has a high modulus of elasticity,
local bending may occur, which, superimposed on axial tensile stress, may lead to
premature failure of the fiber.

(a) 3 () 4

| |

! :

Figure 3. Pullout of a fiber at an angle 6 from the direction of loading: (a) fiber before
deformation; (b) inclined fiber being pulled out and undergoing local bending (Adapted from
BENTUR AND MINDESS [24]).

The fiber slope influences the pullout performance owing to matrix
fragmentation and the snubbing effect. According to Tai and El-Tawil [34], as soon
as a pullout load is applied, the fibers tend to separate from the matrix, the
adhesion is lost, and the fibers begin to slip. At that instant, the frictional resistance
mechanism is mobilized, and an upward pressure is induced in the matrix around
the exit point, locally increasing the frictional resistance (snubbing effect).
Depending on the tensile strength of the matrix, load rate, and fiber geometry,
increasing the pressure in the matrix can cause localized damage and local
fragmentation at the exit point, as shown in Figure 4. The damage zone forces the
fiber to move through the radius of curvature, causing permanent plastic
deformation of the fiber. As the fiber is pulled out completely, permanent
deformations force the originally straight fiber to assume a different shape. In

general, the probability of fiber breakage increases with the inclination angle.
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According to Lee et al. [32], as the fiber orientation angle increases, the
fragmentation length of the matrix increases because a larger portion of the matrix
is crushed, resulting in a decrease in the pullout load and an increase in the crack

opening.

Spalling ? Interface loss
~A s

Figure 4. Inclined fiber suffering the effects of fragmentation: (a) before matrix

fragmentation; (b) after matrix fragmentation (Adapted from ISLA et al. [29]).

Tai and El-Tawil [34] stated that matrix failure at the fiber exit point limits the
ability of the fiber to transmit loads to the matrix. This behavior is accentuated in
the case of twisted fibers, possibly because of their particular structure, which
induces higher localized stresses. In the case of inclined fibers that fail outside the
matrix, the load-transfer capacity is abruptly lost, resulting in total failure [29]. Tai
and El-Tawil [34] observed that the rupture of inclined fibers occurred more
frequently in the case of fibers with hooks at the ends and twisted at large angles
of inclination and/or high load rates.

During pullout, bent fibers behaved differently from aligned fibers, especially
those with a deformed geometry. This difference is mainly due to the failure of the
surrounding matrix, which allows fiber rotation and further displacement without
slipping, in addition to reducing the embedded length. This shows that the
performance of fibers in fiber-reinforced cementitious composites cannot be
evaluated solely based on the aligned fiber results, and the effects of cement
damping and matrix fragmentation that occur for inclined fibers must be considered

when modeling the pullout behavior of the composite.

2.4. Creep pullout behavior

Fiber-reinforced cementitious composites can be applied as structural

members, flooring materials, or tunnel linings. In all cases, they are usually
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subjected to sustained static mechanical loads in service and may experience a
deformation called creep, which can be permanent and time-dependent
deformation when subjected to a constant load or tension [35]. This deformation is
observed in several materials, especially polymers, and can affect their
applications because of the reduction in their service life.

In the case of composites reinforced with steel fibers, creep does not appear
to be a problem [7,36] and may even restrict this deformation [36]. However, when
synthetic polymeric macro fibers are used, creep deformation may play an
important role in the opening of cracks over time. The mechanisms involved in the
opening of creep cracks are not yet fully understood; although few studies have
been conducted at the fiber level using pullout tests for macro synthetic fibers fibers
[1,7,14,37,38], much still needs to be studied owing to the great sensitivity of the
tests and lack of standardization.

Vridaghs et al. [15] presented the results of 15 pullout tests under sustained
load on two types of synthetic polypropylene macro fibers (embossed type) with
different loading levels (25, 40, 50, 60%, and 75%) and with 15 mm of embedding
to evaluate the behavior at the fiber level over time (Figure 5). They reported that
the behavior was strongly dependent on the charging rate, with heavier loads

decreasing the time to failure (complete startup).
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Figure 5. (a) Pullout test setup [15]; (b) pull-out creep results for 5 different considered load
ratios for samples with embedding length 15 mm and 6 = 0° [15]. Note the different time

scales.

Babafemi et al. [14,38] performed creep pullout tests on three types of macro
synthetic fibers — two embossed and one crimped — varying in length between 48

and 54 cm (Figure 6). Fifty percent of the short-term pullout load was used in the
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tests for 30 days, with a fixed embedment length of 20 mm in the three fibers. They
reported that the time-dependent pullout response could be influenced by the fiber
type, especially the type of surface corrugation, with the embossed fibers showing
better performance, reaching the test time limit without being pulled out, whereas
the crimped fiber was completely ripped out at 22 days. Microtomography images
suggested that the instantaneous deformation measured shortly after applying the
creep load was purely due to the stretching of the free section and along a
detached section. Isolated fiber elongation has been reported to be more

prominent than creep pull-out.
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Figure 6. (a) Pullout test setup [14,38]; (b) pull-out creep response of macro synthetic fibers

under sustained loadings [14,38].

Lima et al. [7] conducted pullout tests on two types of fibers: a smooth
polypropylene fiber with a deformed geometry measuring 40 mm in length and a
35 mm steel fiber with a hook (Figure 7). The embedded length of the
polypropylene fibers was 10 mm, whereas that of the steel fibers was 9 mm. The
tests were conducted for 7 days at load levels of 50 and 75% of the maximum
short-term pullout load. They reported that the mechanisms involved in the pullout
process of polypropylene fibers played a primary role in creep deformation,
whereas steel fibers did not exhibit significant creep deformations in an
environment with controlled temperature and humidity. Furthermore, they reported
that the smooth nature and low modulus of elasticity of the fibers imply less
adhesion to the matrix, which makes them more susceptible to creep deformations,
especially at higher loads, such as 75%, reaching the tertiary creep stage

(complete pull-out).
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Figure 7. (a) Pullout test setup [7]; (b) results from pullout creep tests [7].

Few studies have reported the long-term behavior at the fiber level in pullout
tests. Furthermore, other variables, such as the angle of inclination in relation to
the loading direction, must be considered. As there are many types of synthetic
fibers in the market, establishing standards for their responses is a goal that will

only be completed with extensive research.

2.5. Rheological Burgers model

The creep behavior of the material under environmental conditions depends
mainly on the applied stress levels and time [39]. The typical creep curve, i.e.,
strain versus time, is divided into three stages: (I) stage transient (primary), where
the strain rate (or creep rate) decreases with time and corresponds to the slope of
the curve, occurs in a relatively short period at the beginning of the test (after
loading) and progressively decreases until reaching the next stage [40]; (1) steady
state (secondary) of longer duration, interrupted by the beginning of the tertiary
stage; (Ill) tertiary state, the deformation increases continuously until the material
ruptures [41]. The tertiary creep phase is never reached during the lifetime of the

structure [41]. The typical creep curve is shown in the Figure 8.
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Figure 8. Creep stages [42].

The total deformation at time t is therefore composed of an instantaneous
elastic deformation and a creep deformation [41]. Creep models that approximate
time-dependent behavior from a combination of elastic springs and viscous
components (dashpots) are called rheological models. In these models, the elastic
element, described as a spring, represents a perfect elastic body obeying Hooke's
law (ideal solid) [43], that is, stress is proportional to strain. The viscous element,
described as a dashpot, represents a perfectly viscous body obeying Newton's law
(perfect liquid) [43], that is, the force is proportional to the strain rate. The Figure 9

shows the representation of these elements.

L

v

a) b)

Figure 9. The representations of the basic mechanical models: a) spring for

Hooke and b) dashpot for Newton [43].
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When tertiary creep is not analyzed, Burgers 4-parameter rheological model
can be used to simulate the creep behavior of polymeric materials and their
composites [44,45]. In this model, the constitutive equations can be derived by
considering the strain response under constant stress of a spring, a dashpot, and
a Kelvin unit connected in series [39,41], as shown in Figure 10. The Burgers creep
model is composed of the Maxwell model and the Kelvin-Voigt model in series,
where the Kelvin model is adopted to describe the transient stage (i.e., the primary
creep), while the Maxwell model is mainly to describe the instantaneous
deformation and the secondary creep stage [46]. Then, the total deformation at

time t, noted &(t), is equal to the sum of the deformations for these three elements:

e(t) = &1+ & (t) + &3(t) D
where
g =2 )
&(6) = 2 [1 — exp (‘n—’? t)] (3)
&5(t) = ;—:t (4)

where g, is the constant applied stress, E; (or R;) and E,(or R,) are the modulus
of elasticity of the springs, and n, and n, are viscosities of the dashpots in this
model. Equation (2) results from the Hooke’s law, ¢;, €,(t), and &;(t) represent,
respectively, the elastic strain of the Maxwell spring, the delayed elastic strain of
the Kelvin unit, and the viscous strain of the Maxwell dashpot [41]. Thus, the total

strain can be expressed as follows:

e(t) = oy IE_11 + % + E—12<1 —exp (_n—iz t))l (5)

33



Total strain

£(7)

(e () —
: Instantaneous : Delayed i lIrreversible
elasticity elasticity part
E, M
| — -
7
——
—1 |

Figure 10. Schematic description of Burger’s rheological model [41].

The parameters of the Burgers model can be obtained from experimental
curves of deformation versus time, as described in Figure 11. This is generally
done by applying curve fitting techniques to all available experimental results to
obtain different sets of model parameters [46], and these can be used to describe
creep behavior. Good fits can be found between experimental results and model
formulations; however, the established model cannot be used for conditions
different from those tested [46].
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Figure 11. Burgers model parameters from the curve features and rheological

representation [39].
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3. MACRO SYNTHETIC FIBER PULLOUT BEHAVIOR ON
SHORT- AND LONG- TERM TESTS

This chapter was published under the reference:
T.da S. Rocha, D.C.T. Cardoso, L.A.G. Bitencourt, Macro synthetic fiber
pullout behavior in short- and long-term tests, Constr Build Mater. 384 (2023).
https://doi.org/10.1016/j.conbuildmat.2023.131491.

3.1. Introduction

In fiber-reinforced concrete (FRC), toughness increases with fiber pullout
because fibers absorb energy as they are deformed or pulled out, depending on
their bond characteristics [22]. Given that structural applications of FRC are subject
to sustained loading over time, the study of the creep effect becomes quite
relevant, especially when using macro synthetic fibers, because polymers are
particularly sensitive to creep, which is generally an undesirable phenomenon that
may limit the material’s use [35].

Researches have been conducted on cement-based composites reinforced
with macro synthetic fibers to assess compressive [7,36,47-49], tensile [1-
4,37,38,50], and flexural [6—12]strengths under sustained loading. Some studies
have already assessed pullout mechanisms under sustained loading [7,14,36-38].
It has been reported that polymer FRC cracking mechanisms account for slowly
deforming stretches of fibers and their interfaces [3,15], indicating that fiber creep
is the determining factor in pullout under sustained loading [14].

Polymer fibers undergo significant elongation before controlling crack
propagation [9,10]. This shortens their transverse section owing to the Poisson
effect. As shown by Babafemi and Boshoff [3], the load transfer between the fiber
and matrix when the matrix is cracked depends on the frictional bond and
mechanical interlock between the fiber and matrix. The frictional bond may weaken
when the fiber contracts laterally, resulting in partial fiber pullout. This process will
continue until debonding stabilizes or the fiber pulls out completely. The pullout
process is intensified by fiber deformation and the resulting loss of friction
resistance in slip [7].

Fibers with a modulus of elasticity higher than plain concrete (such as steel

fibers) restrict concrete creep deformation. In contrast, fibers with a modulus of
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elasticity lower than that of plain concrete (such as polymer fibers) may increase
[36] or only slightly restrict (2%) [12] this deformation. Zhao et al. [36] concluded
that fibers with a low modulus of elasticity could only dissipate energy and increase
the ductility of concrete when the expansion of concrete cracks is relatively large
(owing to their high deformation performance), albeit without improving the long-
term deformation of concrete under a low-stress level. Because stresses are
transferred from concrete to fibers only after the formation of cracks, the
percentage of post-cracking resistance under loading that can be sustained over
time remains unknown [3].

FRCs with macro polymer fibers have been increasingly used, thus requiring
research on their performance over time. The behavior of plain concrete under
sustained loading has already been investigated and can be predicted, but creep
deformations resulting from fiber-matrix interactions and the fiber itself may
significantly affect the material performance. Although a few studies on fiber-matrix
interactions have already been published, there needs to be guidelines and/or
protocols for regulating the design of these composites for sustained loading. In
addition, polymeric fibers produced from different raw materials and with varied
geometric configurations and surface corrugations are available on the market.
The complexity in simulating the behavior of these composites under sustained
loading is explained by difficulties in separating fiber creep from interface creep
because each type of fiber has distinct characteristics. Therefore, a comprehensive
study should be conducted to predict the typical creep behavior of polymer FRCs.

In this study, three different macro synthetic fibers were investigated to
identify the characteristics that stand out in their performance. For this purpose,
quasi-static pullout tests under 20, 30, 40, and 50% sustained loading were
performed. This range of loading percentages was selected to represent the
different service conditions. Furthermore, to confirm the responses to mechanical
tests, imaging tests such as X-ray microtomography and scanning electron
microscopy were also performed on some of the samples tested under sustained

loading to help clarify some of the mechanisms involved in the long-term pullout.
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3.2. Material and methods

3.2.1. Materials and concrete mix

The dosage used in this study was the same as that reported by Souza et al.
[51], who produced polyvinyl alcohol (PVA) fiber reinforced concretes and studied
their behavior for applications to industrial concrete flooring. The composition,
alongside the dosage, is outlined in Table 1. The matrix was produced using
Portland CPV ARI PLUS cement manufactured by Lafarge Holcim (equivalent to
ASTM Cement type Ill). The water/cement factor used in all mixtures was 0.42,
with a minimum cement content of 380 kg/m3. The superplasticizer chemical
additive ADVA® 753, produced by GCP Applied Technologies, was used to ensure
workability. Gravel 0, with 12.5-mm maximum patrticle size and gravel 1, with 19-
mm maximum particle size were the coarse aggregates used in this study. Natural
guartz sand with 2.40-mm maximum particle size and 2.58-fineness modulus
determined according to the Brazilian National Standard NBR 17054 [52]
(equivalent to ASTM C136-01[53]) was used as fine aggregates.

