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ABSTRACT

Post-Cracking Characteristics of High Performance Fiber
Reinforced Cementitious Composites

by

Supat W. Suwannakarn

Co-Chairs: Sherif El-Tawil and Antoine E. Naaman

The application of high performance fiber reinforced cement composites
(HPFRCC) in structural systems depends primarily on the material’s tensile response,
which is a direct function of fiber and matrix characteristics, the bond between them, and
the fiber content or volume fraction. The objective of this dissertation is to evaluate and
model the post-cracking behavior of HPFRCC. In particular, it focused on the influential
parameters controlling tensile behavior and the variability associated with them. The key
parameters considered include: the stress and strain at first cracking, the stress and strain
at maximum post-cracking, the shape of the stress-strain or stress-elongation response,
the multiple cracking process, the shape of the resistance curve after crack localization,

the energy associated with the multiple cracking process, and the stress versus crack
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opening response of a single crack. Both steel fibers and polymeric fibers, perceived to
have the greatest potential for current commercial applications, are considered. The main
variables covered include fiber type (Torex, Hooked, PVA, and Spectra) and fiber
volume fraction (ranging from 0.75% to 2.0%). An extensive experimental program is
carried out using direct tensile tests and stress-versus crack opening displacement tests on
notched tensile prisms. The key experimental results were analysed and modeled using
simple prediction equations which, combined with a composite mechanics approach,
allowed for predicting schematic simplified stress-strain and stress-displacement response
curves for use in structural modeling. The experimental data show that specimens
reinforced with Torex fibers performs best, follows by Hooked and Spectra fibers, then
PVA fibers. Significant variability in key parameters was observed througout suggesting
that variability must be studied further.. The new information obtained can be used as
input for material models for finite element analysis and can provide greater confidence
in using the HPFRC composites in structural applications. It also provides a good

foundation to integrate these composites in conventional structural analysis and design.
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CHAPTER 1

INTRODUCTION

1.1 General

Cementitious materials, such as concrete and mortar, exhibit brittle tensile
behavior. However, their behavior can be significantly improved by adding discontinuous
fibers. Historically, Joseph Lambot’s (1849) fiber application reveals the idea of using
continuous fibers in mesh form to create new building materials, which led to the
development of ferrocement and reinforced concrete. Romualdi et al (1963) had proposed
using short randomly oriented fibers in order to improve the matrix’s brittle nature under
tensile loading. Today, several types of reinforcing fibers, in various shapes and sizes,
such as steel, polymer, glass, carbon, or natural fiber, are produced and used widely.

The main advantage of using discontinuous fibers in brittle matrices, such as a
cementitious matrix, is usually realized only after the matrix cracks. The fibers can
prevent a sudden loss in load-carrying capacity of the cracked composite by providing a
load transfer mechanism across the crack, resulting in a pseudo-ductile response.

When a load is applied to a fiber reinforced composite element, it is distributed to
both the matrix and the fibers. The transmission of forces between the fibers and the
matrix occurs through interfacial bond, defined as the bond shear stress at the interface
between the fiber and the surrounding matrix. The fibers contribute primarily to the post

cracking response of the composite by bridging the cracks and providing resistance to



crack opening.

According to Naaman and Reinhardt (1987, 1992, 1996), fiber reinforced cement
composites can be classified into the following two categories: conventional fiber
reinforced cementitious composite (FRCC) and high performance fiber reinforced
cementitious composite (HPFRCC), Fig. 1.1. More recently, however, and in order to
minimize confusion, Naaman and Reinhardt (2003) suggested the use of a broader
classification which apply to all fiber reinforced cement composites, namely: either
strain-softening or strain-hardening in tension after first cracking.

When the first crack occurs, FRCC response in tension softens, while in contrast,
HPFRCC response hardens. In other words, if the post cracking strength (o) is higher
than that at first cracking (o), then the composite is considered to be a high performance
material (or equivalently a strain-hardening material). An alternative classification based
on energy is possible when the energy needed to create a new crack is less than the
energy required to extend a former crack, the multiple cracking resulting from this
condition is considered characteristic of HPFRCC behavior.

Generally, the tensile stress-elongation response of HPFRCC can be classified
into three parts; the elastic stage, wherein the matrix is not cracked up to o, the multiple
cracking stage (o), and the damage localization stage, or crack opening stage (Fig. 1.2).
In the elastic stage, the composite exhibits linear behavior up to first cracking (o). After
first cracking, the multiple cracking stages lead to a strain hardening effect during with
the load still increases up to the ultimate strength (c,c). After the peak load, damage
localized failure occurs via a single critical crack opening. Thereafter, resistance
decreases with the opening of the critical crack; i.e. softening response take place

Fibers bridging a crack can absorb more or less energy depending on their bond
characteristics. The pull-out process involves first, a debonding action which provides an
alternative path for the crack to follow, and is preceded by the formation of a new surface
at the fiber matrix interface. Moreover, the fiber deformation and compliance during pull-
out contributes directly to the total deformation of the composite.

The behavior of FRC can be classified into three groups according to application,
fiber volume fraction and fiber effectiveness. Such classification leads to : 1) very low

volume fraction of fiber (<1%), which has been used for many years now such as for



early age plastic shrinkage control or pavement reinforcement, 2) moderate volume
fraction of fiber (1%-2%), such as used in both cast-in-place and structural members for
their improved modulus of rupture (MOR), fracture toughness, impact resistance and
other desirable mechanical properties, and 3) high volume fractions of fibers (more than
2%) for special applications such as impact and blast resistance structures; these include
SIFCON (Slurry Infiltrated Fiber Concrete), SIMCON (Slurry Infiltrated Fiber Mat). In
most applications fibers may act as secondary reinforcement used along with
conventional steel rebars or prestressing strands as main reinforcement. In the class of
high volume fraction of fiber, the materials have excellent mechanical properties and can
be used without other continuous reinforcement. However, these composites are often
suited for highly specialized applications due to limitations associated with processing

and cost.

1.2 Dissertation Objectives and Scope

The main objective of this study is to evaluate and accurately model the post-
cracking behavior of high performance fiber reinforced cementitious composites
(HPFRCCs). To achieve this objective, numerous sub-objectives are sought and include
identification uncovering the behavior of influential variables, namely: the stress and
strain at first cracking, the stress and strain at maximum post-cracking, the shape of the
stress-strain or stress-elongation response, the multiple cracking process, the shape of the
resistance curve after localization, the energy associated with the multiple cracking
process, the stress versus crack opening of a single crack, and the variability associated
with these parameters. This research will focus on both steel fibers and polymeric fibers,
which have the greatest potential with regard to current commercial application. The
objectives are accomplished through both an extensive experimental program and a
rational analytical program. Furthermore, a statistical regression analysis is performed to
provide information on the influence of important parameters. Figure 1.3 provides a

general flow chart of the research plan.



1.3 Research Significance

The significance of this research lies in the ability to predict with reasonable
accuracy the tensile stress-elongation response of fiber-reinforced cement composites and
their key properties, while understanding some of the mechanisms involved and the
variability associated with the resulting properties. The new information obtained will
lead to an improvement in modeling material properties for finite element analysis as
well as a greater confidence in using HPFRC composites in structural applications. The
overall research also provides a good foundation to integrate these composites in

conventional structural analysis and design.

1.4 Structure of the Dissertation

This dissertation is organized into nine chapters.

Chapter 2 provides a review of existing literature on the behavior of HPFRCC in
tension, namely: the first cracking point, the multiple cracking stage , the mechanism for
the maximum tensile strength, the localization stage, the impact of randomly distributed
fiber on tensile resistance, and crack opening and crack spacing when relevant.

Chapter 3 describes the experimental program for uncovering HPFRCCs behavior
under the direct tensile loading testing procedures followed, equipment setup used, and
parameters investigated.

Chapter 4 provides the details of the direct tensile test results using dogbone
shaped specimens. It includes discussions of the first cracking point, maximum stress
point, localization, crack spacing, and crack width. The direct tensile test results are also
analyzed in terms of their associated mechanisms.

Chapter 5 describes the tests related to the stress versus crack opening
displacement (c-COD) using notched tensile prisms. Different fibers (PVA, Spectra,
Torex, and Hooked) and different volume fraction (0.5%, 0.75%, 1.0%, 1.5%, 2.0%,
SIFCON) are used. A model for the stress versus crack opening displacement relation

after localization is proposed. Extensive image analysis is carried out to shed light on



crack propagation and multiple cracking when present.

Chapter 6 describes the proposed model for the post-cracking behavior of
HPFRCC under tension and the influence of different types and volume fraction of fibers,
It covers first cracking stress, ultimate strength, and the computational method suggested
to predict the multiple cracking stage. Regression equations are given to predict total
crack length and crack spacing and width at crack saturation. Finally, the proposed post-
cracking model for direct tensile stress-strain relation is illustrated on a few examples.

Chapter 7 describes the statistical variation of results observed from the direct
tensile tests and the variability of each experimental variable. It also discusses how
variability affects the proposed tensile model.

Chapter 8 describes a newly proposed ring-tensile test, the results of a related
simulation based on a finite element analysis, and a parametric evaluation. The expected
advantages of this new test setup are discussed. Experimental results of a preliminary
investigation using the ring tensile test are provided and analyzed. Expansion or strain
measurements and a critique of the technique are described.

Chapter 9 presents a summary of overall research results and related conclusions.

A section on recommended future research is provided.
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CHAPTER 2

LITERATURE REVIEW
MODELING OF HPFRCC IN TENSION
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Several attempts were made in the past to model the behavior of HPFRCC in
tension. Currently fiber reinforced material models can be classified into three categories,
composite mechanics approach, energy approach, and numerical approach. Each
approach represents HPFRCC behavior in a different way. Consequently, to model the
behavior of HPFRCCs, it is necessary to understand several important parameters. These
parameters relate in particular to the post-cracking response and the shape of the Stress-

Strain (or Stress-Displacement) relationship (see Fig. 2.1).

1. First cracking point (A) , (Gec, €cc)

2. Multiple cracking stage (A-B), (Gcc, €cc tO Ope, Epc)

3. Maximum tensile strength point (B), (Gpc, €pc)

4. Localization and softening stage (B-C), (After oy, €pc)
5. Crack-opening or crack width in HPFRCC

6. Crack spacing in HPFRCC

2.2 First cracking point (A), (Gcc, €cc)

The first crack strength is defined as the applied tensile stress at which the crack
spreads throughout a cross-section. Naaman (1972, 1974, and 1987) introduced a
composite mechanics approach for modeling composites reinforced with short
discontinuous fibers. Each model treats the effect of discontinuity and randomness of
fiber orientation in a different way. Naaman (1974 and 1987) used the orientation effect
which was proposed by Romualdi and Mandel (1964).

In the model suggested by Naaman (1974), the fiber composite is modeled as a
chain link series which will break when the weakest link breaks. The fibers distribution in
the composite follows a Poisson distribution function. The cracking strength of one link
in the chain is given by the contribution of matrix and the contribution of fibers. The fiber
contribution depends on the fraction of bond mobilized at first crack and the coefficient
of fiber orientation in the uncracked state. The related equation (6¢c = Oy (1-Ve) + 0y a2 T

V¢L /d) is explained in Chapter 6.



Alwan and Naaman (1994) proposed two models for the elastic modulus of fiber
reinforced cement composites. The first model is based on the concept of interfacial bond
stress-slip, while the second model is a numerical scheme based on homogenization
theory. A good agreement between the analytical prediction and experiments was
observed.

Another model was proposed by Li and Lieung (1991) by using energy approach
and fracture mechanic. According to the principles of linear elastic fracture mechanics
(LEFM), stresses at the flaw tip are proportional to the stress intensity factor, K;, which
can be derived from basic principle of elasticity. In the model, the cracking stress was
derived based on fracture mechanics and micromechanics. The first crack state refers to
the first bend-over point and is assumed to be equal to the steady-state cracking stress o,

In addition to this, the steady-state cracking stress is estimated from composite
crack bridging stress, which represents the apparent closing pressure due to fiber bridging
acting on the composite crack plane, and cracking stress level. Moreover, the cracking
stress level is defined as the stress level at which each of the multiple cracks propagates,

when each crack in a different part of the specimen has a different size.

2.3 Multiple Cracking Stage (A-B), (G, €cc t0 Gpc, €pc)

For fiber reinforced composites, two possibilities exist after formation of the first
transverse crack: strain softening and localization characterized by continuous opening of
the major crack due to fiber pull-out (or fiber failure or both), and strain hardening
characterized by multiple cracking. For fiber reinforced cementitious composites,
multiple cracking is described as the stage when more cracks propagate along the
transverse direction parallel to the first transverse crack.

Generally, at the first cracking point (G, &), the specimen is assumed to have a
single crack. Consequently, the overall specimen stiffness will be reduced since the crack
is opened and elongated. Other parts of the specimen continue to be non-cracked
elements, representing the same stiffness as a typical elastic section. When the load is
increased, the crack will either open more, or new additional cracks develop. In the last

case, the numbers of cracks subsequently increases until the specimen reaches the
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ultimate strength or saturation cracking.

For simplicity, it can be assumed that the multiple cracking stage (A-B) is a linear
relationship between the first cracking point (A) and the ultimate cracking point (B)
(Kanda, Lin and Li, 2002). However, the multiple cracking stage is not linear since when
the crack is formed, the stres versus crack-opening displacement (COD) is not linear and
the behavior also relates to several parameters including fracture toughness of the
composites, fiber pull-out behavior and fiber parameters (Yang and Fischer, 2005).

A major obstacle in tensile stress-strain modeling is the characterization of the
inelastic strain due to matrix cracking. This inelastic strain was originally investigated for
continuous aligned fiber-reinforced composites by Aveston et al. (1971), in which matrix
cracking stress was simply assumed uniform in each of the multiple cracks. Their results
were then extended for composites reinforced with randomly distributed long fibers
(Aveston and Kelly, 1973). Following these research studies, matrix cracking of
composites under tension has been extensively investigated in the field of ceramics.
Stress at cracking state was derived as a function of micromechanical parameters
representing the initial flaw size and the fiber’s crack bridging performance (Marshall et
al, 1985). Furthermore, cracking was statistically examined, and its stochastic aspects
were analytically clarified (Cho et al, 1992 Searing and Zok, 1993). Based on these
studies, inelastic strain due to matrix cracking was modeled in relation with crack
evolution. Also an analytical model for the stress-strain relation was then proposed for
ceramic composites, which applies to the case where fibers are aligned and continuous.
However, few attempts have yet been made to extend these theories for fiber-reinforced
composites with randomly oriented short fibers.

Tjiptobroto and Hansen (1993) proposed a tensile strain hardening and multiple
cracking models for HPFRCC based on the ACK theory (Continuous fiber reinforced
composites theory), energy concept and the shear-lag model. In their research, the
occurrence of multiple cracking in discontinuous fiber reinforced composite depends on
the energy. If the energy required to open an existing microcrack is larger than the energy
required to form a new micro crack, then a new crack will occurred. It is assumed that the
magnitude of the energy for every multiple crack is the same. The strain at the end of

multiple cracking represents the sum of both the elastic strain and the inelastic strain. The
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researchers admitted that, in reality, it is expected that the energy required to create the
first crack is smaller than the energy required to create the following cracks due to the
random strength distribution of the matrix.

Kanda, Lin and Li (2000) proposed a tensile stress-strain model with emphasis on
fundamental micromechanics and experimental observations of multiple cracking. The
theory represents an extension of the approach adopted by Wu and Li (1995), in which
the multiple cracking sequences was treated statistically and the flaw size distribution
was simulated by a Monte Carlo technique (Wu and Li, 1995). However, their model
assumed the multiple cracking stages (G, €cc t0 Gpe, &) to follow a simple linear
relationship between the first cracking state and the ultimate tensile state.

Akkaya, Shah and Ankenman (2001) studied HPFRCC characterization on PVA
fiber composites. The study investigated the effect of fiber dispersion on the sequential
multiple cracking of fiber-reinforced cement composites. The electronic speckle pattern
interferometry (SPI) technique was used to observe the multiple cracking of the material
and to evaluate the cracking stresses of the composite. They reported the success of the
technique to capture the highly accurate displacement measurement, which allowed
mapping of the crack propagation at the microscale, determining the number of cracks
and the location of the cracks precisely. They also concluded that the fiber dispersion
affected the toughness of the composite. An effective crack bridging and increase in the
toughness of the composite can be achieved if the fiber dispersion is better at the first
crack location. However, no multiple cracking prediction was suggested in their research.

Yang and Fischer (2005) investigated the fiber bridging stress-crack opening
relationship of fiber reinforced cementitious composites. The experimentally obtained
information on the fiber bridging stress-crack opening relationship is used to assess the
potential for multiple cracking and strain hardening behavior of HPFRCC in uniaxial
tension. They proposed a method to simulate the displacement-controlled uniaxial tensile
behavior of HPFRCC using information from its stress-crack opening relationship. The
multiple cracking phenomenons in the strain hardening stage is captured in the simulation
results and characteristics of multiple cracking such as crack width and spacing can be
obtained. The preliminary simulation results have shown promising results. However, the

researchers admitted that there is no verification between the simulation results and
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experimental observation.
2.4 Maximum Post-Cracking Tensile Strength Point (B), (6pc, €pc)

The maximum post-cracking tensile strength point (o, €yc) is the point at which
maximum stress occurs prior to localization failure and softening of the response.
Generally, it is the state where the multiple cracking behavior stops (no occurrence of a
new crack) and the localization failure starts (the critical crack start opening while other
cracks unload).

Several attempts were made in the past to predict o, and €, Naaman (1972,
1974, and 1987) proposed a prediction equation for the post-cracking strength as a
function of shear strength, volume fraction of fibers, fiber length and diameter of fiber.
Later Naaman expanded the post-cracking strength so the model can be generalized and
applied to high performance fiber reinforced cementitious composites for which the post
cracking strength can be greater in value than the first cracking strength; these include the
modification factor for the expected pull out length, the efficiency factor of orientation in
the cracked state, the group reduction factor associated with the number of fibers pulling-
out per unit area, the pulley effect, the factor for fiber at large angles, and matrix

damage. In short, the maximum post-cracking strength can be expressed as
c,. =AtV, g . (A=A A2 A3). (This equation is explained in Chapter 6)

Li and Lieung (1992) proposed a model to predict maximum stress (Gpeak) as a
function of volume fraction of fiber, bond strength of fiber and matrix, the length of fiber
and also the diameter of fibers. Also they introduced the probability factor accounting for
fiber distribution and the snubbing effect in their model. However, their model has no
group effect of fibers, the interaction that occurs between two or more fibers, reducing
the performance of each individual fiber to resist the tensile load. Consequently, their
model seems to largely overestimate test results.

Later the model proposed by Kanda, Lin and Li (2000) to predict the strain at

maximum stress (&pc) in which the stress-strain relation is assumed to be a bilinear. This

approach requires theoretical modeling of the ultimate crack spacing x’“"”. The specific
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case of HPFRCC involving full saturation of multiple cracking has been studied (Kanda
and Li (1998)). The ultimate crack spacing with full crack saturation x, (saturated
ultimate crack spacing) depends on the transferred stress from bridging fibers at the crack
plane to the non cracked matrix. This stress transfer is achieved via the interfacial shear
stress between fibers and matrix. The saturated ultimate crack spacing x, can be estimated
as the minimum distance necessary for overcoming matrix cracking stress by transferred
stress. The theory was conducted under the hypothesis that the initial flaw size
distribution can be represented as a random process that governs crack evolution.

According to the crack spacing theory, it is assumed that unsaturated crack
spacing can be evaluated by employing the probability of a potentially propagating flaw
involved in a tensile specimen. Cracks are not to be generated with spacing less than xg,
as in the theory, the matrix stress cannot attain cracking stress level within length x4 from
a crack plane.

The model employs a probabilistic description, in which the Weibull function is
adopted to represent flaw size distribution. Identifying the parameters in this function
requires at least one set of experimental data on crack spacing. In this study, the
researcher claimed that their study revealed that the flaw size distribution can be assumed
unique for similar composites (with identical matrix mix proportion, mixing process and
age) with different fiber length and fiber volume fraction and the ultimate crack spacing
is found to be consistent with the results predicted by means of the proposed crack
spacing theory

The proposed model can achieve the first step to solve the problem of ultimate

crack spacing (x7“”) and the strain at ultimate stress. However, based on many

experimental results of Spectra fiber, the accuracy of this estimation is not completely
satisfactory. Their model seems to be overestimated in both stress and strain at
maximum stress (Gpc, €pc); the error is the result of complexity of formula accounting for
both fracture mechanics and energy method, which required numerous parameters
including matrix fracture toughness, slip-hardening parameters in pull-out test. Also the
model did not include the group effect of fiber, the interference of numerous fibers

confined in small area, which may explain the overestimation of results.
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Another model was developed by Tjibtobroto and Hensen (1991,1993), which is
based on extending the energy-based ACK model (Aveston et al, 1971) of continuous
fibers and the shear-lag model of single fiber pull-out process to fit cement composites
reinforced with short discontinuous fibers. By comparing the energy required to form a
new crack with the energy required to open the first crack, the model can represent the
strain at maximum stress (€,c) as a function of elastic modulus of fiber, elastic modulus of
composite in multiple cracking stage, maximum elastic strain of the composite, or its first
cracking strain, debonding energy and constant frictional interfacial bond stress.
However, the verification of this model seems to be overestimated. The error may come
from the finding the elastic modulus of the composite in multiple cracking stage, which
can be obtained in several ways and is not constant during the multiple cracking stage.

Moreover, Tjibtobroto and Hensen (1991, 1993) verified their model by using
beam-flexural tests instead of direct tensile tests. The verification was performed with
very high volume fraction fiber-reinforced specimens (FR-DSP, V¢ = 4% - 16%) with a
very fine matrix. There is no verification with low volume fraction fiber-reinforced
composites. Also the verification was conducted only on the flexural tests with small
strain gauges attached to the top and bottom part of the beam. Unfortunately, no
verification was carried out using a direct tensile test.

Kullaa et al (1998) proposed a model for maximum stress and strain at maximum
stress (Ope, €pc) based on several assumptions such as matrix cracks are planar and
perpendicular to the load, the fibers are separate, straight, smooth and fully flexible in
bending, the frictional shear stress is constant or decaying along the debonded length and
both the fibers and the bulk matrix behave in linear elastic fashion up to their tensile
strength. The maximum stress model is similar to the model proposed by Li et al (2000).
The strain model is an extension of the ACK theory by Aveston, Cooper and Kelly as it
can be used with discontinuous fibers with different distribution. However, the prediction
of strain at maximum stress (&,) is the combination of elastic strain and plastic strain
where the plastic strain depends on matrix cracking which requires a parameter
accounting for the matrix spalling length. The researcher admitted that the spalled length
is still to be determined and the model is not fully developed. However, based on the

researcher verification, they admitted that the predicted maximum stress and strain at
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maximum stress are relatively smaller than experimental observations.

2.5 Localization Stage (B-C), (After oy, €pc)

Normally, the localization stage of the HPFRCC occurs after the peak (6pc, €pc).
At this stage, the tensile resistance significantly drops with increased displacement or
crack opening. No new cracking occurs, and the critical crack opens while other multiple
cracks are closing since the stress decreases causing strain-softening. The characteristics
of this stage depend on the pull-out behavior of the composite. In this process two
constitutive relations can be distinguished, the stress-strain curve and the stress-crack
opening curve. The former consists of the normalized sum of crack widths equal to all of
the closing cracks as well as the strain in the matrix. The latter consists of the critical
crack width of the localization crack. In analysis, these two constitutive relations should
be distinguished.

A comprehensive model for crack-opening behavior should cover the full possible
range between complete fiber pull-out and complete fiber rupture. The lower bound
model should come from the assumption that all fibers fail (no ductile behavior). The
upper bound model should come from the assumption that the fibers, virtually all aligned
in one direction, pull out perfectly and the crack opens perpendicular to the fiber
direction. It is also assumed that a certain proportion of the crack width is permanent. The
width of the opening crack is increased gradually while the others are closing. However,
complete crack closure cannot occur upon unloading due to a reversed frictional stress
which prevents fibers from slipping back into the matrix when the specimen are unloaded
(Wu et al., 1994)

The anticipated model for the localization stage was founded upon Visalvanich
and Naaman (1983) by proposing the post-cracking strength model. The f(d) function is a
stress versus crack-opening function. By modifying the maximum post-cracking stress
and half the fiber length 1/2 as the normalizing factors, respectively for the stress and
displacement axis, an analytical relationship representing the stress-crack opening law of
crack-opening composites was derived and representing as a behavior of tensile

responded after maximum stress.
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In the model of stress versus crack-opening for tensile fracture in SFRC
conducted by Gopalaratnam and Shah (1987), an experimental program on notched
specimens of SFRC was performed. They concluded that after catastrophic debonding, a
constant frictional stress transfer ensures adequate post-cracking strength. Thereafter,
fiber slip resulting from the widening of the single matrix transverse crack yields a
composite stress-displacement relationship that is essentially linear with a negative slope.
Also the composite stresses can be obtained by superimposing solutions for individual
fiber pull-out with the solution for matrix softening after accounting for the randomness
in fiber length and orientation, and the compatibility of displacements at the crack.
Consequently, the model developed from experimental results and analytical model of
single fiber pullout seems to be realistically sensitive to important reinforcing parameters.
However, the researcher admitted that the effects of the plastic bending of fibers and of

the matrix crushing due to pull-out of inclined fibers were not considered.

2.6 Crack-Opening in HPFRCC

In addition to the post-cracking mechanism, the crack-opening displacement
model (COD) is vital to determine the overall strain behavior of HPFRCC in the multiple
cracking stage (A-B). The average strain in the composite is directly related to the crack-
opening displacement at every step of crack propagation.

Generally, for fiber reinforced cement based composites, the fiber bridging force
would not be constant but would depend on the opening and extent of the crack. It is
well accepted that crack propagation, in cementitious materials and in their composites, is
controlled by the formation of a crack-bridging zone behind the crack tip. This bridging
zone is often referred to as the fracture-process zone, in which microcracking and
inelastic deformations have occurred. Because of its dominant role, it is crucially
important to determine the law that governs the formation of the fracture-process zone
(i.e., the bridging-stress-crack-opening relationship).

Normally, the crack comprises three different zones. (Fig. 2.2)
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Zone 1 represents the real crack in the composite along which the cracked
surfaces are under zero resisting stress because all the bridging fibers have either pulled
out or failed.

Zone II is defined as the pseudo plastic zone. It is a zone where the matrix has
cracked, but the bridging fiber still provides some resistance to pullout or tensile
stretching.

Zone III is a microcracking zone or a process zone of the composite. It is a zone
where elastic and inelastic deformations occur.

Naaman (1972) studied a statistical theory of strength for fiber reinforced
concrete using dogbone-shaped tensile specimen (i.e., with notch in the middle to control
the location of the crack position, which occurred during the test) and double cantilever
beams. He concluded that the setup can be used to measure some fracture properties of
fiber reinforced concrete and primarily estimate the size of a pseudo plastic zone
corresponding to an area where the matrix is cracked. In addition, he concluded that the
fibers are pulling out and the maximum crack tip opening is equal on average to half the
fiber length.

Later Visalvanich and Naaman (1983) extended the model for fiber reinforced
concrete by carrying out an extensive investigation dealing with modeling fracture in
fiber reinforced cementitious composites. They found that there is strong evidence that a
crack in a cementitious composite, subjected to a tensile stress field, starts propagating
when the crack-opening angle reaches a critical value, regardless of the crack length and
crack shape. The advancing of crack in a cementitious composite can be assumed to
maintain the same shape, provided the specimen size is sufficiently large and the crack is
not blunted. Also, they concluded that the post-cracking stress of steel fiber reinforced
mortar (with pullout behavior) gradually decreases from a maximum value to zero, while
the corresponding displacement or crack opening increases from that of the composite at
cracking to about half the fiber length. The post-cracking energy of the material is
substantially larger than its pre-cracking energy, which will control the fracture behavior
of the material.

Wecharatana and Shah (1983) studied the fracture resistance of fiber reinforced

concrete by using both double torsion specimens and notched beam specimens. The
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classical linear elastic fracture mechanics analysis was modified to predict fracture
energy (R-Curves) for fiber-reinforced cement based composites. The predicted results
compared well with the experimental data from both types of tests. They introduced the
crack closing pressure model from the fracture energy and experimental observation.
They also concluded that the model is corresponding to the pull-out resistance of fibers.
However, their experimental observation and analytical model did not represent the
crack-opening displacement relation before the peak stress, only the stress after cracking
of the matrix.

Gopalaratnam and Shah (1987) reported the tensile failure of steel reinforced
mortar from notch testing (COD) to study the crack width of SFRC reinforced with
Hooked 0.5%, 1.0%, and 1.5% volume fractions of fiber. In their study, the crack
opening displacement was captured and compared with analytical predictions. They
conclude that the softening behavior of SFRC concrete, mortar, and paste seem primarily
related to the widening of a single crack. Measurements of optical crack widths, local
strains, and residual deformations all confirm the observation. An analytical model
proposed for both the fiber pull-out problem and tensile fracture of SFRC accounting for
all the major phenomenological processes of failure in such composites was suggested.
However, they concluded that the model is realistically sensitive to important reinforcing
parameters but should be improved for further study.

Li et al (1991) suggested that the composite bridging stress-COD curve can be
approximated by summing the contributions of the individual fibers bridging the matrix-
crack plane, by using the probability-density function of the orientation angle and
centroidal distance of fibers from the matrix plane.

Assuming a purely frictional fiber/matrix interface and complete fiber pullout,
Visalvanich and Naaman (1983) derived a semi-empirical model for the tension-softening
curve in discontinuous randomly distributed steel-fiber-reinforced mortar. With the same
assumptions, Li (1992) derived an analytical model taking into account an additional
frictional effect called the snubbing effect. The model provided a good prediction for the
post-cracking strength, the tension-softening curve, and composite fracture energy for a
number of composites in which the fibers did not rupture. However, discrepancies were

observed between the prediction of this model and some experimental measurements,
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which suggest the occurrence of fiber rupture.

Maalej, Li, and Hashida (1994) developed a new technique to determine the
fracture process zone based on the J-integral analysis. The -0 relationships deduced
from the J-based technique have been compared with results of uniaxial-tensile tests.

Later Maalej, Li, and Hashida (1995) studied the effect of fiber on tensile
properties of short fiber composites by using notch-tensile specimens. In their studies, a
micromechanical model for the composite bridging stress-COD relationship that accounts
for fiber pull-out and tensile rupture was presented. The model accounts for a local
frictional effect and snubbing; however, the model does not account for fiber-bending
rupture and the possible effect of matrix spalling at the exit point of inclined fibers from
the matrix. The model assumes a fiber/matrix interface that is controlled by a constant
frictional bond stress. The post-peak curve predicted model is in good agreement with
the experimental result. However, the researcher admitted that if the fibers are brittle,
bending rupture will also need to be included in a composite model.

Nelson, Li, and Kamada (2002) studied the fracture toughness of Microfiber
reinforced cement composites. They attempted to quantify the reinforcing ability of
polypropylene (PP), polyvinylalcohol (PVA), and refined cellulose (RC) fibers in the
frontal process zone. They reported the successful experimental observation of the crack
by using an optical microscope, which was employed to visually monitor crack formation
during fracture toughness testing. The 50X magnification optical microwatcher lens was
focused on the notch tip. This allowed the visually observed frontal crack processes to be
correlated directly with the nominal tensile stress, and the crack mouth opening
displacement.

Yang and Fisher (2005) studied the fiber bridging stress-crack opening
relationship of fiber reinforced cementitious composites by investigating Engineered
Cementitious Composites (ECC) with PVA fibers (2%) by using double notch specimens.
They observed that the stress-crack opening curve becomes more consistent with
increasing the curing time of the specimen. The experimental results indicated a
relatively small variation in peak bridging strength over time. Furthermore, the
comparison of response at different curing times shows that the displacement, as well as

the total energy absorbed in the fiber bridging-crack opening process, decreases
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significantly when curing time increases. They successfully applied the stress-crack
opening curve to simulate the multiple cracking and strain hardening behavior for ECC

under direct tension.

2.7 Crack Spacing in HPFRCC

The crack spacing in HPFRCC composite is the distance between two consecutive
cracks. Also the average crack spacing at saturation of cracking is a key parameter to
determine the equivalent strain at maximum post-cracking stress (gp). From
experimental observation, the average crack spacing at the beginning of the multiple
cracking processes are relatively high. However, after the specimen elongation increases,
the number of cracks that occur increases. Consequently, the average crack spacing in
HPFRCC decreases until the composite reaches a saturation state generally at or before
the maximum stress (c,c). After this point, localization failure will occur and the average
crack spacing (excluding the localization crack) remains constant.

Yan, Wu and Zhang (2002), studied the cracking pattern in SIFCON. In their
research, the SIFCON volume fraction of fibers ranged from 4 % to 10 %. Digital image
analysis was conducted to capture the cracking pattern. They concluded that the higher
the volume fraction of fibers, the larger the amount of crack and the maller the crack
spacing.

Aveston et al. (1971) first proposed the conditions for multiple cracking in
continuous aligned fiber reinforced brittle matrix composites, notably known as the ACK
theory, and lay the foundation for subsequent research (Li et al, 1991-1992, Marshall et
al., 1985). In these models, uniform distribution of identical flaw size in the matrix is
implicitly assumed. Consequently, a deterministic composite strength during multiple
cracking is predicted, and usually does not agree well with experimental findings, as
observed for discontinuous random fiber reinforced cementitious composite (Wu and Li,
1995). This discrepancy is also found in a continuous aligned SiC reinforced calcium
aluminosilicate (Cho et al., 1992; Yang and Knowles, 1993). A rising load carrying
capacity beyond the first cracking strength during multiple cracking resembles strain

hardening of metals, often referred to as pseudo strain-hardening. Multiple cracks
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develop over a wide range of load levels. Besides the difference in observed stress-strain
curves, the distribution of crack spacing also shows evidence against the assumption of
identical flaw size. A simple calculation was used to compute the crack spacing, x, on the

basis of force balance (Aveston et al., 1971; Wu and Li, 1992).
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where Ly is the fiber length, @ (=4/(ng)) is the correction factor for 3-D fiber
randomness, g is the snubbing factor.

Hence, after crack saturation, final crack spacing between x and 2x is expected.

However, from the comparison when applying to the SIFCON that was conducted
(section 3.9 step 2), largely underestimation is observed.

Kimber and Keer (1982) have calculated the average value of the crack spacing
for multiple matrix cracking when the matrix strength is a deterministic value, based on
analogy with minimum average spacing between cars of length x parked at random in an
infinite line. Their results yield an average spacing of 1.337x. However, experimental
observations of multiple crack spacing in steel/epoxy (Cooper and Sillwood, 1972), in
carbon/glass (Yang and Knowles, 1992), and in SiC/calcium alminosilicate (Cho et al.,
1992) do not support this prediction. Instead, better agreements between theory and
experiment are found when a statistical distribution of matrix cracking strength is
assumed (Cho et al., 1992; Cooper and Sillwood, 1972; Yang and Knowles, 1992).

In the ACK model, the energy balance at onset of cracking was used to predict the
elastic strain capacity of the composite reinforced with continuous fibers. Tjiptobroto and

Hansen (1991) modified the crack spacing model for discontinuous short fiber
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composites by using the energy concept similarly to the model used in the ACK model.
The changes in the external work were assumed to be equal to the changes in internal
energy. The energy changes are obtained by evaluating the different energy terms before
and after the occurrence of a crack. The major difference between the ACK model and
Tjiptobroto and Hansen (1991) model for discontinuous fibers is in the combination of
the different energy terms associated with internal energy changes due to the occurrence
of a crack. This method will also be modified in this research to determine the ultimate
crack spacing from energy concept.

Regarding the nature of the distribution of crack spacing in composites, Wu and
Li (1992) proposed the hypothesis that the strength distribution may comes from a
distribution of matrix flaw sizes, interaction of matrix cracks and variation of fiber
reinforcement.

Later Wu and Li (1995) studied the stochastic process of multiple cracking in
fiber composites. In their research, the multiple cracking in discontinuous random fiber
reinforced brittle matrix composite is studied and simulated by a Monte Carlo simulation.
A good agreement of composite strength and average crack spacing between
experimental data and simulation results is found for a polyethylene fiber reinforced
cement paste (VI = 2%). They suggested that the condition of crack propagation depend
on initial flaw size, external load, and fiber bridging effect. However, they found
differences between their prediction and experimental results and concluded that they
may come from the effects of crack interaction, which were not considered in their study.

Kanda, Lin and Li (2000) again proposed a model for crack spacing by modifying
the ACK theory (Aveston et al, 1971; Wu and Li, 1992) and using a statistical
distribution function to account for flaw size distribution, crack interaction, crack
characteristic and fiber volume fraction. However, many parameters are required from
experimental observations and need to be known to calibrate the model. They also
suggested that the actual crack spacing should be higher than the crack spacing obtained
from the modified ACK theory. In conclusion, they suggested that it is possible to predict
the crack spacing reasonably accurately.

In this research, the equivalent number of cracks in a typical specimen, the

average crack spacing and width at saturation cracking are addressed in Chapter 6.
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Figure 2.2: Crack model for HPFRCCs showing (a) fracture zone and (b) possible stress

distribution (from Visalvanich and Naaman, 1983)



CHAPTER 3

EXPERIMENTAL PROGRAM FOR EVALUATING HPFRCC
TENSILE BEHAVIOR

3.1 Introduction

As described in Chapter 2, considerable research has already been carried out to
evaluate the response of HPFRCCs in tension (Swamy and Mangat, 1974; Visalvanich
and Naaman, 1983; Naaman et al, 1987, 1992, 1996; Nammur, 1989; Li and Lieung
1991; Mishra 1995; Lin and Li, 1997; Kullaa et al, 1998; Kanda, Lin and Li, 2000;
Kabele, 2004; Tjiptobroto and Hansen, 1991, 1993; Alwan and Naaman, 1994;
Chandrangsu and Naaman, 2003). Based on these and other results, micro-scale models,
which involve a direct description of three phases of materials, i.e. fibers, matrix and
interfacial zone, have been introduced. However, an entire model for HPFRCCs behavior
in tension is not yet available (e.g., the linear-elastic stage, multiple cracking stage, and
the localization failure stage) and none of the existing models have the capability to
represent the effect of statistical variability and the accuracy of the predicted behavior.

Experimental studies (direct tensile test, crack-opening displacement test, ring
tensile test) were conducted to clarify the parameters for each stage of the response and
lead to the development of a complete model for HPFRCs. Data from the experimental

programs were processed in analytical works, and were utilized in the proposed model.
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Evaluation of post-cracking tensile behavior
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3.2 Materials

3.2.1 Mortar

The cementitious composite used throughout this study is a regular mortar, having
an unconfined compressive strength of about 56 MPa (8.1 ksi).
throughout this research was commercially available Type III Portland cement

manufactured by Holcim Cement Company, which provides a rapid developing strength.

A 4

HPFRCC stress-strain relation

A 4

Implementation of prediction

model and verification

Figure 3.1: Flow chart of experimental program
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However, this type of cement generates an elevated hydration heat compared to other
types of Portland cement. Consequently, the stresses in the concrete at an early age could
be significant. A summary of the cement compositions and properties provided by the

manufacturer is presented in Table 3.1.

Table 3.1: Cement compositions and properties of Portland cement type 111

=10 A0+ | FeaOs Cald WO S04
214 4.2 2 fi6.4 0.9 2.6
spectfic | Bulk
T3 Cq3 Cah C4AF | Surface | Density
(m'leg) | Gegfm’)
65 12 B 7 450 1400

The mixture ratio, based on weight of cement, sand, fly ash, and water is 1, 1, 0.15,
and 0.35, respectively. In addition to this, some admixtures, such as VMA, air entrapping
agent, and superplastizer, were applied to improve the behavior (mixing, compacting) of

HPFRCC mixtures.

Table 3.2: Mix proportion of matrix by weight

Matriz | Cement | Sand | Flyash | Water fc
& kst
Mort 1 1 0.15 0.35
orar (55 MPa)

3.2.2 Fibers

Four types of fibers were investigated in this study, two polymeric fibers and two
steel fibers. Their properties cover a wide range of mechanical properties, as illustrated
in Table 3.3. A detailed description of each type of fiber is described in the following

section.

27



I (b) Spectra

(c) Hooked (d) Torex

Figure 3.2: Fibers used in present research, (a) PVA, (b) Spectra, (¢) Hooked, and (d)

Torex

Figure 3.3: Fibers used in present research: length comparison
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Table 3.3: Fiber properties

martype |t (Lenain | Denser | Goror | oo

(MPa) (MPa)

Pra, 019 12 1.31 500 25000

Spectra 0.035 35 0.97 2585 117000

Hooked (Fegular Strength) 0.3 a0 ERE 1050 200000
Hooked (High Strength) 0.4 30 7.9 2100 200000
Torex (Regular Strength) 0.3 30 7.9 1380 200000
Tarex (High Strength) 0.3 30 7.8 2760 200000

3.2.2.1 Polyvinyl Alcohol (PVA)

Polyvinyl Alcohol (PVA) fibers have been used on a large scale in the
construction of thin products as a replacement for Asbestos fibers due to their good
mechanical properties and physical characteristics.

A monofilament PVA fiber was used in this study, possessing a tensile strength
about half to one third of that of Spectra fiber. Furthermore, the monofilament PVA fiber
costs approximately 1/8 of Spectra fiber. Generally, the fiber section is close to circular.
Its diameter was 0.19 mm and its length was 12 mm. High chemical bond strength, due to
the hydrophilic nature of PVA fiber, is a property characteristic of PVA. This high
chemical bond strength is due to a strong hydrogen intermolecular bond resulting in high
bond strength between PVA fiber and cementitious materials. However, the high bond
strength and relatively low tensile strength lead to a fiber rupture tendency during the
opening of a matrix crack, rather than a more desirable pull-out process. Therefore, an
oiling agent is usually applied onto the fiber surface during the production process to
reduce bond (Li et al., 2002). However, the long term effectiveness of such oiling agent

has not been demonstrated.
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Figure 3.4: PVA fiber Figure 3.5: PVA fiber in composites

3.2.2.2 Spectra

Spectra fiber (Trade name) is made from ultra-high molecular weight
polyethylene. It has outstanding strength and toughness, but a relatively weak bond
strength. Spectra fiber material is referred to as ultra high modulus PE (UHMPE), which
is produced with a very high molecular orientation by gel spinning, and subsequent
drawing which yields fibers having up to 85% crystalline structure with 95% parallel
orientation. The polymer chains of UHMPE are bound together at various points by
mechanical cross linking. This produces strong inter-chain forces in the resulting
filaments that can significantly increase the tensile strength. The filaments emerge with
an unusually high degree of orientation relative to each other, further enhancing strength.
Although the bond strength of Spectra fiber is relatively weak, it exhibits a slip-hardening
behavior during fiber pullout, which is caused in part by an abrasion effect. When a
Spectra fiber is pulled out from a cementitious matrix, the fiber surface is damaged and
stripped into small fibrils due to the abrasion effect. These small fibrils jam the tunnel
surrounding the fiber, which in turn prevents the fiber from being pulled out. This
mechanism significantly increases the frictional bond strength between the Spectra fiber
and cement matrix, which leads to a slip-hardening response. In conclusion, having a
tensile strength as high as steel fiber, but seven times lighter in weight, Spectra fiber is
one of the toughest and lightest polymetric fibers. In this study, a Spectra fiber having a

length of 38 mm and a diameter 0.038 mm diameter was investigated.
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Figure 3.6: Spectra fiber

Figure 3.7: Spectra fiber in composite

3.2.2.3 Hooked

An industrial Hooked fiber, commercially named “Dramix” from Berkaert S. A.,
Belgium, was used in this study. The Hooked fibers are made from cold-drawn, high
tensile strength steel wire and have Hooked ends. Fibers with two different tensile
strengths were investigated. One Hooked fiber had circular cross sections with diameter
of 0.3 mm, length of 30 mm, tensile strength of 1050 MPa, and Hooked ends (regular
strength Hooked fiber). The other fiber also had circular cross section with diameter of
0.4 mm, length of 30 mm, tensile strength of 2100 MPa, and Hooked ends (regular
strength Hooked fiber). In this regard, steel fibers have the advantage over other fibers in
terms of ease to be deformed to improve their mechanical bond, as well as high tensile
strength and ductility. The mechanical bond of steel Hooked fibers derives from the
Hooked ends, which contribute to bond strength through the work needed to straighten
the fiber during pull out. A detail of the mechanisms of how Hook ends behave during

pull-out is presented in Figs. 3.10-3.11

31



Figure 3.8: Hooked steel fiber (before

mixing) composites

Intertacial Stréss

Plastic Hinge
PH (2}

(@ | Ay

Interfacial Stress

PR

Figure 3.10: Pull-out mechanism in
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Figure 3.11: Formation of two plastic

hinges for maximum resistance
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3.2.2.4 Twisted Polygonal Steel Fibers (Torex)

A newly developed steel fiber of optimized geometry called “Torex” (Twisted
Polygonal Steel Fibers) was introduced by Naaman at the University of Michigan with a
subsequent U.S. patent No. 5989713 (1999).

Figure 3.12: Torex fiber geometry

A prototype machine developed especially for research was used to produce twisted
polygonal steel fibers for testing HPFRC composites. To make a twisted fiber, this
machine takes a round wire, shapes it, twists it and then cuts it in a continuous process.
The speed of each component of the machine can be controlled: thus, the fibers can be
made with different numbers of twists and lengths. Moreover, studies by Naaman and
Guerrero (1999), Naaman and Sujivorakul (2002), Kim and Naaman led to development
optimized geometry for various material parameters; moreover, Torex fibers offer a ratio
of lateral surface area to cross sectional area larger than that of round fibers. Torex fiber
is made of high strength steel wire with a polygonal cross section, and twisted along its
length. The fibers are characterized by the shape of their cross sections and the number of
twists or ribs per unit length.

The larger surface area of Torex fibers leads to a direct increase in the
contributions of the adhesive and frictional components of bond. Moreover, unlike a fiber
with a round section, a fiber of polygonal section can be twisted along its longitudinal
axis, developing ribs, creating a significant mechanical bond component. The outstanding

advantage of Torex fiber is in its pull out resistance, which increases with an increase in
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slip while being pulled out from the matrix. Torex fibers can maintain a high level of
resistance up to slips representing 70% to 90% of embedded length. This unique bond-
slip behavior is due to the successive untwisting and locking of the fiber embedded
portion in the tunnel of the matrix during slip. Photos of Torex fibers used in this study
are shown in Figs. 3.13-3.14.

Figure 3.13: Torex steel fiber Figure 3.14: Torex steel fiber in

composites

Two types of Torex fiber were utilized in this study, regular strength Torex fiber
(tensile strength of 1380 MPa), and high strength Torex fiber (tensile strength of 2760
MPa).

3.3 Specimen Preparation

All specimens of this research were prepared in Plexiglas molds. During the
mixing, care was taken to prevent clumping of the fibers. The molds were lightly oiled
before pouring of the HPFRCC materials. The dry components of the mortar mix were
first combined with approximately 25% of the total water required. The fibers, along with
the remaining 75% of the water, were intermittently added as the mixing process
progressed. The fibers were added slowly, while mixing continued, in a sprinkling
fashion in order to distribute the fibers thoroughly throughout the mix. Particular care
was paid while adding the Spectra fibers because it was observed that Spectra fibers
could potentially trap large amounts of air in comparison with the other fibers used in this

study. After casting, the specimens were kept under preventive cover while remaining in
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the molds for 24 hours. After that, the specimens were removed from the molds and
placed to cure in a water tank for at least 14 days. Next, they were left to air dry for a
period of at least 48 hours prior to testing. After drying, thin poly-urethane spray was
applied to the surface of the specimens to aid in crack detection during and after testing.
It should be noted that HPFRCC reinforced PVA specimens did not use exactly the same
mixture as referred to in some ECC specification, (Engineered Cementitious

Composites), in order to provide a fair comparison with other fibers.

3.4 Direct Tensile Test (Dogbone Test)

To obtain increased understanding about HPFRCCs behavior program, under
monotonic direct-tensile load, a conventional dogbone shape specimen (Figs. 3.15, 3.16)
was selected to detect elongation occurring during the test. Two Linear Variable
Differential Transformers (LVDTs) were attached near the grips connected to the
specimen (Fig. 3.17). The top and bottom ends of the specimens were held by specially
designed grips attached to the MTS 810 machine. The average elongation was obtained
from the two LVDTs placed on opposite sides of the specimen at a predetermined gage
spacing (about 178 mm or 7.0 inches). The strain was calculated from the gauge length.

The tensile stress o; and tensile strain g were calculated from the following equations:

o = (3.1)
ALg
5= (3.2)

where T is the tensile load obtained from the load cell, A is the cross sectional

area of the specimens, AL, is the elongation of the tensile specimen (average value from
the two LVDTs), and L, is the gauge length of the tensile specimens (178 mm or 7.0

inches).

Additionally in some series of tests, Optotrak sensors were placed on the
specimens’ surfaces to also measure deformation precisely at the surface (and ascertain
the values obtained from the LVDTs). Moreover, some specimens were monitored via

digital camera to observe closely the specimen cracking behavior. Furthermore, the
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cracking patterns, crack spacing, and crack width were investigated.
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Figure 3.15: Specimen dimension of tensile dogbone specimens (mm)
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Figure 3.16: Specimen dimension of tensile dogbone specimens (inch)
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Figure 3.18: Dogbone specimen
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A servo controlled hydraulic testing machine (MTS 810) was was used for all the
direct tensile tests as well as all the tests using notched prisms.

A deformation controlled procedure was used to capture the tensile response at a
rate of 5 data points per second. A deformation rate of 0.05 inch per minute (1.27 mm per
minute) was applied in the test.

Usually, the testing time for one specimen was between 2 to 10 minutes
depending on the experimental type of fiber, ductility, and energy absorption. If the
specimen was brittle, the time for testing was short. However, if the specimen was very
ductile, testing time lengthens. Normally, if the specimen has not completely failed the

elongation was increased up to about 0.3 inch (7.62 mm) prior to stopping the test.

3.5 Crack Opening Displacement Test (COD, Notched Prism Test)

To study the behavior of HPFRCC in tension, it is necessary to study the stress
versus crack opening displacement of the composite, crack width, crack opening, and
crack propagation in a specific location. The specimen in this type of test should have a
predetermined location of a crack. Thus a tensile prism, similar to the dogbone tensile
specimen, was used with a double notch at its midlength. The notched section had the

same dimensions as the gauge section of the dogbone tensile prism (Figs. 3.20 and 3.21).
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Figure 3.20: Dimensions of notched tensile prim for crack-opening displacement test
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Figure 3.21: Dimensions of notched tensile prism for crack-opening displacement test
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Notched prism’ dimensions were (76.4 mm), 3 inches wide, 304.8 mm, 12 inches
long, and 25.4mm, 1 inch thick. Furthermore, the specimens had two notches, 12.7mm,
0.5 inch deep and 2.54mm, 0.1 inch wide, at the left side and the right side of the
specimen. The notches were cut using a circular diamond concrete saw. Microscopic
observations at 50X were carried out to verify that no micro-cracking was introduced in
front of the notches, due to the cutting process. Consequently, the crack occurred during
the test somewhere in between the two notches in the middle of the specimen, which is
the weakest location of the specimen.

Two crack gauges were placed at the left side, and the right side of the notched
specimen to record the displacement, which occurred at the notches. A camera was used
to closely observe the crack propagation and cracking behavior at the crack, and the area
in close proximity to the crack. The displacement and load data were linked to the camera
system, load cell, and data acquisition. Four types of fibers (i.e., PVA, Spectra, Hooked,
and Torex) with volume fractions ranging from 0.75% to 2% were evaluated in this type
of test. Also, as for the dogbone tensile tests, a mortar compressive strength of 8.1 ksi, 56

MPa, was used throughout.
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Figure 3.22: Crack opening displacement test set-up

Figure 3.23: Test setup configuration

3.6 Ring Tensile Test

In order to further observe the tensile response of HPFRCCs, an alternative
testing method, was considered. It consists of a ring which, when pressurized along its
inside surface, is subjected to an almost uniform tension. The reason this new method
was explored is to eliminate the drawbacks of other methods such as the dogbone tensile
specimen. Indeed, some of the problems encountered with tensile testing the dogbone
shaped specimens include the following:

1. Specimen construction problem: The wire meshes, which were used at the ends

for preventing local grip zone failure, are difficult to place in the specimen.
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2. Bending problem: Eccentricity that occurs during loading due to crack formation
causes difficulties in analyzing the results.

3. Size problem: the gauge length where measurements can be made is small in
comparison to the total length of the specimen (in our case only 8/21 inches)

4. Testing problem: The direct tensile test is sensitive to many parameters, in
particular alignment and gripping conditions.

A ring-tensile test of concrete was then considered as an alternative testing
technique that would eliminate the above described problems.

The ring-setup was designed using thick steel plates as shown in Fig. 3.24. A
steel cone shaped wedge was manufactured that fits inside an inverse conical opening
formed by steel plates cut and assembled in the shape of pie slices. Driving the cone
inside the opening pushed the plates out, exercising pressure on the inside of the ring
specimen, thus creating the tensile stresses in the ring. The specimen tested was a
circular HPFRCC ring having an inside diameter equal to 304.8 mm, 12 inches and an
outside diameter equal to 406.4 mm, 16 inches. The specimen width was 50.8 mm, 2

inches, while the specimen’s depth was 76.2 mm, 3 inches.

30000
304 8mm 76.2mm
12, G006
16 CO0c"

406 dmin

Figure 3.25: HPFRCC ring specimen

Figure 3.24: Ring tensile test set-up

An Instron universal testing machine was used to apply the load vertically to the
conical prism drove in the wedge, which transformed the force horizontally to break the

specimen.
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Figure 3.26: Ring HPFRCC specimen Figure 3.27: Ring HPFRCC setup

A preliminary study was conducted to determine the most efficient number of
components needed to break the specimen. Three setups were considered; 2 pieces of
steel plates, 4 pieces of steel plates and 8 pieces of steel plates. Eight pieces were
subsequently selected to further study possible means for applying stress to the HPFRCC
specimen, using a finite element analysis. A cone wedge’s slope, 0 = tan™ (1.5/9) =

9.4623° was selected.

"L

Etesl plote
E Cong wedge

Reaction — =

Figure 3.28: Interaction between steel plate and cone wedge setup

3.6.1 Result of Finite Element Analysis
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Figure 3.29: Stress-contour of finite element analysis for two, four, and eight piece

steel-plate configurations

42



The result of the finite element analysis are illustrated in Fig. 3.29 where it is
clear that using the configuration with 8 steel plate pieces as a configuration leads to
minimal stress concentration when compared with the other two configurations. Thus the
8 steel plates configuration was selected.

The advantages of this test method are as follows:

1. The specimen does not require any internal specimen reinforcement.

2. Multiple cracking behavior is observable over a large specimen area, (i.e., the

entire specimen) compared to the gauge length test of the Dogbone specimen,
which can be seen only in the specimen’s middle portion.

3. The test remains very stable during loading, in comparison to a direct tensile

test.

Figure 3.30: Specimen setup Figure 3.31: Optotrak sensors

43



Figure 3.32: Testing machine and tensile Figure 3.33: Testing machine and tensile

ring setup ring setup

An Instron universal testing machine was employed in specimen testing. To begin
the process, monotonic loading was used on top of the cone wedge, which was inserted
into the steel plates exerting force upon the specimen. The force imposed upon the cone
wedge caused it to push through the hole inducing force on the steel plates, resulting in
expansion and specimen loading.

Three methods were utilized to measure the specimen’s displacement.

Figure 3.34: LVDT setup at specimen’s surface Figure 3.35: LVDT setup at cone

wedge

The vertical displacement of the conical wedge was measured by an LVDT.
Furthermore, a spring type LVDT was connected by steel wire running along the outer

perimeter of the ring, to measure the total expansion.
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A third method to measure displacement was used utilizing an Optotrak
instrument. The Optotrak camera system was placed on the table horizontally. Four
sensors were situated at the surface of the ring specimens to measure the surface level
displacement. The data was then used to estimate the total expansion of the ring under

load.

3.7 Data Acquisition System

O Tnrrersal testms LYDTs
Compater machme MTE-810 [Lmear variahle
C:l > NDI-Softerare Load cell sensox, differertial
Orptotrak Machire displacernart transducers)
Controller seHsOr
O
Optotrak
Cameras,
v
Sensors
Compater
Porteze B-200 o M atiomal Instnome st Schasvitz
Drata acquisition *  NI-Dageard 8055E - Signal
Comtraller Data fequisition caed Condtiorer

Figure 3.36: Data collecting system for the direct tension tests

The experimental results from the direct tensile tests (dogbone test) and the crack
opening displacement tests (COD) are loads and related displacements. Testing data was
obtained from the experiment by using sensors (LVDTs etc.) connected to a National
Instrument DAC 6036E 16 Bits 16 channels 200/ms data acquisition card. The data was
subsequently stored in a laptop computer. The load versus displacement relationship was
then plotted using this data file. The Labview 7.1 data acquisition program was utilized to
preprocess the data. To achieve the highest accuracy level of the collecting data, the
sampling rate of data was set at 1000 points per second and the averaging process was
carried out by reducing the rate of sampling to 5 data per second. The AC/ LVDTs
sensors were attached to a Schaevitz signal conditioner to prepare the sensor’s signal for
appropriate voltage and response before processing the signal via the data acquisition

card. The load data and machine displacement position were also obtained from the
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sensors in the MTS-810 universal testing machine and were linked to the data acquisition
card. By combining the load data from the load cell, and the displacement data from the

LVDTs, the load-displacement relation was presented in real-time and recorded during

the test.
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Figure 3.38: View of real-time records of

Figure 3.37: Data acquisition system

stress-elongation response curves

A non-contact motion measuring instrument, called Optotrak was used in this
experimental program. Three infrared cameras from the Optotrak system were connected
to the computer running NDI software. Infrared sensors were attached to the specimen at
an observable predetermined gauge location. The displacements between two sensors
were recorded and used to compute strains. The movement of the infrared sensors
attached to the specimen was measured in the X, Y, and Z directions. The data of the
infrared sensors was linked to the data acquisition computer and was recorded at the same
time as the data from the machine load cell, machine displacement, and the two LVDTs
attached to the specimen. Thus, data derived from the four types of sensors were recorded

simultaneously.
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3.8 Image Acquisition

O Unirersal testng LVDTs
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CI HDI-Sofharare Load cell sensor, differertial
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Comtrolkr Drata Acquisitom card Condtioner
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2 Sony XCD-710 Conpact Vision cortipazer
System D=l B130

A visualization system from National Instruments was used in this research. It
comprised an NI-1455 Compact Vision System with Labview RT 7.1 image processing
software. The image acquisition system was connected to a Sony XCD-710 digital
camera. The camera was equipped with a Nikkor 60mm f2.8 high definition macro lens.
The pictures taken from the digital camera were immediately linked to the experimental
data obtained from the load cell, machine displacement, and LVDT, and printed in the
images to show the status of testing at the time the pictures were taken. Consecutive
serial pictures of the test were kept and stored in the main memory of the NI-1455
Compact Vision System, and later on, exported to the main storage area in the data
acquisition computer. Synchronization of the data was performed in real-time and in an

effective manner. The data from the camera was reviewed and analyzed in depth. The

Figure 3.39: Diagram for image acquisition system

results from the analysis are described in Chapter 6.
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Figure 3.40: Image acquisition processing Figure 3.41: Image acquisition system
hardware
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Figure 3.42: Typical data and average curve

For comparison purpose, an average curve for each test series or parameter was
determined. The average plot was calculated according to an averaging procedure
initially described by Naaman and Najm (1991). The peak load of the average curve is
the average maximum load of the several individual tests, and their displacement is the
average corresponding displacement. The ascending and descending portions of each

individual curve are divided into a chosen number of points (100 points for this research)
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and their corresponding loads and displacements recorded. The coordinates of the n th
point (from 1 to 100) of each curve are then averaged at their same rank to obtain the

average curve.

3.10 Concluding Remarks

This chapter covered the material properties and test procedures used in this study
and included a detailed description of constituent material properties, mixture
composition, fiber properties, specimen preparation, environmental conditions, testing
configuration, data acquisition, and the main parameters of the testing program. The

objective was to evaluate the behavior of HPFRCCs over the entire post-cracking range.
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Table 3.4: Summary of testing program

Testing
Pragram

Fiber tvoe Testing Fiber tvoe “olume | ldentification of | Number of
¥P type Yp Fraction Specimen specimens
Dogbone 0% D-M-0 7
Mo Fiber and Mo Fiber
Motched 0% -0 2
2% D-P-H-2 2
?(;J'i:l'-eg 1.50% D-P-H-15 2
a, - - -
PyA) 1.00% D-P-H15 2
Doghone 0.75% D-P-H-0.75 2
D-P-L 1 B0%, D-P-L-2 g
{Man- 1.00% D-P-L-15 5
Diled 0.75% D-P-L-1 3
PV o 2% P2 3
: 1 0% M-P-15 3
Notched (S\'E; 1.00% N-F-15 3
0.76% M-P-0.75 3
R-P
Ring {Ciled 2.00% R-P-2 1
PYA)]
2% D-5-2 17
1.50% D-5-1.5 13
Dogbone | D-3 1.00% D515 11
Spact 0.75% 0-3-0.75 1
pectra 2%, 52 2
1.50% M-5-1.5 3
Motched MN-5 T o0 TR c
0.75% M-5-0.75 5
2% D-H-H-2 18
D-H-H 1 60% D-H-H-1.5 19
{High 1.00% D-H-H-15 B
Dogbone Strength) | 0.758% D-H-H-0.75 3
5.00% D-H-H-SF 3
D-H-L 1 .5|3°f: D-H-L-2 3
Hooked (Regular | 1.00% D-H-L-1.5 5
(Steel) Strength) | 0.75% D-H-L-15 g
a, - -
H-H 1 i‘éof NNHH125 g
- . =] -,
Notched St(rHE'Ehm) 1.00% N5 12
90 T 75e, N-H0 75 3
a, - -
Ring R-H 2.00% R-H-2 2
{High 1.00% R-H-1 1
7% D-T-H-2 75
D-T-H 1 B0%, D-T-H-1.5 28
{High 1.00% D-T-H-1.5 5
Dogbane | Strenath) | 0.75% D-T-H-0.75 3
g £.00% O-T-H-5F 2
Tarex D-T-L 1 50%, D-T-L-2 3
[(Steel) (Regular | 1.00% 0-T-L-1.5 5
Strength) | 0.75% D-T-L-1.5 3
2% W-T-2 3
N-T (High [ 1.60% M-T-1.5 3
Notched Strength) | 1.00% M-T-1 5
0.75% M-T-0.75 3
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CHAPTER 4

DIRECT TENSILE TESTS OF FIBER REINFORCED CEMENT
COMPOSITES

4.1 Introduction

Several tensile test methods are available and have been used with fiber
reinforced cement composites. Each has its own advantages and disadvantages. Most
commonly, however, tensile testing is performed indirectly via flexural tests and split-
tensile tests. So far, direct tensile testing has been seldom used, yet it is one of the best
methods to characterize the tensile behavior of fiber reinforced cement composites.

As previously described in Chapters 2-3, the direct tensile response of HPFRCC
can be viewed as the cumulative response of several cracks superimposed together. The
behavior of each cracked section can be clarified and modeled from the stress versus
crack-opening displacement test (Chapter 5). In this chapter, the direct tensile test results
from several series of specimens are presented. Fibers used included PVA fibers, Spectra
fibers, regular strength Hooked steel fiber, high strength Hooked steel fiber, regular
strength Torex steel fiber, and high strength Torex steel fiber. Load data from the load
cell of the testing machine were divided by the cross-sectional area of the specimen to
obtain stresses. Additionally, the average displacement of two LVDTs, placed on either
side of the specimen, was divided by the gauge length to obtain the strain at each stress
level, up to the peak load. In case of a single crack, the crack opening was calculated as
shown in Fig. 4.1b. An average curve was selected from each series of tests and used for

comparison and modeling.
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Figure 4.1: Typical tensile behavior of (a) strain hardening composite and (b) strain

softening composite
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Figure 4.2: Typical behavior of HPFRCC

The tensile response of all fiber reinforced cement composites can be classified
into two categories: a strain hardening composite or a strain softening composite. If the
specimen exhibits strain hardening composite, the pseudo strain up to the peak laod can
be calculated from the elongation (AL) divided by the total gauge length (L). However, if
the specimen exhibits strain-softening behavior (e.g., FRC, or HPFRCC after the
specimen reaches the localization phase, or the crack opening phase), crack width can be
calculated from the elongation of the specimen. The behavior in the strain softening
stage results from the pull out behavior and/or rupture of fibers interacting with the
cementitious material. Typically, the strain softening behavior occurs after the specimen

reaches its maximum tensile resistance (Fig. 4.1).
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Figure 4.3: Strain at maximum stress and strain at the end of multiple cracking stages

Typically, the area under the stress-strain curve represents the energy absorbed by
the specimen during direct tensile testing, and the area under the curve after localization
represents the surface energy of the composite. In this chapter, the energy (area under the
curve) of the specimens up to first cracking stress, maximum post-cracking tensile stress,
and at the end of the multiple cracking stages, were analyzed and investigated. The point
representing the end of multiple cracking was introduced because in many tests some
additional cracks occurred after the peak load, and thus the strain or deformation at the
peak load did not fully represent the end of multiple cracking. Figure 4.3 illustrates a

typical such response.

4.2 Direct Tensile Behavior of Mortar without Fibers

Generally, the tensile strength of cement mortar (without fiber) is approximately
10% of its compressive strength. Table 4.1 illustrates the tensile strength of mortar as a

function of its compressive strength.
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Table 4.1: Common mechanical properties of mortar

Common design value

Property Observed range
U.S. units S.I. units
Direct
tensile , , , 1 , , ,
“3fio-5f | =3 flor——\lr.f. | —025)f or—0.0069:y.f.
strength, 3
et
Split
cylinder , , _ "o A "oF — '
. —6\/7€t0—7\/7c 64/ f.or —0.647.f. 0.504/ f.or —0.001384/y. 1.
tensile
strength
Modulus
of | 7SV So-12yf _715f _0.624f)
rupture f;
Poisson’
_ 0.15t0 0.20 0.20 0.20
S ratio, v
Table 4.2: Identification of mortar specimens and mortar composition
Number Volume
Identification Type of Type of | Type of ]
of of fibers
of specimen | specimen . matrix fibers
specimen V(%)
D-N-0 Dogbone 7 mortar NA NA
Wlatrzz | Cement | Sand | Flyash | Water fc
8 ks
Llort 1 1 0.15 0.25
o (55 MP2)

In order to provide a basis of comparison and for control, the direct tensile
strength of mortar was investigated. Seven mortar specimens, without fiber, were tested
using dogbone specimens with same dimensions as the fiber reinforced specimens and
same mortar composition (Table 4.2). They were identified as series D-N-O (Table 4.2),

Results of the experimental tests are summarized in Table 4.3 and 4.4, and include

the maximum stress (or first cracking stress), the corresponding strain, and the elastic
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modulus of the material. The stress-strain curves recorded are plotted in Fig. 4.4; photos
of a typical specimen during testing are shown in Fig. 4.5, and photos of specimens after
testing are shown in Figs. 4.6 and 4.7.

Theoretically, the tensile response of mortar should exhibit linear elasticity up to
the first cracking point, then fail by the opening of the first crack. However, from the
experimental observations (Fig. 4.5), the stress-strain behavior of the mortar specimens
did not show perfect linear elastic behavior. Indeed beyond about 70% of the maximum
load, the response shows an inelastic behavior with a decreasing slope. This may be
attributed to the slow progress of the critical crack along the critical section prior to
localization, thus leading to a reduction in cross-sectional area and stiffness. In Fig. 4.5b,
the initiation of the critical crack can be observed on the right lower side of the specimen.
Until this crack reaches the other side, a reduction in stiffness observed until brittle
failure occurs.

The elastic modulus measured at (10% to 50% of fc) ranged between 1132 ksi to
3875 ksi, (7804 to 26717 MPa) with an average of 2014 ksi, (13886 MPa). Note as
expected, the mortar appears to have significantly less stiffness than regular concrete with
same compressive strength (3500-4500 ksi, 24131-31026 MPa). The lower stiffness
results from a lack of coarse aggregates in the mortar composition.

Note that the cracking strength observed ranged from 103.3 psi to 281.6 psi,
(0.712 to 1.941 MPa) with an average of 181.52 psi (1.25 MPa). However, the variability
was also high. The coefficient of variation is approximately 50.08% for the maximum
stress, and 53.48% for the modulus of elasticity. This large variability is due to
sensitivity of direct tensile testing of brittle materials like mortar (weakest link effect), the

gripping conditions, and the variation due to mixing and curing. The approximate direct

tensile strength from this test is around 24/ £, psi, which is lower than typically found in

a standard ASTM mortar test utilizing a briquette (3\/76' to—S\/Z' psi). The average

observed strain at failure was at 0.000196, and its coefficient of variation was higher than
found in maximum stress and the modulus of elasticity (68.41%).
All specimens failed in a brittle manner. Only a single crack was observed in

each specimen. With most specimens, the failure crack occurred in the middle portion of
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the specimens, that is, within the gauge length.

Table 4.3: Direct tensile test of mortar (US-units)

Identification of Maximum Modulus of
: Cast date | Test date : - _ Strain at failure
specimen stress (psi) | elasticity (ksi)
D-N-O-1 6/21/2006 | 9/12/2006 132.75 1610 0.00011
D-N-O-2 6/21/2006 | 9/13/2006 22412 1987 0.00025
D-N-O-3 6/21/2006 | 9/12/2006 103.33 2045 0.0001
D-N-O-4 6/18/2006 | 9/13/2006 130.94 1759 0.00025
D-N-O-5 6/18/2006 | 9/13/2006 127.38 1694 0.00015
D-N-O-6 6/18/2006 | 9/12/2006 270.50 1132 0.00045
D-N-O-7 3/12/2006 | 2/16/2007 281.60 3875 0.00006
Average 181.52 2014.57 0.000196

Standard deviation 94.54 1077.35 0.000134

Coefficient of variation (COV) (%) 52.08 53.48 68.41
Table 4.4: Direct tensile test of mortar (SI-units)
Identification of Maximum Modulus of
: Cast date | Test date elasticity Strain at failure
specimen stress (MPa) (MPa)
D-N-O-1 6/21/2006 | 9/12/2006 0.915 11101 0.00011
D-N-O-2 6/21/2006 | 9/13/2006 1545 13700 0.00025
D-N-O-3 6/21/2006 | 9/12/2006 0.712 14100 0.0001
D-N-O-4 6/18/2006 | 9/13/2006 0.903 12128 0.00025
D-N-O-5 6/18/2006 | 9/13/2006 0.878 11680 0.00015
D-N-O-6 6/18/2006 | 9/12/2006 1.865 7805 0.00045
D-N-O-7 3/12/2006 | 2/16/2007 1.942 26717 0.00006
Average 1252 13890 0.000196

Standard Deviation 0652 7428 0.000134

Coefficient of Variation (COV) (%) 52.08 53.48 68.41
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Figure 4.4: Testing results of specimen without fiber (control specimen)
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(a) Initial status
Stress = 29.75 psi

(0.205 MPa)

No observable crack.

(b) Maximum stress status
Stress = 280.243 psi
(1.932 MPa)

Small visible crack at the

lower part of specimen.

(c) Failure
Stress = 0 psi, (0 MPa)
Completed crack.

Brittle failure.

Figure 4.5: Testing of typical specimen without fiber (D-N-0O-7), (a) initial status, (b)

maximum stress status, and (c) failure

Figure 4.6: Dogbone specimen without fibers (specimen 1, 2, 3)
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Figure 4.7: Dogbone specimen without fibers (specimen 4, 5, 6)

4.3 Direct Tensile Behavior of FRCC Reinforced with PV A Fibers

Twenty five direct tensile specimens of FRCC reinforced with PVA fibers were
tested and can be classified into two categories, namely FRCC reinforced non oiled PVA
fiber (PVA-L), and FRCC reinforced oiled PVA fiber (PVA-H). A summary of test
details as well as specimen identification are given in Table 4.5.

The following are the mechanical properties of the PVA fiber as supplied by the
manufacturer: Diameter = 0.19 mm -> 7.48x10~ inch

Length =12 mm -> 0.5 inch
Frictional bond strength T = 3.5 MPa ->510 psi (Guerrero, 1999)
Aspect ratio: 1/d = 66.84
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Table 4.5: Summary of direct tensile test series with PVA fiber

. “olume
'degt”;i?:r:':;’; of STT"EPC‘?rs;n ;"”m*?‘“ of Tﬁ’f‘: of Type of Fibers of Fibers
p 4 peCimens atrix (%)
0-P-H-2 Doghone 2 Moartar Ciled P'A, 2.00%
D-P-H-1.5 Doghone 2 bortar Diled PvA, 1.50%
0-P-H-1 Doghbone 2 hlartar Dilad PyA, 1.00%
D-P-H-0.75 Doghone 2 Martar Ciled P'A, 0.75%
D-P-L-2 Doghone b Moartar Mon-Oiled PYWA, 2.00%
D-P-L-1.5 Doghone 5 bortar Mon-Oiled PYA, 1.50%
0-P-L-1- Doghbone a] hlartar Mon-Diled PwA 1.00%

The following identification is used (Table 4.5). The first letter denotes the type
of test (D for direct tensile test, Dogbone test). The second letter denotes the type of fiber
(P =PVA fiber). The third letter denotes the type of fiber (H = oiled PVA type, L = non-
oiled PVA type). The fourth letter denotes the volume fraction of fiber, (that is, for the
oiled fibers, 2.0%, 1.5%, 1.0%, 0.75%).

4.3.1 Results of Test Series with PVA-H Fiber

The tensile stress-strain curves (where the strain is valid up to the peak stress

only) for the test series with oiled PVA fibers are given in Figs. 4.8 (a, b, c, d), and are

discussed below. Note that each graph shows two curves and their average.
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Figure 4.8: Stress-strain curves of specimens reinforced with PVA-H (D-P-H),

(a) Vi= 0.75%, (b) Vi= 1.0%, (c) Vi= 1.5%, and (d) V= 2.0%

All specimens were initially pre-loaded to around 100 lbs (50 psi, 0.34 MPa) to
eliminate possible errors from grip adjustment and settlement of support. The loading
rate was 0.02 inch / minute (0.508 mm / minute); then the load increased with increased
displacement.

It can be observed that the initial portion of the curves is almost linearly elastic up
to the first cracking, which occurred at approximately 400-500 psi, (2.75-3.45 MPa).
This value of the first cracking stress is nearly 2.5 times higher than the cracking stress of
specimens without fiber (181.52 psi, 1.25 MPa); this indicates the benefits of PVA fiber
in improving the cracking resistance. The strain (0.00016) at the elastic limit is almost the

same as for the specimens without fiber.
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Some inelastic behavior of specimens with PVA fibers could be observed as the

first crack initiated from one side of the specimen and propagated slowly to the other

side. After first cracking, the stress dropped, and the specimen changed stiffness. Some

specimens experienced strain hardening behavior, due to some fiber pullout along the

critical crack. However, some specimens exhibited some ductility (say up to a strain of

0.008) before tensile softening (PVA 2.0%).

Figure 4.9: Crack in direct tensile

specimen reinforced with PVA fiber

Only a single crack was observed in each
specimen. All specimens showed clear, full,
non-jagged cracks. A slight damage in the
specimen’s matrix at the crack due to fiber pull
out was observed from analyzing the cracked
surfaces. Most of the fibers broke almost
uniformly at a crack opening of about 0.1 inch
(2.54 mm). Figure 4.9 illustrates a typical

failure crack.
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Figure 4.10: Comparison of average curves for specimens reinforced with PVA-H fiber

with different volume fractions
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Figure 4.10 compares the average curves for all the test series with PVA oiled
fibers. It can be observed that an increase in fiber volume fraction from 0.75% to 1.5%
leads to an increase in maximum stress, but no increase in strain at maximum stress. For
2% fiber content, the maximum stress is lower than for 1.5% indicating possible effect of
difficulties due to mixing. The strain at maximum stress was highest for the series with
2% fibers and close to 1/1000.