Table 1. Mixture proportions.

Material type Volume (kg/ms3)
Cement (CPV ARI) 380
Quartz sand 811
Coarse aggregate (maximum diameter of 12.5 mm) 250
Coarse aggregate (maximum diameter of 19 mm) 650
Water 160
Superplasticizer 3.80

The mixing procedure was previously described by Souza et al. [51]; fine
aggregates, gravel 0 and gravel 1 were added (dry and in this order) to a concrete
mixer along with 70% water. After 60 seconds of mixing, cement was added and
mixed for another interval of 60 seconds. Subsequently, the remaining volume of
water (30%) was added and mixed again for 60 seconds. In the final step, the
superplasticizer was added and then mixed for 5 minutes. Because all tests were
performed for a single fiber, no more fibers were added to the concrete. The slump-

flow test was performed to assess the workability and flowability of the fiber-free
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matrix. The test followed the criteria specified by NBR 16889 [54] (equivalent to
ASTM C143/C143M-12 [55]) and indicated a slump of approximately 60 mm.

The matrix was characterized using 100-mm-wide and 200-mm-long
cylindrical concrete specimens, which were cast in a mold and kept in a wet
chamber for 28 days after demolding to assess the compressive strength (NBR
7215 [56], equivalent to ASTM C39/C39M-01 [55]) and to determine the initial
tangent modulus of elasticity (NBR 8522-1 [57], equivalent to BS EN 12390-13
[58]). The tests were performed at a rate of 0.35 MPa/s on a Controls MCC8 servo-
controlled testing machine with 2000-kN loading capacity. The axial compressive
strength of four matrix samples at 28 days was 47.32 + 6.24 MPa. The modulus of
elasticity of the 4 samples was 27.98 + 1.97 GPa. The evaluated matrix properties

are summarized in Table 2.

Table 2. Matrix properties.

Properties Value
Axial compressive strength (MPa) 47.32+6.24
Modulus of elasticity (GPa) 27.98 £1.97
Slump (mm) 60

3.2.2. Macro synthetic fibers

Three macro synthetic fibers were used in this study, namely Barchip54,
manufactured by Elasto Plastic Concrete®, TamFib SP54, manufactured by
Normet®, and Tuf-Strand-SF, manufactured by Viapol®. According to the
manufacturers’ datasheets, the fibers and their main characteristics are shown in
Figure 12 and outlined in Table 3. The following nomenclature will be used for
these fibers: BF for Barchip54, TF for TamFib SP54, and VF for Tuf-Strand-SF

fibers.
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Figure 12. macro synthetic fibers.

BF and TF fibers have the same length, straight geometry, and anchoring
provided by the relief of the surface. Conversely, VF fibers are slightly shorter and
have a twisted geometry and smooth surface consisting of three wires bundled
together. To identify the geometric characteristics of the fibers, the equivalent
diameter and the aspect ratio were determined by measuring the cross-sectional
areas of 10 samples of each type of fiber from images acquired using an optical
microscope and the software FIJI [59]. Because none of the fibers had a circular
cross-section, their mean equivalent diameters were determined from the diameter
of a circle with the same area as their cross-section. The aspect ratio was
calculated by dividing the length by the equivalent diameter of each fiber. Figure
13 shows cross-sections of each fiber.

Figure 13. Cross section of the fibers: (a) BF; (b) TF; (c) VF.
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Table 3. Properties of the fibers.

Properties BF TF VF
Fiber type Barchip54 TamFib SP54 Tuf-Strand-SF
Manufacturer Elasto Plastic Normet® Viapol®
Concrete®

: . Virgin Polyolefin Polyethylene/
Fiber material 2 polypropylene Polypropylene
Fiber length (mm)2 54 54 51
Equivalent diameter (mm) 0.862 + 0.022 0.809 + 0.043 0.797 £ 0.047
Aspect ratio (I/d) 62.7+1.6 66.9+ 3.4 64.2 +£3.8
Specific gravity (g/cm3) 2 0.90 0.91 0.92
Tensile strength (MPa) 2 640 540 600-650
Modulus of elasticity (GPa) @ 12 104 9.5
Cross-section Irregular Irregular Irregular
Fiber shape E?ut)r?;seed Ersnubr?ascssd Twisted

& information provided by the manufacturer [60-62].

3.2.3. Preparation of pullout samples

The specimens were cast in a mold manufactured using a 3D printer to
optimize their geometry for fiber placement and leak-free closure. The 3D-printed
mold is shown in Figure 14 (a) and consists of two symmetrical sides and a latch
that seals the fiber vertically and laterally. In addition, because the cast was 3D
printed, a hole with a diameter very close to the diameter of the fiber was included
to serve as a side lock and to perfectly center the fibers. The final specimen is
shown in Figure 14 (b).

The samples were cast first in the two symmetrical sides of the mold, which
were closed using a screw, subsequently placing the fiber and latch. One side was
then filled with the mortar described in Section 2.1 (without the gravels). After
waiting for at least 6 h to ensure hardening on this side, the other side was then
filled with mortar. The specimen was demolded 24 h later. A schematic
representation of the casting steps is shown in Figure 15. A caliper was used to
measure the side without mortar, aiming at measuring the actual length of the side

filled with mortar. After demolding, the samples were kept in a room with controlled
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relative humidity and temperature (50 + 5% and 20 + 1°C, respectively) until the

testing date, i.e., 28 days later.

(a) (b)

Figure 14. a) Mold for pullout test manufactured by 3D printing; b) Specimen after

demolding.

Step 1:
Mold assembly and closing.

Step 2:
Fiber and latch placement.

Step 3: Step 4:
Filling with mortar on one side. After 6 hours, fill with mortar on the
other side.

Figure 15. Sample molding steps using the printed molds.
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3.2.4. Single-fiber pullout test

Pullout tests were performed to determine fibers’ pullout behavior and assess
force transfer through the fiber-matrix interface. Each test was performed with a
single fiber cast on both sides, and the embedment length (Lc) was 20 mm. This
length should be shorter than half the total fiber length to ensure that the interface
behavior is governed by the side with the smallest shear area [24]. Because the
fibers were 54- and 51-mm long, setting the embedment length at 20 mm enabled
the comparison of different fibers and promoted preferential sliding on one side.
The pullout tests were performed on an MTS Series 809 axial/torsional test
system with a hydraulic actuator, a servo-valve, and a load-frame maximum-axial-
force capacity of 250 kN. A 5-kN load cell was coupled to the experimental setup,
and the test was controlled by displacement at a rate of 1.5 mm/min. The samples
were fixed in grips specially manufactured to hold them under a fixed boundary
condition. A linear vertical displacement transducer (LVDT) was also positioned on
a base coupled to the grip to measure deformation during load application. For
each of the three fibers, six specimens were tested. The experimental setup and a
test in progress are shown in Figure 16.
The maximum shear stress (Cmax) Was calculated from the force measured

by the load cell divided by the approximate lateral surface area as follows:

_ Pmax
Tmax - Z’ITTLC (6)

where Pmax is the maximum load, r is the equivalent radius (for non-circular fibers)

calculated from the area of the transverse section of the fiber, and L. is the

embedment length (20 mm).
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Figure 16. (a) Machine for axial/torsional tests (MTS 809); (b) Detail of the pullout test.

3.2.5. Single fiber pullout creep test setup

To assess the creep behaviors in pullout tests with sustained loading, a
simple experimental setup was prepared using the same types of samples as those
used in short-term tests. Given that both ends of the fiber were embedded in
cement mortar, the test setup consisted of fixing the two halves of the sample in
the shape of a “dog bone” and fixing the entire system to the rigid load frame with
a clamp. The loading system was based on the distribution of free suspended
weights on hooks attached to the set, properly aligned with the fiber. This ensured
that, during assembly and testing, the faces of both sides of the sample remained
parallel to represent the cracking plane. A steel plate was welded to the upper
(fixed) hook that held the sample and extended to the halfway point of the lower
(free) hook for specimen rotation constraint around the y-axis (indicated in Figure
17). Because this plate and the clamp holding the sample were in direct contact,
their contacting surfaces were sanded and lubricated with oil to reduce friction. The
pullout displacement was measured using a displacement transducer supported
on a steel plate attached to the lower part of the clamp. Details of the proposed
experimental setup and a test in progress are shown in Figure 17. Data were
collected using an HBM 1615 data acquisition system and the software Catman
Easy at a frequency of 0.02 Hz. The displacement acquisition software was
activated before starting the test to measure the initial loading. The weights were
placed gradually, starting from the largest weights, until all samples were loaded,

43



completing the process within 5 min. Given that the system resembled a pendulum,
to avoid dynamic effects, the weights were carefully placed, and the environment
was isolated to restrict external interference.

The tests were conducted in a room with controlled temperature and relative
humidity of 20+£1°C and 50+5%, respectively. Sustained loading was performed at
20, 30, 40, and 50% of the maximum average load assessed in the short-term
pullout tests. Three samples were tested for each of the three loading percentages.
These loading percentages were chosen because they represent the load fractions
usually applied in service. At all loading percentages, the samples remained
loaded for 10 days when they were unloaded. This setup found difficulties in
measuring recovery after unloading due to the setup instability (pendulum
behavior).

£ N

Screws ' — — -Rotation constraint — —
x  for clamping around y

3

aplication

\ J

Figure 17. (a) Proposed creep pullout setup test with detail of its parts; (b) front view of the

creep pullout setup; (c) actual test in progress.
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3.2.6. Pullout creep mechanism using CT scan images

In addition to pullout tests with sustained loading, X-ray computed
tomography scans were performed on one of the tested samples of each fiber at
50% loading of the quasi-static pullout tests. These images can provide additional
information about the underlying mechanisms by enabling visualization and
measurement of the actual slip at the unloaded tip of the fibers and, therefore, a
comparison of the data with values measured by vertical displacement transducers
during pullout tests with sustained loading.

Acquiring the CT scans required carefully preparing samples (Figure 19 (b))
as prismatic as possible so that the distances traversed by X-rays were
approximately equal, thereby reducing artifacts (more uniform intensity and
transmission). Once they were cut, the samples were glued with tape to a sample
holder, as shown in Figure 18 (b).

The images were acquired on the Zeiss Xradia 510 Versa 3D X-ray
Tomography System of the Department of Civil Engineering, Fluminense Federal
University (Universidade Federal Fluminense — UFF), as shown in Figure 18 (a),
using the acquisition software of this system, termed Scout-and-Scan™ Control
System. The parameters adopted in the CT scans are outlined in Table 4. The CT
scans lasted approximately 40 min and were acquired at 160-kV stress and 10-W
power, with the sample rotating 360°. The distance from the source to the sample
was 60 mm, whereas the distance from the sample to the detector was 78 mm. No

filters were used.

Figure 18. (a) Microtomograph model ZEISS Xradia 510 Versa; (b) Specimen positioned

between the X-ray source and detector.
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Table 4. Microtomography parameters.

Egposure Obijective lens | Binning Pixel size N“’.“be.r of Scan time
time (s) (um) projections
2s 0.4X 1 15.0105 401 40 min

X-ray computed tomography images were automatically reconstructed by the
software Reconstruction Scout and Scan [63]. The images generated in this
software had approximately 15-um3 voxel volumes. Image processing consisted of
identifying the projection that contained the tip of the fiber using the software
Dragonfly [64] (Windows 2022 version) and then extracting a single image of
interest, which was then treated by applying the edge-preserving non-local-means
filter [65]. This filter is available as a plugin of the software FIJI [59] for image

denoising.

3.2.7. Pullout creep mechanism using electronic

scanning microscopy (SEM)

SEM images were acquired to assess the debonding of the interface
between the fiber and cement matrix and hence the slip of the fiber during the
pullout tests with sustained loading. Given that the embedment length was 20 mm
and SEM samples must have a volume of approximately 1 cm3, the sample
previously tested and analyzed by microtomography was cut at 10 mm from the
face of the fictitious crack while centering the sample (Figure 19 (c)). Thus, in
addition to the displacement transducer values assessed during the test and the
slip values at the unloaded tip assessed by microtomography, the slip was also
assessed at an intermediate section between the loaded tip and the unloaded tip
of the fiber.
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Figure 19. (a) Pullout sample; (b) identification of the sections made in the samples for

microtomography; (c) scanning electron microscopy.

The analyses were performed on a TESCAN CLARA field-free analytical
ultra-high resolution (UHR) SEM, operated by the Rheology Research Group
(Grupo de Reologia — GReo) of the Department of Mechanical Engineering at
Pontifical Catholic University of Rio de Janeiro (Pontificia Universidade Catélica do
Rio de Janeiro — PUC-Ri0). The samples previously cut for microtomography were
then longitudinally cut into sections smaller than 1 cm3 at 10 mm from the loaded
tip of the fiber, an intermediate height between the loaded tip and the final fiber tip,
which had already been assessed by microtomography. The samples were dried
in an oven at 50 °C for 48 h and kept in a desiccator for 72 h to remove their
moisture as much as possible.