Figure 4.11 (a to d) illustrate the variation of various test results with the fiber

volume fraction. No strong trend could be detected except that the energy at first

cracking can vary widely, indeed due to the nature of first cracking.
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Table 4.6 Test results of direct tensile specimens reinforced with PVA-H fiber (US-units)

Energy
Sneci “olurme Date of Date of Murmber First Strain at first |Maximum | Strain at Strain gt the  |Energy at |Energy at | at the
Types of fiher pelvillmen Fraction Ca etn Ta Et! N of fiher cracking cracking stress maximum end of multiple first Maxirmum | end of
° (%) astng esting expected | stress(psi) stress (psi) stress cracking cracking stress | multiple
cracking
P 1 075 0272772007 9/472007 R 433.8435 1.44E-04 558143 5.56E-04 A, 0.039518 | 0.254536 A,
2 075 02527 2007 9/4/2007 P&y 208.91513 1.97E-04 [2748311| 7.75E-04 A 0.023504 | 0166046 A
Average 323.6879315 | 0.000170357 [ 416.45871 | 0.0006655 0.031711 | 0.210291
P 1 271152007 9/4/2007 R 241. 2067 S.64E-05 | 5412067 | SE4E-05 A 0.021588 | 0.021588 A
2 2/1142007 Q42007 Py 419.0628 9.93E-05 057,998 TA2E-04 A, 2.06E-02 | 0.358526 A,
Average 480.12575 | 9.28572E-05 | 549.6024 | 0.000434286 0.025105 | 0.190057
P 1 21 242007 94442007 Py 463.8558 204E-04 | 5320182 | 7EFED4 A, 4.24E-02 [ 0.312224 A,
2 271242007 9/4/2007 Tdy 501.2373 1.56E-04 [554.7195| 2.00E-04 MNA, 0.020481 | 0.043682 MNA,
Average 482.56355 0.00018 543.3654 | 0.000493572 0.034832 | 0.177956
P 1 2.00 024262007 Q42007 My 440113 3.52E-04 440113 3.52E-04 A, 0122044 | 0.122044 A,
2 2.00 02/26/2007 9/4/2007 [ 453.5397 | 0.000133571 | 455.5397 | 0.000138571 A, 0.0408 0.0405 A,
Average 44932635 | 0.000245357 | 449.3264 | 0.000245357 0.031422 [ 0.081422

Table 4.7 Test results of direct tensile specimens reinforced with PVA-H fiber (SI-units)

. Ener
First Strain at . . Strain at Energy Energy at thgey
. MNumber . Maximum | Strain at | the end at
Types of |Specimen| Yaolume | Date of | Date of of fiber cracking first strass | maximum of at first Maxirmum end of
fiber Ma Fraction | Casting | Testing strass | cracking ) cracking multipe
expected (MPa) stress | multiple stress :
(MPa) stress cracking (MPa) (MP3) cracking
(MPa)
Pia 1 0.78% 22772007 5/4/2007 A 3.025719 [ 1.44E-04 | 3.548261 | 5.56E-04 A 0.000272 [ 0.001755 P&
2 0.78% 22772007 8/4/2007 A 1.440419 | 1.97E-04 | 1.694894 | 7.75E04 A 0.000165 [0.001145 MA
Average 2233088 [ 1.71E-04 | 2.87E+HI0| B.BBE-04 NA 2.19E-04 | 1.45E-03 &
Pl 1 1% |2A1/2007 | 8/4/2007 NA 3731489 | 5.64E-05 | 541.2067 | 8.64E-05 NA 0.000149 [0.000149 &
2 1% |2A1/2007 | 8/4/2007 NA 2889267 | 9.93E-05 | 557.995 | 7.82E-04 NA 0.000157 [0.002472 &
Average 3.310378 | 9.29E-05 | 549.6024 | 0.000434 NA 1.73E-04 | 1.31E-03 &
Pl 1 1.80% |2A12£2007 | 9442007 NA 3.198408 | 2.04E-04 | 3.665143 | 7.687E-04 NA 0.000341 [0.002153 &
2 1.80% |2A12£2007 | 9442007 NA 3.45691 | 1.56E-04 | 3.624656 | 2.00E-04 NA 0.000141 | 0.000301 &
Average 3327155 | 0.00018 | 3.7464 |0.000494 NA 241E-04 | 1.23E-03 &
Pl 1 2.00% |2/26/2007 | 8/4/2007 NA 3.034472 [ 3.62E-04 | 3.034472 | 3.62E-04 NA 0.000841 | 0.000541 &
2 2.00% |2/26/2007 | 5/4/2007 MNA 3.16152 | 1.39E-04 | 3.16152 | 1.39E-04 MNA 0.000251 | 0.000251 A
Average 3.0979596 [ 0.000245 | 3.097995 | 0.000245 MNA 5.61E-04 | 0.000561 A
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Figure 4.12: Specimens reinforced with PVA-H after testing (D-P-H)

4.3.2 Results of Test Series with PVA-L Fiber

Seventeen specimens reinforced with PVA-L fiber (non-oiled type PVA) were
tested (Table 4.5, D-P-L), having a fiber volume fraction of 1.0%, 1.5%, and 2.0%. For
each volume fraction, 5 to 6 specimens were tested. Average stress-strain curves, where

strain is valid up to peak stress only, are given in Fig. 4.13.
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Figure 4.13: Comparison of tensile response of specimens with PVA-L fiber at different

fiber volume fraction
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Three key observations can be made: 1) the maximum stress (from about 150 psi
to 200 psi) in all these series is significantly smaller than for the series with oiled PVA
fibers; 2) an increase in fiber volume fraction leads to a decrease in maximum stress; and
3) the strain at maximum stress is approximately 0.2% for the specimens with oiled
fibers. These results are difficult to explain and can be attributed in part to the increased
difficulty to mix higher volume fractions of fibers without changing the mix proportions
and composition, thus leading to deterioration in properties. Even the first observation
where the cracking strength with non-oiled fibers is smaller than that with oiled fiber

does not follow logic.

(a) (b)
Figure 4.14: Typical failure sections of specimens reinforced with (a) non-oiled PVA-L

fibers and (b) oiled PVA-H fibers

To further understand the above results, typical cross-sectional areas of cracked
sections were analyzed. An example is shown in Fig. 4.14. It was observed that the
specimens with non-oiled fibers had lumps or groups of fibers stuck together while the
specimens with oiled fibers had a more uniform distribution of fibers. This difference
may very well explain the above unexpected observations.

If one ignores the above analysis, then it can be said that the use of oiled fibers
leads to a better tensile resistance and a better energy absorption capacity than the use of

non-oiled fibers.
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Table 4.8: Summary of test results of specimens reinforced PVA-L fiber (US-units)

. Energy
Fiber type W Specimen Tpe (P Sijl Spe T (psi] S (42 i; IE;E ;:/;{:j Ahsnrptiu:uj
[Total) (ps=i)

PV:E I;: = 1 136,72 0.210% B0 546 0.020% 36789
T= 510 psi 2 126.95 0.080% 113.329 0.050% arayo
3 9375 0.130% Tra4s 0.000% 28 B85S

2 00% 4 2185 0.060% | &3674 | 0020% | 33878 1733
4 13916 0.090% ar.ray 0.020% 33878
= 16953 0A70% 99 805 0.020%: 32896
Average 147 .49 0.130% ar 035 0.022%, 33878

=TD 4255 0.060%: 18.251 0.01 4% 3054

1 25391 0A10% a7 BEOD 0.010%: 229473
2 154 3 0.260% ar.ean 0.070% ITEYE
3 2539 0.140% 133.000 0.000%, 188273

1.50% 4 2002 0A70% 117.000 0.090% 180822 1.504
4 191.41 0.190%: 131.000 0.010%: T4 863
Average 21075 0.170% 113.304 0.034%, 142221
STD 43 0.060%: 200324 0.040%, &1 BEG
1 224 B1 0.230% 134 766 0.010% 12522
2 181.64 0.070% B9 336 0.010%: 201 712
3 166.02 0.150% 112.305 0.010% 45340

1 00% 4 119.14 0.190%: 1054649 010%: 30507 1 &7a
4 166.02 0.160% 106445 0.020% 36983
= 27148 0.080%: 222 ESE 0.020%: 71180
Average 18815 0.150% 125163 0.028%, as 20y
=TD 53.02 0.060%: 22187 0.040%: G702
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Table 4.9: Summary of test results of specimens reinforced with PVA-L fiber (SI-units)

Energy
Fiber type A Specimen hlFa N Ec(lP%tD Ahsorption
" i G ] e | TP S0 [50% R o
PV:E;? = 1 nadzes02 | 0.210% 0417 0.020% 0.254
T=3516

vl 2 narszaas | 0.080% 078 0.050% 0256
3 06463825 | 0.130% 0532 0.000% 0198

200% 4 15085713 | 0.060% 0577 0.020% 0.234 0.012
5 09534734 | 0.090% 0605 0.020% 0.234
& 11838367 | 0470% 0655 0.020% 0227
Average | 1.0169067 | 0.130% 0600 0.022% 0.234
STD | 02935923 | 0.080% 0126 0.014% 0.021
1 02313347 | 0410% 0673 0.010% 1582
2 0420867 | 0.260% 0606 0.070% 0.260
3 04586006 | 0.140% 017 0.000% 1,298

1.50% 4 03993081 | 0470% 0807 0.090% 1247 0z
5 03320914 | 0490% 0403 0.0 0% 0516
Average | 02714825 | 0170% 078 0.034% 088
STD | 00763619 | 0.080% 0138 0.040% 0.563
1 00816743 | 0.230% 0929 0.01 0% 0863
2 01470443 | 0.070% 0478 0.0 0% 1 33
3 017268163 | 0150% 0774 0.010% 033

A 4 01455438 | 0.190% 0727 0.110% 0212 0013
5 01185328 | 0.160% 0734 0.020% 0.255
B 00712522 | 0.030% 1 535 0.020% 0,491
Aversge | 00385961 | 0.150% 0863 0.028% 0587
STD | 00393825 | 0.080% 0.360 0.040% 0,460

4.3.3 Concluding Remarks

1. No clear multiple cracking behaviors were observed in specimen reinforced with
PVA fiber, whether the fibers were oiled or not. By and large, one crack was
observed in all tests. This may seem in conflict with findings from other
investigators, but could be attributed to the fact that they used different methods
of tensile testing and smaller size specimens.

2. The presence of PVA fiber effectively improves the cracking stress, and the
cracking strain of the matrix. However, comparing improvement with other types
of fiber, such as Spectra, Hooked and Torex, the effectiveness of PVA fiber was

the lowest.
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3. Increasing the volume fraction of oiled PVA fibers up to 1.5% by volume, led to a
marked improvement in the post-cracking strength, ductility, and energy
absorption capacity of the composite.

4. Given the specimen preparation and testing procedure used, the optimum volume
fraction of fiber was close to 1.5%. The highest direct tensile stress observed from
specimens reinforced with PVA fibers was 482 psi (3.323 MPa) at 1.5% volume
fraction.

5. Because of the difficulty encountered in mixing non-oiled PVA fibers, no

particular logical conclusion could be drawn from the related tests.

4.4 Direct Tensile Behavior of HPFRCC Reinforced with Spectra Fibers

Forty two direct tensile specimens of HPFRCC reinforced with Spectra fibers
were tested. A summary of test details as well as specimen identification are given in
Table 4.10.

The following are the mechanical properties of the PVA fiber as supplied by the
manufacturer:

An identification was given to each series where the first letter denotes the type of
test (D for direct tensile test, dogbone test), the second letter denotes the type of fiber (S
= Spectra fiber), and the third letter denotes the volume fraction of fiber, (2.0%, 1.5%,
1.0%, or 0.75%). Followings are the mechanical properties of the Spectra fiber as
supplied by the manufacturer and from prior tests:

Diameter = 0.038 mm -> 1.49x107 inch

Length =37 mm -> 1.5 inch

Frictional bond strength T = 0.62 MPa ->89.923 psi (Li and Lieung, 1991)

Aspect ratio: 1/d = 1000
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Table 4.10: Summary of HPFRCC reinforced Spectra test

Volume
Identification Type of Number of | Type of | Type of of
of Specimen | Specimen | Specimens | Matrix Fibers Fibers
Vf (%)
D-S-2 Dogbone 17 Mortar | Spectra | 2.00%
D-S-1.5 Dogbone 13 Mortar | Spectra | 1.50%
D-S-1 Dogbone 11 Mortar | Spectra | 1.00%
D-S-0.75 Dogbone 1 Mortar | Spectra | 0.75%
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Figure 4.15: Stress-strain curves of specimens reinforced with Spectra (D-S) fiber at
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volume fractions of: (a) 0.75%, (b) 1%, (c) 1.5%, and (d) 2%
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The actual and average stress strain curves, where strain is valid up to peak stress
only, are shown in Fig. 4.15 for the four volume fractions of fiber used. It can be
observed that all specimens behaved linearly up to first cracking with an elastic modulus
of the same order about 2000 ksi or13890 MPa. The first cracking stress was around 300
psi (2.068 MPa). The large number of tests carried out at 1%, 1.5% and 2% illustrates
the large variability that can be observed in this type of tensile testing. Variability will be

discussed later in Chapter 7.
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Figure 4.16: Comparison of average curves for specimen reinforced with Spectra fiber at

different fiber volume fractions

Figure 4.16 compares the average stress strain curves from the tests. The first
cracking stress is nearly comparable for every volume fraction of fiber, and
approximately equal to 300 psi, (2.068 MPa). In all cases, following first cracking,
multiple cracking and strain hardening was observed. Overall, increasing the volume
fraction of fibers leads to an increase post-cracking tensile strength, ductility and energy
absorption capacity.

Note that the ductility in tension of specimens with Spectra fibers was
exceptionally good when a comparison is made with PVA fibers (compare the x axis
scale). Beyond the peak stress, the softening portion is gradual and exhibits mostly fibers

pulling out from the matrix and breaking of the matrix.
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Figures 4.17, 4.18, and 4.19 show the variation of test results related to first
cracking in terms of the volume fraction of fibers. While the average first cracking stress
ranged from 262 psi (1.806 MPa) to 328 psi (2.261 MPa), it can be said from Fig. 4.17
that the volume fraction has little influence on the cracking strength. Similarly, no clear
trend could be observed for the strain and the energy absorption capacity at cracking
(Figs. 4.18, 4.19). Moreover, the first cracking strength with Spectra fibers was
consistently higher than that of specimens without fiber (i.e., 44% to 81% higher).

The strain at first cracking stress ranged from 0.00082-0.00176, that is,
significantly higher than that of specimens without fibers (Strain average = 0.000196.)
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Figure 4.19: Energy at first cracking stress versus volume fraction
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Figures 4.20, 4.21, and 4.22 show the variation of test results related to maximum
post-cracking stress point in terms of the volume fraction of fibers. The strain at
maximum stress was significantly higher than the strain at first cracking stress. In the
multiple cracking stages, the number of cracks increased with increasing elongation. The
average maximum stress ranged from 299 psi (2.062 MPa) to 466 psi (3.212 MPa) (Fig.

4.20). The ratio of maximum stress to first cracking stress is presented in Table 4.11.

Table 4.11: Volume fraction of fiber and the stress ratio

Volume
: 0.75% 1.00% 1.50% 2.00%
fraction
O e
1.14 1.03 1.36 1.38
O-CC

Moreover, the strain at maximum stress, and the energy at maximum stress seem
to increase with the volume fraction of fiber up to 1.5%, but decrease thereafter at 2%
fiber content (Figs. 4.21 and 4.22). This is surely due to the fact that the higher the fiber

content, the more difficult it is to mix the fibers, thus leading to air entrapment and poorer

properties.
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Figure 4.22: Specimens’ energy at maximum stress

Since the peak point did not represent in all cases the end of multiple cracking,
another point defined as the end of multiple cracking points was also identified. It
generally occurred at about 80% of the maximum load on the softening branch of the
curve. Related results are described in Figs. 4.23 and 4.24. These figures show an
increase of strain and energy absorption capacity with volume fraction of fibers, but up to

a certain level where deterioration may follow.
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4.4.1 Concluding Remarks

1. The use of Spectra fibers lead to a marked improvement in specimen ductility,
energy absorption capacity, strain hardening response and the extent of multiple
cracking. Increasing the volume fraction of fibers up to 1.5% generally led to
improvement in properties. However, at 2% fiber content, properties started
deteriorating due to difficulties in mixing and related air entrapment.

2. Increasing the volume fraction of Spectra fibers up to 1.5% by volume led to an
increase in number of cracks and a decrease in crack width and spacing.

3. A consistent correlation could be established between the volume fraction of
fiber and the first cracking stress (approximately 300 psi, 2 MPa), the strain at
first cracking, and the corresponding energy absorption capacity.

4. Increasing volume fraction of fiber showed overall improvement in the maximum
post-cracking stress, the strain at maximum stress, and related energy at the end of
multiple cracking or crack saturation.

5. Everything else being equal and given the parameters of this study and the
Spectra fiber used (length and diameter) the optimum volume fraction of Spectra

fiber seems to be around 1.5%.
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Table 4.12: Summary of test results for specimens reinforced with Spectra fiber

(US-units)
Energy at
First Strain at . . Strain at |Energy at | Energy at | the end
Types of | Specimen | “olume Date of Date of Hurnber cracking first Mairmum 5"?'” at the end of first Maximurm of
. . - of fiber - - stress | maximum B -
fiber Mo Fraction Casting Testing stress(psi| cracking multiple | cracking stress multiple
expected 1 stress {psi) stress cracking (psi) (psi) cracking
(psi)
Spectra 1 0.75% 2/B/2007 4/5/2007 A 262.0725 | 1.43E-03 | 295.6256 | 3.18E-03 [ 4.16E-03 | 0.315858665 |0.6195455 | 1.101541
Spectra 1 1.00% 2572007 4/8/2007 A& 383.48586 | 7.11E-04 | 3583.4886 | 7.11E04 | 0.008702 |0.1753484 |0.1753484 | 2182076
2 1.00% 2/5/2007 4/8/2007 A 274.6349 | 0.001689 | 2947605 | 5.1BE03 | 8.68E03 |0.3151667 | 1.160757 | 2.116328
3 1.00% 1/1142005 | 2/11/2005 A& 371.093 | 0.0020258 | 376.9531 | 444603 | 112602 | 0.5058 1.3 3.3877
4 1.00% 1/1142005 | 2/11/2005 A 435.376 | 0.00244 | 456.325 | 5.589E-03 | 1.13E-02 | 0.6644 201755 | 4.22525
) 1.00% 1/11/2005 | 2/11/2005 [N 358398 | 000193 |377.9297 | 989603 | 2 16E02 | 0385 3.007 7.0324
B 1.00% 141242006 | 2/11/2005 A, 341.797 | 0.001348 | 373.047 | 2.31E-03 | 5.30E-03 | 0.3199 0.6557 1.641
7 1.00% 141272008 | 2/11/2005 A 3242187 | 0.000561 | 397 4509 | 1.2BE03 | 46FE03 | 01574 0.4043 1.427
g 1.00% 141242005 | 2/11/2005 A& 283.203 | 0.00149 |350.5855 | 5.14E-03 | 1.14E-02 | 0.3004 1.4516 3.4058
9 1.00% | 11A115/2006 | 12/15/2006 A 171.875 [0.000115 | 4306641 | 1.36E-02 | 1.60E-02 | 0.01757 4742 B.4741
10 1.00% | 11A15/2006 | 12/15/2006 A 365.23 |0.001116 [ 415.0391 | 9.76E-03 | 1.50E-02 | 0.255 3.03665 5,242
11 1.00% | 11A15/2006 | 12/15/2006 [N 243.164 | 0.000775 | 434.57 | 1.42E-02 | 182602 | 0.1284 4.8573 6.3643
Average 323.2253 | 0.001281 | 392.8024 | 0.0065551 | 0.012182 | 0.296435 | 2.0735005 | 3.954359
Std 74.70583 | 0.000705 | 42.73465 | 0.0046771 | 0.005444 | 0.130864 | 1.6384142 | 2.055315
Spectra 1 1.80% | 10A14/2006 | 11/1/2006 A 229523 | 0.000342 | 231.038 |0.0014971 | 0.012379 [0.05415858 | 0.34522 | 2.922528
2 1.50% 2/5/2007 | 82952007 [N 115.8116 | 0.000835 [ 291.2926 [ 0.00417 | 0.009061 | 0.0683763 | 0.750795 | 1.958316
3 1.60% 252007 | 82952007 A, 316.4449 | 41BE-04 | 315.4449 | 4.16E04 | BE7E03 | 1.01E-01 |0.1009197 | 1.706647
4 1.50% 1410420058 | 2/11/2005 A 348.6328 | 2.79E03 | 443.35584 | 214E02 | 313E02 | 833601 | 82389 | 12.2823
5 1.50% 14102005 | 2/11/2005 A& 326.1718 | 5.57E-03 | 395.5078 | 1.05E02 [ 1359602 | 1.09E+00 | 26746 41759
5] 1.80% 141042005 | 2/11/2005 A 443.2129 | 5.65E03 | 471.3379 | 1.21E02 [ 158602 | 1.53E+00 | 4.3786 5.1006
7 1.80% 141042005 | 2/11/2005 A 224 8046 | 3.51E-03 | 266.2555 | B.22E03 | 9.65E-03 | 5.71E-01 1.2498 1.9452
g 1.80% | 11A4/2006 | 12/14/2006 A, 372.07 | 8.88E-04 [ 541.9922 | 269E-02 | 269E-02 | 2.27ED 12.693 12693
9 1.80% | 111442006 | 12/14/2006 A& 408.203 | 7.28E-04 | 527344 | 1.7BE-02 | 230E-02 | 217E01 | 8.0307 | 107536
10 1.50% | 1111442006 | 12/14/2006 A& 216.796 | 3.33E-04 | 4042965 | 2.92E-03 | 9.51E03 | 5.62E-02 | 0.8336 3.2225
1 1.80% | 11A14/2006 | 12/14/2006 A& 337.09 | 0.61E-04 [ 441.4063 [ 1.76E-02 | 248602 | 2.08E-01 | 69713 9.9717
12 1.80% | 11A14/2006 | 12/14/2006 A 38477 | B.2TE-04 | 440.43 | 2.95E-03 | 1.18E-02 [ 1.69E-01 1.071 4.6573
13 1.50% | 111472006 | 12/14/2006 [N 188.477 | 2.97E-04 | 395507 | 7.04E-03 | 1.50E-02 | 4 23E-02 | 23671 5.0211
Average 300.9083 | 0.001763 | 401.93595 | 0.0100216 | 0.016215 | 0.3972686 | 3.8459257 | 5.955461
Std 97.13327 | 0.001966 | 89.17752 | 0.0034421 [ 0.007875 | 0.473383 | 3.847785 | 4.051951
Spectra 1 2.00% 1072006 | 11/1/2006 A 225.086 | 5.39E-04 | 341.2227 | 2.386-03 | 2.13E-02 | 0.0529696 | 0.6336905 | 6.1108
2 2.00% 3B/2007 | 82952007 [N 27495 | 1.86E-03 [ 3534846 | 4.39E-03 | 1.08E-02 | 03626 | 1.122175 | 3.068625
3 2.00% 182005 | 21152005 A, 186546 | 7.16E-05 | 356.445 | 3.42E-03 | 7.81E-03 | 0.00885 0.9905 2.4507
4 2.00% 1272005 | 21142005 A 474609 | 1.94E03 | 474602 | 1.94E03 | 874E03 | 06115 06115 3.3323
5 2.00% 1872005 | 2A11/2005 A& 274414 | 1.52E03 [ 3261719 | 5.47E-03 | 970E03 | 0.2736 1.45972 27339
5] 2.00% 1172006 | 12/7/2006 A& 422.85 | 3.54E-04 | 516.602 | 119602 | 1.93E-02 | 0.10539 4.53 918248
7 2.00% 11772006 | 12/7/2006 A 297.85 | 407E-04 | 336.91 | 3.34E-03 | 7.56E-03 [ 0.0924 059524 | 226411
g 2.00% 117,/2006 | 12/7/2006 [N 409.18 | 5.72E-04 [541.9922 | 4.70E-03 | 5.45E-03 [ 0.1945 2099 387
9 2.00% 11772006 | 12/7/2006 A& 413.0859 | 4.43E-04 | 53516 | B.6BE03 [ 159FE02 | 0.1343 4.2162 9.3197
10 2.00% 11772006 | 12/7/2006 A&, 38574 | 144E-03 | 521.48 | 1.86E-02 | 272E02 | 0.3792 §.838 13.1661
1 2.00% 1172006 | 12/7/2006 A& J068.6719 | 2.39E-03 | 366.6719 | 230603 | 1.82E-02 | 0.6818 0.6818 6.4224
12 2.00% 1172006 | 12/7/2006 A 290.039 | 4 81E-04 | 434.5703 | 5.77E-03 | 118602 | 0.0867 2146 4.2913
13 2.00% 117/2006 | 12/7/2006 [N 231.445 | 263E-04 | 4052734 | 407E-03 | 1.29E-02 [ 0.04111 1.3509 4.7183
14 2.00% 11/7,/2006 | 12/7/2006 A, 260742 | 2.04E-04 [ 4912109 | B.16E-03 | 1.77E02 | 0.0439 2.5984 77106
15 2.00% 11772006 | 12/7/2006 A 42678 |1 MEO03 | 4375 [ 603E03 | 971E03 [ 03317 1.8717 3.9357
16 2.00% 11772006 | 12/7/2006 A& 301.758 | 2.35E-04 | 732,422 | 2.48E-03 | 1.31E-02 | 0.052611 1.3944 6.5263
17 2.00% 1172006 | 12/7/2006 A 303.71 | 8.95E-05 | 730.4655 | 5.58E-03 | 1.684E-02 | 0.0185 3.656 12.308
Average 327.5563 | 0.000315 | 466.1291 | 0.0056657 | 0.014269 | 0.2055753 | 2.37 17565 | 5.966427
Std 84.53181 | 0.000737 | 123.9318 | 0.0041705 | 0.005758 | 0.2053039 |2.1551105 | 3.37137
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Table 4.13: Summary of test results for specimens reinforced with Spectra fiber (SI-units)

First Strain at Strain at Energy Energy |Energy at

T i | neci val Diate of Date of Mumber ki firat Maximum | Strain at | the end t first at the end of
ypes o pecimen olume ate o ate o cracking s at firs

fiber Ma Fraction Castin Testin of fiber stress | crackin siress | maximum D.f crackin Miaximum multlple
g g g g

expected (MPa) ctress (MPa) stress | rultiple (MPa) stress | cracking

cracking (MPa) (MPa)

Spectra 1 0.75% 2642007 | 4842007 A, 1.806927 | 1.43E-03 | 2.0658466 | 3.18E-03 | 4.16E-03 | 0.002205 | 0.005651 | 0.007595

Spectra 1 1.00% 2542007 | 4852007 A, 2644062 | 7 11E-04 | 26440619 | 7.11E-04 [ 0.008702 | 0.00123 | 0.00123 | 0.015045

2 1.00% 2542007 | 4842007 A, 1.803542 | 0.0016589 [2.0323020 | 5 18E-03 | B.69E-03 | 0.002173 [ 0.008003 | 0.014592

3 1.00% | 1A11/2005 | 2/411/2005 &, 2558597 | 0.002025 | 2.5990012 | 4.44E-03 | 1.12E-02 | 0.003457 | 0.008963 | 0.023357

4 1.00% | 1/11/2005 | 2/11/2005 A, 3.022497 | 0.00244 |3.3531148 | 5.59E-03 | 1.13E-02 | 0.004551 | 0.013911 | 0.029132

3 1.00% | 141172005 | 241142005 A, 2471068 | 0.00193 |2.6057346 | 9.80E-03 | 2 16E-02 | 0.002654 | 0.020733 | 0.048487

5] 1.00% | 141242005 | 241142005 A, 2.356608 | 0.001348 | 2.5720695 | 2.31E-03 | 5.30E-03 | 0.002205 | 0.004521 | 0.011314

7 1.00% | 1/12/2005 | 2/11/2005 A, 223541 |0.000561 (27403975 | 1.26E-03 | 4 67E-03 | 0.001085 | 0.002792 | 0.009539

8 1.00% | 1/12/2005 | 2/11/2005 A, 1.952617 | 0.00149 [2.4172056 | 5.14E-03 | 1.14E-02 | 0.002071 [ 0.010008 | 0.0234582

9 1.00% | 1141542005 | 1241542008 A, 1.185037 | 0.000115 [2.9593256 | 1.35E-02 | 1.80E-02 | 0.000124 | 0.032695 | 0.044557

10 1.00% | 1141542006 | 12/15/2006 &, 2518173 | 0.001116 | 2.861595 | 9.78E-03 | 1.50E-02 | 0.001986 | 0.0209357 | 0.036142

11 1.00% | 11/15/2006 | 12/15/2006 A, 1.676557 | 0.000778 [2.9962559 | 1.42E-02 | 1.82E-02 | 0.000885 | 0.03349 | 0.04385

Awverage 22798561 | 0.001291 | 27082786 | 0.005555 | 0.012182 | 0.002044 | 0.0142595 | 0.027264

Std 0.515073 | 0.000708 |0.3432532 | 0.004677 | 0.005444 | 0.001247 | 0.011303 | 0.014171

Spectra 1 1.50% | 1041452006 | 11412006 A, 1.582506 | 0.000342 | 2.0066372 [ 0.001457 | 0.012379 | 0.000374 | 0.002408 | 0.020152

2 1.50% AES2007 | BF2052007 A, 0.798493 | 0.000888 | 2.0083926 | 0.00417 | 0.009061 | 0.000471 | 0.005177 | 0.013571

3 1.50% 2/5/2007 | B/29/2007 A, 2174917 | 416E-04 | 2174917 | 4.16E-04 | 6.67E-03 | 0.000696 | 0.000696 | 0.011767

4 1.80% | 1/10/2005 | 2/11/2005 A, 2403739 | 2. 79E-03 | 3.0568567 | 2.14E-02 | 3.13E-02 | 0.005744 | 0.056805 | 0.054684

=) 1.50% | 1/10/2005 | 2/11/2005 A, 2248876 | 5.57E-03 |2.7269314 | 1.05E-02 | 1.39E-02 | 0.007431 | 0.01982 | 0.028792

5] 1.50% | 141042005 | 241142005 A, 3.055847 | 5.65E-03 | 3.2497617 | 1.21E-02 [ 1.88E-02 | 0.010572 | 0.030189 | 0.042062

7 1.80% | 1/10/2005 | 2/411/2005 &, 1.549974 | 3.51E-03 [1.6357974 | 6.22E-03 | 9.65E-03 | 0.003933 | 0.008617 | 0.013412

8 1.50% | 1171442006 | 12/14/2006 A, 2565333 | 8.88E-04 | 3.7369061 | 2.69E-02 | 2 69E-02 | 0.001566 | 0.087515 | 0.087515

9 1.60% | 1141442005 | 1241442008 A, 2814462 | 7.28E-04 | 36359103 | 1.¥6E-02 | 2.39E-02 | 0.001494 | 0.05557 | 0.074143

10 1.50% | 1141442006 | 12/114/2006 A, 1.494756 | 3.33E-04 |2.7675301 | 2.92E-03 | 3.51E-03 | 0.000367 | 0.006437 | 0.022218

11 1.80% | 11/14/2006 | 12/14/2006 A, 2.32967 | 5.81E-04 [3.0433905 | 1.76E-02 | 2 48E-02 | 0.001432 | 0.045062 | 0.055752

12 1.50% | 1171442006 | 12/14/2006 A, 2652897 | B.27E-04 |3.0366591 | 2.95E-03 | 1.19E-02 | 0.001166 | 0.0073584 | 0.032111

13 1.60% | 1141442005 | 1241442008 A, 1.200504 | 2.97E-04 | 27269258 | 7.04E-03 | 1.50E-02 | 0.000292 [ 0.016321 | 0.034519

Average 207469 |0.001763 (27712781 [ 0.010092 | 0.016215 | 0.002739 | 0.026524 | 0.041061

Std 0.669711 | 0.001966 | 0.6143603 | 0.005442 | 0.007875 | 0.003264 | 0.027219 | 0.027937

Spectra 1 2.00% [ 10742006 | 11152006 A, 1.572508 | 5.30E-04 |2.3526486 | 2.39E-03 | 2.13E-02 | 0.000572 | 0.004363 | 0.042132

2 2.00% 3IBA2007 | BF2952007 A, 1.895714 | 1.86E-03 [2.4371915 [ 4. 39E-03 | 1.08E-02 | 0.0025 [0.007737 | 0.021279

3 2.00% 1/9/2005 | 2/411/2005 A, 1.279295 | 7.1BE-05 |2 4576027 | 3.42E-03 | 7 81E-03 | 6.1E-05 [0.006829 | 0.016897

4 2.00% 1/9/2008 | 241142005 A, 3272315 | 1.94E-03 |3.2723151 | 1.04E-03 | B.74E-03 | 0.004216 | 0.004215 | 0.022975

5 2.00% 1/9/2005 | 2/411/2005 A, 1.892019 | 1.52E-03 | 2.2486877 | 5 47E-03 | 9.70E-03 | 0.001866 [ 0.010323 | 0.01885

5] 200% | 11772006 | 12/7/2006 A, 2915449 | 3.54E-04 |3.5618468 | 1.19E-02 | 1.93E-02 | 0.000727 | 0.035128 | 0.063313

7 200% | 172005 | 127520065 A 2053604 | 4 07E-04 | 23220136 | 3.34E-05 | 7 56E-03 | 0.000637 | 0.006773 | 0.01551

[z} 2.00% | 1742005 | 12752005 A, 2821198 | 5.72E-04 | 3.7360061 | 4.70E-03 | B.45E-03 | 0.001341 | 0.014472 | 0.026683

9 200% | 1/7/2006 | 12/7/2006 &, 2.548128 | 4 43E-04 | 3.6897995 | 5.68E-03 [ 1.97E-02 | 0.000926 | 0.02907 | 0.064257

10 2.00% [ 11/7£2006 | 12752006 A, 2659585 | 1.44E-03 |3.5954794 | 1.86E-02 | 2.72E-02 | 0.002614 | 0.060936 | 0.090777

11 2.00% | 1752005 | 12752005 A, 2679799 | 239E-03 | 26797995 | 2.30E-03 | 1.82E-02 | 0.004701 | 0.004701 | 0.044281

12 2.00% | 1M/7/2006 | 12752006 A, 1.999749 | 4.81E-04 [2.9962579 | 5 77E-03 | 1.19E-02 | 0.000598 | 0.014796 | 0.029587

13 2.00% | 11/7/2006 | 12752006 A, 1.595758 | 2.63E-04 [2.7942628 | 4.07E-03 | 1.29E-02 | 0.000253 | 0.009314 | 0.032532

14 2.00% [ 11/7£2006 | 12752006 A, 1.797754 | 2.04E-04 | 3.3867813 [ 6.15E-03 | 1.77E-02 | 0.000303 | 0.017915 | 0.053163

15 2.00% | 1742005 | 12752005 A, 2935651 | 1.11E-03 | 3.0164575 | 5.03E-03 | 9.71E-03 | 0.002287 | 0.013554 | 0.027136

16 2.00% | 11/7/2006 | 12/7/2006 &, 2.080549 | 2.35E-04 |5.0495739 | 2. 45E-03 | 1.31E-02 | 0.000363 | 0.009514 | 0.044997

17 2.00% [ 11/7£2006 | 12752006 A, 2.094008 | 8.95E-05 |5.0364071 | 5.59E-03 | 1.84E-02 | 0.0001258 | 0.025207 | 0.054861

Awverage 2258422 | 0.000819 |3.2138483 | 0.005669 [ 0.014269 | 0.00142 |0.016353 | 0.041137

Std 0.582827 | 0.000737 |0.8544798 | 0.004171 [ 0.005758 | 0.001416 | 0.0145855 | 0.023245
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4.5 Direct Tensile Behavior of HPFRCC Reinforced with Hooked Steel
Fiber

In all sixty three specimens were tested; the test series were given an
identification name, and classified into two categories, one dealing with high strength
steel Hooked fiber (D-H-H) and the other with regular strength steel hooked fiber (D-H-
L). Table 4.14 describes the various test series and their identification. The first letter
denotes the type of test (D for direct tensile test, Dogbone test). The second letter denotes
the type of fiber (H = Hooked fiber), and the third letter denotes the type of Hooked fiber
(H = High strength Hooked type, L = Regular strength Hooked type). Furthermore, the
fourth letter denotes the volume fraction of fiber, (2.0%, 1.5%, 1.0%, or 0.75%).

Following are the main properties of the fibers used:

Hooked - High Strength

Diameter = 0.4 mm -> 0.0157 inches

Tensile strength -> 2100 MPa

Length = 30 mm -> 1.181 inch

Equivalent bond strength T = 5.1 MPa ->740 psi (Guerrero, 1998) Aspect
ratio I/d =75

Color = gold

Hooked - Regular Strength

Diameter = 0.3 mm -> 0.0118 inches

Tensile strength -> 1050 MPa

Length =30 mm -> 1.181 inch

Equivalent bond strength t = 5.1 MPa ->740 psi (Guerrero, 1998)
Aspect I/d =100

Color = silver
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4.5.1 Result of Test Series with High Strength Hooked Steel Fiber

Forty-six specimens reinforced with high strength Hooked fiber were tested. Four

volume fractions were used (0.75%, 1.0%, 1.50%, and 2.0%).

Table 4.14 Identification of specimen reinforced Hooked fiber

. Solume
'degt”;'z?:r']m of STT"EPE‘?rs;n "S"”m'?'er o Tﬁ“ﬂpf of Type of Fibers of Fibers
p 4 pecitmens atrix Vi (%)
0-H-H-2 Doghone 18 bortar High Strength Hooked 2.00%
0-H-H-1.5 Doghbone 15 hlartar High Strength Hooked 1.60%
0-H-H-1 Doghone ] Martar High Strength Hooked 1.00%
0-H-H-0.75 Doghone 3 Moartar High Strength Hooked 0.75%
D-H-L-2 Doghone G bortar | Regular Strength Hooked | 2.00%
D-H-L-1.5 Doghbone ] bortar | Regular Strength Hooked] 1.50%
0-H-L-1 Doghone ] Martar | Regular Strength Hooked| 1.00%

Figures 4.25a to 4.25d give the stress-strain curves (where strain is valid up to
peak stress only) for each series of specimens, and the series average curve, at the four

volume fractions of fiber used. A great variability is generally observed and is further

discussed in Chapter 7.
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Figure 4.25: Stress strain curves of HPFRCC reinforced with high strength Hooked steel
fiber at different volume fractions of fiber and average curves, (a) V= 0.75%,

(b) Vi= 1.0%, (c) Vi= 1.5%, and (d) Vi=2.0%

81



1000
HPFRCC Reinforced Hooked -4 6.4
L -1 5.6
800 o ViE20% tr
% - 4.8
= _ 3
I'I:-, 600 - Vf—1.5% % 14 E
n #T -
wn wm
- V=1.0% 132 @
n 400 - f =
\ 1 24
1.6
200 vV =0.75%
0.8
D T R SISO RO TR S N SO S T S N SO S S NN SO N N 0
0 0.005 0.01 0.015 0.02 0.025

Strain (Valid up to peak stress only)

Figure 4.26: Average stress strain curves of HPFRCC reinforced with high strength
Hooked steel fiber

Figure 4.26 provides a comparison of the average curves at the four volume
fractions of fiber tested. The main test results are summarized in Tables 4.15 and 4.16. It
can be generally observed that an increase in fiber volume fraction leads to an
improvement in the stress-strain response.

Variation of stress, strain and related energy at the first cracking point are
illustrated in Figs. 4.27 to 4.29. They do not show a consistent trend; indeed if the data
for Vi= 0.75% is ignored, one can conclude that the stress at first cracking does not
change much for Vi = 1%, 1.5% and 2%. Related increases in strain, thus energy, may be
attributed in part to the nonlinearity of the curves prior to the first through-specimen
crack and in part to variation in the measurements as observed from the large variability
encountered (Fig. 4.25). Initially, the specimen exhibits linear elastic behavior up to the
first cracking stress. Several events occurred at this point such as matrix breaking, crack
propagation, and fiber shape alteration. The average first cracking stress ranged from 158

psi (1.089 MPa) to 290 psi (2 MPa).
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Figure 4.27: Stress at the first cracking Figure 4.28: Strain at the first cracking
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Figure 4.29: Energy at first cracking versus fiber volume fraction

After the first cracking, most specimens exhibited tensile hardening behavior with
multiple cracking up to maximum stress. . At localization just after maximum stress,
there is evidence of pull-out and damage with in the critical section.