3.3. Results and discussion

3.3.1. Single fiber pullout test

Figure 20 shows the curves of the pullout tests performed for the three fibers
studied at the same embedment length of 20 mm. The curves refer to the mean
value of six samples, and the greyish shade represents the standard deviation.
The mean values of real embedding length (the length measured after casting one
side of the mold) and maximum load (Pmax), and bond stress (Cmax) are outlined in
Table 5, alongside the standard deviation of each series of tests. A significant
standard deviation was observed, which may be explained by slight changes in the

embedded lengths due to vibration and manual insertion of the fibers.
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Table 5. Maximum load and bond strength of the pullout test

Fiber type Embedment length (mm) Pmax (N) Ciax (MPa)
BF 19.3 £ 0.829 189.4 + 36.8 3.85+0.917
TF 20.5+1.47 1325+ 115 2.66 £ 0.378
VF 21.1+1.24 22.7+14.6 0.559 +0.132

In macro synthetic fibers, the low modulus of elasticity and hydrophobicity
accounts for the low frictional bond between the fiber and the matrix. Under these
conditions, pullout resistance is primarily promoted by friction, resulting in a typical
failure due to a complete fiber pullout with significant surface abrasion
[3,15,24,66,67]. In BF and TF, five of the six samples showed complete fiber
pullout, and only one broke during the test. However, in VF, all fibers were
completely pulled out. This is the desired outcome because this failure mode allows
high deformation before the composite breaks.

In addition, fibers with surface corrugation (BF and TF) showed a higher bond
strength than smooth fiber (VF). In fibers, this corrugation increases the bond to
the matrix and explains the waveform shape of the curve after the peak. The wavy
shape of the curve results from surface degradation in fibers with relief, promoted
by the pullout process, which increases friction between the fiber and the matrix
[14,68,69]. The number of waves may vary linearly with the embedment length, as
suggested by Vrijdaghs et al. [37] and Li et al. [69]. In smooth fibers (VF), the
debonding process starts with the nonlinearity of the curve (after reaching the
maximum load Pmax), followed by an approximately constant stretch (where the
pullout behavior is governed by friction alone) until the complete pullout. The optical
microscopy images shown in the before-and-after insets of pullout fibers in Figure
20 helped to corroborate the higher bond stress of BF fibers, which were notably
degraded after the tests. In contrast, TF and VF fibers showed few signs of wear.
High energy dissipation occurred through surface abrasion, increasing pullout
resistance when the fiber was completely pulled out [28].

Babafemi et al. [14] found similar results when analyzing three fibers, one of
which was BF, which showed a maximum mean load (Pmax) Of 174 N and a
maximum bond stress (Cmax) Of 3.26 MPa. The author also explained that BF
showed the best pullout performance because this fiber had the largest equivalent
diameter (0.85 mm versus 0.74 mm for the second-best result) and the strongest
constituent material (with polyolefins outperforming polypropylene fibers). This

hypothesis could also be valid for the fibers analyzed in this study.
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Castoldi et al. [70] and Lima et al. [7] conducted pullout tests with VF fibers
and reported bond stresses (Cmax) of 0.30 and 0.52 MPa. In the study by Castoldi
et al. [70], the fiber was the same, albeit with an embedment length of 25 mm.
Conversely, in the study by Lima et al. [7], the fiber was a slightly smaller version
of VF with a length of 40 mm and an embedment length of 10 mm. Monteiro [71]
tested the pullout of BF and TF fibers, reporting bond stress (Cmax) vValues of 3.0
and 2.24 MPa, respectively. In all cases, the shape of the curves and the values
match those of the fibers BF, TF, and VF tested in this study.
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Figure 20. Curve of pullout force versus slip of the fiber (a) BF; (b) TF; (c) VF.
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3.3.2. Single fiber pullout creep test

The curves of slip as a function of time are shown in Figure 21, Figure 22
and Figure 23. The curves in (a) show the results of three samples subjected to
the same level of load (50%), whereas the curves in (b) show the mean values of
the three curves at 50% load and of a sample at each of the other load levels
normalized according to Eq. (2).

All fibers showed an instantaneous pullout displacement (dinst) (essentially
elastic [35]) immediately after applying the load. According to Babafemi et al. [14],
once the load is applied, an initial displacement occurs around the fiber, a few mm
from the entry point of the matrix into the fiber. The experimentally measured
instantaneous displacement (dinst) reflects the instantaneous elongation of the fiber
along the free length [14,15], but some portion of instantaneous pullout can also
be considered. In this case, given that both sides of the fiber are embedded in the
matrix, a portion of displacement can be assigned to the non-preferred side of the
pullout (longer embedded length). At a 50% load level, the fiber TF showed the
highest initial displacement; if assumed as a fiber elongation, this initial
displacement may be related to the stiffness of the material.

In BF and TF fibers, the pullout continued to increase at a decreasing rate
over time during the test, whereas two of the three samples of VF fibers tested at
a 50% load level were completely pulled out within 48 h, as shown in Figure 23 (a),
reflecting a state of tertiary creep with sudden fiber pullout. In all other cases, the
fibers experienced a secondary creep stage, with a decrease in the slip rate over
time. The final mean pullout displacement at 10 days and under 50% load was
0.301 mm for BF, 0.624 mm for TF, and 0.219 mm for VF (considering that only
one of the three fibers tested reached 10 days without breaking). For the VF fibers,
the shape of the observed displacement versus time curve was different from the
other fibers. The curve in the form of steps can be justified due to the intense
porosity of this sample, which may have facilitated an abrupt pullout in regions with
pores at the fiber-matrix interface. A more detailed explanation along with the
micro-CT images are shown in Section 3.3.

The instantaneous displacement (dinst) and creep coefficient (¢creep) in pullout
are shown in Figure 21 (b), Figure 22 (b), and Figure 23 (b). The creep coefficient
is defined as follows:

Scree (t)
Dcreep @) = —=b (7)

ainst
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where t is the time at which @, (t) is determined. For the ages of 3, 7 and 10

days, these parameters of the three fibers are summarized in Table 6.

The creep coefficient (¢,c.p (t)) increases over time at all load levels, albeit
at a decreasing rate. The stiffness and strength of polymer fibers are sensitive to
changes in temperature and humidity, and even in a controlled environment, as in
this study, significant deformations were observed within 10 days. Because
polymer fibers are weakly bonded to the matrix, even at low load levels (such as
20%), slip creep occurs in all three fibers tested. However, the values assessed in
this study cannot be attributed only to pullout creep. The creep of the fiber itself
can be considered the main mechanism of composites reinforced with macro
polymer fibers[14,15], as discussed in more detail in Section 3.4.

In the three types of fiber under study (BF, TF, and VF), the curves at a
20% load slightly deviate from the other three curves shown in Figure 21 (b), Figure
22 (b), and Figure 23 (b). In these normalized graphs, the results are closer,
although a significant variation can also be observed.

Among the results published in the literature, Babafemi et al. [14] reported
a creep displacement of 0.760 mm for BF versus 0.298 mm assessed in this study
for the same 10-day period. For VF, Lima et al. [7] succeeded in recording results
at a 50% load level but only reached tertiary creep in samples subjected to 75%
load, even for the slightly shorter VF fiber (40 mm) with an embedment length of
10 mm. In addition, the authors reported an average displacement of 0.034 mm at
6 days and a 50% load level versus 0.219 mm at 10 days assessed in this study.
For TF, no reports were found in the literature.

It is important to emphasize that the results obtained do not represent the
real situation of the composite since other factors, such as fiber orientation,
influence the pullout behavior and were not considered in the results. The fiber
orientation is an extremely important parameter since in a real composite the fibers
are randomly dispersed and this orientation can either increase or reduce the
composite strength [32,72—-74]. However, this article aims to understand the pullout
behavior with fibers aligned with the loading direction and the understanding of the
behavior when the orientation is different from 0°, although it is of paramount

importance, it is not addressed.
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Figure 21. (a) Slip versus time curves for the BF fiber loaded at 50% of its pullout resistance

load; (b) creep coefficient (¢gcreep (t)) over time for all loading levels tested.
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Figure 22. (a) Slip versus time curves for the TF fiber loaded at 50% of its pullout resistance

load; (b) creep coefficient (@creep (t)) over time for all loading levels tested.
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Figure 23. (a) Slip versus time curves for the VF fiber loaded at 50% of its pullout resistance

load; (b) creep coefficient (¢creep (t)) over time for all loading levels tested. **Note the

different creep coefficient scale, compared to the same graphs of the other fibers studied.

Table 6. Summary of the parameters obtained from the pullout tests under sustained load.

Fiber type Oinst (MM) Pereer
3 days 7 days 10 days

BF_20 0.066 + 0.031 1.28 £ 0.491 1.30 £ 0.428 1.40 £ 0.394
BF_30 0.052 + 0.002 1.37 £ 0.049 1.44 £ 0.046 1.48 £ 0.041
BF_40 0.144 + 0.033 1.80+1.14 2.01+143 2.11+1.56
BF_50 0.364 + 0.064 1.97+£0.174 2.18 £ 0.213 2.31+0.191
TF_20 0.999 + 0.027 1.42 £ 0.553 1.43+£0.624 1.49 £ 0.706
TF_30 0.245 +0.134 1.24 £ 0.587 1.26 £ 0.556 1.29+£0.723
TF_40 0.146 + 0.143 1.40 £ 0.147 1.42 £ 0.136 1.48 £ 0.131
TF_50 0.396 + 0.139 1.49 £ 0.226 1.59 £ 0.275 1.64 £ 0.287
VF_20 0.010 £ 0.005  0.996 + 0.005 1.08 £ 0.152 0.994 + 0.594
VF_30 0.038 + 0.049 1.29 £ 0.268 1.29 £ 0.120 1.28 £+ 0.181
VF_40 0.037 + 0.036 1.57 £ 1.759 1.58 £ 1.540 2.17 £1.537
VF_502 0.027 £ 0.08 3.432 4532 7.892

@ No standard deviation as only one sample reached age without breaking.

A 4-parameter rheological Burgers model is used to evaluate the viscoelastic

behavior of composites and predict the pullout behavior over time. In an adaption

of the original equation that correlates strain, stress and time, in this work, the
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model will be adopted to correlate the pullout displacement, bond stress and time,

as follows:

6(t)=;—j+;—‘;<1—exp(%)>+;—jt (8)
where (1) is the pullout displacement at a given time t, 1o is the bond stress, R; is
the instantaneous elastic stiffness of the Maxwell unit, R; is the elastic stiffness of
Kelvin—Voigt representing the contribution of the retarded elastic region, ns is the
dashpot of the Maxwell element that represents the residual viscosity, and n; is the
dashpot related with Kelvin—Voigt that represents the internal viscosity.

The parameters of this model were determined from regression of the mean
experimental data obtained in the creep tests and are reported in Table 6, along
with the coefficient of correlation R?. In addition, a comparison of the experimental
curves and models for the three types of fibers at 50% loading level is depicted in
Figure 24.

Table 7. Burgers model parameters for the three fibers at all their sustained loading levels.

Burgers model parameters
Fiber Loading

RZ
type level R1 R> ni n2
(MPa/mm) (MPa/mm)  (MPa.s/mm) (MPa.s/mm)
50% 13.1 225 2.37 x 107 8.59 x 10° 0.99
40% 11.1 40.6 5.91 x 107 1.91 x 106 0.98
BF
30% 23.6 53.1 1.64 x 108 4.65 x 108 0.97
20% 11.9 70.3 5.09 x 107 2.21 x 106 0.96
I I I I
50% 3.07 11.2 1.53 x 107 5.94 x 10° 0.99
40% 6.94 26.2 4.39 x 107 1.24 x 106 0.97
TF
30% 3.12 18.9 3.86 x 107 9.50 x 10° 0.98
20% 10.75 22.1 7.54 x 107 1.70 x 108 0.97
[ I I I I I I |
50% 8 20 2.16 x 106 1.35x 10° 0.79
VFa
30% 4.67 10.6 3.80 x10% 1.54 x 106 0.72

a |t was not possible to perform the regression with a correlation coefficient above
70% for stress levels 20% and 40% of the VF.

54



It can be observed that coefficients of correlation remained above 0.96 for
BF and TF fibers at all load levels, demonstrating a good fit. On the other hand,
due to the significant variation and ‘steps’ in the results for VF samples (Figure 24),
lower coefficients of correlation were obtained, resulting in a poorer fit. For VF
fibers at stress levels of 20% and 40%, the model could not be applied. According
to the parameters obtained and presented in Table 7, the BF samples presented
the highest values for R: (ranging between 11.07 and 23.61 MPa/mm), followed by
the TF samples (ranging between 3.12 and 10.75 MPa/mm). The slightly higher
stiffness attributed to the BF sample may be due to the better adhesion between
the fiber and the matrix, demonstrated in the pullout tests. Parameter n, regulates
how fast the curve enters the secondary creep stage. For all loading levels and all
samples, the lowest values were found for the highest loading percentages (50%),
indicating a primary creep characterized by longer periods of time. It is also
important to highlight that the dependence of the elastic properties on the applied

stress is characteristic of nonlinear viscoelastic behavior.
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Figure 24. Comparison analysis between the experimental value and rheological Burgers

model results.

3.3.3. Pullout creep mechanism using CT scan images

To avoid spending excessive time acquiring CT scans, a relatively low

number of projections was used. Given the low density of polymer fibers, very little
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difference was observed between fiber and matrix pores. Thus, only the displaced
tip of the fiber could be identified, presenting approximately the same shade as the
pores. We were unable to identify its slip along the length of the fiber and the lateral
contraction of the fiber due to the Poisson effect, especially because the images
were obtained after the test and in an elastic section where there is recovery.

BF showed no visible sign of tip slip after 10 days under a 50% load level,
as shown in Figure 25. Babafemi et al. [14] also measured BF-fiber tip slip,
establishing a sample load and a de-load process for imaging at some stages (1,
14, 21, and 24 days), subsequently subjecting the samples to a new load. Their
objective was to analyze the mechanisms that occurred over time and to compare
the findings with displacement results measured by displacement transducer. In
the first three stages (up to 22 days), microtomography images did not show any
tip slip, whereas displacement transducer readings indicated displacements,
initially identified as creep. Only after the fourth load cycle (at 24 days), when they
increased the load level to 60%, were the authors able to measure tip slip,
recording a value of 0.35 mm, whereas the displacement transducer indicated 1.5
mm. In conclusion, the instantaneous strain measured in these tests is nothing
more than fiber elongation, and fiber creep is the dominant factor in pullout under

sustained loading.