Variation of stress, strain and related energy at the maximum post-cracking point
are illustrated in Figs. 4.30 to 4.32. They show that the maximum stress and the energy at
maximum stress increase significantly with an increase in fiber volume fraction, while
the strain at maximum stress remains almost the same and of the order of 0.4%. The
maximum tensile resistance in HPFRCC reinforced Hooked steel fiber is considerably

better than that obtained from HPFRCC reinforced polymetric fibers (PVA and Spectra).
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However, the strain at maximum stress, while much larger than for specimens with PVA

fiber, is smaller than for specimens with Spectra fiber.
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Figure 4.32: Energy at maximum stress point versus fiber volume fraction

Because some multiple cracking continued beyond the maximum stress point, an
additional point defined as the end of multiple cracking on the softening branch following
the maximum stress point, was analyzed. Figures 4.33 and 4.34 illustrate the
characteristics of this point versus the fiber volume fraction. It can be observed that the
strain at the end of multiple cracking point remains about constant at 0.6% when the
volume fraction of fibers increases from 0.75% to 2%, while the related energy increases

since the corresponding stress also increases.
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Table 4.15 Summary of test results for specimens reinforced with high strength Hooked
steel fiber (US-units)

. Strain at . . Strain at | Energy at Energy at
T f |Specimen| Yolume Date of Date of Mumber First first Mandimum | Strain at the end of first Enerqy at | the and of
Y]EES S . . . of fiker | cracking . stress  |maximum ; . Maximum | multiple
iber Mo Fraction Casting Testing . | cracking : multiple cracking .
expected | stress(psi) (psi) stress ; stress (psi) | cracking
stress cracking (psi) s
Hooked 1 0.75% 9/5/2005 10/5/2005 38 135.7422 | 3.44E-05 441 162E-03 | 5.52E-03 [0.00233497 | 0.4862 1.872446
2 0.75% /52008 1045/2005 38 22266 | G53E-04 | 35449 | 417E03 [ 1.02E-02 |0.07326182) 1.1634 3.230997
3 0.75% /52005 104572005 38 116.2109 | 3.55E-05 | 3857422 | 0.004515 | 0.005294 |0.00206547 | 1.3794 1.662938
Average 158.20437 | 0.000243 | 393.7441 | 0.003433 | 0.00702 |0.02585742 | 1. 00966667 | 2.26546033
Std 56665015 | 0.00036 | 43.80655 | 0.001581 | 0.002793 [0.04102765 | 046602255 | 0.85130913
Hooked 1 1.00% | 4A10/2005 5/10£2008 51 266.8359 | 0000344 | 46575 | 0.009924 | 0.010051 |0.04421302| 3.7406 3.80137
2 1.00% | 10/11/2005 | 11/11£2005 51 142 5782 | 0.000191 | 561.5234 | 0.002569 | 0.006574 |0.01361622| 0.8319 297292
3 1.00% | 10/11/2005 | 11/11/2005 51 160.1563 | 7.56E-05 | 418.9219 | 0.004623 | 0.005607 |0.00605735| 1.6722 2.08428
4 1.00% 6/2/2006 34172007 51 289.548 | 1.16E-04 [556.7362 | 2.08E-03 | 2.98E-03 | 1.95E-02 | 0.9924572 | 1.4684
5 1.00% B/2/2006 3M/2007 51 7.084 | 914E-05 | B5651 | 354603 [ 3.54E-03 | 0.019114 | 1893772 193772
5 1.00% 6/2/2006 341/2007 51 4580.084 | 1.16E-04 | 543,484 | 4 59E-04 | 3.19E-03 0.03 0.z 16116
Average 271.04773 | 0.000156 | 535.4876 | 0.003865 | 0.005324 [0.02205726| 1.66247963 | 2. 30344367
Std 11312727 | 0.0001 [8219614 | 0.003282 | 0.002728 |0.01338675| 1.23386184 [ 0.89200058
Hooked 1 1.50% | 9A14/2005 10/14/2005 76 234375 | 6IMED5 [791.0156 | 0.00115 [ 0.001629 |0.00738984| 0.74858 1.13919
2 180% | 2A10/2005 341042008 76 381.84 | 0.000159 [ 616.2109 | 0.000504 | 0.002175 [0.03027991| 0.2034 1.208693
3 180% | 4A10/2005 5/10/2008 7B 207.03 | 3.07E-05 | 56836 | 0.003217 [ 0.0054581 [0.00317998] 15195 3.121397
4 1.50% | 9A14/2005 10/14/2005 76 1748 27E05 | 48046 | 0.001177 | 0.002354 |0.00236242| 03976 | 0.9191955
5 1.80% | 9A14/2005 10/14/2008 76 121.09 | 0000208 | 431.64 | 0002351 | 0.01033 |0.01268731| 0.4415 3.645412
5 1.80% | 12/28/2008 1/31/2006 7B 23535 | 0.000268 | 72266 | 0.005226 | 0.006203 |0.03152513| 2.8321 3.522628
7 1.50% | 12/28/2005 1/31/2006 76 181.64 | 0000204 | 697.266 | 0.005778 | 0.006753 | 0.0185182 | 3.0935 3.754094
g 1.80% | 12/28/2008 1/31/2006 76 130.86 | 0.000115 | 6386454 | 0.008235 | 0.006626 |0.00751529| 27655 3.054676
9 1.80% | 12/28/2008 1/31/2006 7B 205.08 | 0.000133 | 56152 | 0.004412 [ 0.009097 [0.01361731) 1.9465 4.383422
10 1.50% | 12/28/2005 1/31/2006 76 14746 | B48E-05 | 566.41 | 0.008588 | 0.007799 |0.00625157 | 3.076 3.746448
11 1.80% | 12/28/2008 1/31/2006 76 21875 | 0.000126 | 85935 | 0.004609 | 0.004609 |0.01379218| 2773 2773
12 1.80% | 12/28/2008 1/31/2006 7B 17871 | 0000189 | 577,15 [0.010113 | 0.013632 |0.01686129| 4 74386 B.73635
13 150% | 5M2/2006 | 03/22/2008 76 384.388 | 0.000141 | 579595 | 0003525 | 0.0051593 | 0.045626 | 1.813295 | 2715814
14 180% | 5A2/2006 | 03/22/2008 76 241.661 | 0.000327 | 626.466 | 0.003331 | 0.005756 [0.05221624| 1.452446 | 2.847855
15 180% | 5A12/2006 | 03/22/2008 7B 363.728 | 0.000153 | £73.09 | 0.003001 | 0.004844 | 00216329 | 1.515545 | 2.650812
18 1.50% 104/2006 | 03/22/2008 76 307 1106 | 0000234 | 44532447 | 0.0031 | 0.004376 | 0.0473 1.227174 | 176694
17 1.80% 1041/2006 | 03/22/2008 76 203.7475 | 0.000341 | 470.9252 | 0.005603 | 0.005844 | 0.05515 21014 2.2146
18 1.80% 28/2007 4B/2007 7B 398.225 | 0.000665 | 543.6897 | 0.004511 | 0.004511 0.17 1.986792 | 1.986792
18 1.50% 2542007 462007 76 47575101 | 0.001321 | 782.5271 | 0.005979 | 0.005979 | 04106362 | 3.394333 | 3.394333
Avarage 251.66301 | 0.000256 | BO7.243 | 0.004232 | 0.006014 | 0.0509022 |2.00011816|2.91919234
Std 101.81418 | 0.00031 [ 118.6911 | 0.002287 | 0.002858 |0.09481487 | 1.1762644 | 1.3406571
Hooked 1 2.00% | 91472005 10/14/2008 102 24707 | 536E-05 | BO5.47 | 0.001529 | 0.002476 |0.00562432| 0.8565 1.36587
2 2.00% | 9414/2005 10/14/2005 102 2041 4 55E-05 [ 92578 | 0.002687 | 0.002687 |0.00464532) 20258 2.0258
3 2.00% | 941442005 10/14/2008 102 228.51 S54E058 | 781.02 | 0.001099 | 0.001584 | 0.0061652 | 0.7044 1.074271
4 2.00% 1/26/2006 5/23£20068 102 2478 75E05 | 1116.03 | 0.008548 | 0.007516 |0.00929374| £.3899 7.454816
5 2.00% 1/26/2006 5/23/2006 102 280.244 | 526E-05 | 95673 | 0.003556 | 0.005807 |0.00B57766) 29027 5.019207
5 2.00% 1/26/2006 5/23/2008 102 25543 | 0.000104 | 79376 | 0.002966 | 0.005716 [0.01331812) 2.0204 4.140322
7 2.00% 47202006 B/14/2006 102 347.29 | 0.000111 | 1084.29 | 0.005379 | 0.005379 | 00192225 | 49904 4.9904
g 2.00% 47242006 £/14/2006 102 322858 | 0000159 | 83191 | 0.002947 | 0.003559 |0.02571578) 19542 2544792
9 2.00% G/6/2006 1/11/2006 102 21932 | 0001227 | 1101.52 | 0.00709 | 0.01223 | 014657 485806 9.95646
10 2.00% 5/3/2006 0142372007 102 3359208 | 0.000141 | £56.8354 | 0.000857 | 0.001961 0.03 0.37952 0.97
1 2.00% 5/3/2006 01/23/2007 102 340.37 | 0.004857 | 385.4549 | 0.00545 | 0.00545 | 0.84335 1.822235 | 1.522235
12 2.00% | BA2/2006 | 02/16/2007 102 2334 | 0000209 | 1316 0.00578 | 0.00578 0.0372 5.32893 5.32893
13 2.00% | BA2/2006 | 02/16/2007 102 204.16 | 0.000159 813 0.005189 [ 0.007503 | 0.02418 3.1639 5.1888
14 2.00% | 014342006 | 02/23/2007 102 465.0568 | 0.000187 | 807.81 | 0.007619 | 0.014258 | 0.053739 4.8351 9.901
15 2.00% | 01/342006 | 02/23/2007 102 §34.32 | 0.000535 | 1225155 | 0.005056 | 0.005056 | 0.218503 | 435581 4.38581
18 2.00% | 01/21/2007 4B/2007 102 2487764 | 0.000371 | 388.5143 | 0.002309 | 0.003025 |0.06213998 | 07231896 | 0.9947256
17 2.00% | 01/2152007 42007 102 286.95474 | 0000286 | 513.0861 | 0.003186 | 0.004486 [0.04237047| 1.208008 | 1.856057
18 2.00% 47242006 /14,2006 102 25513 | 0.000219 | 8687 | 0.002532 | 0.002532 |0.02783571| 16818 1.6518
Average 290.374 | 0.000432 [838.0038 | 0.00416 | 0.005557 |0.09310171|2 77185514 (3.91118309
Std 89 243562 | 0.001124 | 272,185 | 0.002303 | 0.003484 [0.21909163 | 1888933712 90673251
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Table 4.16: Summary of test results for specimens reinforced with high strength Hooked
steel fiber (SI-units)

Energy at

First Strain at . . Strain at |Energy at |Energy at | the end

Types of |Specimen| “olume Date of Date of MNumber cracking first Mauimum 5”?'” at the end of first Maximurm of
. . . of fiber stress  |maximum . .

fiber Mo Fraction Casting Testing stress | cracking multiple | cracking stress | multiple
expactad MPa) stress (MPa) stress cracking (MPa) (MPa) | cracking

(Mpa)

Hooked 1 0.75% 9/5/2005 10/5/2005 35 0.93591 | 3.44E-05 [ 3.040589 | 1.62E-03 | 5.52E-03 | 1.61E-05 | 0.003352 | 0.01291
2 0.75% 245/2005 10/5/2005 33 1.635187 | 6.58E-04 | 2444123 | 4.17E-03 | 1.02E-02 | 0.000505 | 0.0080271 | 0.022277
3 0.75% 945/2005 10/5/2005 33 0.501246 | 3.55E-05 | 26595 | 0.004515 [ 0.005254 | 1.42E-05 | 0.0095171 | 0.011466
Average 1.090781 | 0.000243 | 2.714771 | 0.003433 | 0.00702 | 0.000178 | 0.006951 | 0.015551
Std 0.390712 | 0.00036 | 0.302036 | 0.001581 [ 0.002793 | 0.000233 | 0.003213 | 0.00557
Hooked 1 1.00% 410/2005 | 5A10/2005 51 1.770822 | 0.000344 | 3.231919 | 0.0095924 | 0.010051 | 0.000305 | 0.025791 | 0.02621
2 1.00% | 1041/2005 | 11411/2005 a1 0.953042 | 0.000191 | 3.671569 | 0.002569 | 0.006574 | 9.39E-05 | 0.005736 | 0.020114
3 1.00% | 104142005 | 11/11/2005 a1 1.104239 | 7.56E-05 | 2.095261 | 0.004623 | 0.005607 | 4.18E-05 | 0.011529 | 0.014371
4 1.00% 5£2/2008 3152007 51 2.055312 | 1.16E-04 | 3.838562 | 2.08E-03 | 2.95E-03 | 0.000135 | 0.006543 | 0.010124

5 1.00% 5/2/2008 3152007 51 2186218 | 9.14E-05 | 4.526479 | 3.54E-03 | 3.54E-03 | 0.000132 | 0.01336 | 0.01336
5 1.00% B/2/2008 34142007 a1 3.103221 | 1.16E-04 | 3.78856 | 4.59E-04 | 3.189E-03 | 0.000207 | 0.001379 | 0.011112
Average 1.6658509 | 0.000156 | 3.692055 | 0.003865 | 0.005324 | 0.000152 | 0.010773 | 0.015652
Std 0.779985 | 0.0001 | 0.566723 | 0.003232 [ 0.002728 | 8.23E-05 | 0.008507 | 0.00615
Hooked 1 1.50% 9142005 | 10414/2005 7B 1.615959 | 6.31E-05 | 5.453863 | 0.00115 | 0001629 | 51E-05 | 0.005163 | 0.007854
2 1.50% 2102006 | 31072005 7B 2632695 | 0.000158 | 4.248626 | 0.000504 | 0.002178 | 0.000209 | 0.001402 | 0.003334
3 1.80% 410/2005 | 5A10/2005 76 1.427422 | 3.07E-05 | 3.915706 | 0.003217 | 0.006451 | 2.19E-05 | 0.010477 | 0.021521
4 1.50% 914/2005 | 10A14/2005 7a 1.205204 | 27E-05 | 3.312656 | 0.001177 | 0.002354 | 1.63E-05 | 0.002741 | 0.006338
5 1.50% 9142005 | 10A14/2005 7B 0.534386 | 0.000208 | 2.976054 | 0.002351 | 0.01033 | 8.68E-05 | 0.003044 | 0.025155
5 1.50% | 12/28/2005 | 1/31/2006 7B 1.622682 | 0.000268 | 4.932567 | 0.005225 | 0.006203 | 0.000217 | 0.019527 | 0.024288
7 1.80% | 12/28/2005 | 1/31/2006 A 1.252364 | 0.000204 | 4.8074582 | 0.005775 | 0.006753 | 0.000125 | 0.021329 | 0.025554
g 1.80% | 12/28/2005 | 1/31/2006 76 0.902245 | 0.000115 | 4.410222 | 0.006235 | 0.0066596 | 5.16E-05 | 0.018067 | 0.021061
9 1.50% | 12/28/2005 | 1/31/2006 7B 1.413977 | 0.000133 | 3.871546 | 0.004412 | 0.009097 | 9.39E-05 | 0.013421 | 0.030292
10 1.50% | 12/28/2005 | 1/31/2006 7B 1.016701 | 8.48E-05 | 3.905261 | 0.006588 | 0.0077594 | 4 31E-05 | 0.021208 | 0.025831
11 1.80% | 120828/2005 | 1/31/2006 A 1.605229 | 0.000126 | 5.925219 | 0.004609 | 0.004609 | 9.51E-D5 | 0.01911%9 | 0.013118
12 1.80% | 12/258/2005 | 1/31/2006 76 1.232163 | 0.000189 | 3.979311 | 0.010113 | 0.013632 | 0.000116 | 0.032705 | 0.046446
13 1.50% 5A2/2006 | 03/22/2006 7a 265027 | 0.000141 [ 3.998616 | 0.003525 | 0.005193 | 0.000315 | 0.012502 | 0.018725
14 1.50% 5A2/2006 | 03£22/2006 7B 1.666195 | 0.000327 | 4.318333 | 0.003331 | 0.005756 | 0.000365 | 0.010014 | 0.019635
15 1.50% 5M2/72006 | 03£22/2006 7B 2 438587 | 0.000153 [ 3.951318 | 0.003001 | 0.004844 | 0.000149 | 0.010449 | 0.017587
1B 1.80% 10412006 | 03/22/2006 A 2117454 | 0.000234 | 3.087434 | 0.0031 [0.004376 | 0.000326 | 0.003461 | 0.0121583
17 1.80% 10142006 | 03/22/2006 76 1.40479 | 0.000341 | 3.245937 | 0.005603 | 0.005344 | 0.00038 | 0.01445%9 | 0.015265
18 1.50% 24642007 46,2007 7B 2745666 | 0.000665 | 3.748651 | 0.004511 [ 0.004511 | 0.001172 [ 0.013452 | 0.013492
19 1.50% 2542007 A/6.2007 7B 3.280189 | 0.001391 | 5.395337 | 0.005979 | 0.005579 | 0.002831 | 0.023403 | 0.023403
Average 1.7351456 | 0.000256 | 4.186756 | 0.004232 | 0.006014 | 0.000351 | 0.01379 | 0.020127
Std 0.701354 | 0.00031 | 0.515347 | 0.002257 | 0.002855 | 0.000654 | 0.00511 | 0.005244
Hooked 1 2.00% 9142005 | 10A14/2005 102 1.703488 | 5.36E-05 | 4.17457 | 0.001599 | 0.002476 | 4.57E-05 | 0.005205 | 0.009417
2 2.00% 9142005 | 10414/2005 102 1.407221 | 4.56E-05 | 5.333031 | 0.002657 | 0.002687 | 3.2E-05 | 0.013967 | 0.013967
3 2.00% 9142005 | 1041472005 102 1.675622 | 64E-05 | 5.453853 | 0.001099 | 0.001584 | 4 25E-05 | 0.004857 | 0.007407
4 2.00% 1/26/2006 | 5£23/2006 102 1.708522 | 7.5E-05 | 7.6394759 | 0.006545 | 0.007516 | 6.41E-05 | 0.044057 | 0.051395
o} 2.00% 1/26/2006 | 5£23/2006 102 1.725372 | 5.26E-05 | 6.596424 | 0.003556 | 0.005007 | 4.54E-05 | 0.020013 | 0.034606
5 2.00% 1/26/2006 | 5£23/2006 102 1.761129 | 0.000104 | 5.472785 | 0.002966 | 0.005716 | 9.18E-05 | 0.01393 | 0.023547
7 2.00% 442/2008 5/14,/2006 102 2.394481 | 0.000111 | 7.475919 | 0.005379 [ 0.005379 | 0.000133 | 0.034403 | 0.034408
g 2.00% 44212008 B/14/2006 102 222615 | 0.000158 | 5.73552 | 0.002947 | 0.003555 | 0.000177 | 0.013474 | 0.017548
9 2.00% B/6/2008 1/11/2006 102 1.512159 | 0.001227 | 7.594716 | 0.00709 | 0.01223 | 0.001013 | 0.033444 | 0.065554
10 2.00% 5/3/2006 | 01/23/2007 102 2.316093 | 0.000141 | 3.839267 | 0.000857 | 0.001861 | 0.000207 | 0.002517 | 0.005638
1 2.00% 5/3/2006 | 012342007 102 2346769 | 0.004857 | 2.657619 | 0.00845 | 0.00543 | 0.005504 | 0.0104595 | 0.010495
12 2.00% BA22006 | 02A16/2007 102 1.609237 | 0.000209 | 9.073504 | 0.00578 | 0.00578 | 0.000256 | 0.036742 | 0.036742
13 2.00% 6122006 | 02A16/2007 102 1.407634 | 0.000159 | 5.639914 | 0.0051589 | 0.007503 | 0.000167 | 0.021514 | 0.035776
14 200% | 011372006 | 0242342007 102 3.20645 | 0.0001687 | 5.569656 | 0.007619 | 0.014258 | 0.000371 | 0.033337 | 0.068265
15 200% | 011372006 | 02/23£2007 102 3.684008 | 0.000535 | 8.44715 | 0.005056 | 0.005056 | 0.001493 | 0.030032 | 0.030032
16 200% | 012172007 | 4482007 102 1.715264 | 0.000371 | 2678713 | 0.002309 | 0.003025 | 0.000428 | 0.004986 | 0.006858
17 200% | 01/21/2007 | 4/6/2007 102 1.978454 | 0.000286 | 3.537606 | 0.003156 | 0.004456 | 0.000292 | 0.008329 | 0.012757
13 2.00% 442/2008 6/14/2006 102 1.75806 | 0.000219 | 5.975655 | 0.002532 | 0.002532 | 0.000152 | 0.011596 | 0.0115%6
Average 2.002059 | 0.000492 | 5777835 | 0.00416 [ 0.005557 | 0.000642 [ 0.019111 | 0.026567
Std 0.615313 | 0.001124 | 1.87665 | 0.002303 | 0.003464 | 0.001511 | 0.013024 | 0.020041
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4.5.2 Result of Test Series with Regular Strength Hooked Steel Fiber

Seventeen specimens reinforced with regular strength Hooked steel fiber were
tested at three volume fractions of fiber (1.0%, 1.5% and 2.0%). Their average stress-
strain curves (where strain is valid up to peak stress only) are compared in Fig. 4.35. A

summary of the test results is given in Tables 4.17 and 4.18.
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Figure 4.35: Average stress strain curves of HPFRCC reinforced with regular strength

Hooked steel fiber at different fiber volume fractions

The results plotted in Fig. 4.35 seem to confirm the same trends observed when
using high strength hooked steel fiber: that is an increase in maximum stress and related
energy with an increase in volume fraction of fibers, while the strain at maximum stress
remains almost the same. In all tests, localization occurred while the hooked fibers
pulled out from the critical crack with no evidence of fiber failure. In comparing Figs.

4.35 and 4.32, it can be observed that both the stress and strain at peak load for the
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regular strength hooked fiber were almost half those of the high strength hooked fiber.

In particular, the strain at maximum stress was of the order of 0.2% for the test series

with regular strength hooked fiber.

Table 4.17: Summary of test results for specimens reinforced with regular strength

Hooked steel fiber (US-units)

Strain ot Stress st Strain st Stress st Strain st

Fiber type W' Specimen Maximum. AL BD‘:}_E of BD% of m‘:}_ﬁ of T-’IZI‘%.% of
stresz(psi siress MMM MMM MMM MMM

stress (psai) stress stress (psai) stress

1 416.99 0.25% 333.59 0.45% 291.89 0.51%

2 497.07 0.16% 397 E6 0.27% 34795 0.34%

3 474 51 0.22% 379.69 0.64% 332.23 0.81%

2 00% 4 40915 0.07% 32734 0.29% 206.43 0.44%

5 341 .8 0.29% 27344 0E1% 23926 0.73%

g 4502 0.14% 36016 0.49% 3514 0.65%

Average 431 64 0.13% 34531 0.46% 30215 0.55%

STD 55.25 0.05% 44 2 0.16% 3567 0.15%

1 14648 0.461% 117.19 0.80% 102.54 0.93%

2 354 .49 0.09% 28359 0.35% 24514 0E2%

3 21387 0.04% 171.09 0.20% 149.71 0.33%

Hooked 1.50% 4 298.83 0.53% 239.06 0.59% 20915 069%

5 aram 0.28% 30312 0.36% 26523 0.41%

Average 281 .64 0.31% 22531 0.68% 19714 0.84%

STD ar.31 0.22% 7784 0.23% 6511 0.24%

1 271 .48 0.08% 21719 011% 190.04 0.13%

2 404 3 0.15% 32344 0.19% 283 0.22%

3 27734 0.21% 22187 0.32% 194.14 0.37%

1 00% 4 28516 0.15% 22512 0.27% 199.61 0.72%

5 27734 0.13% 2M.87 0.37% 194 .14 0.54%

g 2B2T7 0.12% 21016 0.28% 183.89 0.32%

Average 296.39 0.15% 23711 0.26% 207.47 0.35%

STD 53.39 0.05% 42 71 0.09% 3737 0.22%
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Table 4.18: Summary of test results for specimens reinforced with regular strength

Hooked steel fiber (SI-units)

) Strain at S;:JE;SD? train at S?E:ZIE?SESD? =train at

Fiker type W Specimen tccimum MEXimUm MEimum BD?&' of MMM TD?E of
stress(MPa) stress fress MEimum fress TSI

(MP) stress (MPs) stress

1 2875 0.25% 2.300 0.45% 203 0.51%

2 3427 0.16% 2742 0.27% 2389 0.34%

3 3272 0.22% 2618 0.64% 229 0.81%

5 00% 4 281 0.07% 2257 0.29% 1.975 0.44%
5 2357 0.29% 1.885 0.61% 1.650 0.73%

G 3104 0.14% 2483 0.49% 2173 0.65%

Average 2976 0.19% 2.3 0.46% 2083 0.58%

STD 0.581 0.05% 0.305 0.16% 0267 0.18%

1 1.010 0.46% 0.505 0.50% n.ror 0.93%

2 2444 0.09% 1.955 0.35% 1.711 0.62%

3 1.475 0.04% 1.180 0.20% 1.032 0.33%

Hooked 1.50% 4 2.060 0.53% 1.645 0.59% 1.442 0.69%
2 2813 0.25% 2.090 0.36% 1.829 0.41%

Average 1.942 0.31% 1.554 0.63% 1.359 0.54%

STD 0671 0.22% 0.537 0.23% 0.470 0.24%

1 1.572 0.05% 1.485 011% 1.310 013%

2 2788 0.15% 2230 0.19% 1.951 0.22%

3 1912 0.21% 1.530 0.32% 1.339 0.37%

1 00% 4 1 966 0.18% 1.573 0.27% 1.376 0.72%
2 1912 0.13% 1.530 0.37% 1.339 0.54%

5 1.811 0.12% 1.449 0.28% 1.268 0.32%

Average 2.044 0.15% 1.635 0.26% 1.431 0.358%

STD 0.368 0.05% 0.294 0.09% 0.255 0.22%

4.5.3 Concluding Remarks

Two types of hooked fiber were used, one made with high strength steel wire (of
tensile strength 2100 MPa) and the other with conventional steel wire (of tensile strength
1050 MPa).

1. The use of high strength versus regular strength Hooked steel fiber clearly
improved the strain hardening and multiple cracking behavior, toughness, and
energy absorption capacity. Most specimens achieved strain hardening response

even at 0.75% fiber content by volume.
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2. Increasing the fiber volume fraction led to improvement in all properties except
for the stress and strain at first cracking, and the strain at maximum post-cracking
which did not clearly follow the trend.

3. Overall the higher strength fiber let to a better performance; for instance the
maximum tensile stress with the high strength fiber was 1.5 to 2.5 times that with

low strength fiber, at V¢ of 1% to 2%.

4.6 Direct Tensile Behavior of HPFRCC Reinforced with Torex Twisted
Steel Fiber

The test series in this part of the program comprised 84 specimens and are
classified into two categories, namely specimens reinforced with high strength Torex
steel fiber (D-T-H), and specimens reinforced low strength Torex steel fiber (D-T-L).
Table 4.19 gives a summary of the test series and their identification. The first letter in
the identification denotes the type of test (D for direct tensile test, Dogbone test). The
second letter denotes the type of fiber (T = Torex fiber), and the third letter denotes the
type of Torex fiber (H = High strength steel Torex, L = regular strength steel Torex). The
fourth letter denotes the volume fraction of fiber, (2.0%, 1.5%, 1.0%, or 0.75%).

Following is a summary of the fiber properties after twisting

Torex - High Strength

Diameter = 0.3 mm -> 7.62 inches

Length =30 mm -> 1.181 inch

Equivalent bond strength t = 6.84 MPa ->992.28 psi (Sujivorakul,2002)
1/d = 100, Tensile strength = 2760 MPa

Color = gold

Torex- Regular Strength

Diameter = 0.3 mm -> 7.62 inches

Length =30 mm -> 1.181 inch

Equivalent bond strength T = 6.84 MPa ->992 .28 psi (Sujivorakul,2002)
1/d =100, Tensile strength = 1380 MPa

Color = silver
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Table 4.19: Identification of specimen reinforced Torex fiber

. : “olume
Identlﬁcgtmn Tj.erT of Number of | Type .l:uf Toa o e of Fibers
of Specimen |Specimen| Specimens | Matrix

W (0]
0-T-H-2 Doghone 25 Muartar High Stregth - Torex 2.00%
D-T-H-1.5 | Doghone 28 Mortar High Stregth - Torex 1.50%

O-T-H-1 Dogbone 5 Mortar High Stregth - Torex 1.00%
D-T-H-0.75 | Doghaone g Mortar High =tregth - Tarex 0.75%
D-T-L-2 Doghone b Moartar | Regular Strength - Torex | 2.00%

5
B

D-T-L-1.5 | Doghone Mortar | Regular Strength - Torex | 1.50%
0-T-L-1 Dogbone hortar | Regular Strength - Torex | 1.00%

4.6.1 Result of Test Series with High Strength Torex Steel Fiber

In this category (D-T-H), sixty-seven specimens reinforced with high strength
Torex steel fiber were tested. Each series used 5 to 28 specimens. Test results are plotted
in Figs. 4.35 to 4.40 and summarized in Tables 4.20 and 4.21.

Figures 4.36a to 4.36d show the stress strain curves observed from the tests
(where strain is valid up to peak stress only) and their average at each volume fraction of
fiber tested. Since the axis scales are different, a comparison of average curves is given
in Fig. 4.37. Similarly to the direct tensile tests with other fibers, a great variability was

observed (Fig. 4.36) and is further discussed in Chapter 7.
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Figure 4.36: Stress strain curves of HPFRCC reinforced with high strength Torex steel
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fiber at different volume fractions of fiber and average curves. (a) V¢= 0.75%,

(b) Ve=1.0%, (¢) Vi= 1.5%, and (d) V= 2.0%
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Figure 4.37: Average stress strain curves of HPFRCC reinforced with high strength

Torex steel fiber at different fiber volume fractions

From the average curves in Fig. 4.37, it can be stated that the greater the fiber
volume fraction, the better the performance of the specimen in terms of stress, ductility,
and energy absorption occurring. Differences between results at 0.75% and 1% fiber
content were very small and attributable to normal variability.

Figures 4.38 to 4.40 describe the variation stress, strain and corresponding for the
point at first cracking. Generally, they all increase with an increase in volume fraction of
fiber, showing a slightly different trend than the case with Hooked fiber. The average
first cracking stress ranged from 251 psi to 357 psi, (1.731 to 2.461 MPa) (and the strain
at first cracking point ranged from 0.00012 to 0.000268.
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Figure 4.40: Energy at first cracking stress versus fiber volume fraction

All HPFRCC reinforced with Torex fiber exhibited good multiple cracking with
very well distributed cracks along the specimen length. Figures 4.41 to 4.43 describe the
variation of properties at the maximum post-cracking stress versus the volume fraction of
fiber. It can be generally concluded from the figures that the maximum stress, the strain
at maximum stress and the corresponding energy all increase with an increase if fiber
volume fraction.

The maximum tensile resistance of HPFRCC reinforced with high strength Torex
steel fiber ranged from 533 psi to 939 psi (3.675 to 6.474 MPa) while the strain at

maximum stress range from 0.2% to 0.4%. This strain was smaller than expected and as
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observed in other investigations, but is believed due to the twisting ratio of the fiber

which was not optimized for the matrix used.
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Figure 4.43: Energy at maximum stress versus fiber volume fraction

Since multiple cracking continued beyond the peak stress, a point indicating the

end of multiple cracking was selected. Figs. 4.44 and 4.45 describe the variation of strain

and energy absorption capacity at this point versus the fiber volume fraction. Now the

strain increases up to about 0.5% suggesting significant ductility.
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Table 4.20: Summary of test results of specimen reinforced high strength Torex fiber

(US-units)
Energy at
Strain at . Strain at |Energy at [Energy at | the end
Types of |Specimen| Volume Diate of Diate of Nﬁr;’nbber F\rks.t first Maximun Strgm at the end of ﬂrgsr Maxigrﬁum of
fiber Mo Fraction [ Casting Testing ottier: | cracking cracking stress | maximum multiple | cracking | stress | rnultiple
expected | stressipsi) (psi) stress . " X :
stress cracking (p=i) (p=i) cracking
{psij
Tores 1 0.78% | 5/8/2005 | 51072005 68 14258 | 4.79E-05| 524.41 | 1.03E-03 | 555E-03 | 0.003411 | 03306 | 2.42122
2 0.75% 58,2005 | 10/14,2005 B8 167.23 370E-D5 | 54785 | 213E-03 | 213E-03 [ 0.002906 | 09152 0.9192
3 0.75% | 5/3/2005 | 10/14/2005 B3 118.16 | 1.48E-04 | 570.32 | 2.86E-03 | 2.85E-03 | 0.008731 | 0.7863 | 0.7853
4 0.75% | 11/3/2006 | 9/5/2008 <] 2353 9.57E-05 | 3352 | 4.02E-04 | 4.92E-04 [0.011283 | 0.1071 0.1071
5 0.75% | 11/3/2006 | 9/5/2006 53] 181.88 | B.14E05 | 409.24 | 2.39E-03 | 2.39E-03 | 0.007405 | 0.6314 | 0.6314
g 0.78% | 11/3/2006 | 9/6/2006 B3 266.72 | 1.08E-04 | 49435 | 8.04E-04 | 5.04E-04 | 0.014595 | 0.3265 | 0.3283
7 0.75% | 4/23/2006 | 2/16/2007 B3 466.15 | 1.91E-04 | B04.35 | 1.87E-03 | 5.15E-03 [ 0.0563 0.953 2.8314
g8 0.75% | 4/23/2006 | 2/16/2007 <] 390.33 | 1.48E-04 | 57295 | 2.49E-03 | 2.48E-03 | 0.03704 | 14417 | 11417
9 0.75% | 4/23/2006 | 2/16/2007 53] 301.56 | 2.18E-04 | 68091 | 2.31E-03 | 4.46E-03 [ 0.0462 12719 | 2.6491
Average 25117444 | 0.00012 | 533.29 | 0.00182 | 0.002924 | 0.021002 | 0.719556 | 1.312913
Std 118.17467 | 6.18E-05 | 90.86213 | 0.000537 | 0.001753 | 0.020363 | 0.396715 | 1.04092
Torex 1 1.00% 582005 | 510/2005 92 2627 1.65E-04 | 80391 | 1.86E-03 | 1.86E-03 | 0.021712 | 0.7364 0.7364
2 1.00% | &5/2005 | 510/2005 92 172.85 | 2.03E-04 | 447.27 | 1.B5E-03 | 311E-03 | 0.017522 | 0.4231 | 0.945095
3 1.00% | 5D/2005 | 51072005 92 125 2.16E-05 | S64.45 | 1.68E-03 | 3.44E-03 [ 0.001351 | 0.6482 | 1.57E653
4 1.00% |04/16/2006 | 03/22/2006 92 480 3.06E-04 | 662.0842 | 3.09E-03 | 3.7BE-03 [ 0.1378 17622 | 2.21882
5 1.00% |04/1672008 | 03/22/2006 92 27227 | B.43E-05 | 532.3326 | 1.65E-03 | B.30E-03 | 0.014967 | 0.5984 | 2.8952
Awerage 262,564 | 0.000172 | 543.4004 | 0.001985 | 0.003595 | 0.038568 | 0.83366 | 1.674435
Std 136.33148 | 0.000139 | 82.40532 | 0.000522 | 0.001524 | 0.0559330 | 0.531435 | 0.895543
Toresx 1 1.50% | 5572005 | 510/2005 139 363.28 | 3.96E-04 | 54199 | 1.¥2E-03 | 4.24E-03 [0.070033 | 0.7384 | 1.807317
2 1.50% | 5/2/2005 | 5A10/2005 139 171.88 | 3.85E-05 | 668.4766 | 2.92E-03 | 3.96E-03 | 0.003312 | 1.4031 | 2.10097
3 1.80% | 8972005 | 51072008 139 14453 | 3.83E05 | 527.35 | 1.891E-03 | 225603 | 0.002768 | 07685 | 0.966969
4 1.50% | 10/2/2006 | 23/5/2006 139 266.42 | 1.34E-04 | 104279 | 3.22E-03 | 37BE-03 | 0.01789 | 25317 | 3.11527
5 1.50% | 10/2/2006 | 23/5/2008 139 205.08 | 1.04E-04 | 116241 | 4 41E-03 | 4 41E-03 | 0.010595 | 3.8963 | 3.8969
& 1.50% | 10/2/2006 | 23/5/2006 139 289.31 | 2.57E-04 | 78766 | 3.48E-03 | 3.66E-03 | 0.037157 | 2.1475 | 2.280471
7 1.50% | 26/2/2006 | 23/5/2006 139 308.23 | 3.46E-04 | 7OBF9 | 1.9FE-03 | 1.97E-03 | 0.053278 | 0.9917 | 0.9917
g 1.80% | 26/2/2006 | 23/5/2008 139 26276 | 7.36E-08 | B15.74 | 213E-03 | 3.77E-03 | 0.009666 | 1.2491 2.5523
9 1.60% | 26/2/2006 | 23/5/2006 139 152.28 | 3.78E05 | F33.55 | 279E-03 | 6.70E-03 | 0.002883 | 14575 | 3.801102
10 1.50% |10411/2008] 1/3/2007 139 29345 | 1.92E-04 | 454,475 | O.F2E-04 | D.72E-04 | 0.04208 | 0.32647 | 0.32647
11 1.50% |10/11/2006] 1/2/2007 139 211.52 | 1.57E-04 | 526.928 | 2.54E-03 | 5.76E-03 | 0.02316 | 1.08085 | 2748
12 1.80% |03A1772008|01/16/2007 139 226.9627 | 1.35E-04 | 7804112 | 5.75E-03 | 6.78E-03 | 0.022686 | 1.86165 | 2.0851
13 1.50% |03/17/2008| 01/16/2007 139 26776 | 9.86E-05 | B33.4563 | 4 ¥BE-03 | 47BE-03 | 0.01559 | 33317 | 33317
14 1.50% | 6/10/2006 | 01/16/2007 133 44105 | 1.81E-04 | 305.1345 | 2.88E-03 | 3.00E-03 | 0.054583 | 2.200884 | 2.318
15 1.50% | 6/10/2006 | 01/16/2007 139 281.758 | 4.58E-04 | 488.304 | 2.30E-03 | 2.82E-03 [ 0.085423 | 0.893146 | 1.139327
16 1.50% | 6/10/2006 | 01/16/2007 139 221.7135 | 1.20E-04 | 532.6398 | B.89E-04 | 2.20E-03 | 0.01802 | 0.311837 1
17 1.80% | 2/542008 | 441172008 139 364.796 | 6.28E-04 | B77.34 | 412505 | S.9ME05 | 01625 | 2728068 | 4275
18 1.50% | 2/542008 | 4411/2008 139 57595 |G.ODE-D4 | 92845 | 442E03 | S12E03| 0.2427 | 312161 | 37642
19 1.50% | 2/542008 | 4411/2008 139 477.3005 | 1.81E-04 | 771.84 [S5.59E-03 | B.7GE-03 | 00534 | 38823 | 47753
20 1.50% | 2/542008 | 441172008 139 332649 | 1.06E-04 | 9144 | 4.99E-03 | 7.55E-03 | 0.026206 | 3.62549 | 5.8667
N 1.80% | 27642008 | 441172008 139 264147 | A14E-04 | B52.67 | 3.67E-05 | 417605 | 0.06766 | 1.5235 | 1.8506
22 1.50% | 2/5/2008 | 4/11/2008 139 260.739 | 1.27E04 | 72506 | 7.21E-03 | 8.30E-03 | 0.02457 | 44315 | 52083
23 1.50% | 245/2008 | 4411/2008 139 43317 | 2.24E-04 | 90471 | BS1E-03 | 8.37E-03 | 0.05306 | 4.80073 | B.4593
24 1.50% | 2/5/2008 | 441172008 139 344.957 | 4.72E-04 | BAO.F6 | 3.04E-03 | 4.75E-03 [ 0.101021 | 1.9943 | 3.47077
25 1.80% | 2572008 | 441172008 139 387.802 [ 4.14E-04 [834.0147 | 4.82E-03 [ 4.82E-03 [0.111915| 31368 | 3.1368
26 1.50% | 2/5/2008 | 441172008 139 2224346 | 3.29E-04 | BO1.778 [5.89E-03 | 5.89E-03 | 00575 | 33643 | 3.3843
27 1.80% | 2472008 | 441172008 139 3208686 | 1.83E-04 | 709.593 | 4.81E-05 | 4.851E-05 | 0.04016 | 2.642 2642
28 1.60% | 245/2008 | 4411/2008 139 318.2639 | 1.25E04 | BBE.903 | 6.00E-03 | 7.27E-03 | 0.02835 | 3.477 4.308
Awerage 300.38461 | 0.000235 | 749.0753 | 0.003773 | 0.004813 | 0.052317 | 2.284601 | 2.986067
Std 99.745606 | 0.000169 | 175.7265 | 0.001705 | 0.001933 | 0.052673 | 1.280083 | 1.524328
Toresx 1 2.00% | 9414/2005 | 104142005 184 22363 | 5.12E-05 | 72266 | 4.65E-03 | 5.34E-03 | 0.005728 | 2.9466 | 3.436741
2 2.00% | 9/14/2005 | 10/14/2005 184 1687.89 1.36E05 | 786.84 [ 4.53E-03 | 5.06E-03 | 0.001271 | 3.16882 | 3600741
3 2.00% | 9414/2005 | 10/14/2005 184 169.92 | 41BE06 | BR3.14 | 2B2E-03 | 2.95E-03 | 0.000355 | 2.023 | 2.30531
4 2.00% | 112/2005 | 2/12/2005 184 22945 | 511E-05 | B38.84 | 3.13E-03 | 6.0BE-03 [ 0.0055658 | 2.0645 | 4.501416
5 2.00% | 1A12/2005 | 2/12/2005 184 30176 | 2.12E-04 | 722,656 | 4.47E-03 | 5.08E-03 [ 0.031956 | 2.8017 | 3.237528
g 2.00% | 1A12/2005 | 241272008 184 37792969 | 268E-04 | 945.2422 | 2.69E-03 | 2.77E-03 | 0.056264 | 1.9368039 | 2.1151
7 2.00% | 1412/2005 | 2/12/2005 184 22555 | 2.07E-04 | 976.5625 | 3.19E-03 | 5.34E-03 | 0.023333 | 1.9385 | 3.974121
g8 2.00% | 112/2005 | 2/12/2005 184 324.21875 | 1.63E-04 | 842.3828 | 3.21E-03 | 3.55E-03 | 0.003371 | 2.573445 | 2.891756
9 2.00% | 1/12/2005 | 241272005 184 250 1.33E-04 | B56.445 | 2.41E-03 | 3.85E-03 | 0.016643 | 1.6297 | 2.538196
10 2.00% | 1A12/2005 | 241272005 184 204.1 1.67E04 | 673.83 [ 2.50E-03 | 3.07E-03 | 0.015971 | 1.261 | 1.638093
1 2.00% | 141272005 | 21272005 184 201.17 2B9E-D5 | B55.47 | 228E-03 | 228E-03 [ 0.002702 | 15587 1.6687
12 2.00% |10/18/2005) 11/18/2005 184 22363 | 1.25E-04 | 94238 | B24E-03 | B24E-03 | 0.013966 | 47161 4.7161
13 2.00% |10/18£2005) 11/18/2005 184 19238 | 3.82E-04 | 893.55 | 5.82E-03 | 6.35E-03 | 0.035764 | 41667 | 4.544587
14 2.00% | 3/2/2008 | 4/5/2008 184 557.05 | 4.92E-04 | BB7.1509 | 4.04E-03 | 4.04E-03 [ 0.1945 | 2.951643 | 2.961843
15 2.00% | 3/2/2008 | 4/5/2008 184 397.5116 | 3.58E-04 | 685.2161 [ 3.49E-03 | 4.00E-03 | 0.10105 | 25285 | 2.981418
15 2.00% | 3/2/2008 | 4/8/2008 184 BEO.0S7I | 5.52E-04 | 1328.66 | 4.99E-03 | B.13E-03 | 0.28566 | 5.10365 | B£.5908
17 2.00% | 3/2/2008 | 4/8/2008 184 528.0484 | 5.57E-04 | 1348.391 [ 3.84E-03 | 3.94E-03 | 0.22116 | 3.605211 | 3.605211
18 2.00% | 3/2/2008 | 4/5/2008 184 317.26 | 2.55E-04 | B33.4671 | 5.57E-03 | 6.38E-03 | 0.05248 | 3.06724 | 4.527776
19 2.00% | 3/2/2008 | 4/5/2008 184 422187 | 2.23E-04 | 1102379 | 4.84E-05 | 7.21E-05 | 00678 | 3.9157 | 6£.45983
20 2.00% | 3/2/2008 | 4/8/2008 184 5B67.045 | 3.45E-04 | 1208.906 | 4.27E-03 | 4.58E-03 [ 0.1405 3.805 4.1803
2 2.00% | 3/2/2008 | 4/8/2008 184 B57.104 | 9.45E-04 | 1152.809 | 3.04E-03 | 3.04E-03 | 0.41132 3.3 33
22 2.00% | 3/2/2008 | 4/5/2008 184 393.606 | 1.34E-04 | 933.9225 | 5.29E-03 | 5.29E-03 | 0.0304 | 3.7692 | 3.7692
23 2.00% | 3/2/2008 | 4/8/2008 184 437127 | 4.06E-04 | 888.6362 | 3.51E-03 | 3.79E-03 | 0.11715 | 2.359 2605
24 2.00% 3/2/2008 | 4/8/2008 184 327.242 | 3.44E-04 | 969.7195 [ 444E-03 | 5.62E-03 | 0.08516 | 3.1579 4.286
25 2.00% | 3/2/2008 | 4/8/2008 184 462.135 | 2.88E-04 | 336.8798 | 3.F6E-03 | 4.82E-03 | 0.0897 | 2710433 | 366873
Awerage 357.54621 | 0.000258 | 939.0458 | 0.003933 | 0.0047083 | 0.080523 | 2.955692 | 3.612513
Std 156.89401 | 0.000214 | 172.4958 | 0.001117 | 0.001302 | 0.102022 | 1.000719 | 1.240321
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Table 4.21: Summary of test results of specimen reinforced high strength Torex fiber

(SI-units)

Energy

First Strain at Shrain al Energy Energy at the

Mumber X Maximum | Strain at | the end at
Types of |Specimen| Yolume Date of Date of of fiber cracking first stress | maximum of at first Maimurm end of
fiber Mo Fraction Casting Testing stress | cracking . cracking multiple
expected (MPa) stress | multiple stress

[WFPa) stress (Mpa) cracking

cracking (Mpa) Mpa)
Tarex 1 0.75% 5/9/2005 | 5/10/2005 63 0.983055 | 4.79E-05 | 3.615681 | 1.03E-03 | 5.55E-03 | 2.35E-05 [ 0.002279 | 0.016634
2 0.75% 5/9/2005 | 104142005 63 1.084063 | 3.70E-05 | 3.777294 | 2.13E-03 | 2.13E-03 | 2E-05 |0.005333 | 0.006335

3 0.75% 5/9/2005 | 1041472005 68 0.814685 | 1.48E-04 | 393222 | 2.86E-03 | 2.06E-03 | 6.02E-05 | 0.005421 | 0.005421
4 0.75% | 11/3/2006 | 9/46/2006 B3 1.626474 | 9.57E-05 | 2.724809 | 4.92E-04 | 4.92E-04 | 7.75E-05 | 0.000735 | 0.000735
5 0.75% | 11/3/2006 | 9/46/2006 B3 1.254019 | 8.14E-05 | 2.821612 | 2.39E-03 | 2.39E-03 | 5.11E-05 | 0.004353 | 0.004353
B 0.75% | 11/3/2006 | 9/46/2006 B3 1.83897 [ 1.09E-04 | 3.408631 | 5.04E-04 | 5.04E-04 | 0.000101 | 0.002267 | 0.002267
7 0.75% | 4/23/2006 | 24162007 B3 3.213892 | 1.91E-04 | 4166848 | 1.87E-03 | 5.15E-03 | 0.000332 | 0.006612 | 0.019522
8 0.75% | 4/23/2006 | 2A16/2007 B3 2691645 | 1.43E-04 | 3.950353 | 2.49E-03 | 2 49E-03 | 0.000255 | 0.007872 | 0.007872
9 0.75% | 4/23/2006 | 2/16/2007 B3 2079184 | 2.18E-04 | 4694711 | 2.31E-03 | 4 46E-03 | 0.000323 | 0.008769 | 0.018265
Average 1.731788 | 0.00012 | 3.67E907 | 0.00182 |0.002524 | 0.000145 | 0.004951 | 0.009052
Std 0.814786 | 6.18E-05 | 0.626473 | 0.000837 | 0.001793 | 0.00014 [0.002745 [0.007177
Taorex 1 1.00% 5/9/2005 | 5/10/2005 92 1811255 | 1.65E-04 | 3.474338 | 1.86E-03 | 1.85E-03 | 0.00015 | 0.005077 | 0.005077
2 1.00% 5/9/2005 | 5/10/2005 92 1.191759 | 2.03E-04 | 3.083813 | 1.65E-03 | 3.11E-03 | 0.000121 | 0.002517 | 0.006516

3 1.00% 5/9/2005 | 5/10/2005 92 0.861845 | 2.16E-05 | 3.891747 | 1.68E-03 | 3.44E-03 | 9.32E-05 | 0.004463 | 0.01087 1
4 1.00% | 04A16£2005 | 0342272006 92 3.309485 | 3.86E-04 | 4613175 | 3.09E-03 | 3.78E-03 | 0.00095 | 0.01215 [0.015298
5 1.00% | 041642006 | 03/22/2006 92 1.877236 | 8.43E-05 | 3.670306 | 1.65E-03 | 6.30E-03 | 0.000103 | 0.004126 | 0.019962
Average 1.810316 | 0.000172 | 3.746677 |0.001985 | 0.003695 | 0.000267 | 0.005743 | 0.011545
Std 0.539573 | 0.000139 | 0.568165 | 0.000622 | 0.001624 | 0.000386 | 0.003665 | 0.006175
Tarex 1 1.50% 5/9/2005 | 5/10/2005 133 2504728 | 3.86E-04 | 3.736891 | 1.72E-03 | 4 24E-03 | 0.000433 [ 0.005021 [ 0.012465
2 1.50% 5/9/2005 | 5/10/2005 139 1.185071 | 3.85E-05 | 4.746881 | 2.92E-03 | 3.96E-03 | 2.28E-05 | 0.009674 | 0.014486
3 1.50% 5/9/2005 | 5/10/2005 139 0.9965 | 3.83E-05 | 3.635952 | 1.91E-03 | 2.25E-03 | 1.91E-05 | 0.005432 | 0.006667
4 1.50% | 10/2/2006 | 23/5/2006 139 1.836202 | 1.34E-04 | 7.189787 | 3.22E-03 | 3.78E-03 | 0.000123 | 0.017455 | 0.021479
5 1.60% | 10/2/2006 | 23/5/2008 139 1.413977 | 1.04E-04 | 5.014538 | 4. 41E-03 | 4.41E-03 | 7.37E-05 | 0.0265865 | 0.026565
B 1.60% | 10/2/2006 | 23/5/2008 139 1994723 | 2.57E-04 | 5.430727 | 3.48E-03 | 3.66E-03 | 0.000256 | 0.014806 | 0.015785
7 1.50% | 26/2/2006 | 23/5/2008 139 2125172 | 3.46E-04 | 4873147 | 1.97E-03 | 1.97E-03 | 0.000367 | 0.006835 | 0.0065835
8 1.50% | 26/2/2006 | 23/5/2006 139 1.811667 | 7.36E-05 | 5.624332 | 2.13E-03 | 3.77E-03 | 5.66E-05 | 0.005512 | 0.0175537
9 1.50% | 26/2/2006 | 2345/2008 139 1.049534 | 3.79E-05 | 4.358175 | 2.79E-03 | B.70E-03 | 1.99E-05 | 0.01005 | 0.026208

10 1.50% | 104112006 | 1/9/2007 133 2.023336 | 1.52E-04 | 3.1334596 | 5.72E-04 | 3.72E-04 [ 0.000235 | 0.002251 | 0.002251
il 1.50% | 104142006 | 1/9/2007 133 1.45835 [ 1.57E-04 | 3.633042 | 2.54E-03 | 5.76E-03 | 0.00016 | 0.007452 | 0.018247
12 1.50% | 03A17/2005 | 01A46/2007 133 1.564853 | 1.35E-04 | 5.173905 | 5.75E-03 | 6.78E-03 | 0.000158 | 0.012836 | 0.014376

13 1.50% | 034172006 | 01A46/2007 139 1.846141 | 9.86E-05 | 5.746481 | 4.78E-03 | 4.78E-03 | 0.000107 | 0.022971 | 0.022971
14 1.50% | 6/10/2006 | 01A416/2007 139 3.040934 | 1.81E-04 | 6.240685 | 2.868E-03 | 3.00E-03 | 0.000375 [ 0.015237 [ 0.015962

15 1.50% | 6/10/2006 | 01A16/2007 139 1.942654 | 4.58E-04 | 3.370876 | 2.30E-03 | 2.62E-03 | 0.000589 | 0.005158 | 0.00786
16 1.50% | 6/10/2006 | 01A6/2007 139 1.528661 | 1.20E-04 | 3.672424 | B.89E-04 | 2.20E-03 | 0.000131 | 0.00215 | 0.006895
17 1.60% | 2/642008 | 4/11/2008 139 2515181 | 6.28E-04 | 6.049049 | 412603 | 5.91E-03 | 0.00112 [0.018809 | 0.029475
18 1.60% | 2/642008 | 4/11/2008 139 3571037 | 6.00E-04 | 540144 | 4 42E-03 | 5.12E-03 | 0.001673 [ 0.021523 | 0.025953
19 1.50% | 2/542008 | 4/11/2008 139 3.290872 | 1.891E-04 | 5.321652 | 5.59E-03 | 6.76E-03 | 0.00041 [0.025772 [0.032925
20 1.50% | 2/542008 | 4/11/2008 139 2293535 | 1.06E-04 | 5.304565 | 4 99E-03 | 7.55E-03 [ 0.000194 | 0.024957 | 0.040601
i 1.50% | 2/542008 | 4/11/2008 139 182123 [ 4.14E-04 | 3.809838 | 3.57E-03 | 4.17E-03 | 0.000466 | 0.010506 | 0.012759
22 1.50% | 2/542008 | 4/11/2008 133 1797735 1.27E-04 | 4.999115 | 7.21E-03 | B.30E-03 | 0.00017 | 0.030554 | 0.03531
23 1.50% 245/2008 | 4/11/2008 133 2986803 | 2.24E-04 | 6.237758 | 6.51E-03 | 8.37E-03 |0.000476 [ 0.0331 [0.044535
24 1.50% 2/5/2008 | 4/11/2008 133 2378396 | 4.72E-04 | 61277587 | 3.04E-03 | 4.75E-03 [0.000857 | 0.01375 | 0.02333
25 1.50% 245/2008 | 4/11/2008 133 2673802 | 4. 14E-04 | 5.750331 | 4. 82E-03 | 4 82E-03 | 0.000772 [ 0.021627 [ 0.021627
26 1.50% 245/2008 | 4/11/2008 133 1.533633 | 3.20E-04 | 5.528067 | 5.89E-03 | 5.89E-03 | 0.000396 | 0.023334 | 0.023334
27 1.50% 2/5/2008 | 4/11/2008 133 2210226 | 1.83E-04 | 4.892473 | 481E-03 | 4 81E-03 | 0.000277 [0.018216 [ 0.018216
28 1.50% 2/5/2008 | 4/11/2008 133 2194353 | 1.25E-04 | 4598136 | 6.00E-03 | 7. 27E-03 | 0.000136 [ 0.0235973 [ 0.029703
Average 207108 |0.000235 | 5.164698 | 0.003773 [ 0.004513 | 0.000361 | 0.015752 | 0.020534
Std 0.687722 | 0.000169 | 1.2115592 | 0.001705 | 0.001235 | 0.000363 | 0.008526 | 0.01051
Tarex 1 2.00% | 9/14/2005 | 10/14/2005 184 1.541875 | 5.12E-05 | 4.982567 | 4.65E-03 | 5.34E-03 | 3.95E-05 | 0.020316 | 0.023703
2 2.00% | 9/14/2005 | 10/14/2005 184 1.292768 | 1.36E-05 | 5.21823 | 4.53E-03 | 5.08E-03 | 8.76E-06 | 0.021989 | 0.024526
3 2.00% | 9/14/2005 | 10/14/2005 184 1.171558 | 4.18E-06 | 5.992512 | 2.62E-03 | 2.95E-03 | 2.45E-06 | 0.013943 | 0.0158295
4 2.00% | 1/12/2005 | 2/12/2005 184 1.582278 | 5.11E-05 | 5.790495 | 3.13E-03 | 6.08E-03 | 4.05E-05 | 0.014235 | 0.031036
5 2.00% | 111272005 | 21272005 184 2.080563 | 212E-04 | 498254 | 4.47E-03 | 5.08E-03 | 0.00022 [0.019317 [0.022322
B 2.00% | 1112720058 | 212720058 184 2605734 | 2.68E-04 | 6.537902 | 2.89E-03 | 2.77E-03 | 0.000402 [ 0.013362 | 0.014583

7 2.00% | 111272005 | 2/12/20058 184 1.5563585 | 2.07E-04 | 6.733164 | 3.19E-03 | 5.34E-03 | 0.000161 | 0.013365 | 0.027401
8 2.00% | 1422005 | 241242005 184 223541 | 1.63E-04 | 6.497503 | 3.21E-03 | 3.55E-03 | 2.32E-05 | 0.017743 | 0.019938
9 2.00% | 14122005 | 241242005 184 172369 [ 1.33E-04 | 5.504983 | 2.41E-03 | 3.85E-03 | 0.000115 | 0.011236 | 0.019569
10 2.00% | 14122005 | 2422005 184 1.407221 | 1.57E-04 | 4645895 | 2.50E-03 | 3.07E-03 | 0.00011 | 0.005534 | 0.011234
il 2.00% | 14122005 | 2422005 184 1387019 | 2.B9E-05 | 5.89826 | 2.28E-03 | 2.258E-03 | 1.86E-05 | 0.010747 | 0.010747
12 2.00% | 10/18/2005 | 11/18/2005 184 1.541875 | 1.25E-04 | 5.497484 | B.24E-03 | 5.24E-03 | 9.63E-05 | 0.032516 | 0.032516
13 2.00% | 10/18/2005 | 11/18/2005 184 1.326414 | 3.82E-04 | £.160813 | 5.92E-03 | 5.35E-03 | 0.000253 | 0.025728 | 0.031337
14 2.00% 3/2/2008 | 4/8/2008 184 3.840726 | 4.92E-04 | 6.116748 | 4 04E-03 | 4.04E-03 [0.001341 [ 0.020421 | 0.020421
15 2.00% 3/2/2008 | 4/8/2008 184 2740747 | 3.58E-04 | 6.103353 | 3.49E-03 | 4. 00E-03 | 0.000627 [0.017442 | 0.020556
16 2.00% 37272008 | 4/8/2008 184 455101 | 5.52E-04 [ 9.160792 | 4.99E-03 | 6.13E-03 | 0.00197 | 0.0351689 | 0.045442
17 2.00% 3£2/2008 | 4/8/2008 184 4.336448 | 5.57E-04 | 9.2965352 | 3.94E-03 | 3.94E-03 | 0.001525 | 0.024857 | 0.024857
18 2.00% 3£2/2008 | 4/8/2008 184 2187432 | 2.55E-04 | 5746556 | 5.57E-03 | 6.38E-03 | 0.000362 | 0.026664 | 0.031218
19 2.00% 3/2/2008 | 4/8/2008 184 28910671 | 2.23E-04 | 7600638 | 4 84E-03 | 7. 21E-03 | 0.000467 | 0.026995 | 0.044539
20 2.00% 3/2/2008 | 4/8/2008 184 3.909539 | 3.45E-04 | 8.335117 | 427E-03 | 4 58E-03 | 0.000963 | 0.025235 | 0.028822
i 2.00% 3/2/2008 | 4/8/2008 184 4530574 | 9.45E-04 | 7.948341 | 3.94E-03 | 3.94E-03 | 0.002835 [ 0.022753 | 0.022753
22 2.00% 3/2/2008 | 4/8/2008 184 271437 | 1.34E-04 | 5.439171 | 5.29E-03 | 5.29E-03 | 0.00021 | 0.025983 | 0.025988
23 2.00% 3/42/2008 | 4/8/2003 184 3.013886 | 4.06E-04 | 5.126947 | 3.51E-03 | 3.79E-03 [ 0.000808 | 0.016265 | 0.017961
24 2.00% 3/2/2008 | 4/8/2003 184 2256255 | 3.44E-04 | 5.685983 | 4 44E-03 | 5.62E-03 [ 0.000587 | 0.021773 | 0.029551
25 2.00% 3/2/2008 | 4/8/2008 184 3.186331 | 2.88E-04 | 6.459561 | 3.76E-03 | 4.62E-03 | 0.000615 | 0.018685 | 0.025423
Average 2.465195 | 0.000266 | 6.4744596 | 0.003993 | 0.004705 | 0.000555 | 0.020379 | 0.024908
Std 1.081747 | 0.000214 | 1.189317 [0.001117 [0.001302 | 0.000703 | 0.0069 |0.008552
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4.6.2 Result of Test Series with Regular Strength Torex Steel Fiber

Seventeen specimens reinforced with regular strength Torex steel fiber were
tested at three different fiber contents (1.0%, 1.5%, and 2.0%). It should be noted that
these fibers encountered many flaws during fabrication which included a non-uniform
shape, unequal twists and larger distance between ribs. These flaws were uncovered
during examination under a light microscope. The test results are shown below for
interest, but should not be considered typical since the fibers were faulty and should have
been rejected. The average stress-strain curves are plotted in Fig. 4.46 and a summary of
test results is given in Table 4.22 and 4.23. They are self-explanatory and, unfortunately,
cannot be used to draw meaningful conclusions except that, overall, they show a
performance lower than the series with high strength Torex fiber. During testing the

fibers pulled out from the critical section after localization and no fiber failure was

observed.
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Figure 4.46: Average stress strain curves of HPFRCC reinforced with regular strength

Torex steel fiber at different fiber volume fractions
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Table 4.22: Summary of test results of specimens reinforced regular strength Torex fiber

(US-units)

. Strain ot Stress ot Strain st Stress ot Strain st

Fiber type W' Specimen Maxlmum. AL BD% of BD% of T-’III‘?J.E. of mo’.% of
stresz(psi stress mammum. MMM mammum. MMM

stress (psai) stress stress (psai) stress

1 4534 016% 306.72 0.39% 335.35 0.52%

2 BS7.23 0.06% 52578 0.49% 460.06 0.E4%

3 521 .48 0.22% 41719 0.59% 365.04 0.95%

2 00% 4 641 6 0.15% 513.25 0.36% 44912 0.46%

5 341 .5 0.09% 27344 0.41% 239.26 0.50%

g s07.81 0.14% 40625 0.44% 35547 0.59%

Average 52555 0.143% 420 .44 0.45% 367.89 0.61%

STD 115.45 0.06% 9235 0.053% 80.34 0.15%

1 353.52 0.29% 28283 0.43% 247 45 0.49%

2 52734 0.21% 41 .87 0.38% 36914 0.43%

3 391.56 0.25% 28125 0.40% 245.09 0.56%

Torex 1.50% 4 3G 0.05% 31325 0.32% 27412 0.52%

5 38379 0.04% 307.03 0.35% 263 .E5 0.45%

Average 347 5 0.25% 278 0.581% 24325 0.73%

ST 7253 0.11% 55.03 0.04% 077 0.05%

1 341 .5 0.33% 27344 0.52% 239.26 0ET%

2 391 B 0.29% 3328 0.B5% 27412 0.85%

3 27532 0.30% 222 BB 1.81% 194 .82 215%

1 00% 4 485.35 0.06% 385.25 0.22% 339.75 0.44%

5 454 1 0.21% 363.25 0.51% 3787 062%

g 37012 0.25% 295.09 0.461% 250.08 0.71%

Average 386.35 0.24% 309.51 0.70% 270.82 0.90%

STD 7525 0.10% G022 0.56% 527 062%
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Table 4.23: Summary of test results of specimens reinforced regular strength Torex fiber

(SI-units)

. Strain at S;:JE;SDT =train at S?E:ZIE‘%SESD? =train t

Fiker type W Specimen Maedmurm MEXimUm MEimum SD?E of MMM TD?E of
stress(MPa) MEXImUm MMM

stress stress stress stress stress

[MPa) [MPa)

1 3.333 0.16% 2 BEE 0.39% 2333 0.52%

2 4 532 0.06% 3625 0.49% 3172 0.64%

3 3.596 0.22% 2877 0.59% 257 0.95%

5 00% 4 4.424 0.15% 3.539 0.36% 3.097 0.46%

5 2357 0.09% 1.885 0.41% 1.650 0.50%

G 3.5 0.14% 2.8M 0.44% 2451 0.59%

Average 3624 0.14% 2889 0.45% 2537 0.61%

STD 0.796 0.06% 0.637 0.05% 0.5257 0.18%

1 2438 0.29% 1.950 0.43% 1.706 0.49%

2 3636 0.21% 2909 0.35% 2545 0.43%

3 2424 0.25% 1.939 0.40% 1.697 0.56%

Tarex 1.50% 4 2700 0.05% 2160 0.32% 1.890 0.52%

2 2645 0.04% 2117 0.33% 1.852 0.43%

Average 2396 0.25% 1.917 0.553% 1677 0.73%

STD 0.500 0.11% 0.400 0.04% 0.350 0.05%

1 2357 0.33% 1.585 0.52% 1.650 0E7T%

2 2700 0.29% 2160 0.B5% 1.890 0.585%

3 1918 0.30% 1.535 1.81% 1.343 215%

1 00% 4 3.346 0.06% 2677 0.22% 2343 0.44%

5 313 0.21% 2505 0.51% 2192 0.62%

G 2552 0.25% 2042 0.45% 1.786 0.71%

Average 2 BES 0.24% 2134 0.70% 1.867 0.90%

STD 0519 0.10% 0.415 0.56% 0.363 0.62%

4.6.3 Concluding Remarks

1. The use of high strength Torex steel fiber consistently improved the strain
hardening and multiple cracking behavior, the maximum post-cracking stress, the
strain and energy at maximum stress, and related energy absorption capacity. The
higher the volume content of fibers, the higher the improvements observed in the
tensile behavior.

2. The number of cracks observed generally increased with the volume fraction of

fiber, leading to a decrease in crack spacing and width. Specimens with high
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volume fraction of fiber also showed large ductility and energy absorption

capacity.

3. Two types of Torex fiber were used in this study, one made with high strength

steel wire (of tensile strength 2760 MPa), and one with regular strength steel wire

(of tensile strength 1380 MPa). The higher strength fiber led to a 30% to 60 %

better performance, in terms of maximum stress.

4.7 Comparison Between HPFRCC with Different Fibers
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Figure 4.47 Comparison of average stress-strain response of FRCC test series with

different fibers at fiber volume fractions of: (a) 0.75%, (b) 1%, (¢) 1.5%, and (d) 2%
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Figures 4.47 (a, b, ¢, d) compare the response of test series with different types of fiber at
the four values of fiber content used. It is clear from the figures that, everything else
being equal, the use of PVA fibers leads to the lowest performance at every volume
fraction in comparison to specimens reinforced with Spectra, Hooked or Torex fibers.
Also, specimens with Torex fibers lead to the highest post cracking strength while
specimens with Spectra fibers lead to the highest strain at maximum stress. At 2% fiber
content, specimens with Spectra fiber showed high ductility with a post-cracking tensile
strain of up to 2%, almost three to four times the strains observed with Hooked and Torex
fibers. However, this came at a much lower tensile stress. At 2% fiber content,
specimens with either high strength Hooked or Torex fibers lead to post-cracking tensile
strengths at least twice those observed for Spectra and PVA fibers. If the overall
performance of the four fibers is ranked, then the order would be Torex, Hooked, Spectra

and PVA, from highest to lowest.

4.8 Concluding Remarks on the Direct Tensile Tests of FRC Composites
with Different Fibers

This chapter addressed the direct tensile testing results of HPFRCC. A detailed
description of material properties was given and experimental results reported. Based on
the results obtained the following conclusions can be drawn:

1. Generally, the first cracking stress of the composite is significantly improved due
to the presence of fiber in the matrix. However, no consistent correlation could be
established between an increase in volume fraction of fiber and an increase in first
cracking stress. Given the parameters of this study, for Hooked and Torex fiber,
the stress at first cracking increased with the volume fraction, while it remained
almost same for PVA and Spectra fibers

2. Comparing between types of fiber, for the same volume fraction of fibers,
specimens with Torex, high strength Hooked, and Spectra fibers showed better
overall behavior than specimens with PVA fibers. Moreover, their post-cracking

strength reached 1.5 to 3 times their strength at first cracking, while for specimens
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with PVA fibers, the post-cracking strength was only 10% to 50% higher than the
cracking strength at up to 2% fiber content.

The tensile response of specimens without fibers is very brittle and shows large
variability in tensile strength. Fibers, whether leading to strain softening or strain
hardening response, reduce the variability while improving ductility and
toughness.

Immediately following localization, specimens reinforced with PVA fiber fail
suddenly due to tensile failure of the fibers. For specimens reinforced with
Spectra fiber, the failure is gradual and controlled by the pulling out of the fibers
accompanied by matrix spalling around the critical crack. Also, for specimens
reinforced with steel fiber, whether Hooked or Twisted, the fibers gradually pull
out up to complete separation; during pull out, twisted fibers untwist leading to
additional matrix cracking. No steel fiber failure was observed for the variables
of this study.

. For the same volume fraction, and type of steel fiber, the strength of fiber is
important for determining the composite tensile behavior. Specimen reinforced
with high strength steel fiber usually outperform specimen reinforced with regular
strength steel fiber.

Changing surface properties of the fiber has important implications. For instance,
specimens reinforced with oiled PVA fibers performed better than specimens
reinforced with non-oiled ones.

. Variability of properties obtained from direct tensile testing is large and a fact that
cannot be ignored. Both fiber distributions within the specimen and fiber
orientation at any section play a significant role in influencing observed
properties. The more uniform the distribution of fiber is, the less variable the

tensile behavior is.
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CHAPTER S

STRESS VERSUS CRACK OPENING DISPLACEMENT TESTS

5.1 Introduction

The post-cracking behavior of high performance fiber reinforced cementitious
composites (HPFRCC) primarily depends on how a typical crack propagates and
responds to stresses. Such information can be clarified by stress versus crack opening
displacement tests (c-COD). The (c-COD) test presents vital information on the response
of a crack and allows eventually understanding overall strain behavior of HPFRCC in the
multiple cracking stages, and modeling it. The (5-COD) test information can be directly
related to the strain at every loading.

Experiments to study (oc-COD) behavior of HPFRCC notched specimens
reinforced with PVA, Spectra, Hooked, and Torex fibers were carried out. Nintety
specimens were tested. The specimens were short Dogbone shaped tensile
specimens,with symmetrical notches at their mid-section. Dimensions are: width = 76.2
mm (3 inches), length = 304.8 mm (12 inches), and depth or thickness = 25.4 mm (1
inch). Additionally, after hardening, notches 12.7 mm (0.5 inch) deep and about 2.54 mm
(0.1 inch) wide were cut at mid-length. The cross-sectional area of a typical specimen, at
the double-notched points, is 1290.32 mm? (2 in). The geometric details are shown in
Chapter 3 (Figs. 3.20 and 3.21). The notches were cut using a circular diamond concrete
saw. Four types of fibers, two of which are polymeric (i.e., Spectra and oiled PVA) and

two of which are steel fibers (i.e., High strength Torex fiber and High strength Hooked
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fiber) are selected in four different volume fractions (i.e., 0.75%, 1.0%, 1.5%, and 2.0%)
to match the direct tension tests described in Chapter 4.

Two crack gauges were placed one on the left and the other on the right, spanning
each notch to measure the displacement (Fig. 5.1). The gauge length was 1 in or 25 mm.
The tests were carried out in the same way as the direct tensile tests, using the same

equipment and the same end grips. Typical test results are presented below.

Figure 5.1: Typical behavior of notch HPFRCCs test

5.1.1 Typical Overall (c-COD) Response

As the specimen is subjected to the tensile load, the first crack appears, mostly at one
end near or at the notch, at a tensile stress ranging from 180 to 450 psi, (1.241 to 3.102
MPa), depending on the type of fiber and the fiber volume fraction. After initiation the
crack grows in different ways depending on the material (strain hardening, material
transition, or strain softening material). The area where cracking occurred is mostly the
area between the two notches, and can be viewed as a smeared zone of cracking, or
influence zone. When the tensile load and displacement increased, more cracks were
observed as seen in Figs. 5.2a, and 5.2b. Note that often, the first crack did not
necessarily propagate all the way through the section, prior to the formation of other

cracks. In some cases it did, and in others it did not.
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Figure 5.2: Typical behavior of notched specimen, (a) with one crack and (b) with
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Figure 5.3: Zone of cracking influence in notch specimen
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5.2 Typical Tensile Response (c-COD) of Double-Notched Specimens
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Figure 5.4: Typical crack propagation and localization in HPFRCC

From experimental results, the stress versus crack opening displacement of FRC
composites could be classified into three categories: a) clearly strain hardening material
with multiple cracks, b) material with transition behavior somewhat in between strain-
softening and strain-hardening, and c) clearly strain softening material in which the stress
at cracking is the highest stress. For the materials with transition behavior, two cases are

observed as described below, both having a single crack.

a. Strain Hardening Response. The response of a typical strain-hardening (or
displacement hardening) composite with multiple cracks within the gauge length
is shown in Fig. 5.5a, and a typical photo is shown in Fig. 5.5b. In this example, a
zone of influence around the notched section develops, within which multiple
cracks occur. Eventually, localization failure, similar to that observed in non-
notched tensile specimens, occurs after maximum stress. Both the bond strength
and the length of the fiber (which is of the same order as the gauge length) seem
to influence this behavior. This type of behavior was observed in HPFRCC
reinforced with high strength Hooked fibers (2.0%, 1.5%), Torex fibers (2.0%,
1.5%), and Spectra 2.0%, 1.5%, 1.0%.
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Figure 5.5 (a): Strain hardening material with

multiple cracks Figure 5.5(b): Corresponding specimen

b. Transition Behavior. Here two cases are considered. In the first example, the
response of what looks like a strain hardening material with a single major
crack is illustrated in Fig. 5.6a and Fig. 5.6b. After the first cracking point, the
load dropped by about 5% to 30%, then the specimen showed increased load
resistance. The hardening stage was the result of only one single crack. During
the pulling-out process that followed, some additional cracks were seen around
the localization area, while the matrix was spalling out under large
displacement. This type of behavior was observed in HPFRCC reinforced with
Hooked fibers (1.0%, 0.75%), Torex fibers (1.0%, 0.75%), and Spectra fibers
(0.75%).
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Figure 5.6 (a): Strain hardening material
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Figure 5.6 (b): Corresponding specimen

In the second example of transition behavior, a strain softening material
response is observed with a post-cracking stress that first drops after first
cracking, then picks up again but remains smaller than the cracking strength. A
typical response is shown in Fig. 5.7a and a typical photo is shown in Fig. 5.7b.
The specimen’s response is linear elastic up to the first cracking stress. No
multiple cracking is observed. The maximum post-cracking stress is smaller than
the cracking strength but occurs after some displacement or crack opening. After
the maximum post cracking stress, localization is confirmed and the specimen
fails in a tensile softening manner due primarily to fiber pull-out. Only one single
crack was observed in this type of specimen. This type of response was observed
in HPFRCC specimens reinforced with Hooked fibers (0.75%), and PVA fibers
(1.5%, 1.0% and 0.75%).
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Strain Softening Response. The typical stress versus COD response of a
strain softening composite, where the post-cracking resistance keeps steadily
decreasing after first cracking, is shown in Fig. 5.8a with a corresponding
photo in Fig. 5.8b. The specimen’s behavior is linearly elastic up to the first
cracking point, which also becomes the maximum tensile resistance point, and
the point at which localization starts. After this point, the load drops
significantly. The failure crack opens widely and the load drops either due to
sudden failure of the fibers (PVA), or direct tensile softening manner by partial
fiber pull-out or both. This type of response was observed in FRC specimens

reinforced with PVA fibers (1.5%, 1.0%, and 0.75%)
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Figure 5.8 (a): Strain softening material Figure 5.8 (b): Corresponding specimen

Figure 5.9 provides a comparison of the four different types of observed behavior
using the same scale for stress and crack opening displacement. The magnified scale of

the x axis allows to better see the ascending portion of the stress-COD curve.

Displacement (mm)
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Figure 5.9: Typical stress-crack opening displacement curves

For comparison purpose, an average curve for each test series or parameter was

determined. The average plot was calculated according to an averaging procedure
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initially described by Naaman and Najm (1991). The peak load of the average curve is
the average maximum load of the several individual tests, and their displacement is the
average corresponding displacement. The ascending and descending portions of each
individual curve are divided into a chosen number of points (200 points for this research)
and their corresponding loads and averaged. That load is then used as the load of the
average curve for the displacement having the same rank.

Figure 5.10 illustrates the average curve obtained from a series of five specimens
using 2% Spectra fibers by volume. It can be observed that the average curve has a good
similarity with the shape of the individual curves obtained and does provide an intuitively

reasonable average..

Displacement {mm)
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300
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Stress (MPa)

200 §

100

0 0.05 0.1 0.15 0.2

Displacement (in)
Figure 5.10: Stress-displacement curves of notched specimens with 2% Spectra fiber and

average curve

5.3 Notched Mortar Specimens without Fiber

Two notched plain mortar specimens without fibers were tested as control and for

comparison purposes. A typical (6-COD) response curve is shown in Fig. 5.11.
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Figure 5.11: Stress-displacement curve of plain mortar matrix without fiber

For specimen-1 and specimen-2 the maximum stress was 238 psi (1.641 MPa)
and 205 psi, (1.413 MPa), respectively, leading to an average of 222.13 psi, 1.531 MPa,
and a displacement at maximum stress of 0.000315 and 0.0002 inch. The energy under
the curves of specimen-1 and specimen-2 is (proportional to) 0.000374 psi and 0.0266 psi
(2.58E-6 to 1.83E-4 MPa). The energy absorption capacity of these specimens is very
low with no ductile behavior.. The non-linear response shown in Fig. 5.11 correspond to
the slow propagation of the crack from one side of the specimen to the other side under
very slow loading rate.