T tip

Figure 25. X-ray microtomography image of the sample containing the BF fiber tested to

pullout with sustained loading for the 50% loading level.
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Conversely, TF showed a tip slip consistent with displacement transducer
values recorded in the pullout test with sustained loading, as shown in Figure 26.
Because the tip was not regular, two orthogonal measurements were performed.
In one of them, the slip was 0.330 mm, whereas, in the other measurement, the
slip was 0.188 mm. VF also displayed tip slip, as shown in Figure 27. In this case,
the microtomography value was higher than that displacement transducer value,
with tip measurements of 0.301 mm and 0.291 mm, respectively. The
microtomography and displacement transducer values are outlined in Table 8.

An important observation is that matrix porosity was more visible around the
VF fiber because all specimens had the same dosage and were molded in exactly
the same way. This result can be explained by the bonding difficulty of fibers with
a twisted geometry, which increased the porosity and further weakened the
interface. This behavior was observed by Peled et al. [67] in crimped fibers, which
prevented an efficient packing of cement particles, generating large voids around
the fiber and at the interface. This high porosity, including a pore longer than 5 mm
exactly between the fiber and the matrix (Figure 27), could be the reason why only
one of the fibers at 50% load reached 10 days without being pulled out, which was
precisely this fiber. In addition, creep pullout increased abruptly (Figure 23),
creating steps in the graphs over time, possibly due to the high porosity of some
regions of the fiber without interface with the matrix, thus facilitating the pullout.
The overly porous matrix and these pores at the interface resulted in the premature
pullout, impairing the overall performance of the composite. This type of fiber is
also associated with the formation of bundles [69], which decrease the interaction
between the matrix and the fiber because fibers must be uniformly distributed in
the matrix to be effective. Furthermore, 0° orientation cannot be guaranteed, as
the fiber is extremely deformable.

These bond problems and the high porosity might have been why VF showed
a tip displacement measured in microtomography images higher than that
measured by displacement transducer. Because the bond was weakened, the
demolding and assembly of the creep test might have caused some displacement
in the fiber, given that a pore larger than 5 mm was present at the interface between
the fiber and the matrix. These results might have been significantly affected by
the high sensitivity of the test and by the fiber in question.

Figure 28 also shows microtomography images of TF and VF fibers tested
at 40% load level. At this load percentage, the fibers did not show tip displacement

and thus did not require imaging lower loads. Both fibers were damaged, including
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split in half, a behavior that is commonly observed even in fibers that were not used
in the test.

The findings reported by Babafemi et al.[14] on BF are similar to the results
found in this study, corroborating the hypothesis of the key role that fiber creep
plays in the overall behavior of the composite, especially for macro synthetic fibers
with a higher modulus of elasticity. In the same testing period, the TF and VF fibers
showed different behaviors, with a significant tip slip. Babafemi et al. [14] also
tested the creep pullout of another fiber (with a modulus of elasticity exceeding half
the value reported for BF), reporting tip slip in the first stage (1 day) assessed in
microtomography images. Because VF had bond problems, the BF and TF fibers
were compared. Both fibers with the same length, very similar surface relief and
equivalent diameter showed significant differences in creep. Thus, the modulus of
elasticity and possibly the shape of the transverse section (as discussed in Section
3.5) may affect the final performance under sustained loading.

>

Fiber tip

Figure 26. X-ray microtomography image of the sample containing the TF fiber tested to
pullout with sustained loading for the 50% loading level, where (a) x-y view and (b) z-y

view.
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Figure 27. X-ray microtomography image of the sample containing the VF fiber tested to
pullout with sustained loading for the 50% loading level, where (a) x-y view and (b) z-y

view.

Table 8. Summary of values measured by microtomography and displacement transducer.

Measurement 3 BF_50 2 TF_50 2 VF_50
At pullout (mm) 0.177 0.570 0.219
At microCT (mm) 0 0.330 0.301
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Matrix

Figure 28. X-ray microtomography image of (a) the sample containing the TF fiber tested
to pullout with sustained loading for the 40% loading level and (b) the sample containing

the VF fiber tested to pullout with sustained loading for the 40% loading level.

3.3.4. Pullout creep mechanism using electronic

scanning microscopy (SEM)

SEM made it possible to identify, in this case, the loss of bond along the
embedded length. As shown in the previous section, for the specific case of the BF
fiber, we were unable to identify the slip at the fiber tip by microtomography. Thus,
the displacement measured in this fiber could have basically reflected fiber
elongation without pullout per se. However, as shown in the images of Figure 29,
a significant loss of bond occurred in the intermediate section, where the entire
fiber perimeter was detached from the matrix. This finding suggests that, after
stretching, the fiber lost its bond to the matrix and that some slip may have
occurred, especially in the loaded tip, which is the most used area, initially. At the
loaded tip, the inset in Figure 29 (b) shows that a part of the fiber perimeter was
still well bonded to the matrix, whereas another portion had already lost the bond.
These results indicate a non-uniform fiber pullout. However, we cannot disregard
the possibility that the fiber has lost bond as a result of the manipulation to cut the
sample and the temperature change experienced, which could cause it to contract.
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Figure 29. SEM images of the BF fiber: (a) tip loaded 130x; (b) tip loaded 2000x; (c)

intermediate section 200x; (d) intermediate section 1000x; (e) intermediate section 10000x.

SEM images of TF fibers are shown in Figure 30. In both the loaded tip and
mid-section of the fiber, loss of bond is observed virtually along the entire
perimeter. An important detail shown in Figure 30 (e) is the degradation of the fiber,
which is split in two. This separation is even observed in fibers not yet used, which
can interfere with the final performance of the composite and with the bond to the
matrix. Another issue that must be stressed is the shape of the transverse section
of this fiber, which had the same size, the same material, and approximately the
same equivalent diameter as the BF fiber, but considerably differed in
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performance, especially in pullout. Among the possible explanations, this
difference may be attributed to the shape of the transverse section, with sharp
corners and angles smaller than 90°. During pullout, these corners can concentrate
tensions, favoring bond loss in these regions and, therefore, fiber pullout.
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Figure 30. SEM images of TF fiber: (a) tip loaded 100x; (b) tip loaded 400x; (c) intermediate
section 200x; (d) intermediate section 2000x; (e) intermediate section 2000x.

The images of the VF fiber are shown in Figure 31. In this specific case, it
was only possible to image the loaded tip because the fiber was twisted. When
cutting, and obtaining a 1-cm? sample, the part containing the fiber was ultimately
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cut, and the sample was lost. However, the loaded tip of this fiber showed a much
more porous matrix than those of the other fibers, albeit with the same matrix. Very
large pores were observed around the fiber, which may have contributed to the
final pullout performance. Given that the matrix in this fiber was the same as in the
other samples, we hypothesize that the twisted fiber required higher bonding
energy because it underwent exactly the same casting procedure, but the density
was insufficient, creating bubbles (pores) around the fiber. In addition,
polypropylene is hydrophobic, which prevents a well-consolidated bond and can

lead to high porosity when the constituent materials are not homogeneously mixed.

Interface

3

Figure 31. SEM images of the VF fiber: (a) tip loaded 100x; (b) tip loaded 400x.

3.4. Conclusions

Short- and long-term pullout tests were conducted to clarify the mechanisms
behind the creep of composites reinforced with polymeric macro fibers, particularly
in the portion referring to creep at the matrix—fiber interface. As a result, the

following conclusions can be drawn:

1. In pullout tests under short-time loading, the typical failure mode was
complete fiber pullout. The crimped fibers (BF and TF) showed higher
bond strength and marked surface degradation, whereas the twisted
fibers (VF) were pulled out almost exclusively due to friction, without
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any signs of abrasion. Geometric properties seem to have a
significant impact on these results.

The Burgers model was applied to the experimental curves and
resulted in a good fit for all load levels of the BF and TF samples. On
the other hand, the regression for VF samples resulted in lower
correlation coefficients due to the ‘steps’ (discontinuities) present in
the pullout curves. The parameters can be important for modeling
cementitious composites in fiber scale.

Microtomography images of the fiber ends were obtained after the
pullout tests were performed under a sustained load of 50% to
compare the displacements measured by the transducer. The results
indicate that the BF fiber did not exhibit a displacement at the end;
thus, the displacement measured by the transducer may have
resulted from the creep of the non-embedded part of the fiber and
interface creep of the part embedded in the matrix. Concerning the
TF fiber, approximately 58% of the strain measured was related to
the end displacement shown in the microtomography images. In
contrast, the VF fiber exhibited an end displacement greater than that
measured by the transducer, exhibiting a much more porous matrix
than the other samples, with pores greater than 5 mm at the fiber-
matrix interface, significantly impacting the fiber-matrix bond, while
the sample handling itself may have resulted in larger fiber
displacement.

Images obtained by scanning electron microscopy (SEM) in an
intermediate section along the embedded length showed that all
fibers had lost bond with the matrix, with the interface degraded. An
important observation about the cross-section of the BF fiber is that
it has sharp corners with angles smaller than 90°, which can impact
its pullout performance, given that these are regions that concentrate
stresses.

Therefore, it can be concluded that the final pullout creep is largely
attributed to the creep of the fiber itself. The characteristics and
properties of the different fibers considerably influence the final
response under sustained load, making it difficult to predict the creep

of this type of composite.
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4. INFLUENCE OF FIBER ORIENTATION ON THE
BEHAVIOR OF MACRO SYNTHETIC FIBER IN
SHORT- AND LONG-TERM PULLOUT TEST

4.1. Introduction

Macro synthetic fibers have been widely used in cementitious matrix
reinforcement applications. However, some of their characteristics and effects
have yet to be elucidated. Notably, polymeric materials tend to respond to short-
term loads elastically, although they present a viscous behavior with sustained
loads over time, deforming indefinitely [75]. As structures need to be designed for
a specific working life, the creep behavior of these materials should be
investigated, considering that the structural life span is limited by the time to creep
failure [75].

Pullout tests are commonly used to investigate fiber—matrix interactions, as
they can measure the force required to extract embedded fibers. The pullout and
flexural strength curves of the composite, although extremely representative of the
real behavior, are influenced by various fiber and matrix characteristics, such as
the angle of inclination of the fiber concerning the direction of the load. In real
composites, the distribution and orientation of fibers are generally random with
respect to possible fracture planes, primarily influenced by factors such as the
placement point and direction, element geometry, and the use of vibrators [76]. In
addition, fibers often tend to assume angles other than 0° with respect to the
direction of the load, affecting the overall composite strength.

The angle of inclination of the fibers can influence the pullout behavior in
several ways. However, these responses are primarily dependent on fiber shape
and properties, mainly whether the fiber is steel or synthetic [69]. The pulling
process, as suggested by Li et al. [69] and Wu and Li [77], is analogous to a cable
passing over a friction pulley. A concentration of stresses occurs on the pullout
surface, close to the support point, increasing the frictional resistance due to the
high contact pressures (snubbing effect) [69,74]. Owing to the tensions applied to
the matrix at the fiber exit point, a local fragmentation may occur as the angle
increases [34,69]. The snubbing effect is more significant in polymeric fibers than
in steel fibers owing to premature matrix fragmentation caused by the high stiffness

and elastic resistance of steel fibers [69]. In addition, the fibers are obliged to slip
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through this fragmented region, causing plastic deformations in the fiber [34] and
increasing its probability of failure [31], especially in the case of deformed fibers
with superficial corrugation [34].

The pullout behavior under a sustained load can also depend on the angle
of inclination of the fibers. Considering steel has negligible creep at ambient
temperature [75,78], its long-term load-carrying capacity is not a concern.
However, owing to their viscoelasticity, polymeric materials exhibit high
deformations over time [14,15,75,78]. Therefore, some studies have extensively
investigated the pullout mechanisms of polymeric macro fibers under a sustained
load [3,7,14,15,36]. Their results show that pullout creep is caused by a
combination of fiber creep and pullout creep [3,14,15], with the shape, surface
corrugation of the fiber and its modulus of elasticity [36] being the main parameters
that govern the behavior under sustained load. However, none of these studies
considered the effects of fiber orientation over time.

The mechanical behavior of fiber-reinforced composites is significantly
related to the pullout behavior of an individual fiber. If inclined fibers behave
differently from aligned fibers during the pullout, the performance of these
composites cannot be evaluated solely based on fiber-aligned results. As the fibers
are embedded into the matrix to bridge the cracks, an inclination concerning the
direction of the load can impair the overall toughness of the composite. Therefore,
the snubbing and matrix fragmentation effects for inclined fibers must be
considered when modeling the pullout behavior under sustained load, especially
when polymeric fibers are used.

This study performed pullout tests with fibers inclined at angles at 15°, 30°,
and 45° for three different macro synthetic fibers. First, a quasi-static test was
conducted. Then, using the results, a sustained load of 50% of the maximum peak
load was applied for 10 days. Finally, the influence of fiber orientation on the pullout
test under sustained loading with inclined fibers was investigated and correlated
with the quasi-static pullout mechanisms already established in the literature. In
addition, a four-parameter Burgers rheological model that correlates pullout
displacement, apparent bond stress, and time is used to predict pullout behavior
over time. Expressions to obtain the rheological model parameters as a function of
fiber orientation are also proposed and can be applied to simulate the behavior of

these composites in mesoscale models.
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4.2. Experimental program

4.2.1. Materials

The materials used in this Chapter are the cement matrix described in the
Section 3.2.1 and the three macro synthetic fibers studied so far and with their
properties described in the Section 3.2.2.

4.2.2. Preparation of pullout samples

A mold was developed using a 3D printer, an updated version initially
described in Rocha et al. [79] and in the Section 3.2.3. The mold has two
symmetrical parts closed transversely by two screws at their ends. A lock was
inserted at half the height of the test specimen to enable the fiber to be positioned
before molding it. For this updated mold, a hole with a diameter slightly greater
than that of the fiber was introduced for locking and centralization of the fiber. The
hole position was defined to meet the desired fiber angles (15°, 30° and 45°). The
printed pattern and fibers positioned for each orientation are shown in Figure 32.

The process of assembling and molding the printed mold can be seen in
Rocha et al. [79] and in the Section 3.2.3. The mortar corresponding to the
concrete described in section 3.2.1 was used, but without the gravel. The
specimens were demolded 24 h later and kept in a controlled room (relative
humidity of 50 £5% and temperature of 20 +1°C) until 28 days of age, when they
were tested. Samples after demolding for each angle of inclination are shown in
Figure 33.

=4

f |
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Figure 32. 3D printed pullout molds with fibers inclined to (a) 15°, (b) 30°, and (c) 45°.
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Figure 33. Specimen after demolding with fibers inclined to (a) 15°, (b) 30°, and (c) 45°.

4.2.3. Short-term single-fiber pullout test with inclined
fibers

Pullout tests were performed to determine the pullout behavior of the fibers
at different angles of inclination. The tests were carried out with a single fiber
embedded on both sides of the specimen with an embedded length (L.) of 20 mm.
To ensure pullout on a critical side with a smaller interfacial area [24], an
embedment length of 20 mm was adopted for the shortest side. This setup was
designed so the concrete faces remained approximately parallel during the test.

Samples were inserted into specially designed grips and a displacement rate
of 1.5 mm/min was adopted. The following were attached to the system: a 5 kN
load cell and a linear vertical displacement transducer (LVDT) positioned on a base
coupled to the grip to measure deformation during load application. Five
specimens were tested for each of the three fibers and four angles. The
experimental setup is shown in Figure 34 and the maximum shear stress (7,,4x)
was computed as equation (6) describes in section 3.2.4.
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Figure 34. Details of the pullout test: (a) before and (b) after the test.

4.2.1. Single fiber pullout creep test setup with

inclined fibers

To evaluate the pullout behavior under sustained load, an experimental setup
was developed, as described in section 3.2.5. Generally, as the fiber was
embedded on both sides of the sample, with the largest embedded side being 20
mm, the chosen solution was to fix the sample with a hook attached to each of its
ends, where one side would be fixed to a rigid structure and therefore free from
displacement, and at the other end a hook that allowed loading with suspended
free weights. Care was taken to ensure alignment of the system and that both sides
of the sample remained parallel, thus simulating the crack opening phenomenon.
A steel plate was welded to the upper (fixed) hook, which held the sample and
extended halfway to the lower (free) hook to restrict the rotation of the sample
around the y-axis (indicated in Figure 35). An update to this setup was the insertion
of two other plates welded to the system to prevent the sample from translating
around the x and z-axis (both indicated in the Figure 35-a). The bottom slides
through a tongue-and-groove fitting. The plates and the clamp that held the
sample, which were in direct contact, had their contact surfaces sanded and
lubricated with oil to reduce friction. Details of the proposed experimental setup are
shown in Figure 35. Data was acquired automatically with an HBM 1615 at a
frequency of 0.02 Hz. The weights were placed gradually to avoid dynamic
overload and to achieve the final load within 5 min.
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The tests were conducted in a controlled room (temperature of 20 £1 °C and

relative humidity of 50 +5%). Three samples for each selected angle were tested

at 50% of the average maximum load evaluated in the short-term pullout tests

(Table 9). The samples remained loaded for 10 days, when loads were removed.

Unfortunately, this setup could not efficiently measure recovery after unloading due

to instability issues (pendulum behavior).

7
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Figure 35. (a) Schematic with the proposed creep experimental setup and real images of

the details; (b) Schematic of the arrangement of the weights suspended in the claws

attached to the lower end of the sample; (c) image of the actual test in progress.
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4.3. Results and discussion

4.3.1. Short-term single fiber pullout test with inclined

fibers

Figure 36, Figure 37 and Figure 38 show the pullout curves for the type of
fibers and angles investigated at the same specified embedment length of 20 mm.
As the LVDT used had a 10 mm full range, the curves show the displacements up
to this value. However, the pullout tests were performed until failure or when the
fibers were fully pulled out. Each curve represents the mean response of each
group, whereas the grey shade represents the envelope of results. Table 9
summarizes the mean values of the real embedment length (measured after
casting one side due to small variations from the pre-established 20 mm, as
explained in section 4.2.2), maximum load (P,,,) and bond stress (1,,4,), along
with their corresponding standard deviations. A significant variation was observed,
which may be explained by small changes in the embedded lengths due to
vibration and manual insertion of the fibers. The inclined fibers had embedded
lengths exceeding the initially specified 20 mm.

Increasing the angle of inclination (8) of the fibers about the direction of the
load significantly influences the maximum load (B,,), slip at the peak load, and
probability of fiber rupture before pullout. For BF fibers, an increase of 13.4% and
12.4% in P,,,, Was found for angles of 15° and 30°, respectively; for TF fibers, a
5.1% increase in P, 4, was observed for the 15° angle. However, as the embedded
lengths varied, a comparison in terms of the maximum shear stresses (t,,4,) Was
necessary for reliability. Therefore, the values of the angle of inclination (8) versus
the maximum shear stresses (t,,4,) for all fibers are plotted in Figure 39. In this
case, none of the fibers experienced higher t,,,, mean values than those from the
results of the fibers at 0° as reported by Rocha et al. [79] and describes on Section
3.3.1. Moreover, with an increase in the angle of inclination, the efficiency of this
behavior and the pullout resistance were reduced. Although different angles of
inclination were tested, the shapes of the curves are similar with only minor
variations. Considering the standard deviation, small differences of t,,,, were
observed for all the tested angles, especially for VF fiber. During the pullout test,
when the bond had already been lost, the frictional resistance mechanism was
mobilized, generating an upward pressure in the matrix around the exit point,
increasing the friction and consequently the force necessary to pullout the fiber

[34,74]. This additional resistance to the pullout force can compensate for the
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reduced efficiency when considering only the angle of inclination [69,73], resulting
in not pronounced changes in t,,4y-

250 |- =/ BF_0° —— BF_15° — BF_30° BF_45°—
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100

50

Slip (mm)
Figure 36. (a) Load versus slip curve of BF fiber pullout test at 0°, 15°, 30°, and 45° angles;

(b) optical microscopy images of the fibers after pulling out at the different tested angles.
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Figure 37. (a) Load versus slip curve of TF fiber pullout test at 0°, 15°, 30°, and 45° angles;

(b) optical microscopy images of the fibers after pulling out at the different tested angles.
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Figure 38. (a) Load versus slip curve of the VF fiber pullout test at 0°, 15°, 30°, and 45°

angles; (b) optical microscopy images of the fibers after pulling out at the different tested

angles.

Table 9. Pullout test parameters.

I;l/lz)ir Embed(rpnenzl)t length Skl;g (?t( rﬁi?)k Puax (N) Conae (MPa)
BF_0° 19.3 £0.829 2.85+2.8x10°5 189.4 + 36.8 3.85+0.917
BF_15° 24.3 £1.49 2.64 £ 0.009 2146+ 28.1 3.33 £0.528
BF_30° 23.5+1.35 3.23 £ 0.009 212.6 £14.2 3.36 £0.228
BF_45° 24.8 £0.37 4.35 + 0.006 171.3 £ 59.6 2.63+0.719

| TF_0° 20.5 £1.47 | 3.28 £ 7.5x10°% | 1325+ 11.5 2.66 £0.378 |
TF_15° 24 £1.43 2.83 £ 0.005 139.2+20.4 2.34 £0.261
TF_30° 25.1 £1.39 3.03 £ 0.005 124.1 £ 15.6 1.96 +0.324
TF_45° 23.6 £1.86 4.48 + 0.007 123+ 10.1 2.13 +0.283

| VF_0° 21.1+£1.24 | 1.45 + 3.6x10° | 22.7£14.6 0.559 +0.132 |
VF_15° 28.5 £0.253 2.59 £ 0.009 29.2+10.5 0.414 +0.133
VF_30° 25.6 £0.752 3.61 + 0.008 27.4+8.18 0.447 +0.11
VF_45° 22.4 +0.786 3.83+0.009 25.7+4.94 0.467 +0.081
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Figure 39. Fiber inclination angles versus maximum shear stresses for all fibers studied.

Localized pressure (snubbing effect) when 6 # 0 can cause plastic
deformations in fibers and matrix fragmentation depending on the properties of the
matrix and fiber stiffness [34,73]. When the fibers were completely pulled out, as
the angle increased, fibers that were originally straight (BF and TF) exhibited a
more curved shape, whereas the twisted (VF) ones became straighter, as shown
in the optical microscopy images of the fibers after the pullout (Figure 36-b, Figure
37-b, and Figure 38-b). According to Robins et al. [23], provided the final tensile
strength of the fiber is not reached during the test, an increase in 8 will increase
the tortuosity of the path along which the fiber is pulled, leading to a higher
resistance to straightening and, therefore, an increase in t,,,,. For VF fibers,
although for all inclinations the value of t,,,, was lower than that of the fiber at 0°,
a progressive increase in t,,4, occurred with increasing 6, reaching its maximum
value at 6 = 45°. Notably, the greater the value of 0, the greater the orientation of
the VF fibers, which were initially twisted. At 8 = 45°, the tortuosity of the pullout
tunnel increased the shear stress by causing an alignment of the fibers. All these
fibers were pulled out, with minimal fiber damage other than straightening.
However, for straight fibers and with a corrugated surface (BF and TF), the angle
of inclination increased fiber degradation, reducing its strength and favoring
rupture, as reported by Li et al. [73] and Kanda and Li [80]. Notably, in the case of
synthetic fibers, their surface abrasion during pulling is one of the phenomena

responsible for the slip-hardening behavior of these fibers, promoted by the
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increase in shear stress as the slip occurs. Thus, the more degraded the fiber, the
greater the peak load in the stress versus slip diagram [69,73,81,82]. Furthermore,
the mechanical component represented by the snubbing effect is responsible for
reducing the variability of the results, although high variability will always exist in
the evaluation of the fiber-matrix interface.

Fiber rupture was observed in one of the BF_0°, BF_30°, BF_45°, and TF_0°
samples, two of the BF_15° samples, three of the TF_15° and TF_30° samples,
and all the TF_45° samples. The fiber failure mode initially occurred with the
consecutive rupture of the fiber's monofilaments until they could not resist pulling
and broke, as reported by Deng et al. [81]. The ruptures observed were generally
at fiber points initially embedded and for slippage close to or greater than 10 mm,
as shown in Figure 37. The increase in fiber degradation and the probability of
rupture of these fibers (BF and TF) can be explained by their corrugated surfaces
that favor stronger matrix bond and, in the case of inclined fibers, induce higher
localized stresses at the exit point than those of straight fibers. All the TF_45° fibers
(Pnax= 123 N; 1,,.,= 2.13 MPa) failed after reaching the maximum load but still
exhibited a better performance in terms of bond stress than the TF_30° fibers
Ppax= 124.1 N; Tpa= 1.96 MPa), most likely owing to the combined effect of
snubbing and fiber bending, resulting in exacerbated degradation of the fiber when
pulled at this angle of inclination and consequently, premature rupture.

Small matrix fragmentations were observed, especially for fibers inclined at
30° and 45°. The response of the matrix to local bending stresses also influences
the general efficiency of the fiber orientation, given that fragmentation will occur if
the stresses exceed the tensile strength of the concrete matrix [15]. As the matrix
had a compressive strength of 47 MPa and the tensile strength increased with the
compressive strength, the disintegration of the exit point portion of the fiber was
not as evident as it would have been in a weaker matrix or for a high modulus fiber
such as steel.

Regarding the slip experienced at the point of maximum load, in the BF and
TF fibers with angles of 15° (BF = 2.64 mm; TF = 2.83 mm) and 30° (BF = 3.23
mm; TF = 3.03 mm), accelerated slip occurred compared with fibers at 0° (BF =
2.85 mm; TF = 3.28 mm), whereas the slip was reduced at 6 = 45° (BF = 4.35 mm;
TF = 4.48 mm. In VF fibers, a behavior similar from that reported for steel fibers
[83-86], which exhibit greater slip with an increase in the inclination angle.
Particularly, for BF fibers, which have slightly higher moduli of elasticity than TF
fibers and demonstrate better bond to the matrix in the samples at 0°, the slope of

the stress versus slip curve increased for angles of 15° and 30°, with a reduction
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in the slip at the peak load. According to Li et al. [69], the friction caused by both
the normal force and relative movement between the fiber and matrix can be
illustrated as a tensioned fiber attached to a virtual cylinder, similar to changes in
direction in fibers with modified geometry, resulting in higher pullout resistance and
toughness. The inclination of the fiber can increase the slopes of the load-slip
curves in the ascending branch and improve the maximum pullout load and the
corresponding slip [87]. As VF fibers are straight and have a weaker matrix bond,
the considerable alignment experienced when pulled out may increase the slope
of the curve and, consequently, reduce the slip at the maximum load point. This
effect is observed by the increase in bond tension as the angle of inclination
increases, although still lower than that experienced at the 0° angle.