In comparing the maximum stress for the notched series without fiber and the
overall average cracking stress observed from the direct tensile test series (Dogbone
tests), it can be observed that the stress in the notched specimens was about 21.3%
higher. The overall average from the direct tensile tests was 183 psi (1.261 MPa). The
reason could be that in the direct tensile test, the weakest section fails first, while in the

notched tensile test, the section to crack first is pre-selected at the notch location.
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Table 5.1: Key results for notched specimens without fiber

Displacem

. Displacem ! Displacem | ent at the Energy at

Types of |Specimen| Yolume Date of Date of Hurnber F|rs.t ent at first Maxrum ent at end of Energy at E”efgy at the end of
. ) ) of fiber | cracking ) stress ) . first haximurn )

fiber Mo Fraction Casting Testing expectad |strass(psi) cracking (osi) maxirmurm | multiple crackin ciress multipe
P P stress (in) P stress (in) | cracking u cracking
iin

Mo Fiber 1 0% 1482007 | 2/9/2007 a 235853 | 0.000315 | 23353 | 0.000315 Tl 0.0543 0.0543 P&
(Match) 2 0% 1482007 | 292007 a 20573 0.0002 205.73 0.0002 T 0.0265 0.0265 Ma
Average 22213 |0.0002575| 22213 |0.0002575 T 0.04045 | 0.04045 MA

5.4 Tensile Response (c-COD) of Double-Notched Specimens with PVA

Fiber

Twelve specimens were tested in this series. Specimen identification and other

details are in Table 5.2. The first letter denotes the type of test (N = Notch tensile test).
The second letter denotes the type of fiber (P = PVA-H fiber). Note that the PVA-H fiber

is the oiled fiber described in Chapter 4. The third letter denotes the volume fraction of
fiber, (2.0%, 1.5%, 1.0%, and 0.75%). Each series used 3 specimens. The stress-

displacement curves are described in Figs. 5.12-5.15, and discussed next.

Table 5.2: Test series of notched specimens reinforced with PVA fiber

Volume

Identification Type of Number of | Type of Type of of
of Specimen | Specimen | Specimens | Matrix Fibers Fibers
V(%)
N-P-2 Notch 3 Mortar | Oiled-PVA | 2.00%
N-P-1.5 Notch 3 Mortar | Oiled-PVA | 1.50%
N-P-1 Notch 3 Mortar | Oiled-PVA | 1.00%
N-P-0.75 Notch 3 Mortar | Oiled-PVA | 0.75%

116



Stress (psi)

Stress (psi)

700

600

500

400

300

200

100

Displacement (mm)

0.1

0.2 0.3 0.4 0.5

————————————————r 4.8

FRC Notch PVA V =0.75%

—»
-

Stress (MPa)

0.005

L g
0.01 0.015 0.02

Displacement (in)

Figure 5.12 (a): (c-COD) curves of

specimens reinforced with 0.75% PVA
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Figure 5.13 (a): (5-COD) curves of

specimens reinforced with 1% PVA fiber
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Figure 5.13 (b): Photo of tested specimens
reinforced with 1% PVA fiber
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Figure 5.14 (a): (c-COD) curves of
specimens reinforced with 1.5% PVA fiber
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Figure 5.15 (a): (5-COD) curves of
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Figure 5.16: Comparison of average (c-COD) curves with PVA fiber

Testing results show an elastic response up to the first cracking, with an average
cracking stress of 314.57 psi (2.168 MPa). However, the response was rather brittle. The
maximum crack opening displacement was small (i.e., approximately ten times smaller
than observed from similar specimens reinforced with Spectra, Hooked, and Torex fiber).
Although strain hardening behavior is evident (i.e., the stress increases after the specimen
cracks), there is no observable multiple cracking behavior. The strain hardening and
nonlinearity may have resulted from the slow propagation of the crack from one side to
the other side of the specimen. Because of the test procedure where the end grips are
hinged, any crack could create some bending leading to a non linear response. Regarding
the effectiveness of fiber, the highest improvement in tensile resistance is found at a fiber
volume fraction of 1.5%, with an average maximum tensile resistance of 566.52 psi
(3.906 MPa). Ductility and energy absorption capacity were low in comparison to the

other fibers tested in this study.
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Figure 5.17: Definition of localization start point, (a) for specimen with only one

global maximum stress and (b) for specimen with a second local maximum

One interesting phenomenon specific to the test series with PVA fiber is related to

the localization after the peak stress.

After the first crack, some FRC specimens

reinforced with PVA fiber exhibit displacement hardening behavior with increasing load.

However, the localization phase may not start immediately after the peak stress, (Fig

5.17a). Instead, the load drops and pick-up again, reaching a second local maximum post-

cracking stress, which is lower than the first one. Localization starts after this second

maximum as shown in Fig. 5.17b, and is followed by tensile softening behavior.
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Table 5.3: Summary of test results for notched specimens reinforced with PVA fiber

(US-units)
T . Murmber First Displacement Maximum [Displacement Displacement | Enrgy E”ztfg}f E”ETQY .at
ypes of |Specimen | Volume | Date of | Date of at first - at at first ; localization
fiber Mo Fraction | Castin Testin of fiber crackmg. crackin stregs a MAMMUM | 1 calization | crackin Maximum start
] L] 4 ]

expected |stress(psi) ke (psi) stress (in) . stress .

stress (in) start (in) (psi-in) o (psi-in)
(pei-in)

PvA 1 0.75% |02-27-20073-30-2007]  MNA 300636 | 2.500E-04 | 408.169 | 4.770E-03 4.770E-03 0.057 1.645 1.645
(Maotch) 2 0.75% |02-27-20073-30-2007]  MNA ZB379 | 2755E-04 | 410.278 | 5.570E-03 5.570E-03 0.056 0913 0913
3 0.75% |02-27-20073-30-2007]  MNA 5275 | 3.000E-04 | 315275 | 3.000E-04 3.000E-D4 0.066 0.065 0.066
Average 297430 | 2750E-04 | 377907 | 3547E03 3547E03 0.060 0.875 0.875
Std 19.645 2500E-05 | 54.251 2 B40E-03 2 840E-03 0.006 0790 0.790
Py 1 1% 2/11/2007 |5-23-2007 M 4320058 | 2.h/50E-04 | 432.008 | 2.B50E-O4 4.790E-03 0.052 0.052 1675
(Maotch) 2 1% 2/11/2007 |5-23-2007 I 330246 | 2.500E-04 | 474682 | 3.465E-03 3.465E-03 0.066 0.066 1.329
3 1% 2/11/2007 |5-23-2007 I 320361 | 2./50E-04 | 358.440 | 4.B75E-03 4.675E-03 0.065 1.516 1516
Average 360872 | 26B00E-04 | 421.710 | 2.802E-03 4.310E-03 0.071 0.555 1.507
Std 51.804 8.660E-06 | 55.801 2.279E-03 7.340E-04 0.003 0.833 0173
Pl 1 1.5% |02-12-200703-30-2007] WA 380690 | 3.000E-04 | 602575 | 3.430E-03 3.430E-03 0.079 1698 1698

{Motch) 2 1.5% |02-12-200703-30-2007] WA & LA 627143 & & A M A
3 1.5% |02-12-200703-30-2007] WA 307302 | 2450E-04 | 469.847 | 2190E-03 2. 190E-03 0.056 0795 0.795
Average 343996 | 2725E-04 | 566522 | 2B10E-03 2 810E-03 0.067 1247 1.247
Std 51.893 3.B89E-05 | 93.853 8.768E-04 8.760E-04 0.016 0638 0638
PvA 1 2%  |02-26-200703-30-2007]  MNA J05.230 | 1.700E-04 | 368.920 | 6.390E-03 6.390E-03 0.032 2276 2297
(Maotch) 2 2%  |02-26-200703-30-2007]  MNA 235970 | 2.150E-04 | 434.660 | 5.010E-03 6.615E-03 0.035 1.608 2.496
3 2%  |02-26-200703-30-2007]  MNA 226840 | 4.000E-04 | 471.090 | 5.750E-03 4.750E-03 0.065 1.756 1.756
Average 206013 | 2617604 | 431623 | 5.717E03 6.252E-03 0.045 1.930 2160
Std 42.067 1.2196-04 | 41.181 6.906E-04 4.400E-04 0.020 0.258 0.374

Table 5.4: Summary of test results for notched specimens reinforced with PVA fiber

(SI-units)
Energy
M First Displacement . - Displacement Energy at Energy at
. umber . Maxirmurm |Displacernent at first . A
Types of |Specimen | Yolume Date of | Date of cracking at first : at Maximum |localization
- . . of fiber - stress | at maximum h cracking
fiber Mo Fraction | Casting | Testing axpactsd stress cracking (MPa) | stress (mm) localization (MPa- stress start
(MPa) stress (mm) start {mm) MPa- | (MPa-rmm)
mm)
1140}
A 1 0.75% [02-27-2007[03-30-2007  NA 2073 B.350E-03 2.814 1.212E-01 0.121 0.010 0.285 0.288
(Match) 2 0.75% |02-27-200703-30-2007]  NA 1.906 B.995E-03 2.829 1.415E-01 0141 0.010 0.160 0.160
3 0.75% |02-27-2007[03-30-2007  NA 2174 7 B20E-03 2174 7.B20E03 0.008 0.012 0.012 0.012
Average 2.051 B.985E-03 2.606 2.009E02 0.020 0.010 01583 0.153
Std 0.135 B.350E-04 0.374 7214E02 0.072 0.001 0.138 0.138
P, 1 1% 2/11/2007 |5-23-2007 A 2978 B.731E-03 2.978 6.731E03 0122 0.014 0.014 0.293
(Match) 2 1% 2112007 |5-23-2007 A 297 B.350E-03 3.273 8.801E02 0.038 0.012 0.012 0.233
3 1% 2111/2007 |5-23-2007 A, 2.208 B.7IED3 2.471 1.187E-01 0.118 0.011 0.265 0.265
Averane 2,488 B.604E-03 2.908 7 11BELO2 0.109 0.012 0.097 0.264
Std 0.426 2.200E-04 0.405 5.783E02 0.019 0.002 0.146 0.030
A, 1 15% |02-12-200703-30-2007  NA 2625 7 B20E-03 4.155 8.712E02 0.057 0.014 0.297 0.297
(Match) 2 156% |02-12-200703-30-2007  NA A, A 4.324 A A A A A
3 15% |02-12-200703-30-2007  NA 2118 B.223E03 3.239 5.563E02 0.056 0.010 0.129 0.138
Awerage 2372 B.922E-03 3.906 FAFELO2 0.071 0.012 0.218 0.218
Std 0.358 9.678E-04 0.647 227E02 0.022 0.003 0.112 0.112
PhA, 1 2%  |02-26-2007[03-30-2007  NA 2.104 4.318E-03 2.682 1.623E-01 0.162 0.00&8 0.390 0.320
(Match) 2 2%  |02-26-2007003-30-2007  NA 1627 5.461E-03 2.998 1.273E-01 0.168 0.00&8 0.317 0.437
3 2%  [02-26-200703-30-2007  MNA 1.564 1.016E-02 3.248 1461E-01 0.146 0.012 0.308 0.308
Awerage 1.765 B.646E-03 2.976 1.452E-01 0.153 0.008 0.338 0.378
Std 0.296 3.096E-03 0.284 1.784E-02 0.011 0.003 0.045 0.066
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Figure 5.18: First cracking stress Figure 5.19: Displacement at first cracking
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Figure 5.20: Energy at first cracking stress

A summary of tests results for all notched specimens reinforced with PVA fiber is
given in Tables 5.3 and 5.4. The stress at first cracking, the corresponding displacement
and energy are plotted in Figs. 5.18 to 5.20 versus the volume fraction of fiber. It can be
observed that both the cracking stress and corresponding displacement vary little with V.
The first cracking stress is on average about 315 psi (2.17 MPa) (Fig. 5.18). Here it is
smaller than that observed in the direct tensile test specimens which were around 434 psi

(2.99 MPa).
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Figure 5.23: Energy at maximum stress

Figures 5.21 to 5.23 describe the variation of maximum stress, the corresponding
displacement, and the energy versus volume fraction of fiber. No particular trend could
be detected. It is sufficient to say that the maximum stress ranged from 377 to 566 psi
(2.599 to 3,902 MPa) with the maximum occurring at 1.5% fiber content by volume, and
the displacement was smaller than 0.16 mm in all cases. The energy at maximum stress

ranged from about 0.5 to 2 psi-in. (0.088 to 0.35 MPa-mm) (Fig. 5.23)
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Figure 5.24: Displacement at localization Figure 5.25: Energy at localization start

start

The observed displacement at localization start ranged from 0.0028 to 0.00625
inch (0.0713 to 0.159 mm), with an average of about 0.00423 inch (0.00107 mm) (Fig.
5.24). The corresponding energy at localization start ranged from 0.874 to 2.16 psi-in.
(0.153 to 0.378 MPa-mm) with an average of 1.447 psi-in (0.253 MPa-mm), as shown in
Fig. 5.25.

Although specimens reinforced with PVA had several characteristics different
from those with the other fibers tested in this study, there seems to be some correlation
between the (c-COD) test results and the test results observed from the direct tensile test
series described in Chapter 4, particularly the failure mode and the lack of multiple

cracking.

Concluding Remarks (PVA Fiber)

1. No multiple cracking was observed near the main crack in the notched tensile
specimens at all volume fractions tested. However, strain hardening behavior was
observed in specimens with high volume fractions of PVA fiber. Such behavior
could be attributed to the slow propagation of a single crack from one end of the
section to its other end.

2. Only single cracks were observed in these tests. Each crack was fine and well

defined with no large damage zone around it .
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3. For the given parameters of this study, the optimum volume fraction of fiber is
1.5%, the same as observed from the direct tensile tests (Chapter 4). However, the
average maximum stress of the notched prisms (about 3.9 MPa) was slightly
higher than that obtained from the dogbone tensile prisms (about 3.7 MPa).

4. Comparing the displacement at maximum stress between specimens with high
strength Hooked, Torex, Spectra, and PVA fiber,the smallest displacement was by
far with the PVA fiber. Typically such displacement was 10 times smaller than

observed from specimens with the other fibers.

5.5 Tensile Response (c-COD) of Double-Notched Specimens with
Spectra Fiber

Fifteen notched tensile specimens reinforced with Spectra fiber were tested.
Specimen identification is described in Table 5.5. The first letter denotes the type of test
(N = Notch tensile test, stress-crack opening displacement test). The second letter denotes
the type of fiber (S = Spectra fiber) and the third letter denotes the volume fraction of
fiber, (2.0%, 1.5%, 1.0%, or 0.75%). Due to insufficient strength at the anchorage zone,
some specimens with V¢ = 1.5% were reinforced with carbon mesh externally in the
anchorage zone which was bonded with epoxy. Each test series had two to five
specimens. The stress versus crack opening displacement results are described in Figs.
5.26 to 5.29 for each volume fraction of fiber and a comparative summary of average

curves is given in Fig. 5.30.

Table 5.5: Test series of notched specimens reinforced with Spectra fiber

Volume

Identification Type of Number of | Type of | Type of of
of Specimen Specimen Specimen Matrix Fibers Fibers
VF(%)
N-S-7.5 Notch 2 Mortar | Spectra 2.00%
N-S-1 Notch 3 Mortar | Spectra 1.50%
N-S-1.5 Notch 5 Mortar | Spectra 1.00%
N-S-2 Notch 5 Mortar | Spectra | 0.75%
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Figure 5.30: Comparison of average (6-COD) curves with Spectra fiber

Overall the specimens showed ductile behavior following an initial elastic
response. The average stress at first cracking was about 200 psi (1.38 MPa). The
maximum tensile resistance was 419 psi, or 2.89 MPa at a fiber volume fraction of 1.5%.
This stress level is comparable to the maximum stress observed with the direct tensile
tests using Dogbone specimens (Chapter 4). An increase in volume fraction of fiber leads
to an increase in ductility, energy absorption capacity and additional multiple cracks in
the zone of influence around the notched section. Multiple cracking was observed even
for some specimens with the lowest fiber content of 0.75% by volume. At the higher
volume fraction of fiber, the cracking zone extended a distance about the same as the

length of the fiber.
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Figure 5.33: Energy at first cracking stress

Note that the first cracking stress of 200 psi, (1.38 MPa) was slightly lower than
that of the notched specimens without fiber, (Fig. 5.11 and Fig. 5.31). This may be the
result of a large amount air bubbles entrapped within a specimen due to mixing

difficulties with long fibers, resulting in non-uniform specimen composition.
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Figure 5.36: Energy at maximum stress

Figures 5.33 to 5.35 show that an increase in volume fraction of fibers leads to an
increase in maximum stress, displacement at maximum stress, and related energy
absorption capacity, up to a volume fraction of fiber of 1.5%, after which the trend tapers
off. The maximum stress for Vi = 1.5% awas 566 psi (3.9MPa). When the volume
fraction of fiber increases from 1.5% to 2%, the energy at maximum stress drops by

about 11%.
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The extent of multiple cracking was significant with the use of Spectra fibers (Fig.

5.37). This led to a large displacement at maximum stress and prior to localization.

Several peaks could be observed making it difficult to select which one was the precursor

of localization.
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Figure 5.38: Displacement at the end of Figure 5.39: Energy at the end of multiple

multiple cracking stage cracking stage

At the end of the multiple cracking stage and onset of localization, the
displacement and corresponding energy increase almost linearly with the volume fraction
of fibers (Figs. 5.38 and 5.30). These can be represented by the following linear
equations:

D =0.0751 V¢—0.0237 4.1)
E =37.266V¢-19.981 (4.2)

where D represents displacement, and E represents energy.
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Table 5.6: Summary of test results for notched specimens reinforced with Spectra fiber

(US-units)

. Energy at
: Displacerment . . Displacement Energy Energy the end of

T f |Specimen| Yolume Date of Date of Number F”S.t at first Maximum Dlsplacgmem at the gnd of at first ot multiple

ypes ot fap B
fiber Mo Fraction| Casting Testing of fiber cracklng. cracking stre;s at MAImUm multlple cracking Maximum cracking
expected | stress(psi) (psi) stress (in) cracking stress
stress (in) § (psi-in) O stage

stage (in) (psi-in) (psiin)

Spectra 1 0.75% | 2/48/2007 | 3/8/2007 A 132886 | 5.500E-05 | 355.216 | 1.038E-02 0.0306 0.0052 | 20177 5.3090

(Motch) 2 0.75% | 2/48/2007 | 3/972007 A 126315 | 1.350E-04 | 266571 | 3.016E-02 0.0302 0.0138 | 57515 57515

Average 129102 | 9500E-05 | 310893 | 2.027E-02 0.0304 0.0095 | 3.584A 7.0303

Std 5.355 5.657E-05 | B2.6E2 1.398E-02 0.0003 0.0061 2.6402 1.8084

Spectra 1 1% 272007 | 3/9/2007 A 16.737 | 1.350E-04 | 329109 | 3.692E-02 0.0791 0.0133 | B.2666 | 19.8073

(Match) 2 1% 272007 | 3/9/2007 A 152.021 | 7.500E-05 | 266.840 | 2.400E-02 0.0314 0.0083 | 4.6000 6.5505
3 1% 27007 | 3/9/2007 A 134.350 | 1.350E-04 | SB3.465 | 2.810E-02 0.0446 0.0137 | 11.2088 | 19.5850

Average 134369 | 1.150E-04 | 388,505 | 2.967E-02 0.0517 0.0117 | 5.0241 15.3476

Std 17.642 3.464E-05 | 158769 | E.529E-03 0.0246 0.0030 | 3.3096 7 6202

Spectra 1 1.5% | 10142006 [11/2172008  NA 261.740 | 3150E-03 | 311396 | 3.3%4E-02 0.0522 0.3571 8.5290 [ 13.8530
(Motch) 2 1.5% | 10142006 [11/2172008  NA 418.061 [ 1970E-03 | 418061 | 1.970E-03 0.0733 0.3404 | 03404 | 278320
3 15% 38£2007 |7/18/2008 A 213.427 | 3800E04 | 578935 | 1.280E-02 0.1036 0.0717 | 68570 | 54.8800

4 15% 38£2007 |7/18/2008 A 321.009 | 4850E-04 | 462830 | 1.872E-02 0.0913 01280 | 7.0490 | 36.4370

5 1.5% 38£2007 | 7/18/2008 A 304.286 | 3350E-04 | 566712 | 1.081E-01 0.1486 0.0756 | 55.1063 | 77.5650

Avarage 303.705 | 1.264E-03 | 467 607 | 3.511E-02 0.0939 0.2006 | 15.3763 | 421334

Std 7B.302 1.256E-03 | 110786 | 4.241E-02 0.0362 01515 | 22,4243 | 247436

Spectra 1 2% 10/7/2006 [11A5/2000  NA 321.914 | B2Z3E04 | 521631 | 3.332E-02 0.2375 0.1249 | 14.7300 | 107 4000
(Motch) 2 2% 107/2006 111572000  NA 340.036 | 4B36E03 | 533.245 | 3.298E-02 0.1021 0.9117 | 13.8718 | 456000
3 2% 03/06/2007 D3/30/2007) NA 194365 | 2650E-04 | 316996 | 7.283E02 0.0966 0.0392 | 20,5528 | 27 7954

4 2% 03/06/2007 D3/30/2007) NA 208.124 | 3B00E-04 | 358593 | 4.085E-02 0.0790 0.0804 | 12.6434 | 257740

5 2% 03/06/2007 N3/30/2007 NA 135.082 | 5350E-04 | 334875 | 3.916E02 0.1021 0.0870 | 11.2986 | 49.4653

Averate 239.904 | 1284603 | 413668 | 4383E02 0.1235 0.2406 | 146193 | 51.2069

Std 87.783 1.879E-03 | 104.940 | 1.658E-02 0.0644 0.3765 | 38605 | 33.1175
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Table 5.7: Summary of test results for notched specimens reinforced with Spectra fiber

(SI-units)
. Energy | Energy at
Mummb First Displacement Maxi Disnl D|5phlacerger}t EnT’rgy at the end of
Types of |Specimen| Yaolume Date of Date of ?:.nb o cracking at first Eamum, Hisp acgment att E: ET of | & :.St Maximum| multiple
fiber Mo Fraction Casting Testing ot Her stress cracking stress | at masimum multiple eracuing stress | cracking
expected MPa) | stress (mm) cracking MPa-
(MPa) stress (mm) stage {mm mm) (MPa- stage
mmj | (MPa-mm)
Spectra 1 0.75% | 2482007 | 3//2007 & 0.916 1.397E-03 2.449 0.264 07777 0.0008 | 0.3534 1.4551
(Notch) 2 0.75% | 282007 | 372007 & 0.864 3.429E-03 1.838 0.766 0.7659 0.0024 | 1.0072 1.0072
Average 0.890 2. 413E-03 2144 0515 07718 0.0017 | 0.6803 1.2312
Std 0.037 1.437E-03 0.432 0.355 0.0054 0.0011 0.4624 03167
Spectra 1 1% 2772007 | 3/9/2007 A 0.805 3.429E-03 2269 0.9348 2.0084 0.0023 | 1.4477 3.4863
(Motch) 2 1% 2772007 | 3/9/2007 A 1.048 1.905E-03 1.840 0.610 0.7951 0.0014 | 0.8056 1.1472
3 1% 20772007 | 3/9/2007 A 0.926 3.429E-03 3.926 0.714 1.1340 0.0024 | 1.9624 3.4299
Average 0.926 291E03 2679 0.754 1.3135 0.0021 1.4052 26878
Std 0122 8.799E-04 1.102 0.165 0.6245 0.0005 | 0.5796 1.3345
Spectra 1 1.68% [ 10414/2006 [11/21/2005  NA 1.805 8.001E-02 2147 0.862 1.3263 0.0678 | 1.4937 2.4435
(Notch) 2 1.68% [ 10414/2006 [11/21/2005  NA 2.882 5.004E-02 2.882 0.050 1.8762 0.0996 | 0.0596 48741
3 1.5% 352007 |7MB/2008 & 1.472 9.652E-03 3992 0.325 26302 00126 | 1.0257 96110
4 1.5% 352007 |7MB/2008 e 2213 1.232E-02 3192 0.475 2.3190 0.0224 | 1.2345 6.3811
4 1.5% 345/2007 _|7A16/2008 A 2093 0.509E-03 3.907 2746 37744 0.0132 | 2.6506 | 13.5037
Average 2094 J321E02 3224 0.892 2.3852 0.0351 2.6928 73787
Std 0.526 3.189E-02 0.764 1.077 0.9185 0.0265 | 3.9271 43333
Spectra 1 2% 10772006 11/15/2008  NA 2220 1.581E-02 3.897 0.846 6.0317 0.0219 | 26796 | 18.8086
(Motch) 2 2% 10/7/2006 |11/15/2000  NA 2344 1.178E-01 3677 0.835 25926 01597 | 2.4293 7.9858
3 2% 03/06/2007 3/30/2007  NA 1.340 673 E-03 21939 1.850 24531 0.0065 | 3.5994 4.8677
4 2% 03/06/2007 3/30/2007  NA 1.435 9144E-03 2.479 1.038 2.0063 0.0106 | 2.2142 45137
5 2% 03/06/2007 3/30/2007  NA 0.931 1.359E-02 2309 0.995 2.5944 0.0117 | 1.9787 8.6627
Average 1654 3.260E-02 2852 1.113 3.1356 0.0421 2.5602 89677
Std 0.605 4. 773E-02 0.724 0.421 1.6360 0.0658 | 0.6235 5.7990

Concluding Remarks (Spectra Fiber)

1.

3.

Multiple cracking behaviors around the notched section (equivalent to smeared
cracking) were clearly observed. Such behavior encourages strain hardening (or
high performance) response in direct tension as indeed observed in the direct
tensile tests.

The cracking zone on either side of the notch area (area between two notches) is
significant, containing several cracks. Its extent increased with an increase in
volume fraction of fibers. Specimens containing high volume fraction of fibers
usually outperformed those containing low volume fraction of fibers.

No consistent correlation could be established between the fiber content and the
first cracking stress, the strain at first cracking stress, and the energy at first
cracking stress. These variables seemed independent of the volume fraction of

fibers for the range of fiber content tested. However, the maximum stress, strain
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at maximum stress, and energy at the end of multiple cracking stage all increased
with an increase in volume fraction of fiber.

4. Keeping in mind mixing difficulty and air entrapment, the best performance was
obtained at a volume fraction of 1.5% (not 2%) and is consistent with the results

from the direct tensile (dogbone) tests.

5.6 Tensile Response (c-COD) of Double-Notched Specimens with High
Strength Hooked Fiber

Twenty-seven notched specimens reinforced with Hooked fibers were tested. The
test series are denoted as series N-H, having four volume fractions of fiber selected
(0.75%, 1.0%, 1.5%, and 2.0%). They are described in Table 5.8. In order to better
evaluate variability of the results, the number of specimens tested at fiber volume
fractions of 1.5% and 2.0%, was 12 and 9, respectively.

Figures 5.41 to 5.44 give the stress versus crack opening displacement curves at
the four fiber volume fractions tested. Figure 5.45 provides a comparison of the average

curves obtained for each volume fraction.

Table 5.8 Test series of notched specimens reinforced with Hooked fiber

Volume
Identification Type of Number of | Type of | Type of of

of Specimen | Specimen | Specimens | Matrix Fibers Fibers

(V) (%)

N-H-2 Notch 9 Mortar | Hooked | 2.00%
N-H-1.5 Notch 12 Mortar | Hooked | 1.50%
N-H-1 Notch 3 Mortar | Hooked | 1.00%
N-H-0.75 Notch 3 Mortar | Hooked | 0.75%
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Figure 5.44: Comparison of average (6-COD) curves with Hooked fiber

Testing results, especially Figs. 5.42 and 5.43, revealed large variations in
response for the same volume fraction of fibers. For example, in Fig. 5.42, for specimens
reinforced with 1.5% Hooked fiber by volume, the maximum stress ranged from 560 psi
to 1193 psi. (3.86 to 8.23 MPa). The overall specimens’ behavior was relatively ductile.
An elastic response was observed up to the first cracking with an average cracking stress
of 332 psi (2.289 MPa). However, on average, the higher the volume fraction of fiber the

higher the stress at first cracking and the maximum stress (Fig. 5.44).
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Figures 5.45 to 5.47 describe the variation of the peak point properties with the
volume fraction of fiber. It can be observed that from Vi = 0.75% to Vi = 1.5% there is
an increase in the the first cracking stress, the displacement at first cracking stress, and
the corresponding energy. However, these taper off between 1.5% and 2.0% volume
fractions of fiber. Also the damage in the failure zone around the notched section
increases when increasing the volume fraction of fiber.

When comparing variability, it seems from the limited tests that the greater the
volume fraction of fiber the greater the variability. Indeed specimens containing 2.0%
volume fraction of fiber have a standard deviation of 294 psi (2.03 MPa) for the
maximum stress versus 231 psi, (1.59 MPa ) for the specimens with 1.5% fiber volume

fraction. More tests are needed to ascertain this result.
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Figure 5.47: Energy at first cracking stress
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Figure 5.50: Energy at maximum stress

Figures 5.48 to 5.50 relate to the properties of the peak point. The maximum
stress clearly increases when the volume fraction of fiber increases and tapers off
between 1.5% and 2%. However, the displacement at maximum stress does not follow a
consistent trend but can be assumed to slightly decrease, and the energy absorption

capacity remains almost constant.
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Figure 5.51: Displacement at the end of Figure 5.52: Energy at the end of multiple

multiple cracking stage cracking stage

The displacement at the end of the multiple cracking and the corresponding
energy appear not to be affected by the volume fraction of fiber, as illustrated in Figs.
5.51 and 5.52. Additional tests may be needed to better understand and ascertain this

observation.
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Table 5.9: Summary of test results for notched specimens reinforced with Hooked fiber

(US-units)
Energy at
. Displacerent the end
T . Murnber First Displacement taximum |Displacement | at the end Energy at Energy at of
ypes of |Specimen| Yolume Date of Date of . at first first Maximum .
fiber Mo Fraction | Castin Testin of fiber crackmg. crackin stre.ss at maximum ofmult.\p\e crackin stress multlple Gomment
] ] 1] g
expected | stress(psi) : (psi) stress (in) cracking . X cracking
stress (in) ; (pgk-in) (pgk-in)
stage (in) stage
(psi-in
Hoaoked 1 0.75% | 10/4/2006 | 124132006 ] 186.680 1.300E04 | 415.000 1.567E-02 0.0157 0.0171 25,6810 | 256810
(Motch) 2 0.75% | 10/4/2006 | 12/13/2006 35 235.170 1.600E04 | 295.446 | 2.330E-02 0.0233 0.0311 58555 | 5.5558
3 0.75% | 10/4/2006 | 12/13/2006 35 165.020 1.000E04 | 516.045 | 7.305E-03 0.0073 0.0102 24388 | 25389
Average 195.690 1.367E04 | 408.530 | 1.542E-02 0.0154 0.0195 | 11.3586 | 11.3586
Std 35.895 4.041E-05 | 110429 | 7.993E-03 0.0080 0.0107 | 125140 | 12,5140
Hooked 1 1% 05/29/2006 | 111572006 a1 457.980 I 726.650 [ [ I A P&
(Motch) 2 1% 09/29/2006 | 11/15/2006 51 271643 | 2BO3ED4 | 585268 | 1.896E-02 0.0190 0.0463 93578 | 9.3578
3 1% 05/29/2006 | 11/15/2006 a1 203,305 | 3.695E04 | B21.345 | 2.575E02 0.0257 0.0315 | 12.3435 | 12,3435
Average 310976 | 3.349E-04 | B44.434 | 2.235E-02 0.0224 0.0385 | 10.8506 | 10.8506
Std 131.815 | 7.728E05 73.484 | 4.801E-03 0.0045 0.0105 21112 | 21112
Hooked 1 1.5% | 10A10/2006 | 11772006 77 203789 | B.470E-04 | 582411 | 3.750E-02 0.0375 01140 | 16.6740 | 16.6740
(Motch) 2 1.5% | 10/10/2006 | 11/7/2006 7 [ A, 950.143 A & A, A A Mo COD
3 1.5% | 10/10/2006 | 11/7/2006 77 218.331 B.790E-04 | 947530 | 3.160E-02 0.0316 0.0836 | 20.8200 | 20.9200
4 1.5% 252007 382007 77 169.313 3.005E-04 | 1085706 | B.7O3E-03 0.0087 0.0483 4.5052 4.5052
) 15% 2052007 | 3/8.2007 i 223.040 | 2.045E04 | 860211 | 1.221E-02 0.0m22 0.0357 58078 | B.0767
6 1.5% 2752007 | 3/9.2007 77 350,498 | 26580E-04 | 724709 | 3.269E-03 0.0118 0.0683 1.7483 | 7.3267
7 15% 5432007 | B/28/2007 7 258130 | 2.600E-04 | 1153.000 | 1.198E-02 0.03120 0.0455 | 111116 | 111116
g 1.5% 5A3/2007 | B/28/2007 77 481.270 | S.000E-04 | 1178.280 | 1.346E-02 0.0135 0.0830 | 13.3150 | 13.3150
9 1.5% 5/42007 | BA9/2007 77 457230 2.100E-04 | 1098102 | 1.439E-02 0.0144 0.0592 | 13.8862 | 13.8862
10 15% /472007 | B/25/2007 7 B40.660 | 7.650E04 | 996.710 | 1.195E02 0.0118 0.3803 | 101970 | 1015870
" 1.5% 5772007 | B/29/2007 77 264.179 1.750E04 | 1193.000 | 1.343E-02 0.0134 0.0307 | 126552 | 12,6552
12 15% 572007 | B/25/2007 7 B55.949 1.035E03 | 11586.264 | 1.607E-02 0.0161 0.4720 | 16.1085 | 16.1085
Average 366.672 | AB7BEO4 | 972185 | 1.569E-02 0.0165 01316 | 11.5117 | 12,2524
Std 196.603 3.239E-04 | 231.729 1.062E-02 0.0101 0.1473 5.3963 57078
Hooked 1 2% 1/10/2006 | 10/26/2006 103 245680 A §52.160 A & A A MA  [Disp Data erro
(Motch) 2 2% 1/10/2006 | 10/26/2006 103 285.289 1.493E04 | 625.900 | B.5652E-03 0.0077 0.0252 J.8446 | 4.3235
3 2% 1/10/2006 | 10/26/2006 103 219.860 | 2771E04 | 705.385 | 3.434E-03 0.0034 0.0361 1.68162 1.6162
4 2% 12172007 | 282007 103 472.610 4.250E-04 | B13.790 | 3.175E-03 0.0314 0.1259 1.5966 | 17.9785
) 2% 1/21/2007 | 2/8/2007 103 [ A, 1052.540 | 1.785E-02 0.0241 A, 14.9934 | 21.4093 |Disp Data ero
B 2% 1/21/2007 | 2/9/2007 103 5593.650 1.245E03 | 1060.220 | 1.393E-02 0.0220 0.5353 | 12,5020 | 20.9483
7 2% 4722007 | 44202007 103 BOE.BO0 | 2.300E-04 | 1358.050 | 1.289E-02 0.03129 0.0850 | 14.3345 | 14.3348
g 2% 472472007 | 4420/2007 103 270,245 | B.600E-05 | 1051.370 | 1.324E-02 0.0132 0.0167 | 14.8203 | 14.8203
9 2% 4/272007 | 4/20/2007 103 553739 | 2700E-04 | 1392580 | 1.200E-02 0.0120 0.1092 | 13.0602 | 13.0602
Average 405986 | 3.631E04 | 975.000 | 1.042E-02 0.0155 0.1333 9.6210 | 13.5564
Std 206.664 | 3.614E04 | 294986 | G.065E-03 0.0101 0.1654 6.5115 | 5.1045
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Table 5.10: Summary of test results for notched specimens reinforced with Hooked fiber

(SI-units)
Energy at
Displacement Energy at the end
. Murnber Flrs.t Displacement Maximurm [Displacement| at the end Energy at Maximum of
p
Types of |Specimen| Yolurme Date of Date of cracking at first . first multiple
. . of fiber - stress | at maximum | of multiple strass ;
fiber Mo Fraction | Casting Testing stress cracking - cracking cracking
expected (MPs) stress {mm) (MPa) | stress (mm) | cracking (MPa-mm) MPa- ctage
stage (rnrm) rhrm) 9
(MPa-
mm)
Hooked 1 0.75% | 10/4/2006 | 12/13/2006 38 1.288 3.302E-03 2.861 0.398 0.3979 0.0030 44974 | 4.4974
(Motch) 2 0.75% | 10/4/2006 | 12A13/2006 38 1.621 4.572E03 2037 0.592 0.5917 0.0055 1.0255 1.0255
3 0.75% | 10/4/2006 | 12/13/2006 38 1.138 2.540E-03 3.558 0.186 0.1855 0.0018 04446 | 0.444B
Awerage 1.349 3A71E03 2819 0.392 0.3917 0.0034 1.98592 1.9892
Std 0.247 1.027E-03 0.761 0.203 0.2031 0.0018 21915 | 21915
Hooked 1 1% 092972006 | 111542008 a1 3.158 T, 5.010 T, IA T, T4 A
(Motch) 2 1% 09/29/2006 | 11/15/2006 51 1.873 7 118E03 4.035 0.4582 0.4515 0.0081 1.6385 1.6388
3 1% 09/29/2006 | 11/15/2008 a1 1.402 9.893E-03 4.284 0.654 0.6540 0.0055 21617 | 21617
Average 2144 8.506E-03 4.443 0.568 0.5677 0.0065 1.9002 1.9002
Std 0.909 1.962E-03 0.507 0.122 0.1220 0.0018 0.3697 | 0.3697
Hooked 1 1.5% [ 1041072006 [ 11/7/2006 hifd 1.405 2151E02 4.016 0.952 0.9524 0.0200 2920 2.9201
{Motch) 2 1.5% [ 10/10/2006 [ 11/7/2006 hifd T4 T, 5.551 T, IA T, T4 A
3 1.8% [ 104072006 [ 11/7/2006 7 1.605 1.7258E02 6.535 0.803 0.5026 0.0164 36637 | 3.6637
4 1.5% 2/5/2007 | 32007 77 1.167 9.919E-03 7.348 0.170 0.1702 0.0085 0.7890 | 0.7830
|3 1.5% 2/5/2007 | 3m52007 77 1.638 5.194E-03 3.863 0.310 0.3101 0.0065 0.9646 1.4144
5] 1.5% 2/5/2007 | 3m52007 77 2417 6.553E-03 4.997 0.083 0.2993 0.0120 0.3062 1.2831
7 1.5% 5/3/2007 | BA25/2007 rrd 1.787 6.604E-03 8.156 0.304 0.3043 0.0087 1.9459 1.9459
g 1.5% 5/3/2007 | B/29/2007 hifd 3.318 7.620E-03 G124 0.342 0.3419 0.0163 23318 | 2.3318
9 1.5% 5/4/2007 | BA25/2007 hifd 3.1582 5.334E-03 7571 0.366 0.3655 0.0104 24318 | 2.4318
10 1.5% /42007 | B/25/2007 7 4.417 1.954E-02 5.872 0.303 0.3034 0.0666 1.7853 1.7858
11 1.5% A7/2007 | B/29/2007 77 1.821 4. 445E-03 8225 0.341 0.3411 0.0054 22163 | 22163
12 1.5% 572007 | BA29/2007 77 4.523 2B29E-02 8.179 0.408 0.4082 0.0827 28210 | 28210
Average 2.459 1.1B8E-02 6.703 0.398 0.4182 0.0231 20160 | 21457
Std 1.357 8.227E03 1.598 0.270 0.2561 0.02558 1.1205 | 0.9995
Hooked 1 2% 141042006 | 10/26/2006 103 1.694 T, 6.082 T, A T, & A&
{Motch) 2 2% 141042006 | 10/26/2008 103 1.967 3.792E03 4315 0175 0.1945 0.0044 06733 | 0.7572
3 2% 141042006 | 10/26/2008 103 1.816 7.033E-03 4554 0.087 0.0872 0.0063 0.3181 0.3181
4 2% 1/21/2007 | 2972007 103 3.259 1.0B0E-02 4232 0.081 0.7977 0.0220 02796 | 3.1485
i 2% 17212007 | 2902007 103 A RN 7287 0.453 0.6109 RN 2E2657 | 37493
5] 2% 1/21/2007 | 2942007 103 4.093 3162E02 7.310 0.354 0.5591 0.0937 21894 | 3.668B
7 2% 4£2/2007 | 472002007 103 4.184 5.842E03 9.570 0.327 0.3273 0.0148 25104 | 2.5104
g 2% 4£2/2007 | 472002007 103 1.863 2159E03 7.249 0.336 0.3362 0.0029 25954 | 2.5954
9 2% 4/2/2007 | 472002007 103 3.818 6.850E-03 9.602 0.305 0.3047 0.0191 220872 | 226872
Average 2799 9.730E-03 §.722 0.265 0.4022 0.0233 1.66849 | 2.3793
Std 1.425 9.685E-03 2034 0.154 0.2574 0.0295 1.1403 1.4193

Concluding Remarks (Hooked Fiber)

1.