4.3.2. Single fiber pullout creep test with inclined
fibers

Polymeric fibers exhibit a considerable tendency to strain over time, even
under room temperature, which can be a challenge for structural applications. Plots
of the slip against loading time are shown in Figure 40, Figure 41 and Figure 42.
The curves in (a) show the mean values of the three curves for each angle,
whereas those in (b) show the mean values of the creep coefficient for each angle,
defined as equation (7) describes in section 3.3.2. For the ages of 3, 7, and 10
days, these parameters for the three types of fiber and the standard deviation are

summarized in Table 10.
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Figure 40. (a) Slip versus time curves of BF fiber for different inclinations; (b) creep

coefficient (@creep (t)) Over time for all inclinations.
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Figure 41. (a) Slip versus time curves of TF fiber for

coefficient (@creep (t)) over time for all inclinations.
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Figure 42. (a) Slip versus time curves of VF fiber for different inclinations; (b) creep

coefficient (@creep (t)) over time for all inclinations. **Note the different creep coefficient

scale, compared to the same graphs of the other fibers studied.
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Table 10. Summary of instantaneous displacements and creep coefficients at ages 3, 7

and 10 days for all samples tested at pullout under sustained load.

Fiber type Oinst (MM) Peree
3 days 7 days 10 days

BF_0° 0.127 +0.064 1.97 £0.174 2.18 +0.213 2.31+0.191
BF_15° 0.199 +0.133 1.23 +0.176 1.26 +0.207 1.28 +0.209
BF_30° 0.252 +0.033 1.18 £+0.074 1.21 +0.101 1.22 +0.106
BF_45° 0.351 +0.102 1.04 £0.02 1.04 £0.031 1.05 +0.035
TF_0O° 0.396 +0.139 1.49 £0.226 1.59 £0.275 1.64 £0.287
TF_15° 0.106 +0.091 2.26 £1.25 2.4 +1.35 2.53+1.48
TF_30° 0.223 +0.031 1.52 +0.266 1.61 £0.343 1.69 +0.335
TF_45° 0.195 +0.088 1.24 +0.39 1.33 £0.541 1.36 +0.586
VF_0° 0.027 +0.08 3.432 4532 7.892

VF_15° 0.016 +0.003 2.98 £0.532 3.84 £0.515 5.19 £1.28
VF_30° 0.014 +0.016 3.38+1.14 3.87£1.31 5.53 £0.528
VF_45° 0.027 +0.007 2.16 +0.281 2.67 £0.856 292 +1.13

@ No standard deviation as only one sample reached age without breaking.

For inclined fibers, as shown in the Figure 43, the matrix wedge on the
pullout surface exerts a normal force N to allow the axial force on the fiber to
change its direction [69], in other words, the friction generated at the fiber exit
mitigate the stress existing in the embedded part and the creep can be basically
attributed to the creep of the free length. However, when these fibers are arranged
at 0°, only a direct pull is applied, with no bending. Therefore, the results
demonstrate that fibers arranged at 0° are more likely to be pulled out under a long-
term load than inclined fibers, since a good part of the embedded fiber also suffers
creep, along with the interface. This behavior was also observed by Abrishambaf
et al. [88], but for steel fibers. According to the creep coefficient graphs in Figure
40 to Figure 42, as the inclined angle increases, a lower creep rate is experienced
due to the reduction in the creep portions relating to fiber creep in the embedded
length and interface creep. When 8 = 45°, for all fibers, it can be believed that the
existing creep is basically the creep of the fiber itself. As the creep of the fiber is
the primary deformation mechanism of composites reinforced with macro synthetic
fibers under sustained load [14,15], available through pullout tests with straight

fibers to lead to greater deformations over time.
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Figure 43. Schematic drawing of the inclined fiber inserted into the cementitious matrix (a)

before the load is applied and (b) during pullout.

All the samples exhibited an instantaneous initial displacement (6;,5:) as
soon as the load was applied due to the elongation of the fiber along the free length
[14] and initial pullout. This initial displacement seems dependent on the type and
properties of the fiber [14] in addition to the applied load. Because the applied loads

are different for each angle, the most interesting comparison of §;,s; would be

through the initial stiffness given by K = 5""“/13 (Figure 44). For BF fibers, a pattern

can be observed with K increasing with angle, possibly resulting from its greater
bending stiffness. A different response was observed for TF and VF fibers, which
experienced an initial reduction of stiffness with 8, followed by an increase for 6 =
30° and 45°.
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Figure 44. Initial stiffness versus fiber inclination angle.
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For BF and TF fibers, the creep coefficient (¢.r.¢p (t)) increases over time
for all the analyzed angles, although at a decreasing rate. Incidentally, BF fibers
(15°, 30°, and 45°) exhibit almost no difference between the 7- and 10-day tests,
appearing to have reached the slip limit. In BF and TF fibers, ¢, (t) decreases
as the angle 8 increases, as show in the Figure 45. BF fibers exhibit a significant
increase in slippage over time when the fibers are aligned with the direction of the
load, i.e., 8 = 0°. This is justified by the fact that inclined fibers basically have the
creep resulting from the creep of the fiber in the free length and aligned fibers have
other slip components over time, as already explained and shown in the Figure 43.
As for TF fibers, this significant difference is only noticed when the angle is 45°.

VF fibers presented a low instantaneous initial displacement for all the angles
investigated, although with a significantly higher creep growth rate than those of
the other fibers, indicating that the slip continues to increase over time, justified by
their smooth surfaces, which offer a lower pullout resistance than those of other
fibers that have a superficial corrugation. Importantly, in the 10-day test, the creep
coefficient is higher than in the 7-day test, indicating that the pullout is progressing.
This shows that these fibers are so easily deformable that the deflection
components caused by the change of direction at small inclination angles do not
offer great resistance to slipping over time, to the point that the only significant
creep is attributed to creep in the fiber itself, except for angles greater than 45°.
Only one of the VF_0° fiber samples remained intact during the 10-day test, with

all the others ruptured in less than 48 h, as explained in Section 3.3.2.

10

— TF
— VF

Creep coefficient (@) at 10 days

0 1 ! I ] 1
0 15 30 45
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Figure 45. Creep coefficient at 10 days versus fiber inclination angle.
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As the change in fiber inclination plays an important role, evaluation of
viscoelastic behavior over time is performed by applying a four-parameter
rheological Burgers model. The original equation correlates strain, stress and time,
which will be replaced by pullout displacement, apparent bond stress and time as
eguation describes in section 3.3.2 as equation (8).

Table 11 presents the model parameters for all angles and fiber evaluated,
which were obtained through regression of the mean experimental pullout curves
under sustained load. The correlation coefficient R? is also reported for each
analysis in order to prove the fit to the experimental curves. A comparison of the
experimental curves and models for the three types of fibers and all the inclination
angles are shown in Figure 46 to Figure 48.

Table 11. Burgers model parameters for the three fibers and all their inclinations.

Burgers model parameters

Fiber Loading

type level R1 R> n n2 R®
(MPa/mm) (MPa/mm)  (MPa.s/mm) (MPa.s/mm)
0° 13.1 22.5 2.37 x 107 8.59 x 10° 0.99
15° 7.65 44.7 7.12 x 107 2.45 x 108 0.99
o 30° 6.45 53 9.18 x 107 2.32 x 108 0.99
45° 3.93 51.7 1.36 x 108 1.23 x 104 0.76
0° 3.07 11.3 | 1.53 x 107 | 5.96 x 10° | 0.99 |
15° 11.2 18.8 5.19 x 107 1.04 x 1068 0.98
" 30° 3.99 13.6 1.59 x 107 7.91x 10° 0.99
45° 5.34 57.9 6.81 x 107 5.43 x 108 0.96
0° 8 20 | 2.16 x 108 | 1.35x 10° | 0.79
15° 13.1 12.8 3.55 x 10°¢ 1.23 x 10° 0.98
v 30° 18.3 7.31 6.47 x 10° 2.48 x 10° 0.87
45° 8.14 8.53 1.25 x 107 1.19 x 10°¢ 0.97
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Figure 46. Experimental curves and rheological results of the Burgers model for the BF
fiber.
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Figure 47. Experimental curves and rheological results of the Burgers model for the TF
fiber.
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Figure 48. Experimental curves and rheological results of the Burgers model for the VF
fiber.

A correlation coefficient greater than 0.75 was obtained for all angles of
inclination, demonstrating a good fit for the model. The bond stiffness, represented
by the parameter R, seemed to decrease as the angle increased for BF fibers
(41.6% for 15°, 50.8% for 30°, and 70% for 45°) but increased for TF (259% for
15°, 30% for 30°, and 74% for 45°) and VF fibers (63.8% for 15°, 128.8% for 30°,
and 1.8% for 45°). As the BF fiber has a slightly higher modulus of elasticity than
the others, this reduction in stiffness may have been caused by the lateral bending
of the fiber. Conversely, for VF fibers, the stiffening may have been promoted by
the straightening process during the pullout.

In the case of the n1 parameter, which represents the secondary creep rate,
an increase in 8 generated higher values of n: in all fibers, indicating a reduction
in slip over time. As already discussed, the alignment of the fibers can favor the
progression of the pullout.

The parameter n. regulates the speed with which the curve enters the
secondary creep stage, i.e., the smaller the nz, the faster the curve enters the
secondary stage. For BF and TF fibers, an increase in 12 was observed from 0° to
15° and then a decrease for angles of 30° and 45°. The interspersing of VF fibers
increases with reductions. Generally, longer periods of primary creep were

observed for all angles compared with their fibers at 0°, except for BF fibers at 45°.
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Given the good fit of the curves to the Burger model, equations were
proposed that represent each of its parameters (Rq, R, 111, 172) as a function of the
angle 6 for each fiber studied, as shown in Table 12. The functions are 2nd degree
polynomials (with the exception of the coefficients R; and n4 for the TF fiber which
were better adjusted to 3rd degree polynomials) and allow you to define the
parameters for any inclination angle between 0° and 45°. The vast majority of
equations presented an excellent fit and can be used to feed numerical models to
predict the long-term behavior of these composites.

The application of the Burgers model does not allow the separation of
mechanisms, such as the snubbing effect, but represents the phenomenon
globally. In the case of inclined fibers, the consideration made is that the fiber would
be perpendicular to the crack surface, giving an equivalent response.

Table 12. Approximating equations of the parameters of the Burgers model as a function

of the angle 6 (for 0 < 6 < 45°, 6 in degrees) and the coefficient of correlation R2.

Fiber

type Equations R2
R, (6) = 0.00362% — 0.3386 + 12.8 (MPa/mm) 0.966
R,(6) = —0.0266% + 1.816 + 22.7 (MPa/mm) 0.999
BF n,(8) = —380162 + 3 X 10°9 + 3 x 107 (MPa.s/mm) 0.981
1n,(0) = —4329.602 + 1770786 + 835168 (MPa.s/mm) 0.997
| R, (6) = 0.00163 — 0.08762 + 1.580 + 3.07 (MPa/mm) 1.0
- R,(60) = 0.04162% — 0.9360 + 14.3 (MPa/mm) 0.865
n,(0) = 7941.863 — 51866762 + 8x10%9 + 2 X 107 (MPa.s/mm) 1.0
72(0) = 4667.16% — 1149346 + 874844 (MPa.s/mm) 0.904
| | R,(6) = —0.0176% 4+ 0.8016 + 7.23 (MPa/mm) " 0833
e R,(6) = 0.00962 — 0.6876 + 20.3 (MPa/mm) 0.987
n,(6) = 5182.762 — 6391.86 + 2 X 10° (MPa.s/mm) 0.998
n,(8) = 1059.16% — 2575560 + 168879 (MPa.s/mm) 0.971

4.4. Conclusions

Short- and long-term pullout tests were performed with angles of 15°, 20°,
30°, and 45° with respect to the direction of the load to investigate the influence of
macro synthetic fibers orientation on fiber—matrix interactions. The following

conclusions were drawn:
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The embedded lengths were greater in the samples with inclined
fibers. In the short-term tests, a comparison in terms of shear stress
instead of the maximum pullout load revealed that in none of the
fibers did the bonding stress exceed that experienced when the fibers
were aligned with the direction of the load, even with minimal
variation, especially for angles of approximately 30°.

Significant fiber surface degradation was observed as the angle of
inclination was increased. In the specific case of twisted fibers (VF),
they were practically aligned after the pullout. The tortuosity of the
path in the pulling tunnel seems to have been responsible for this
alignment, in addition to the increased slope of the tension versus slip
curve for these fibers, considering the substantial challenge in pulling
them out, when compared with the aligned samples.

Straight fibers and those with superficial corrugation (BF and TF)
exhibited greater adherence to the matrix. Moreover, in the case of
inclined samples, a greater probability of fiber rupture was observed.
This behavior was attributed to their corrugated surfaces, which
favored matrix bonds and induced even greater localized stresses
than those due to the snubbing effect at the exit point, promoting an
exacerbated degradation of the fiber and thus resulting in the rupture
of some samples. This rupture was observed in all TF fibers inclined
at 45°. Minimal fragmentation of the matrix was observed, possibly
due to the low stiffness of the fiber compared with that of the matrix.
For straight fibers (BF and TF) the creep coefficient was reduced with
an increase in the fiber inclination angle. Furthermore, an almost zero
growth rate was obtained for the 10-day test compared with the 7-day
test, indicating no further slippage. However, VF fibers increasingly
deformed over time, possibly owing to the lower resistance imposed
by their smooth surface.

The creep reduction with an increase in the fiber inclination angle
could be explained by the snubbing effect that induced force
components to promote axial force deviation, in addition to the
reduction of fiber creep, which under inclined loading, reduced its
capacity to deform. Given this, the greater the inclination angle, the
lower the creep rate will be, as the portions relating to the fiber creep
in the embedded length and the interface creep are severely reduced,

leaving basically the fiber creep in the free length.
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6.

In long-term pullout tests, fibers with surface corrugation (BF and TF)
had their sliding almost ceased after 7 days, which suggests that this
is a sliding limit. However, the VF fibers continued to slide with a
significant creep growth rate, possibly justified by their smooth
surface and low adhesion to the matrix.

The Burgers model was applied to the experimental curves and
resulted in a good fit for all the fibers and angles of inclination. Due
to this good fit, approximate functions of the parameters were
determined and these can be used to model fiber-scale cementitious
composites.
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5. SINGLE-FIBER TENSILE BEHAVIOR AND
ANALYTICAL MODEL OF PULLOUT CREEP
BEHAVIOR IN MACRO SYNTHETIC FIBERS

5.1. Introduction

Sustained load pullout tests are commonly used to evaluate the strength of
the fiber-matrix interface. However, when polymeric fibers are used, the
deformation of the fiber itself can be interpreted as slippage upon pullout because
they undergo significant elongation under a sustained load. Several studies have
conducted creep pullout tests on macro synthetic fibers [3,7,14,15,36] and
concluded that much of the measured pullout was due to fiber deformation
[3,14,15,79]. This was justified by imaging tests, such as microtomography [14,79]
and scanning electron microscopy [79], where small displacements or no
displacement at the fiber tip were observed, in addition to ensuring that the
interface was apparently intact in some cases. The distribution of shear stresses
at the interface is known to be nonlinear along the length embedded in the cement
matrix [89]; the greater the modification of its surface and/or fiber geometry, the
less uniform this distribution will be before extraction [38]. Therefore, the lack of tip
slip does not exclude the existence of slip. Furthermore, forces are transferred from
the fiber to the matrix relatively quickly, and the creep of the fiber is not reflected
in the entire length but only in a small part.

Although it has been reported that a portion of the slip measured in pullout
under sustained load is due to stretching of the fiber itself [3,14,15,79], the
separation of the fiber and interface contributions to the pullout has not yet been
realized. A possible way to separate these portions is through analytical models
that investigate the fiber-matrix adhesion properties, most of which are based on
the analysis of shear stresses at the interface [26,90-94]. However, applying a
model implies greater knowledge of the fiber behavior.

The pullout behaviors of the three macro synthetic fibers for different loading
percentages and inclination angles in relation to the loading direction are discussed
in Chapters 3 and 4. This chapter seeks to experimentally study the macro
synthetic fibers used in short- and long-term tensile tests, in addition to Fourier-
transform infrared spectroscopy (FTIR) tests, and analytically through a simplified

analytical model. In this model, the results obtained in the pullout and fiber tensile
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tests were applied, and the crack opening was assumed for short- and long-term
loads to compare the stiffness of the fiber-matrix interface. Despite the problem's
complexity, the intention was to simplify the interface response during pullout under

short- and long-term loads.

5.2. Experimental program

The short- and long-term pullout behaviors of cementitious matrices
reinforced with polymeric macro fibers were studied with fibers aligned in the
loading direction in Chapter 3 and with inclined fibers in Chapter 4. In this
experimental program, only the pure fibers were examined through physical
characterization and short- and long-term tensile tests.

5.2.1. Direct tensile test

To mechanically characterize the fibers and obtain their stress versus strain
curves, direct tensile tests were performed according to the ASTM C1557-20
standard guidelines [95]. A modified version of the test arrangement was
developed, and the option that presented the best results consisted of fixing the
fiber with epoxy adhesive glue to a galvanized steel sheet, as shown in Figure 49-
a. The tests were conducted using an EMIC mechanical testing machine with a
load capacity of 30 kN, as shown in Figure 49-b. The test was controlled by the
displacement at a rate of 2 mm/min and were performed in six samples for each
fiber type. The free distance (outside the sheets) was 20 mm for all fibers. The
specific deformation corresponded to the relationship between the vertical
displacement measured by the machine and the initial length measured between
the reference marks. The tensile strength was calculated from the maximum load
obtained during the test using the cross-sectional area of the original fiber (before
testing) determined from the optical microscopy images. The test progressed until
the fibers ruptured.
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Figure 49. Experimental arrangement of the direct tensile test on fibers: (a) fiber glued to

the sheet before being tested; (b) fiber positioned in the clamp to be tested.

5.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was performed to identify the
functional groups present in the three types of fibers, Fourier-Transform Infrared
Spectroscopy (FTIR) tests were carried out. Characterization was carried out using
an attenuated total reflectance (ATR) sensor in the spectral range of 4000-400 cm’
! with a resolution of 4 cm™ and 32 scans. The tests were performed on a Perkin-
Elmer FTIR-ATR spectrophotometer, model Spectra-Two, at the Laboratory of
Synthesis and Laser Characterization of Nanomaterials (NanolLaserlLab),
Department of Physics, PUC-RIio.

This technique allows the quantitative analysis of organic compounds by
identifying the vibrations that each group emits, causing the appearance of bands
in the infrared spectrum, and is useful for identifying a compound or investigating
its chemical composition. The intensity of the different bands can be explained by
the difference in the amount of sample that passed through the infrared.

To compare the spectra, a sample of virgin polypropylene (PP) was used.

5.2.3. Single-fiber tensile creep test

The macro fibers used are synthetic polymers and, as such, suffer from the
effect of creep over time. It is known that the creep pullout response of this type of
fiber has a large portion owing to the creep of the fiber itself; therefore, its
estimation is of great importance in an attempt to separate the fiber creep from the
interface creep. The loading levels used were 50%, 40%, 30%, and 20% of the
tensile strength and one sample were tested of each fiber and load level.
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The experimental arrangement used in this test was designed for reuse in
the direct tensile test, with two aluminum sheets glued to the ends of the analyzed
fibers. In addition to these plates, two thicker aluminum claws were screwed into
this initial arrangement: one end was fixed to a rigid gantry and the other was free,
similar to a pendulum. A hole was opened at the free end of the claw and free
weights were hung from the system. A rotational restriction was also inserted to
reduce the effects of the pendulum arrangement. Figure 50 shows the experimental
setup.

An angle bracket was screwed to the lower end of the fiber and an LVDT was
positioned to obtain the displacements. The data acquisition system used was an
HBM 1615, and the software used was Catman Easy at a frequency of 0.02 Hz.
The displacement acquisition software is activated after the entire system is
loaded. The weights were carefully and gradually placed to avoid dynamic effects
during a 5-minute interval and then the acquisition system was activated. The tests
were carried out in a room with controlled temperature and relative humidity of 20
+1 °C and 50 5%, respectively. The samples were loaded for 10 days before
unloading. Unfortunately, this setup could not efficiently measure the recovery after

unloading owing to setup instability (pendulum behavior).

agnetic base

Load | AR |
- acquisition
aplication

constrain
on the z-axi

Figure 50. Proposed creep tensile setup test with details of its parts.
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5.3. Experimental results and discussions

5.3.1. Direct tensile test

The average stress—strain curves for each type of fiber are shown in Figure
51. The properties obtained from the direct tensile test of the fibers, such as the
maximum load, tensile strength, and modulus of elasticity, are presented in Table
13. The elastic modulus was calculated as the angular coefficient of the initial
region of the curve, which was approximately 30% of the maximum stress.

The elastic modulus results were lower than those reported by the
manufacturers at 46.1% for BF, 32.8% for TF, and 28.1% for VF. This reduction
can be explained by the acquisition being made using the values of the testing
machine itself, which incorporates all fiber accommodations and system
deformations, in addition to the fact that the fibers were tested in their commercial
sizes and not in filaments, what is still very surprising is the pronounced difference
between the values obtained and those presented by the manufacturers. The
mode of rupture of the fibers was defibrillation, as reported in [7,70].

It is observed that for the VF fiber, the slope of the curve changes in the
range of less than 0.05 mm, which can be justified by the accommodation of the
fiber itself (which is twisted) when being aligned during the tensile test. Otherwise
(if the fiber were straight), it seems that there would not be much difference in
relation to the modulus of elasticity of the TF fiber.
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Figure 51. Stress versus strain curve of macro synthetic fibers obtained from the direct

tensile test.
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Table 13. Properties of the fibers.

Properties BF TF VF
Maximum load (N)2 286.1 £ 8.37 153.9 £ 9.56 163.6 £ 17.2
Tensile strength (MPa)? 490.8+12.4 298.3+£13.7 326.9+27.5
Tensile strength (MPa)® 640 540 600-650
Modulus of elasticity (GPa) 2 5.53 £ 0.493 3.41+0.404 2.67 £0.398
Modulus of elasticity (GPa)® 12 104 9.5

& obtained experimentally; © information provided by the manufacturer [60-62].

5.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 52 shows the IR spectra (enter 4000 — 600 cm™) of the three fibers
and a virgin polypropylene (PP) pellet. Table 14 lists the spectra of the four
materials. The characteristic peaks of the functional groups represented the
polypropylene material, as indicated by the reference sample (PP). The same
bands were identified in all the four samples; however, their intensities varied at
some points. Because each type of covalent bond has a particular vibrational
frequency, it can be assumed that these three samples have identical infrared
absorption behaviors; therefore, they are samples of the same material. The three
fibers exhibited identical spectra that did not exhibit resonances beyond those
associated with the polypropylene (PP) structure, confirming that the additives
were not present in significant quantities.

Therefore, it can be concluded that, although the fibers are classified as
slightly different materials, they are essentially produced from polypropylene.
Therefore, their main differences are not in the type of material and may be related
to other characteristics such as shape, geometry and even the method of

production.
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Table 14. FTIR absorption of the samples used in this study and a virgin polypropylene

sample, classified according to [96—-100].

Assignment and
vibration type

Wavenumbers (cm-?)

BF TF VF PP
| | |
C—H stretching and Cng asymmetrical 2953 2051 2952 2949
stretching
C—H stretching and (?Hz asymmetrical 2916 2917 2917 2917
stretching
C—H stretching and CHZ symmetrical 2838 2838 2839 2837
stretching
CHs symmetrical bending 1453 1454 1456 1459
CHs symmetrical bending 1379 1377 1376 1376
C-H wagging and CHs; rocking 1169 1168 1167 1168
C—C stretching and _CH3 asymmetrical 998 997 997 998
rocking
C-C stretching and CHs; rocking 973 972 972 973
C-C stretching, CH> rocking, and CH3 841 841 841 841

rocking
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5.3.1. Single-fiber tensile creep test

A single-fiber tensile creep test was performed to evaluate the performance
of the fibers over time. Figure 53 to Figure 55 present the time (days) versus
deformation (mm/mm) curves for all load levels analyzed. The curves in (a) show
the results of a single sample tested for each load percentage, whereas those in
(b) show the creep coefficient values for each load percentage. The creep
coefficient, which is the relationship between the deformation at time (¢) and the
instantaneous deformation (8;,;), is defined in Section 3.3.2, based on Equation
(7). For ages of 3, 7, and 10 days, the parameters for the three fibers are
summarized in Table 15.

The percentage of sustained loading to which the fibers were subjected
represents the load levels experienced during service. All fibers showed an initial
instantaneous deformation (6;,s:), followed by a rapid increase of strain at a
decreasing rate (primary creep). Then, the creep rate stabilizes and the secondary
creep phase is achieved. Regarding the initial instantaneous deformation, it was
observed in all samples that the greater the load, the greater the initial deformation,
which was mainly attributed to the elongation of the free length. The BF fiber was
subjected to a greater load and still exhibited lower initial instantaneous
deformations, which can be justified by its higher modulus of elasticity, although
they could not be directly compared because they were subjected to completely
different loads.

For samples loaded up to 40%, there was a tendency for fiber elongation to
stabilize around the age of 10 days. However, for those loaded at a 50% load level,
a pronounced increase in deformation could still be observed, especially for the VF
fiber. At this 50% loading level, the most pronounced deformation was observed in
the VF fibers, which also had the lowest modulus of elasticity. The values obtained
for the VF fibers are in accordance with those reported by Lima et al. [7]. None of
the fibers reached the tertiary creep phase at the evaluated ages. According to the
FTIR analysis presented in Section 5.3.2, the fibers are made of polypropylene, so
the differences in long-term elongation can be attributed to the manufacturing
process, especially in the case of the VF fiber, which is a multifilament.

The strain (%) of the fibers over time ranged from 3-8% for the BF fibers, 7-
12% for the TF fibers and 5-28% for the VF fibers. Babafemi et al. [38] found a
strain of approximately 43% for an age of 4 days and 30% load, while MacKay and

Trottier [75] stated that, for fibrillated synthetic fibers, this value can reach 40%.
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Figure 53. (a) Strain versus time curves for the BF fiber loaded with different percentages
of the loads obtained in direct tensile tests; (b) creep coefficient (@creep (t)) Over time for all

loading levels tested.
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Figure 54. (a) Strain versus time curves for the TF fiber loaded with different percentages
of the loads obtained in direct tensile tests; (b) creep coefficient (@creep (t)) Over time for all

loading levels tested.
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Figure 55. (a) Strain versus time curves for the VF fiber loaded with different percentages

of the loads obtained in direct tensile tests; (b) creep coefficient (¢creep (t)) Over time for all

loading levels tested.

Table 15. Summary of instantaneous displacements and creep coefficients at ages 3, 7

and 10 days for all samples tested.

Fiber type Oinst (MM/mm) Pereer
3 days 7 days 10 days
BF 20% 0.01 2.23 2.61 2.68
BF 30% 0.017 2.45 2.66 2.7
BF 40% 0.026 2.18 2.34 2.36
BF 50% 0.03 2.37 2.6 2.71
TF 20% 0.026 2.45 2.7 2.81
TF 30% 0.034 2.47 2.69 2.81
TF 40% 0.036 2.2 2.42 2.52
TF 50% 0.054 1.94 2.11 2.19
VF 20% 0.021 2.24 243 2.49
VF 30% 0.033 2.32 2.42 2.47
VF 40% 0.032 2.35 2.65 2.81
VF 50% 0.072 2.71 3.46 3.92

As in Chapters 3 and 4, the viscoelastic behavior of single fibers in tension

under a sustained load was evaluated by applying the four-parameter rheological

Burgers model described in Section 3.3.2 and equation (8). Table 16 presents the

model parameters for all the three fibers at all sustained loading levels. The
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correlation coefficient, R2, was also reported for each analysis to prove the fit of

the experimental curves. Correlation coefficients greater than 0.94 were obtained

for all scenarios, demonstrating a good fit to the model. The R, parameter that

regulates fiber stiffness was higher in the case of BF fibers (ranging between 15.3

and 20.7x20% MPa) and with relatively lower values for TF fibers (ranging between
22.2 and 47.7x20? MPa) and VF (ranging between 25.8 and 60x20? MPa),

corroborating the results of the elastic modulus of the fibers. The parameter n,

which is related to the secondary creep rate, remains consistent with the curves,

presenting the lowest value for the VF fiber subjected to 50% load and which has

a deformation progressively increasing with time, followed by the other load

percentages of the same fiber.