Numerous multiple cracks clearly occurred around the notched section.

Displacement (strain) hardening behavior was observed within the 1 in (25 mm)

guage length. The higher the volume fraction of fibers the more extended was

the cracked region.

observed as having a larger number of cracks. (about 5 equivalent cracks)

Specimens with 2.0% and 1.5% volume fractions were

Generally the higher the volume fraction of fibers the better the post-cracking

strength. However, the displacement at maximum stress and the energy at

maximum stress were almost independent of the fiber volume fraction.
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3. The stress at first cracking, the corresponding displacement and related energy
increased slightly with the volume fraction of fibers. A high variability in test

results was clearly observed and will be further addressed (Chapter 7).

5.7 Tensile Response (c-COD) of Double-Notched Specimens with Torex
Fiber

Seventeen notched sepciemens reinforced with Torex fiber were tested. The test
series are identified as series N-T; four volume fractions of fiber were used (0.75%,
1.0%, 1.5%, and 2.0%). Table 5.11 describes the series identification and the number of
specimens tested for each series. The first letter denotes the type of test (N for notch
tensile test/stress—crack opening displacement test). The second letter denotes the type of
fiber (T = Torex fiber). The third letter denotes the volume fraction of fiber, (2.0%, 1.5%,
1.0%, or 0.75%). The Torex fiber was high strength steel as described in Chapter 4.
The stress versus crack opening displacement curves are plotted in Figs. 5.54 to 5.57 and
a comparison of average curves are given in Fig. 5.58. Test results are summarized in

Tables 5.12 and 5.13.

Table 5.11: Test series of notched specimens reinforced with Torex fiber

Volume
e Type Type
Identification | Type of | Number of ‘ ; of
o) 0
of Specimen | Specimen | Specimens ) ] Fibers
Matrix | Fibers
(Vf(%)
N-T-2 Notch 6 Mortar | Torex 2.00%
N-T-1.5 Notch 5 Mortar | Torex 1.50%
N-T-1 Notch 3 Mortar | Torex 1.00%
N-T-0.75 Notch 3 Mortar | Torex 0.75%
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Figure 5.53 (a): (c-COD) curves of
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specimens reinforced with 1.0% Torex fiber
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Figure 5.57: Comparison of average (6-COD) curves with Torex fiber

Overall the response of the notched specimens with Torex fibers was excellent.
As the load increased, the displacement increased and some multiple fine cracking
developed in the zone around the notched section. Displacement hardening (or strain
hardening) occurred even at the low fiber volume content of 0.75%. For the fiber volume
content of 0.75% and 1%, the results within series were consistent and with low
variability (Figs. 5.53 and 5.54). A higher variability was observed with the series at
1.5% and 2%. This was for two reasons: first, at the higher fiber volume content, some
critical cracks occurred outside the notched section (Fig. 5.56b), and second, due to the
high tensile stresses failure occurred at the gripps in preliminary tests, so the specimen
had to be reinforced at the gripps with epoxy bonded carbon mesh. Overall the higher the
fiber volume fraction, the better the response is. While the maximum tensile stress
observed was significantly higher than with Spectra fibers, the zone of influence for
multiple cracks around the notched section was small and extended only about half an
inch (13 mm). Maximum tensile stresses were higher than for the series of tests using
dogbone specimens (Chapter 4).

All curves showed an initial elastic response up to the first cracking and the

average cracking stress was about 400 psi (2.75 MPa). Figures 5.58 to 5.60 describes the
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variation of first cracking stress, displacement at first cracking and corresponding energy

with the volume fraction of fiber.

It can be observed that while the cracking stress

remains almost a constant, both the displacement and the corresponding energy increase

with the volume fraction of fiber.
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Figure 5.60: Energy at first cracking stress

Figures 5.61 to 5.63 describe the variation of the properties at peak point of the

curve (maximum stress) with the volume fraction of fiber. The maximum stress increased

from 757 psi to 1176 psi (5.22 to 8.11 MPa) when the volume fraction increased from

0.75% to 2%. The corresponding displacement and energy also increased up to 1.5%

fiber volume content then tapered off. Best results were obtained at 1.5% fiber content
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and may due to the fact that it is more difficult to mix 2% fibers by volume leading to

increased air entrapment.
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Figure 5.63: Energy at maximum stress
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Figure 5.64: Displacement at the end of Figure 5.65: Energy at the end of multiple

multiple cracking stage cracking stage

Since some additional micro cracks occurred after the peak stress point, a point
indicating the end of multiple cracking was defined. Figures 5.64 and 5.65 describe the
variation of displacement at the end of the multiple cracking stages and the corresponding
energy. Both increase with the fiber volume fraction and taper off at higher values.

In comparing the behavior of notched specimens using Torex fibers with that of
similar specimens using either Hooked or Spectra of PVA fibers, one can state that, while
Torex fiber led to the best overall performance in terms of strength and energy, Spectra
fiber led to the best ductility although the specimen’s strength was half that achieved with
the Torex fiber.
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Table 5.12: Summary of test results for notched specimens reinforced with Torex fiber

(US-units)

Energy

} Displacerment Energy at the

T . Number First Displacement Maximurn [Displacement | at the end of Energy at end of

ypes of |Specimen| Yolume Date of Date of ] at first : : at first ; ;
fiber Na Fraction | Castin Testin of fiber crackmg_ crackin stre_ss at raximurm mult|ple crackin haximurn mump\e
q q g g
expected | stress(psi) ; (psi) stress (in) cracking o stress | cracking
stress (in) ) (psi-in) o

stage (in) (psi-in) stage

(psi-in)

Tarex 1 0.75% | 3-23-2007 | 5-23-2007 o] 251202 | 1.000E-04 | 7D4.453 | 1.444E-02 1444E-02 | 0.0169 | 83623 | §.3623
(Match) 2 0.75% | 3-23-2007 | 5-23-2007 o] 272827 | 1.200E-04 | 7BO.354 | B.B40E-03 B.840E-03 | 0.0339 | 44448 | 4.4445
3 0.75% | 3-23-2007 | 5-23-2007 o] 277652 | 1.050E-04 | 7BE.439 | B.770E-03 8.770E03 | 00196 | 57216 | 57216

Average 267 227 | 1.083E-04 | 757.082 | 1.002E-02 1.002E-02 | 0.0251 | B.1762 | B.1762

Std 14.086 1.041E-05 | 45679 | 3.848E-03 3.948E03 | 0.0120 | 1.9980 | 1.9580

Tarex 1 1.00% | 3-26-2007 | 5-23-2007 91 577352 | 5.550E-04 | 931.168 | 1.023E-02 1.023E-02 | 0.2168 | 8.2760 | 8.2760
(Match) 2 1.00% | 3-26-2007 | 5-23-2007 9 306133 | 1.850E-04 | 863.152 | 1.522E-02 1.522E-02 | 0.0370 | 13.5550 | 13.5590
3 1.00% | 3-26-2007 | 5-23-2007 9 361.706 | 3.250E-04 | 1058.651 | 1.383E-02 1.383E-02 | 0.0891 | 12.6047 | 12,6047
Average 415064 | 3.550E-04 | 956.004 | 1.409E-02 1409E-02 | 0.1143 | 11.4799 | 11.4799

Std 143266 | 1.868E-04 | 91.239 | 3.999E03 3.999E-03 | 0.0925 | 28154 | 2.8154
Torex 1 1.5% | 10/10/2006(12/18/2006] 138 484260 | 5.350E-04 | 1513.460 | 9.310E-03 9.310E-03 | 0.1508 | 10.9690 | 10.9530
(Match) 2 1.5% | 10/10/2006(12/18/2006] 138 273640 | 4 BO0OE-04 | 1055285 | 2.600E-02 2.B00E-02 | 0.0798 | 21.2510 | 21.2510
3 1.5% | 10/10/2006(12/18/2006] 135 3775053 | 43500E-04 | BBS5.380 | B.850E-03 B.850E-03 | 0.1084 | 3.8585 | 5.8585
4 1.50% | B/27/2008 | 7/18/2008 138 237002 | 1.000E-04 | 968.281 | 3.756E-02 J.756E-0Z | 0.01582 | 27.5180 | 275180
9 1.50% | B/27/2008 | 7/18/2008 138 410251 1.825E-03 | 751437 | 3.846E-02 4423E02 | 06091 | 231146 | 266606
Average 356.531 6.700E-04 | 994771 | 2.384E-02 2479E02 | 02013 | 17.3422 | 18.0514
Std 100993 | B.GEOE-D4 | 327.237 | 1.530E-0Z 1EE1E-02 | 0.2363 | 96770 | 10.3147

Tarex 1 20% | 10772006 12187006 185 409173 | 2.800E-04 | 985570 | 5.335E-03 5.335E03 | 00799 | 40294 | 4.0294
(Match) 2 2.0% | 10772006 [1218/2006) 185 202553 | 1.500E-04 | 782580 | 5.040E-03 5.040E-03 | 0.02058 | 48050 | 4.6080
3 2.0% | 10772006 121842006 185 575.500 | 1.985E-03 | 753.940 | 1.455E-02 1.455E-02 | 0.8279 | 9.5667 | 9.5667
4 2.00% | 6/24/2008 | 7/18/2008 185 393418 | 3.900E-04 |1709.352 | Z648E-02 J.359E-02 | 01096 | 34.0840 | 50.0334
5 2.00% | B/24/2008 | 7/18/2008 185 412677 | 9.250E-04 | 1588.680 | 2Z171E-02 2A71E02 | 02890 | 24.2966 | 242066
5] 2.00% | B/24/2008 | 7/18/2008 185 578722 | 4370E-03 |1286.813 | 2.112E-02 2.364E-02 | 20299 | 187580 | 21.9939
Ayerage 428724 | 1.350E-03 | 1186.224 | 1.620E-02 1.781E-02 | 0.5595 | 15.8904 | 15.0880
Std 139406 | 1.625E-03 | 406.859 | 8.337E-03 1.058E-02 | 07785 | 11.9821 | 17.4372
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Table 5.13: Summary of test results for notched specimens reinforced with Torex fiber

(SI-units)

Energy

. . Displacernent | Energy Energy at the

. Murnber F”S.t Displacement Maximurm |Displacement | at the end of | at first ?t end of

Types of |Specimen| Yolume Date of Date of cracking at first ) ) - haximum ]

- . . of fiber . stress | at maximum rnultiple cracking multiple

fiber o Fraction | Casting Testing stress cracking : stress a
expected (MPa) siress (mm) (MPa) | stress (mm) cracking MPa- (MPa- cracking

stage (rmrm) rarm) stage

) {Mpa-rnrm)

Torex 1 0.75% | 3-23-2007 | 5-23-2007 [=i=] 1.732 2.540E-03 4.857 0.367 0.3666 0.0030 | 1.4645 | 1.4645
(Motch) 2 0.75% | 3-23-2007 | 5-23-2007 [=i=] 1.881 3.048E-03 5.380 0.174 01737 0.0068 | 07784 | 0.7784
3 0.75% | 3-23-2007 | 5-23-2007 [=i=] 1.914 2.667E-03 5422 0223 0.2228 0.0034 | 1.0020 | 1.0020
Average 1.842 2.752E03 5.220 0.254 0.2544 0.0044 | 1.0816 | 1.0816
Std 0.097 2.644E-04 0.315 0.100 0.1003 0.0021 03493 | 0.3499
Torex 1 1.00% | 3-26-2007 | 5-23-2007 =) 3.981 1.410E-02 5.420 0.260 0.2598 0.0330 | 1.4493 | 1.4493
(Motch) 2 1.00% | 3-26-2007 | 5-23-2007 =) 211 4 B99E-03 5.089 0.463 0.4627 0.0065 | 23745 | 23745
3 1.00% | 3-26-2007 | 5-23-2007 =) 2.494 8.255E-03 7.306 0.351 0.3513 0.0156 | 22074 | 2.2074
Average 2.862 Q.017E-03 5.605 0.358 0.3579 0.0200 | 20104 | 2.0104

Std 0.988 4 745E-03 0.629 0.102 0.1016 0.0162 | 0.4931 0.4931
Torex 1 1.5% |10/10/2006]12/118/2006| 138 3.339 1.359E-02 10.435 0.236 0.2365 0.0334 | 1.9210 | 1.9210
(Motch) 2 1.5% |10/10/2006]12/118/2006| 138 1.887 1.168E-02 7276 0.660 0.6604 0.0140 | 37216 | 3.7216
3 1.5% |10/10/2006]12/118/2006| 138 2.603 1.092E-02 4726 0.174 0.1740 0.0190 | 06757 | 0.6757

4 1.50% | 6A27/2008 | 7/18/2008 138 1.634 2.540E-03 5.676 0.954 0.9540 0.0032 | 48191 48191
=) 1.50% | 6A27/2008 | 7/18/2008 138 2.829 4 636E-02 5.181 1.002 1.1233 01067 | 4.0480 | 4.6690
Average 2458 1.702E-02 5.859 0.605 0.6296 0.0352 | 3.0371 3.1613
Std 0.696 1.694E-02 2.256 0.389 0.4219 0.0414 | 16947 | 1.5064
Torex 1 2.0% [ 10772006 |1218/2006) 185 2.821 T 2E03 5.798 0.136 0.1355 0.0140 | 07057 | 0.7057
(Motch) 2 2.0% [ 10772006 |1218/2006) 185 1.397 3.810E-03 5.465 0.204 0.2042 0.0036 | 08070 | 0.8070
3 2.0% [ 10772006 |1218/2006) 185 3.970 5.042E-02 5.198 0.369 0.3694 0.1450 | 16754 | 1.6754
4 2.00% | 6242008 | 7/18/20058 185 2713 9.906E-03 11.786 0673 0.8532 0.0192 | 59690 | 5.7622
=) 2.00% | 6242008 | 7/18/20058 185 2.845 2.350E-02 10.954 0.551 0.5514 0.0506 | 42850 | 4.2550
5] 2.00% | 6242008 | 7/18/20058 185 3.990 1.110E-01 8.872 0.536 0.6005 03555 | 32850 | 3.8517
Average 2.956 3.429E-02 8.179 0.412 0.4524 0.0930 | 278258 | 3.3428
Std 0.951 4.129E-02 2.805 0.212 0.2683 01363 | 20984 | 3.0537

Concluding Remarks (Torex Fiber)

1.

The use of Torex fibers led to significant multiple cracking around the notched

section, and displacement (or strain) hardening behavior was observed.

Significant ductility and energy absorption were also observed prior to

localization. Multiple cracking was observed around the notched section, even at

0.75% fiber content.

The higher the volume fraction of fibers, the higher the maximum post-cracking

stress and related energy absorption capacity, and the larger the number of

equivalent cracks. Everything else being equal, maximum stresses here exceeded

those obtained from direct tensile tests.

The stress at first cracking did not seem to depend much on the fiber volume

fraction, while the displacement at first cracking increased with V.
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4. The damaged area around the notched section was usually smaller than that using
Spectra fibers. This could be attributed to the fact that the Spectra fibers used
were 38 mm in length compared to the 30 mm Torex fibers.

5. The variability in test results obtained with Torex fibers was smaller than that

with Spectra and Hooked fibers.

5.8 Comparison of Test Series Reinforced with Different Fibers
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Figure 5.66: Comparison of stress-crack opening displacement for the four fibers

used at (a) V=0.75%, (b) Vi=1.0%, (¢) V=1.5%, and (d) V=2.0%,
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Figures 5.66a to 5.66d show average stress versus COD curves for the four fibers
tested, each at four different volume fractions. The scales for each fiber are different in
order to better clarify the ascending portion of each curve, or to accommodate the
increase in maximum stress. In every case, it can generally be said that increasing the
fiber volume fraction improves the overall response (6-COD) of the composite, not only
in terms of stress or resistance, but also in terms of ductility and energy absorption
capacity. This trend may taper off at higher volume fractions; this may be due to the
increasing difficulty to mix fibers in larger volumes and the increased porosity of the
mix, which can nullify the potential benefits of additional fibers. It may also be due to
group effect, where the efficiency of one fiber is reduced when a large number of fibers is
pulling out simultaneously from the same area. In the examples of this study, the
difference in stress-COD between using 1.5% and 2% fibers by volume may not justify
the increase in cost due to the fibers added. In comparing the effectiveness of different
fibers, it can be said that consistently the Torex fiber led to better overall performance
than the other fibers tested. It was followed by high strength Hooked, Spectra then PVA
fiber. At 1% fiber content, the maximum stress achieved with the Torex fiber is almost
40% higher than that with Hooked fiber, and more than twice that with Spectra and PVA
fibers. At 2% fiber content, the maximum stress achieved with Torex fiber is 20%
higher than that with the Hooked fiber, but almost three times that achieved with the
Spectra and PVA fiber.

5.9 Concluding Remarks

The following conclusions can be drawn from this study:

1. The stress versus crack opening displacement (COD) of FRC composites can be
classified into four types: clearly displacement (or strain) hardening with multiple
cracks; clearly displacement (or strain) softening with a single localized crack ;
and two cases in between, a displacement (or strain) hardening material with a
single major crack; a displacement (or strain) softening material with post

cracking strength, able to pick up almost up to the cracking stress.
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2. For the same volume fraction of fibers, specimens with Torex and High strength
Hooked fibers showed better overall behavior than specimens with Spectra and
PVA fibers. Moreover, their post-cracking strength was 1.5 to 3 times the strength
at first cracking, while for specimens with PVA fibers, the post-cracking strength
was only 10% to 50% higher than the cracking strength.

3. For the same type of fiber, increasing the volume fraction leads to a marked
improvement in post-cracking strength, ductility, and energy absorption capacity
of the composites.

4. The crack opening in specimens with Torex, high strength Hooked and Spectra
are the result of fiber-pulling out. However, the damage in specimens with PVA

fibers was due to fiber breaking.

In this study only one mortar matrix composition and strength was used. It is
likely that the results would be different with different strength matrices. However, it
also likely that the typical observations for the shape of the stress versus COD curves

will be similar to what is observed in this study.
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CHAPTER 6

PROPOSED MODEL FOR POST-CRACKING BEHAVIOR OF
HPFRCC UNDER TENSION

6.1 Introduction

1. Composite
mechanics.
2 Energy

HPEFRCCs

model in
tension

Micr‘? approach.
Mechanical I[l:> 2 Fracture [“:>
Parameters mechanics. |

4 Experiment.
ohaervation.

Eesearch

Figure 6.1: Proposed diagram of HPFRCC model

It is generally believed that from the micromechanical properties, it is possible to
derive a model of a single fiber bridging a crack and use that to predict the overall
behavior of the composite at the material’s level and even the structure. However, the
result of a single-fiber is not sufficient to design a fiber-reinforced structural element. The
main reason is, when the macro-mechanical properties are investigated, the randomly
oriented discontinuous fibers introduce additional parameters, such as the uncertainty of

the number of fibers bridging the crack, the pulley effect, and matrix spilling, which
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considerably affect the overall macro-mechanical behavior. Therefore, a more realistic
model in tension is required to account for these effects.

Generally, the stress-strain response of HPFRCCs in tension exhibits linearly
elastic behavior up to the first cracking. Beyond the elastic limit (first structural
cracking), the crack is assumed to extend over the composite cross-section. Hence, the
crack is resisted only by the bridging fibers. The first crack strength is defined as the
applied tensile stress at which the crack percolates throughout a cross-section. After first
cracking, the multiple cracking stage takes place, and the tensile member can be viewed
as divided into numerous segments in series, like a chain (Fig. 6.2). The width of each
crack depends on the stress transferred from the fibers to the matrix. After the multiple
cracking processes are completed, no further cracks form. Then, under further loading or
straining, localization takes place as a result of the opening of the main critical crack and

failure follows by reduction of the tensile resistance.
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Figure 6.2: Typical tensile response of HPFRCC and chain model

In this Chapter, a model to predict the post-cracking stress-strain response of
HPFRCC in tension is explained. Details are given in seven sections. First cracking
stress, Strain at first cracking stress, and maximum post-cracking stress or Ultimate
cracking strength are explained in Sections 6.2, 6.3 and 6.4. Multiple cracking behavior
and strain at maximum stress or at Ultimate are discussed in Section 6.5. Localization of
the critical crack and the descending branch of the curve (Fig. 6.2) are discussed in

Section 6.6. The correlation between direct tensile tests and stress versus crack opening
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displacement tests is addressed in Section 6.7. A flowchart of the proposed stress-strain
model and the computational steps are demonstrated in Section 6.8. Finally, a preliminary
verification and calculation to illustrate the application of the proposed model is

presented in Section 6.9.

6.2 First Cracking Stress

An equation to predict the first cracking stress is obtained from earlier research

conducted by Naaman (1972, 1974, and 1987) as

Occ= Omu(1-Vp) + oot VeL/d (6.1)

where V= Volume fraction of fiber
L = Fiber length
d = Fiber diameter
L/d = Fiber aspect ratio
omu = Tensile strength of the matrix
T = Average bond strength at the fiber matrix interface
a; = Coefficient to describe the fraction of bond mobilized at first crack
o, = Coefficient of fiber orientation in the uncracked state
The product of coefficients a; o, was obtained from the experimental data on the
direct tensile tests described in Chapter 4. Details are given next. The following fiber

properties were used for all calculations in this chapter:

PVA Fiber (oiled as described in Chapter 4)
Diameter = 0.19 mm = 7.48x10-3 inch
Length =12 mm = 0.5 inch
Equivalent bond strength t = 3.5 Mpa = 510 psi (Guerrero, 1999)
I/d=67
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Spectra Fiber
Diameter = 0.038 mm = 1.49x10-3 inch
Length =38 mm = 1.5 inch
Equivalent bond strength t = 0.62 Mpa = 90 psi (L1 and Lieung, 1991)
1/d = 1000

Hooked Fiber (high strength as described in Chapter 4)
Diameter = 0.4 mm = 1.575x10-2 inch
Length = 30 mm = 1.18 inch
Equivalent bond strength T = 5.1 Mpa = 740 psi (Guerrero, 1998)
1/d=75

Torex Fiber (high strength as described in Chapter 4)
Diameter = 0.3 mm = 1.181x10-2 inch
Length =30 mm = 1.18 inch
Equivalent bond strength t = 6.8 Mpa = 992 psi (Sujivorakul, 2002)
1/d =100

6.2.1 FRC Reinforced with PVA Fiber

The average first cracking stress of direct tensile test series reinforced with PVA
fiber is given in Table 6.1 for each volume fraction of fiber tested, and plotted in Fig. 6.3.
The following values of variables were applied to Eq. (6.1): the tensile strength of the
matrix is taken equal to 182 psi (1.252 MPa) as obtained from tests in Chapter 4; L/d =
67; the bond strength is taken equal to 510 psi (3.52 MPa) as suggested in prior tests by
Guerrero, 1998; The product (a; o) can then be calculated from Eq. (6.1) for each fiber
volume fraction. The results are plotted in Fig. 6.4. While the product varies from about
0.45 to 0.67, no clear trend could be detected. Thus an average value is suggested over

the range of fiber volume fractions tested, and corresponds to a; o, = 0.5204 (Fig 6.4).
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Table 6.1: Average first cracking stress of tensile test series with PVA fiber

First First

Types of | Yolume If. cracking
fiber Fraction | = -9 stress e

stress (psi) (MPa)

A, 0.75% 308.010 2124 0.500
1.00% 406,327 2.502 0.665
1.50% 419.053 2.0989 0.470
2.00% 452554 3.327 0.447

Average | 403.958 2785 0.520
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Figure 6.3: Variation of first cracking stress Figure 6.4: Product o0, versus V¢

for test series with PV A fiber

6.2.2 HPFRCC Reinforced with Spectra Fiber

The average first cracking stress of direct tensile test series reinforced with
Spectra fiber is given in Table 6.2 for each volume fraction of fiber tested, and plotted in
Fig. 6.5. The following values of variables were applied to Eq. (6.1): the tensile
strength of the matrix is taken equal to 182psi (1.252 MPa); L/d = 1000; the bond
strength is taken equal to 89.923 psi (0.62 MPa) as suggested in prior tests (Li and
Lieung, 1991). The product (a; o) can then be calculated from Eq. (6.1) for each fiber
volume fraction. The results are plotted in Fig. 6.6. The corresponding value for V¢ =
0.75% was disgarded since it is too much out of range. The remaining values a,; o, for V¢

ranging from 1% to 2% led to an average product o, o, = 0.0424.
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Table 6.2: Average first cracking stress of tensile test series with Spectra fiber

First Firs.t

Types of | Yolume e cracking o
fiber Fraction stizss Tasl) stress
(P a)

Spectra | 0.75% 155126 1.070 -0.0409
1.00%: 212246 1.463 0.0324
1.850% 262.B50 1.811 0.0555
2.00% 243,222 1.677 0.0346

Average | 215321 1.505 0.0215
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Figure 6.5: Variation of first cracking stress

Figure 6.6: Product a0, versus V¢
for test series with Spectra fiber

6.2.3 HPFRCC Reinforced with Hooked Fiber

The average first cracking stress of direct tensile test series reinforced with
Hooked fiber is given in Table 6.3 for each volume fraction of fiber tested, and plotted in
Fig. 6.7. The following values of variables were applied to Eq. (6.1): the tensile strength
of the matrix is taken equal to 182 psi (1.252 MPa); L/d = 75; the bond strength is taken
equal to 740 psi (5.1 MPa) as suggested in prior tests (Guerrero, 1998). The product (o,
ay) can then be calculated from Eq. (6.1) for each fiber volume fraction. The results are
plotted in Fig. 6.8. The corresponding value for V¢ = 0.75% was discarded since it is too
much out of range. The remaining values of a; a, for V¢ ranging from 1% to 2% led to an

average product o; a; = 0.295.
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Table 6.3: Average first cracking stress of tensile test series with Hooked fiber

First First
Types of | %olume | cracking | cracking
fiber Fraction | stress stress H1tz
(psi) (MPa)
Hooked 0.75% 195.680 1.3449 0.0558
1.00% 289 9738 1.989 0.3518
1.50% J316.B39 2.183 0.2947
2.00% 326847 2247 0.2377
Average | 282.063 1.945 0.2350
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Figure 6.7: Variation of first cracking stress for
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Figure 6.8: Product o, versus Vi
test series with Hooked fiber

6.2.4 HPFRCC Reinforced with Torex Fiber

The average first cracking stress of direct tensile test series reinforced with Torex
fiber is given in Table 6.4 for each volume fraction of fiber tested, and plotted in Fig. 6.9.

The following values of variables were applied to Eq. (6.1): the tensile strength of the
L/d = 100; the bond strength is taken
The

matrix is taken equal to 182 psi (1.252 MPa);
equal to 992.28 psi (6.8 MPa) as suggested in prior tests [Sujivorakul, 2002].
product (o a) can then be calculated from Eq. (6.1) for each fiber volume fraction. The
results are plotted in Fig. 6.10. The product a; o, remained almost constant for V¢ ranging

from 0.75% to 2% with an average a; o, = 0.094.
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Table 6.4: Average first cracking stress of tensile test series with Torex fiber

First First
Types of | %olume | cracking | cracking e
fiber Fraction | stress stress 152
(psi) (MPa)

Tarex 0.75% | 255188 | 1.758 0.0%971
1.00% | 2825952 | 1.9591 01013
1.50% | 307.841 2143 0.0544
200% | 361.6549 | 24593 0.0912

Awerage | 301932 | 2082 0.0937

HPFRCC Reinforced Torex i3 0.14
400 First Cracking Stress HPFRC Reinforced Torex oo
= 012
. 425 ¥
g g
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Figure 6.9:Variation of first cracking stress Figure 6.10: Product a,a; versus Vs
for test series with Torex fiber

6.3 Strain at First Cracking Stress

The average strain at first cracking stress of HPFRCC specimens reinforced with
PVA fiber is around 0.000172, which is 3 times smaller than observed from the
cementitious material without fiber (0.0005). Clearly the presence of fiber in the
composite increases the strain at first cracking stress. This may also be due to the slow
growth of the crack from one side of the specimen to the other side leading to
nonlinearity and strain increment.

Also, the average first cracking strain of HPFRCC specimens reinforced with
Spectra fiber is 0.000985, twice as high as that observed from the cementitious material

without fiber (0.0005). The increase in strain at first cracking may also be explained in a
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similar manner as for PVA fiber.

The average strain at first cracking stress of HPFRCC specimens reinforced with
Hooked fiber is 0.000287. This number is lower than observed from the control
specimens without reinforcement (0.000517 by almost 45%).

The average strain at first cracking stress of HPFRCC reinforced with Torex fiber
specimens is 0.000224. This number is lower than expected from specimens without

reinforcement (0.000517) by 43% and similar to the strain observed with Hooked fiber.

6.4 Maximum Post-Cracking Stress or Ultimate Stress

The ultimate strength or maximum post-cracking stress (G,.) can be modeled by

the following equation [Naaman, 1972, 1987, 2003]:

Ope = Ape T Ve L/d (6.2)
where:
7\¢>c = MM A3
A1 = Expected pull out length ratio
A\, = Efficiency factor of orientation in the cracked state
A3 =Group reduction factor associated with the number of fibers pulling-out per
unit area (or density of fiber crossing the composites)
=4 ax s As
A4 =Pulley effect; Fiber pulls at an angle creating a pulley effect for flexural fibers
plastification or matrix damage for each fiber
As = General reduction in pull-out response when fibers are oriented at greater
than 60°; they become ineffective due to damage around crack and matrix
spelling
In this study, it was decided to simply focus on the global coefficient A, and estimated it

for the test results.
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6.4.1 FRC Reinforced with PVA Fiber

The average value of maximum post-cracking stress (or ultimate strength) of direct
tensile test series reinforced with PVA fiber is given in Table 6.5 for each volume
fraction of fiber tested, and plotted in Fig. 6.11. The following values of variables were
applied to Eq. (6.2): L/d = 67; bond strength = 510 psi (3.52 MPa) as described in
Section 6.2. The coefficient A, can then be calculated from Eq. (6.2) for each fiber
volume fraction. The results are plotted in Fig. 6.12. An almost linear response is
observed. The corresponding line is given by the following equation: A, = - 0.707 V¢ +

2.093. Such a response is not surprising since group effect is important and leads to a

reduction in fiber efficiency when the number of fibers increases.

Table 6.5: Average post-cracking strength of tensile test series with PVA fiber

Volume fraction of fiber (%)

Figure 6.11: Variation of maximum stress

for test series with PV A fiber
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Volume fraction of fiber (%)

Maximum | Maximum
Types of | Yolume
fiher Fraction stress stress tpe
(psi) (MPa)
[SAVFLY 0.75% 393339 2712 1.5385
1.00% 472 867 3.260 1.3872
1.50% 57 261 3.842 1.0593
2.00% 438.705 3.025 0.6435
Average | 465543 3.210 1.1648
700 - 48
FRC reinforced PvAMaximum Stress FRC Reinforced PVA Ay
600 - 1, 186 |
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6.4.2 HPFRCC Reinforced with Spectra Fiber

The average value of maximum post-cracking stress (or ultimate strength) of direct
tensile test series reinforced with Spectra fiber is given in Table 6.6 for each volume
fraction of fiber tested, and plotted in Fig. 6.13. The following values of variables were
applied to Eq. (6.2): L/d = 1000; bond strength = 89.923 psi (0.62 MPa) as described in
Section 6.2. The coefficient A, can then be calculated from Eq. (6.2) for each fiber
volume fraction.

observed similarly to the case with PVA fiber, and can be explained by the reduction in

The results are plotted in Fig. 6.14. An almost linear response is

fiber efficiency when the number of fibers increases.

Table 6.6: Average post-cracking strength of tensile test series with Spectra fiber

Maxirmurm | haximum
TY}EES o EDIUTE stress stress o
iber raction el (MPa)
Spectra 0.75% 328.302 2264 0.45835
1.00% IB8.753 2542 0.4073
1.50% 417 600 2.8759 0.3075
2.00% 394 721 2722 0.2180
Average | 377.344 2602 0.3541
o | HerRCE Retosed e 35
HPFRCC reinforced Spectra 2.
= 400 | 1° = 05 -
L 425 %
ﬁ & 04
b 300 - 12
£ T E 4
E o | % 1 1s E < 03
= 11 g 0.2
100 ~ %
-1 0.5
01
U"‘I‘"‘“""“"‘I""“""‘U
06 08 1 12 14 16 18 2 2.2 0 I 1 I
06 08 1 12 14 16 18 2

Volume fraction of fiber (%)

Figure 6.13: Variation of maximum stress

for test series with Spectra fiber
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Figure 6.14: Coefficient A, versus Vi
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The linear relation described in Fig. 6.14 is given by:
Ape=-20.8VE+ 0.63 (6.3)

6.4.3 HPFRCC Reinforced with Hooked Fiber

The average value of maximum post-cracking stress (or ultimate strength) of direct
tensile test series reinforced with Hooked fiber is given in Table 6.7 for each volume
fraction of fiber tested, and plotted in Fig. 6.15. The following values of variables were
applied to Eq. (6.2): L/d = 30; bond strength = 740 psi (5.1 MPa) as described in Section
6.2. The coefficient A,. can then be calculated from Eq. (6.2) for each fiber volume
fraction. The results are plotted in Fig. 6.16. Ignoring the value at V¢ = 0.75%, an almost
linear response is observed similarly to the case with PVA and Spectra fiber, and can be

explained by the reduction in fiber efficiency when the number of fibers increases.

Table 6.7: Average post-cracking strength of tensile test series with Hooked fiber

Types of | Wolume | Maximum Ma:umum h
fiber Fraction |stress (psi) SIFESS s
(MPa)

Hooked | D.75% 401,287 2767 1.7503
1.00% E11.660 4.217 2.0004
1.50% g27.452 5.705 1.8046
2.00% 553.665 B.093 1.4453

Average | BE1.025 4 6595 17503

165



1200 25

HPFRCC Reinforced Hooked HPFRCC Reinforced Hooked ;.
Maximum stress
1000 - 7 2
#/.-
H 6§ ok
o800 - = \
o 5 o 1.5 4
» H 2 \
E 600 - 4 & & A= 556, 4258
g it 3 £ 1t tr
P T I
= [}
b |?F &
200 - 0.5 ]
17 1 '
o S T S T R R A U R ) 1 J PPN SN EEPIN S N P A S
06 08 1 12 14 16 18 2 22 06 08 1 12 14 16 18 2 22
Volume fraction of fiber (%) Volume fraction of fiber (%)
Figure 6.15: Variation of maximum stress Figure 6.16: Coefficient A, versus V¢

for test series with Hooked fiber

The linear relation described in Fig. 6.16 is given by:

Apo = -55.6Vi+2.58 (6.4)

6.4.4 HPFRCC Reinforced with Torex Fiber

The average value of maximum post-cracking stress (or ultimate strength) of direct
tensile test series reinforced with Torex fiber is given in Table 6.8 for each volume
fraction of fiber tested, and plotted in Fig. 6.17. The following values of variables were
applied to Eq. (6.2): L/d = 100; bond strength =992.28 psi (6.8 MPa) as described in
Section 6.2. The coefficient A, can then be calculated from Eq. (6.2) for each fiber
volume fraction. The results are plotted in Fig. 6.18. Here also, an almost linear
response is observed similarly to the case with PVA, Spectra, and Hooked fibers, and can

be explained by the reduction in fiber efficiency when the number of fibers increases.
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Table 6.8: Average post-cracking strength of tensile test series with Torex fiber

M aximum
stress tpe
(hPa)

Types of | Yolume | Maximum
fiber Fraction | stress (psi)

Tarex 0.75% 5392235 4.063 0.7918
1.00%: F90.552 4514 0.7043
1.50% 781.557 5,388 0.5251
2.00% H28.580 b.404 0. 4651

Average | 749.639 5164 06223

HPFRCC Reinforce Torex 17 HPFRCC Reinforced Hooked i,
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- 6 .
= 800 - < R
n -
L) 15 £ 06 0 Wi
" = s Ty,
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: o g o4 A, =265
E 4w | ’ﬂ_fj 1% 2 lﬁ g =—26.6 1, +0.57
: 3
= py 1% E ozl E3
200 | I ) 4T
-1
0 P S I T T T T T T T S T T I IS 0 0 1 1 1 1 L L L
06 08 1 12 14 16 18 2 22 08 08 1 12 14 18 18 2 22
Volume fraction of fiber (%) Volume fraction of fiber (%)

Figure 6.17: Variation of maximum stress for ~ Figure 6.18: Coefficient A, versus V¢

test series with Torex fiber

The linear relation described in Fig. 6.18 is given by:

hpe = -26.6VE+ 0.97 (6.5)

6.4.5 Comparison of Coefficient A, for Different Fibers

The linear relationships related the coefficient Apc to the volume fraction of fiber

are plotted in Fig. 6.19 for the different fibers tested.
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Figure 6.19: A,. of HPFRCC and V¢

6.5 Multiple Cracking Behavior and Strain at Maximum Stress

Generally, the number of cracks in strain-hardening FRC composites increases
with the volume fraction of fiber, up to a value corresponding to crack saturation. Crack
saturation may occur prior to the maximum stress, and in some instances was observed to
continue after the maximum stress. The variation of average crack spacing and widths
are described in the following sections for the tensile test series with Hooked, Spectra and
Torex fiber. No multiple cracking was observed in this study (Chapter 4) for the test
series with PV A fiber and thus they are not discussed further.
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6.5.1 Test Series with Hooked Fiber

35

Number of cracks

10 HPFRCC reinforced Torex
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Figure 6.20: Typical increase in number of cracks with fiber volume fraction

Figure 20 illustrates the increase in number of cracks at saturation for the test
series described in Chapter 4 for Hooked fiber. The extension to Sifcon is taken from
another investigation [See appendix]. Figure 6.21 shows photographs of a typical crack

development with increasing load for a test specimen with Hooked fiber.