Table 16. Burgers model parameters from fiber tensile creep tests

Fiber Loading

Burgers model parameters

2
type  level o MPa)  Ro(MPa) i (MPa.s) N2 (MPa.s) A
50%  15.3x10° 54.2x102  84.7x10° 14.2x107 0.96
40%  20.7x10°  48x10°  10.9x10° 86x10° 0.94
s 205400 20040 10x10° 88.4x10° 0.95
20%  184x10°  74.4x10°  80.7x10° 20.8x107 0.97

50%  32.3x10°  31.1x10°  45.6x10° 59.3x10° 095
40%  47.7x10°  26.8x102  40.6x10° 52.7x10° 0.95
T % smode 1760 40x10° 66.7x10° 0.97
20%  22.2x10°  18x10°  36.7x10° 11.9x107 0.98

" 50% | 258x102  18.9x10  10.1x10° 68.9x10° 099
40%  63x10?  285x102  43.1x10° 76.1x10° 0.97
T sw maam 2000 68.7x10° 60.8x10° 0.95
20%  414x10°  26x10°  43.6x10° 68.2x10° 0.96

5.4. Description of the developed model

An analytical model based on the differential equation for bond-slip is

proposed to analyze the contributions of the interface and fibers in the pullout

response under long-term loading. The general behavior of a pullout curve
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undergoes three stages: 1) perfect adhesion between the fiber and matrix, 2)
gradual detachment of the fiber (loss of adhesion with the matrix), and 3) sliding
owing to friction. However, to represent the creep behavior, it is not necessary to
model all these steps because, under service conditions, the load does not reach
its maximum value. Nonetheless, even for cases where detachment occurs, the
equation may be used to obtain an apparent behavior.

The following assumptions are made:

e There is no detachment of the fiber; that is, perfect adhesion between
the fiber and matrix was considered.

e The shear stress (r) at the fiber-matrix interface increases
proportionally with the increase in displacement (u) of the fiber, that
is T = k.u (where k is the adhesion modulus corresponding to the
perfect adhesion phase).

e The fiber has a linear-elastic behavior.

X dx P

Figure 56. Model representation.

T T T T T
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Figure 57. Equilibrium of the infinitesimal element dx.
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The balance of forces in the infinitesimal element (Figure 57) in the

horizontal direction results in:

YE =0- N(x)+dN = N(x) + t(x)npdx = 0 9)
Therefore,
(0)mp = S (10)

where ¢ is the fiber diameter, N(x) is the normal force (axial or longitudinal internal
force) [F], and dx is the original length of an infinitesimal bar element [L].
The normal force is given by the product of the stress and cross-sectional
area, as follows:
N(x) =E.e(x).A (11

where E is the modulus of elasticity of the fiber and A is the cross-sectional area
2
of the fiber given by A = %. Replacing the shear stress (7) with 7 =k.u and
equation (11) in equation (10), it is possible to obtain:
np? de(x)

ku(x)m¢p = E o (12)

The deformation £(x) is equal to the ratio between the variation in length of

the infinitesimal element and its original length. Thus:

e(x) = =2 (13)

Equation (11) can be then be rewritten as:

d?u(x)
dx?

4ku(x) = E¢ (14)

where du denotes the internal relative axial (longitudinal) displacement of an
infinitesimal bar element [L].

Rearranging the terms in Equation (14) yields the following differential
equation:

d’u 4k
Pl gu =0 (15)
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Which is a differential equation of the form:

u=20 (16)

where « is a parameter that indicates the relative stiffness between the interface
and the fiber, as follows:

a= |— (17)

Finally, the solution to the differential equation (16) is well-known and can

be written for the displacement u(x) and the strain e(x) as:

u(x) = C,e™ + C,e ™™ (18)
g(x) = dZ—SC) = a(Cie™ — Cre™™) (19)

The constants C; and C, can be obtained by applying the boundary
conditions below:
e At the unloaded end of the embedded fiber, the fiber deformation is
zero, i.e. £(0) = 0;
e When x =L, the deformation in the fiber will be equal to the

relationship between the applied force and the fiber stiffness, i.e.,

P
e(l) =¢p = 7

Finally, the displacement u(x) and the fiber deformation (x) are obtained:

u(x) = mcosh (ax) (20)
e(x) = Sin;‘z(u) sinh (ax) (21)
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For the pullout problem studied in Chapter 3, the fiber can be considered to
be embedded with a length L, on one side, Lz on the other side, and with a free
length L, as shown in Figure 58. The opening of cracks (w) is represented by the

sum of the displacements of the embedded portions with the free length, given by:

& &
w=———coshal, + .

a sinhaLgy

coshalg + gyL, (22)

a sinhalLp

Lo

Figure 58. Pullout sample with description of embedded and free fiber lengths.

In the case of behavior over time, modeling is much more complex.
However, a simplification is proposed, assuming that the modulus of elasticity of
the fiber decreases over time (the deformation increases, and at each instant of
time, the ‘modulus’ is different). Then, the parameter k needs to be adjusted over
time as the modulus decreases (similar to the creep coefficient). The model can
then be applied to different test times if different values of the modulus of elasticity
are considered for the material. Thus, the equation for crack opening w(t) over
time can be written according to Eq. 23. If the fiber properties and the crack
opening at each given time are known, the bond parameter k can be adjusted in
the a parameter to satisfy Eq. 23. Therefore, a law describing the k parameter with

time can be indirectly determined.

£o(t)
a(t)sinha(t)Lg

£o(t)

a(t) sinha(t)Ly cosh a(t)LB + SO(t)LO (23)

w(t) = cosha(t)L, +
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This development is valid for the case of fibers oriented perpendicular to
the cracks, but will be applied to the case of inclined fibers, considering that the

fiber is perpendicular to the crack surface, giving an equivalent response.

5.5. Analytical results

When applying the data obtained from the short- and long-term fiber pullout
and tensile tests, small discrepancies were observed in the acquisition of short-
term values for the pullout test. As the setup reproduced the configuration of a
pendulum, two LVDTs should have been used, and their average would result in
displacements due to pullout. However, only one LVDT was used, and although
great care was taken to avoid this, small misalignments of the transducers with the
fibers and small rotations of the sample may have caused the initial reading errors.
To apply the model more efficiently, the initial values of w in the creep pullout
curves were corrected to the initial values obtained in the short-term pullout tests,
and the remainder of the curve was updated to this correction factor.

The loading level chosen was 50% to enable analysis at different inclination
angles. Considering the linear regime of the pullout curve, the known data of the
problem are: w, €y, Ly, Lg, Ly, ¢ and E. Indirectly, it is possible to determine the
average value of the interface stiffness k. The k values for all fibers and inclination
angles are shown in the Table 17 and Figure 59.

Table 17. Bond stiffness evaluated for different inclinations.

Fiber Fiber ke (MPa/mm)
type orientation  gport- term 3 days 7 days 10 days
0° 5.45 2.22 1.95 1.83
15° 22.7 18.7 17.2 16.7
BF
30° 10.6 9.85 9.44 9.07
45° 2.65 5.58 551 5.47
0° 4.17 3.31 2.89 1.55
TE 15° 23.1 20.8 17.7 15.97
30° 7.33 6.99 5.96 5.24
45° 2.72 541 5.11 5.04
0° 1.85 0.97 0.47 0.34
15° 1.57 0.49 0.33 0.21
VF
30° 3.45 0.59 0.54 0.35
45° 1.37 1.26 1.02 0.93
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Evaluating for the tests of short duration that at 0° the BF fiber presents the
highest k value, followed by the TF and VF fibers. These results corroborate the
pullout and tensile test results on the fiber, which demonstrate that, in addition to
the fiber's greater stiffness and greater modulus of elasticity, it has better adhesion
to the matrix (as shown in the image tests in Sections 3.3.3 and 3.3.4). A small
reduction in the k value compared to that of the BF fiber was observed for the TF
fiber. These similar values are, as already explained, justified by the surface
corrugation of both fibers, leaving the VF fiber, which is smooth, at a disadvantage
in terms of adhesion to the matrix. Increases in k can be observed for inclinations
of 15° and 30°, possibly because of the snubbing effect (described in Chapter 4),
which is drastically reduced at an angle of 45° owing to the increased probability

of fiber rupture.

Short-term bond stiffness

Long-term bond stiffness (7 days)
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Figure 59. Bond stiffness evaluated for different inclinations at (a) short-term; (b) 3 days;
(c) 7 days and (d) 10 days.
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In long-term analysis, the data w(t), ,(t) and E(t), are a function of time.
At 0°, the interface stiffness k decreased with time, as did the modulus of elasticity.
The reduction in k after 10 days of testing reached 64.2%, 62.8% for the TF fiber
and 81.6% for the BF, TF, and VF fibers, respectively, with the greatest decay
observed between 0 and 3 days. The same decay was observed at the other
angles. The BF and TF fibers at an angle of 45° experienced an increase in k in
the long-term results compared to the short-term results. This increase may be due
to the more intensified damping mechanisms of these fibers, which are straight
when inclined at this magnitude, as discussed in Chapter 4.

5.6. Conclusions

As a result, the following conclusions can be drawn:

1. Short-term fiber tensile tests showed that straight fibers with surface
corrugation have greater tensile strength than deformed and smooth
fibers.

2. Although technical reports indicate that the fibers have small
differences in their composition, the Fourier transform infrared
spectroscopy tests demonstrated practically identical spectra,
indicating that the performance of the fibers is better due to their
shape, surface corrugation, and manufacturing process than to the
type of material used.

3. In tensile tests under a sustained load, fibers with a higher modulus
had lower initial instantaneous deformations, which were attributed to
the elongation of the free section. At different load levels, it was
observed that for up to 40% of the load, the curves demonstrated a
stabilization of the deformation at the age of 10 days, whereas for the
50% load level, the deformation appeared to grow progressively.

4. The developed analytical model presented interface stiffness results

that corroborated other analyses conducted throughout this thesis.
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6. GENERAL CONCLUSIONS

This thesis presents a study on the pullout behavior of macro synthetic fibers
in short- and long-term tests. Three types of fibers were used (BF, TF, and VF),
and the variables analyzed were the surface corrugation of the fiber (crimped and
smooth), percentage of sustained loading (20%, 30%, 40%, and 50%), and
inclination angles of the fibers. fibers with respect to the loading direction (15°, 30°,
and 45°). In addition to the pullout tests, short and long tensile tests and fiber
characterization using Fourier transform infrared spectroscopy were carried out.

Short-term tests found that for fibers aligned in the loading direction, the
geometry and surface corrugation were decisive in the pullout response, as
corroborated by microtomography (microCT) and scanning electron microscopy
(SEM) images. When the fiber inclination angle was varied, there was a reduction
in the bond tension as the angle increased. Surface degradation after the pullout
of synthetic fibers is known to be a means of evaluating adhesion with the matrix.
In this study, fibers aligned with surface corrugation and those with greater
inclinations were shown to be more degraded, with a significant increase in the
probability of rupture the greater the evaluated inclination angle.

In the long-term tests, micro-CT and SEM images helped to elaborate on the
statement that the pullout creep is largely due to the creep of the fiber, which, being
polymeric, suffers significantly from the effects of sustained load. In the aligned
fibers, the SEM images show that the fibers with surface corrugation (BF and TF)
were still able to maintain some adhesion with the matrix even after 10 days of
testing at a loading percentage of 50%, which was not observed for the smooth
fibers. (VF). When inclination angles were imposed on the fibers, the snubbing
effect was significantly greater in straight fibers, which had a reduction in creep
with increasing fiber inclination angle, with the measured slip being basically
attributed to the creep experienced by the free section of the fiber.

The Burgers viscoelastic model was applied to all experimental curves of the
creep tests, and because of the good fit found, parameter approximation functions
were developed and implemented in the cementitious composite models to
simulate their behavior.

A study on isolated fibers also showed that the major difference between
them was probably in their manufacturing processes and surface corrugation, as
Fourier transform infrared spectroscopy tests did not demonstrate a significant

difference in their composition. In tensile tests under sustained loads, it was
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observed that there was a progressive increase in deformation for fibers subjected
to 50% load, whereas lower load levels seemed to stabilize at the age of 10 days.
An analytical model is proposed, and the results based on the interface stiffness
corroborate the analyses conducted.

The analyses aimed to contribute to the interpretation of the complex
mechanism involved in the pulling-out process of macro synthetic fibers, especially
under sustained loads, although some issues could not be resolved. Suggestions
are presented in the following section.

6.1. Suggestions for future work

Based on the results presented here, suggestions for continuing this work

are:

o Improve the experimental arrangement of the pullout test with a
sustained load. Thus, it is feasible to use a pair of LVDTs and acquire
more accurate results, given the sensitivity of the pendulum-shaped
system.

¢ Produce composites with the three fibers studied and evaluate their
behaviors through flexure and tensile tests under sustained loads.

e A deeper analysis of the fiber inclination angle in the proposed
analytical model and insert a way to implement this variable.

e Implement adhesion equations in a model with a discrete
representation of fibers and simulate characterization tests to obtain

post-cracking parameters.
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