8=0,0-0  8-300,0=0  S-400,C-0.383  8-500,C=0524  8-550,C-8.308  S-500,C-12.16  5-400,0-1239  S=153,C-1876
D=0 D=0.000122857  D=0000263571  D=0.0007057 D=0.00208 D=0.00555 D=000712857  D=0.013628

Figure 6.21: Crack formation under increasing load in test series reinforced with 1.5%

Hooked steel fiber
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For a given cracking condition, an equivalent number of cracks can be
determined. It is defined as the total length of cracks observed at a given load, divided by
the specimen’s width. Once an equivalent number of cracks is obtained, an average crack
spacing can be calculated by dividing the gauge length by the equivalent number of
cracks. The largest number of cracks, thus the smallest average crack spacing, occur at
crack saturation yielding a useful number that can be later related to average crack width.
Such calculations were carried out for the direct tensile test series described in Chapter 4.
Results related to each type of fiber are described next.

Figures 6.22 and 6.23 illustrate the variation, respectively, of average crack
spacing and average crack width at saturation versus the volume fraction of Hooked fiber.
Note that at a volume fraction of 0.75%, the composite may have been in a transition
between strain-softening and strain hardening, showing only a couple of equivalent
cracks. If this data point is ignored, then linear relationships could be developed between

crack spacing and width versus the fiber volume fraction.
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Figure 6.22: Average crack spacing at Figure 6.23: Average crack width at

saturation for test series with Hooked fiber saturation for test series with Hooked fiber

The relationship obtained for the average crack spacing with Hooked fiber is given by:

Xq=-30.4 Vi + 1.266 (in) (6.6)

or

Xq=-772 V¢ +32.144 (mm) (6.7)
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Where
X4 = Average crack spacing at saturation with Hooked fiber

V¢ = Volume fraction of fiber

The relationship obtained for the average crack width with Hooked fiber is given

by:
Way =-0.08 V¢+ 0.0043 (in) (6.8)
Way =-2.032 V¢ +0.1092  (mm) (6.9)
where
W., = Average crack width at saturation with Hooked fiber
V¢ = Volume fraction of fiber
or

(6.9)
Furthermore, the relation between average crack width and average crack spacing

was also found to be linear as shown in Fig. 6.24.

Average Crack Spacing (mm)
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Awerage Crack Spacing (in)
Figure 6.24: Average crack width versus average crack spacing for test series with

Hooked fiber
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6.5.1.1 Calculation of Strain at Maximum Stress for Test Series with Hooked
Fiber

The strain at maximum stress can be predicted from the average crack spacing
and average crack width relation, as obtained from Eqgs. (6.6 to 6.9) and the two curves

described in Fig 6.22 and Fig 6.23. The following equation is used:
w

g =—" 6.10
pe Xd ( )

where g, = Strain at maximum stress

W, = Average crack width

X4 = Average crack spacing

An example for calculating the strain at maximum stress is illustrated as follows:
For Vf =1.5%

W, _0.003199
X, 07807

Strain at maximum stress = &, = =0.003996

Table 6.9: Series with Hooked, Average crack spacing, Average crack width and
predicted strain

Ayerage Awerage ﬁ;fregzge ﬁ;fregzge
i Crack Crack spacing | spacing otrain
Width (in) | WWidth (mm) (in) (mm)
0.75% 0.00535 0.17399 3508 | 89.1032 J0.001953
1% 0.00362 0.091345 0.976 | 247904 §0.003709
1.50% 0.0032 0.08128 0.751 19.6374 | 0.004057
2% 0.00287 0.072335 0.672 17 0635 J0.004271

Values of strain at maximum stress are summarized in Table 6.9 It can be

observed that predicted values are comparable to the experimental values obtained from

the direct tensile test series with Hooked fiber described in Chapter 4.
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6.5.2 Test Series with Torex Fiber

Multiple cracking in specimens with Torex fibers was extensive and the number

of cracks increased with the volume fraction of fiber as expected.

L —.

S=500, C=28.28 =244

et

=21.8

5=33882,00  5=626.19,0=0.68 , C=23. .
D=0 D=0.0001142  D=0.00121 D=0.00347 D=0.004994 D=0008263 D=0.01215 D=0.01575

Figure 6.25: Crack formation under increasing load in test series reinforced with 1.5%

Torex steel fiber

Figure 6.25 illustrates the formation of cracks with increasing load up to
localization in a typical tensile specimen with Torex fiber.

Figures 6.26 and 6.27 illustrate the variation, respectively, of average crack
spacing and average crack width at saturation versus the volume fraction of Torex fiber.
These were obtained in a manner similar to that described above for the Hooked fiber.

Almost linear relationships are observed. Therefore linear equations were developed.
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Figure 6.26: Average crack spacing at Figure 6.27: Average crack width at

saturation for test series with Torex fiber saturation for test series with Torex fiber

The relationship obtained for the average crack spacing with Torex fiber is given by:

X4 =-65.63 Vi + 1.61 (in) (6.11)

or
X4=-1667 V¢ +40.87 (mm) (6.12)
where
X4 = Average crack spacing in test series reinforced with Torex fiber

V¢ = Volume fraction of fiber

The relationship obtained for the average crack width with Torex fiber is given by:
Way =-0.12 V¢ + 0.0043 (in) (6.13)
where
or
Way =-3.048 V¢ +0.1092 (mm) (6.14)
where
W., = Average crack width in test series reinforced with Torex fiber

V¢ = Volume fraction of fiber

Furthermore, the relation between average crack spacing and average crack width

is illustrated in Fig. 6.28.
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Figure 6.28: Average crack width versus average crack spacing at saturation in tensile

test series with Torex fiber

6.5.2.1 Calculation of Strain at Maximum Stress for Test Series with Torex

Fiber

The strain at maximum stress can be predicted from the average crack spacing
and average crack width relation, as obtained from Eqgs. (6.11 to 6.14) and the two curves
described in Fig. 6.26 and Fig. 6.27. The following equation is used:

/4
g . =—" 6.15
pe Xd ( )

where g, = Strain at maximum stress

Way = Average crack width

X4 = Average crack spacing
An example for calculating the strain at maximum stress is illustrated as follows:

For Vi =1.5%

Strain at maximum stress = ¢, = Wo, _0.00269 0.005417
X, 0.4966
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Table 6.10: Series with Torex, Average

predicted strain

crack spacing, Average crack width and

g Awerage | Average | Awverage
Crack crack crack :
oo Ciraicls Width Spacin Spacin ey

Victh (ir) | pacing | spacing

(mm) [in) (mm)
075% | 000327 |0.083058 | 1.119 204226 10002522
1% 00032 | 0.03123 1.102 27 9008 §0.002904
1.60% | 0.00269 (0068326 | 0496 | 1261364 |0.005417
2% 000182 0046228 | 03612 | 917445 §0.005039

Values of strain at maximum stress are summarized in Table 6.10. It can be
observed that predicted values are comparable to the experimental values obtained from

the direct tensile test series with Torex fiber described in Chapter 4.

6.5.3 Test Series with Spectra Fiber

Figures 6.29 and 6.30 illustrate the variation, respectively, of average crack
spacing and average crack width at saturation versus the volume fraction of Spectra fiber.
These were obtained in a manner similar to that described above for the Hooked fiber.

Almost linear relationships are observed. Therefore linear equations were developed.
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Figure 6.29: Average crack spacing at
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Figure 6.30: Average crack width at

saturation for test series with Spectra fiber  saturation for test series with Spectra fiber
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The relationship obtained for the average crack spacing with Spectra fiber is given by:

X4=-30.5Ve+1.1 (in) (6.16)
or
X4q=-775 V¢ +27.9 (mm) (6.17)
where
X4 = Average crack spacing in test series reinforced with Spectra fiber
V¢ = Volume fraction of fiber
The relationship obtained for the average crack width with Spectra fiber is given
by:
Way =0.52V¢+ 0.0026 (in) (6.18)
or
Way =12.7432 V¢ + 0.06604 (mm) (6.19)

where
W., = Average crack width in test series reinforced with Spectra fiber

V¢ = Volume fraction of fiber

Furthermore, the relation between average crack spacing and average crack width

is linear as illustrated in Fig. 6.31.
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Figure 6.31: Average crack width versus average crack spacing at saturation in tensile

test series with Spectra fiber
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6.5.3.1 Calculation of Strain at Maximum Stress for Test Series with Spectra

Fiber

V=075  Ve=l.Ph  We=l.$h  Ve=10%

Figure 6.32: Typical tensile specimens reinforced with Spectra fiber at the end of test

The strain at maximum stress can be predicted from the average crack spacing
and average crack width relation, as obtained from Eqgs. (6.16 to 6.19) and the two curves
described in Fig. 6.29 and Fig. 6.30. The following equation is used:

/4
g . =—" 6.20
pe Xd ( )

where g, = Strain at maximum stress

W,y = Average crack width

X4 = Average crack spacing

An example for calculating the strain at maximum stress is illustrated as follows:
For Vi=1.5%
W, _ 0.0l

av

X, 0.6262

=0.01597

Strain at maximum stress = &, =
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Table 6.11: Series with Spectra, Average crack spacing, Average crack width and

predicted strain

Awerage | Average | Awverage
Awerage
Crack crack crack .
f Crack : . : Strain
Viidth (i Width spacing | spacing
dth (im} | e {in) (rm)
0.75% 0.005 0127 0.9919 | 2519426 | 0.005041
1% 000939 (0238506 | O.B447 | 16.37538 | 0.014565
1.50% 0.01 0.254 06252 | 1590545 | 0.0159659
2% 00123 | 031242 | 05248 [ 13.32992 §0.023438

Values of strain at maximum stress are summarized in Table 6.11. It can be

observed that predicted values are comparable to the experimental values obtained from

the direct tensile test series with Torex fiber described in Chapter 4.

6.6 Modeling the Softening Response after Localization

The softening stage after localization requires special consideration. In this stage,

the elongation of a tensile specimen under load cannot be translated into a strain since it

represents the elongation of a single crack, the critical crack at localization. Therefore, a

relation between tensile stress and displacement (mainly due a single crack opening) is

applied.

Stress

-

-

Displacement

Figure 6.33: Stress-displacement relation after localization

179



The post-localization stage involves the possible combination of fiber pulling out
of the matrix, fiber breaking, damage in the matrix around the critical zone, and reduction
of specimen cross-sectional area. In the experimental tests carried out in Chapters 4 and
5, the use of PVA fiber led to a very poor post-localization response. Fibers failed after a
relatively small crack opening. All the other fibers tested namely Hooked, Torex and
Spectra fibers pulled out from the critical section inducing various degrees of damage.
No fiber failure could be observed.

For a fiber pulling out from the matrix, the stress in the fiber can be computed
from the following equation assuming a circular fiber:

For a single aligned fiber:
4

o= (L, +uy,—u) (6.21)
df

For a randomly oriented fiber in space:

_ﬁqﬁl 1
(@)=L [P, L)g(@)cosdp(@)dLdg (622)
S ¢ L,=0

Figure 6.34: Localization-failure in test ~ Figure 6.35: Fibers assumed to pull-out for
series with PVA fiber specimens with Hooked, Torex, and

Spectra fibers

Experimental studies on fiber reinforced cementitious composite have shown that
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the post-peak displacement is essentially the result of the propagation-opening of the
localized crack along the notched section. The stress-displacement relationship in the
post peak region can then be evaluated as equivalent to the stress versus crack width,
assuming a single equivalent crack, with all fibers in a state of pull-out. The condition to
model is illustrated in Fig. 6.35, except that fibers are randomly oriented instead of being
aligned as shown. For specimens with a single crack having a width x, the load T at the

crack width x can be formulated as follows:

L.,
T;:DN(TJ —x)*

T =UrDNL = (6.23)
L,
where:
(=)
_ 2
L= 5 (6.24)
N(L—f - X)
N-——2 (6.25)
Lff)
( 2

Where D = fiber diameter (assuming round fibers)
7 = average value of bond strength
T = load at the crack width x
L = average embedded length of the fibers at the crack width x
N = number of fibers having some embedded length at the crack width x
N = number of fibers located where crack width is zero

L= length of the fiber

From Eq. 6.23, 6.24, and 6.25 lead to the development of simplify equation,

(Kosa and Naaman, 1990). The relationship between the stress in the composite cracked
section and displacement (or crack opening) can be calculated as

o X

2 -
( 0.5L,

max f

)? (6.26)
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Equation (6.26) indicates that the stress becomes zero at a crack opening equal to
half the fiber length. This is theoretically correct, provided the bond remains constant
and no other deterioration occurs during pull-out. Otherwise, the stress may reach a zero
value as a crack opening smaller than half the fiber length. Kosa used a modifier K; to
account for that effect, when his specimens were exposed to corrosion and the fibers
failed prior to complete pull-out.

Awverage Embedded

Crack width'X | se— Length’ Lo
.
-— —
-— —
-— —

™
% Ly

Maximum Embedded Length L. J2

Figure 6.36: Embedded length of aligned fibers bridging a crack

After extensive evaluation of Eq. (6.26) with the modifier K;using the test results
of this study, it was found that K; was not sufficient to allow a full representation of the
stress versus displacement response; an additional parameter was needed to allow
modification of the curvature of the curve between the maximum stress and zero. After
several trials, an exponential term was added as a multiplier using a modifier K,. This
led to the development of the following equation:

o X

=

- 2ok 6.27
o 0.5K,L, ) (2D

where o = stress at the crack width x
Omax = peak-stress
x = crack width
L; = length of the fiber
K; =modifier previously described with a value ranging from 0 to 1

K> =modifier previously described.

182



With the parameters K1 and K2 Eq. (6.27) can account for several effects such as

partial fiber failure, bond decay, matrix damage, etc.

Using Eq. (6.27) to fit the average stress versus COD for the different test series

(Chapter 5) of this study leads to the best values of K; and K, given in Table 6.12.

Table 6.12: Value of parameters K; and K, for (Eq. 6.27)

Fiber
PVA Spectra Hooked Torex
type
Vi Ky Ky | Ky K> Ky K> K1 Kz

0.75% 0.111 0 1 11.787 1 4.165 1 6.958
1.00% 0.085 0 1 10.354 1 2.791 1 3.413
1.50% 0.103 0 1 1.9 1 15.156 1 7.291
2.00% 0.131 0 1 1.774 1 15.839 1 5.45
Average 0.1075 0 1 6.45375 1 9.48775 1 5.778

K,L¢/2 represents the maximum displacement at which the load is equal to zero.
K, allows to vary the slope of the normalized curves. It was analyzed from regression
analysis using an exponential function. Figure 6.36 shows the typical case for the series
with 2% Torex fibers. The three normalized curves are shown as well as the fitting curve
with K; = 1 and K, = 5.45; for comparison the fitting curve for K, =1 is also shown.

Usually, in test series reinforced with Torex, Spectra and Hooked fiber, no fiber
failure is observed and fibers pull-out to complete separation. K; can thus be taken equal
to 1. However, for the test series with PVA fibers, fiber pull-out was not observed, and
extensive fiber failure occurred leading to a K; value of 0.11 (Table 6.12). Then there
was no need to use K, as the fit excellent. These two cases illustrate how flexible Eq.

(6.27) can be.
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Figure 6.37: Example of normalized stress-displacement response of test series reinforced

with 2% Torex fiber

If the K and K, values of Table 6.9 are averaged for each fiber at the four volume
fractions tested (0.75% to 2%), the following results are obtained: K, = 5.778 for Torex
fibers, 9.488 for Hooked fiber, 6.454 for Spectra fiber, and K; = 0.11 for PVA fiber.
These can be used as best guess values for predicting the response of other test series
with similar fibers. Figure 6.38 illustrates the predicted stress-displacement curves after
localization of the various test series for different volume fractions of fiber, and the
average curve recommended for each type of fiber. Note that the scale of the x axis for
the PVA fiber is different from that of the other fibers. Figure 6.39 compares the average
curve predicted for each fiber, using the average values of the coefficients K1 and K2 for
all fiber volume fractions between 0.75% and 2%. It can be observed that the curve with
PVA fiber indicate significant damage, while the curves for the Hooked and Spectra
fibers indicate moderate damage, and that for Torex a smaller damage. All these curves

have a curvature larger than that of the perfect parabola.
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Figure 6.38: Normalized curves after localization and their average for the test series
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Figure 6.39: Predicted average stress-displacement curves after localization for all test

series with notched specimens

6.7 Correlation between Direct Tensile Tests and Stress versus Crack

Opening Displacement Tests

Ttrnate State

Crack i

[a) Stress-stram relation

L J

R
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(b Corrposte at (] Stress-C0D poirt conesponding to
Ttnnate state ultivnate state

Figure 6.40: Correlation between strain and maximum stress from a direct tensile test and

displacement at maximum stress from a notched prism test

The purpose of this section is to show that it is possible to correlate the strain at

maximum stress from a direct tensile test and the displacement a maximum stress from a

notched tensile prism test.

This is achieved by estimating the equivalent number of
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cracks that makes the composite look like a chain with a number of links (Fig. 6.40). An
energy approach will be used to estimate the number of cracks. The assumptions for

estimating the number of cracks, thus the average crack spacing are as follows.

Mon-cracked 1. Any crack can become a
T 2 Fone of localized crack.
I S g C— Cracking 2. The energy consumed by the
~ T Influence
T I S crack, in the crack-opening
Mon-cracked . . .
..................................................... displacement experiment, is
L L L L L L the same as that consumed by
Figure 6.41: Zone of cracking influence around a crack in the tensile prism.
main crack

- e T

\ —
1%

Figure 6.42: Correlation between “zone of cracking” from a stress-crack opening

L

displacement test and a direct tensile test (Dogbone test)
Let’s define E,. as the energy required to create a group of cracks in the notched

specimen around the influence zone up to crack saturation. This energy is assumed to

creat a group of craks as a cluster in a HPFRCC strain hardening material.
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The surface energy to create a length of crack (for same width in the specimen) is
equal to

E
E =—% 6.28
’ Acxnnc ( )

Where E; = surface energy (psi/in , MPa/mm)
E..= energy at the end of cracking saturation in a stress versus crack-
opening displacement specimen (Notched specimen)
A, = cross-sectional area of stress crack-opening displacement specimen
(Notch specimen, equal to 2 in?, 1290 mm? in this study)
n,. = number of equivalent cracks (representing the cluster of cracks) in

a notched specimen

Let us consider a direct tensile test specimen (Dogbone). Each group of clustered
cracks that occur during the multiple cracking strage is assumed to consume as much
energy as that consumed in the notched tensile prism, that is, En.. Multiple cracking will
continue in the direct tensile test specimen until the total energy ng,Ene, Where ng, is the
number of cracks at saturation, becomes equal to the energy consumed at the end of
multiple cracking, Eq.. (See also Fig. 3.14).

This energy equation is expressed as follows:

nsatEne < Ede (629)

Where ng: is the number of assumed crack clusters in a direct tensile test

specimen.
&
Stress o= st
Crack Cluster CrackCluster
First
Crack
Cluster
~—a ] :
i I !
! : i
i ' !
i ] !
! ; ;
E i |
i ' !
B | B i Epe .
; : i Htrain
] ' ! (Displacement)

Figure 6.43: Schematic stress-strain curve and crack clusters
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Localization will occur when the energy required to open the critical crack is
smaller than the total energy required to create a new crack. So ng,E,. cannot be higher

than Ege, thus

_ Lae (6.30)

If we assume that G is the gauge length of a given tensile prism (equal to 7 inches,
178 mm as used in the direct tensile tests described in Chapter 4), n,. = the number of
equivalent cracks in a notched specimen, then number of cracks in direct tensile specimen

(Dogbone specimen) at the saturated state, can be calculated by

nncEdeG
Number of cracks = 7z (6.31)

ne

A ) . * Stress
Stress Direct Tensile Test Motch tensile test

{(Doghone Test)

Energy at the end of
multiple cracking
stage Ej.

Energy at the end of
wltiple cracking

stage By,

Srain Digplacement
» L
" i
| D ' Die :
* - |‘ L
i i ! "
Strain at the end of multiple Dizplacement at the end of
cracking stage D, multiple cracking stage Db,
(a) (b)

Figure 6.44: Definition of Eg4e ,Eqe, Dge, and Dy

Results from direct tensile tests (Dogbone) and from the notched prism tests were
analyzed and correlated. A relation between the number of cracks, energy at the end of
the multiple cracking stage from the Direct tensile test (Eq4e), and energy at the end of the
cluster cracking stage of the Notched tensile test (E,.) was established.

Additionally, as a crack has two opposing surfaces, the stress versus crack
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opening energy can be considered equal to twice the surface energy of out of the
composite, .. Thus:
Ene= 27 (6.32)

Where vy, is the surface energy of the composite.

The surface energy of the composite v, can be taken equal to the sum of the pull-
out energy y, consumed by the fibers during pull-out, and the surface energy of the
matrix ym, that is:

Ye="YpT Ym (6.33)

As the surface energy due to fiber pull-out is substantially larger than the surface
energy of the matrix, ym can be neglected and the value of y, can be used as a first
approximation to estimate the surface or fracture energy of the composite. Note that this
approach is justified since in all notched test series, except when PVA fibers were used,

general fiber pull-out was observed.

6.7.1 FRC Reinforced with PVA Fiber

T —

Bavvsraity uf Hiskip T Filss o Feet

Figure 6.46: Cracking in a notched prism
with PVA fiber

Figure 6.45: Typical failure crack in a

tensile specimen reinforced with PVA

fiber
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If we take the energy absorption of the Direct tensile test series (Ege) and the
energy absorption of the Notched prism series (E,.) up to the maximum tensile stress
(area under the stress-strain orstress-displacement curve), and compare them together,
they are almost equal (Ege = Epe, Ege / Ene = 1). Figure 6.47 summarizes the results. They
suggest that only one single crack could be occurred. This is indeed what was observed as

shown in Figs. 6.45 and 6.46.

. PVA
f
(Ede/Ene) PVA (Ea/Ere)
0.75 0.8948 14
1 1.000735 12
1.0007 0.9992 0.9955
1.5 0.999193 17 08948
% 0.8 A
2 0.99551
0.6 A
0.4 A
0.2
O -
0.75 1 15 2
Fiber volume fraction (%)

Figure 6.47: Eq4e / Ey for test series with PVA fiber
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6.7.2 HPFRCC Reinforced with Spectra Fiber

Figure 6.49: Cracking in a notched prism
with Spectra fiber

Figure 6.48: Typical failure crack in a
tensile specimen reinforced with Spectra

fiber test

Figures 6.48 and 6.49 show typical cracking in a direct tensile test specimen and
in a notched tensile prism, respectively. The length of total cracking in a notched prism
is calculated from photographic records and divided by the specimen’s width (2 in or
50.8 mm) to arrive at an equivalent number of cracks. This is called here a crack cluster
for the notched prism. Typical results, that is the equivalent number of cracks for a crack
cluster in a notched prism, are plotted in Fig. 6.50 for the different fiber volume fractions
tested. It can be observed, that the number of crack clusters ranged from 2.6 to 6.7
cracks, essentially increasing with the volume fraction of fiber up to 1.5% then tapering
off. Also, unlike notched specimens with a plain matrix where only one crack equivalent
is observed, the number of equivalent cracks here is significant. Note that in comparison,
only one crack equivalent was observed with PVA fiber.

The energy absorption of the Direct tensile test series (Eq4.) and the energy

absorption of the Notched prism series (Epe) up to the maximum tensile stress (area under
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the stress-strain or stress-displacement curve), are calculated for the different volume
fractions of fibers. Figure 6.51 illustrates the variation of the ratio Eq4./E,. for the different
volume fractions of fiber used. It can be observed that the ratio does not show any

particular trend and could be considered to remain about the same.

Number
Number of Cracks in Notch HPFRCC reinforced Spectra
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Figure 6.50: Number of equivalent cracks in a cluster in notched test series with

Spectra fiber
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Figure 6.51: Eq. / E, for test series with Spectra fiber
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By multiplying the number of equivalent cracks found in the Notch specimen for
a crack cluster by the energy ratio Eq. / Eye, the number of cracks in the Direct tensile test
specimen can be determined. Predicted values are shown in Fig. 6.52 for the different
volume fractions of fiber tested and compared to experimental observations from

photographic records. As seen in Fig. 6.52, good agreement is observed.

HPFRCC Reinforced Spectra
Number of Cracks in Direct Tensile Specimen O Experiment]

@ Predict

Number
Vi of Cracks

183 178
Predicted 15 13
10.911.0 11
0.75 7.8 0] g
1 10.9 5 |
1.5 18.3 o
0.75 1 15 2

2 17.8

Number of Cracks

Volume Fraction of Fiber (%)

Figure 6.52: Comparison of the number of cracks in direct tensile test series with
Spectra fiber (Dogbone test) obtained experimentally and estimated from the energy

method

6.7.3 HPFRCC Reinforced with Hooked Fiber

Figures 6.53 and 6.54 show typical cracking in a direct tensile test specimen and
in a notched tensile prism, respectively. The length of total cracking in a notched prism
is calculated from photographic records and divided by the specimen’s width (2 in or
50.8 mm) to arrive at an equivalent number of cracks. This is called here a crack cluster
for the notched prism. Typical results, that is the equivalent number of cracks for a crack
cluster in a notched prism, are plotted in Fig. 6.55 for the different fiber volume fractions
tested. It can be observed, that the number of crack clusters ranged from 2.7 to 6.2
cracks, essentially increasing with the volume fraction of fiber up to 1% then tapering off.
Here also, unlike notched specimens with a plain matrix where only one crack equivalent
is observed, the number of equivalent cracks is significant. Note that in comparison, only

one crack equivalent was observed with PVA fiber.
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Figure 6.54: Cracking in a notched prism
with Hooked fiber
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Figure 6.55: Number of equivalent cracks in a cluster in notched test series with

Hooked fiber

The energy absorption of the Direct tensile test series (Eg4.) and the energy
absorption of the Notched prism series (Ep) up to the maximum tensile stress (area under
the stress-strain or stress-displacement curve), are calculated for the different volume
fractions of fibers. Figure 6.56 illustrates the variation of the ratio Eq4./E,. for the different
volume fractions of fiber used. It can be observed that the ratio can be considered to

increase with the volume fraction of fiber.
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Figure 6.56: Eg. / E, for test series with Hooked fiber

By multiplying the number of equivalent cracks found in the Notch specimen for
a crack cluster by the energy ratio Eq. / Eye, the number of cracks in the Direct tensile test
specimen can be determined. Predicted values are shown in Fig. 6.57 for the different
volume frations of fiber tested and compared to experimental observations from

photographic records. As seen in Fig. 6.57, very good agreement is observed.
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Figure 6.57: Comparison of the number of cracks in direct tensile test series with
Hooked fiber (Dogbone test) obtained experimentally and estimated from the energy

method
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6.7.4 HPFRCC Reinforced with Torex Fiber

Figures 6.58 and 6.59 show typical cracking in a direct tensile test specimen and
in a notched tensile prism, respectively. The length of total cracking in a notched prism
is calculated from photographic records and divided by the specimen’s width (2 in or
50.8 mm) to arrive at an equivalent number of cracks. This is called here a crack cluster
for the notched prism. Typical results, that is, the equivalent number of cracks for a
crack cluster in a notched prism, are plotted in Fig. 6.60 for the different fiber volume
fractions tested. It can be observed, that the number of crack clusters was consistently

high at all values of Vywith an average of 5 cracks.

A P <MD ST L A

Figure 6.59: Cracking in a notched prism

with Torex fiber

Figure 6.58: Typical failure crack in a

tensile specimen reinforced with Torex fiber
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Figure 6.60: Number of equivalent cracks in a cluster in notched test series with Torex

fiber

The energy absorption of the Direct tensile test series (Eg4.) and the energy
absorption of the Notched prism series (Epe) up to the maximum tensile stress (area under
the stress-strain or stress-displacement curve), are calculated for the different volume
fractions of fibers. Figure 6.61 illustrates the variation of the ratio Eq4e/E,. for the different
volume fractions of fiber used. It can be observed that the ratio can be considered to

increase with the volume fraction of fiber.
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Figure 6.61: Eq4. / E, for test series with Torex fiber
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By multiplying the number of equivalent cracks found in the Notch specimen for

a crack cluster by the energy ratio Eq. / Eye, the number of cracks in the Direct tensile test

specimen can be determined. Predicted values are shown in Fig. 6.62 for the different

volume fractions of fiber tested and compared to experimental observations from

photographic records. Reasonably good agreement is observed.
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Figure 6.62: Comparison of the number of cracks in direct tensile test series with Torex

fiber (Dogbone test) obtained experimentally and estimated from the energy method

Table 6.13: Surface energy and area under the curve obtained from tests (US-units)

Crack-Surface Energy

Spectra Hooked Tarex
W Mumber | Ene Es Mumber | Ene Es Mumber | Ene Es
of cracks | (psi-in) | (lb-infin®) | of cracks | (psi-ing | {b-indin®) | of cracks | (psi-in} | (Ib-infin®)

0.75 27 0.875 0.163 27 0.875 0.161 549 0.875 0.074
1 3.2 1.329 0.203 52 1.329 0128 5.0 1.329 0.134
1.5 5.8 1.247 0.092 5.0 1.247 0.125 5.8 1.247 0.107
2 5.2 2226 0.17a 4.2 2226 0.264 4.1 2226 0.272
Average 4.7 1.419 0.161 4.3 1.419 0.170 5.2 1.419 0.147
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Table 6.14: Surface energy and area under the curve obtained from tests (SI-units)

Crack-Surface Energy
Spectra Hooked Taorex
W Murmber Ena E- Mumber of | Ene E. Murmber of | Ene E:
of cracks |(Mpa-mm)| (Mpa-mm) | cracks  [(Mpa-mrm)| (Mpa-mm) | cracks | Mpa-mm)| (Mpa-mm)
0.75 27 6.033E-03| 4. 420E-05 27 6.033E-03) 4.382E-05 04 6.033E-03| 2.M7E0S
1 3.2 9. 166E-03| 5.6E9E-05 62 9.166E-03) 3 4ME-D5 0.0 9. 166E-03| 3.630E-05
1.5 6.8 3.5896E-03| 2 500E-05 o0 5.096E-03 | 3.403E-05 5.8 3.896E-03| 2 916E-05
2 6.2 1.530E-02] 4. 842E-05 42 1.635E-02| 7. 166E-05 4.1 1.530E-02] 7.372E-05
Awerage 4.7 9 786E-03| 4. 357E-05 43 9. 786E-03 | 4 611E-05 0.2 9 786E-03| 3.954E-05
Table 6.15: Energy ratio and influence unit /length of crack-opening displacement test
Influnece unit / length
Y Spectra Hooked Tarex
EdeEne 1fin 1fmim Ede/Ene 1fin 1fmm Ede/Ene 14in 1fmim
075 2916 [0MES71| 0.0164 0615 |[0.087857 |0.003459) 1.099 | 0509313 | 0.006181
1 3449 (0492714 | 0019398 | 1723 |0.246143 | 0009591 | 0885 |1.1550659 | 0.004865
14 2711 |0387286 | 0.015247 | 1472 |0.210286 |0.008279 | 35909 | 0.25582 |0.021985
2 286 [0.408571 | 00M60BS | 219 |0.312857 [0.012317 | 4833 |0.206911 | 0.027182

6.8 Outline of Stress-Strain Computations

The proposed stress-strain and stress-displacement computational method is

presented in four steps (Fig. 6.63). The first step is to find the main three unknown

parameters (ultimate strain, first cracking stress and ultimate stress). The second step is to

calculate the crack spacing and crack spacing at saturation. The third step is to obtain the

crack opening from COD (Notched prism test).

Finally, the forth step illustrates by example a method to calculate the strain at

post cracking (g,) and the strain at maximum stress (&,c) as well as the displacement at the

localization stage based on the linking assumption.

with 1.5% Torex 1.5% is presented in Section 6.9.
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Figure 6.63: Flowchart of proposed post-cracking model




6.9 Verification of the Model

6.9.1 Tensile Specimen with Torex Fiber

The purpose of this section is to apply the tensile stress-strain model using
information obtained from this research. For this a typical composite reinforced with

1.5% Torex fiber is considered.

Material properties: 6y, = 1.252 MPa, 1 = 6.84 MPa, L/d = 100, V¢=1.5%, Ec =
13890 MPa

From Fig. 6.10: o, a; =0.0937

Thus:

Gcc = Gmu(l-Vf) +o0T VfL/d
=1.252 x (1-0.015) + 0.0937 x 6.84 x 0.015 x 100

—1.233+0.961
=2.194 MPa
go= Jeo = 219% 1609 107
E. 13890
From Eq. (6.6): A, ==26.601V, +0.971
dpe = -26.601 x 0.015 + 0.971

=0.572
Gpe = Ape T Ve L/d

=0.5724x 6.84x 0.015 x 100
=5.872 MPa
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Find gp: Xq=-1667 V; +40.873 (6.12)
=-1667 x 0.015 +40.873
=15.86 mm

Wy =-3.05 Ve +0.1092 (6.14)
=-3.05x0.015+0.1092
=0.0635 mm

£, = (6.10)

Response curve after localization
o X

=(1-
o 0.5K,L,

) e K (6.27)

max

From Table 6.12, K; =1, K, = 5.778 (Average)
Gauge length = 7 inches, 177.8 mm, Fiber length = 30 mm, 6,.x = 5.873 MPa

Table 6.16: Computations of stresses and displacements for the example specimen

Maormalized Siress

Farameters Localization | Localized strain Strain
IMPa)

stress

Initiation 0.0000a0 0.00a
First Cracking Stress 0.00016 2.194
Maximum Stress 1 0.0000 0.00400 5873
0.s 0.0025 0.00655 52845
0.8 0.0054 0.00939 4 B35
0.7 0.0086 0.01262 4111
0.5 0.0123 0.01634 3.524
Localizatian 0.5 0.0167 0.02075 2936
0.4 0.0221 0.02614 2.349
0.3 0.0291 0.03309 1.762
0.2 0.0389 0.04289 1.175
0.1 0.0556 0.059653 0.557
] 21429 214686 0.000
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Figure 6.64: Comparison of predicted versus experimental stress-strain curve

6.9.2 Other Model Predictions

The above developed model was systematically applied to the different tensile test
series experimentally tested in this research. The predicted tensile stress-strain response
was simplified to getting the first cracking point, the maximum post-cracking or ultimate
point, and the softening branch after localization. The numerical results obtained are
summarized in Table 6.17. The results are plotted in Figs. 6.65 to 6.71 and are self
explanatory. They could be compared to the experimental curves described in Chapters 4
and 5. Note that a range of values is shown for the ultimate point (maximum stress point)

to illustrate the influence of the volume fraction of fiber from 0.75% to 2%.
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Figure 6.65: Schematic stress-strain response of FRC reinforced with PVA fiber

(Direct tensile test)
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Figure 6.66: Schematic stress-displacement response of FRC reinforced with PVA fiber
(Notch tensile test)

206



Stress (psi) 4 HPFRC C Reinforced Spectra
Direct tensile test (Doghone test)

P R T T et

262-327 L

psl '

. 1

: :

1 1

: :

! 1

] 1

1

: 1

Elastio—"| ! :
Enersy \ ' Stram .
L : i

! "

- :

0 H00219- '

000176 :

'

1

L]

vl -
% L
1
1
1

00mE1E —00162

Figure 6.67: Schematic stress-strain response of FRC reinforced with Spectra fiber

(Direct tensile test)
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Figure 6.68: Schematic stress-strain response of FRC reinforced with Hooked fiber

(Direct tensile test)
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Figure 6.69: Schematic stress-displacement response of FRC reinforced with Hooked
fiber (Notch tensile test)
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Figure 6.70: Schematic stress-strain response of FRC reinforced with Torex fiber

(Direct tensile test)

208



r
Stress (psi) i

7571085 psi

2687415
psi

Elastic — ]
Energy

HFPFFRCC Reinforced Torex
Direct tensile tesi (Noich tesi)

L

\

N

=

!
Ll

0008 - 0014

Figure 6.71: Schematic stress-displacement response of FRC reinforced with Torex fiber

(Notch tensile test)

Table 6.17: Summary of computations for the stress-strain curves of HPFRCC tensile

specimens (a, b, ¢, d, e, f)

First Cracking Stress

Occ= Omu (1-Vg) +oyapt Ve L/ d (6.1)
(a)

Fiber First Cracking Stress

PVA a; o = 0.5204 :Ranged 0.75%-2.0%

Spectra a; op = 0.0.0424 :Ranged 1.0% - 2.0%

Hooked a; op =0.2947 :Ranged 1.0% - 2.0%

Torex a,a, =0.0937 :Ranged 1.0%% - 2.0%
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Maximum Stress

Gpe = Ape T VeL/d (6.2)
(b)

Fiber Maximum Stress

PVA A, ==0.7074V , +2.0933 :Ranged 0.75%-2.0% (6.34)
Spectra A, ==20.799V, +0.6271 :Ranged 0.75%-2.0% (6.3)
Hooked A, =—55.554V, +2.5836 :Ranged 1.0%-2.0% (6.4)
Torex A, ==26.601V, +0.9714 :Ranged 0.75%-2.0% (6.5)
Crack spacing (US-units, in)

(c)

Fiber Average Crack Spacing

Spectra X4 =-30.504 V¢ + 1.0972 :Ranged 0.75% - 2.0% (6.16)
Hooked X4=-30.4 V¢ +1.2655 :Ranged 1.0% - 2.0% (6.6)
Torex X4 =-65.63 V¢ +1.6092 :Ranged 0.75% - 2.0% (6.11)
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Crack spacing (SI-units, mm)

(d)

Fiber Average Crack Spacing

Spectra Xq=-774.802 V¢ +27.8689 :Ranged 0.75% - 2.0% (6.17)
Hooked Xq=-772.2 V¢ +32.1437 :Ranged 1.0% - 2.0% (6.7)
Torex Xq=-1667 V¢ +40.8737 :Ranged 0.75% - 2.0% (6.12)
Crack Width (US-units, in)

(e)

Fiber Average Crack Width

Spectra W,y =0.5017 V¢+ 0.0026 :Ranged 0.75%-2.0% (6.18)
Hooked W,y =-0.08 V¢ + 0.0043 :Ranged 1.0%-2.0% (6.8)
Torex Wy =-0.12 V¢ + 0.0043 :Ranged 0.75%-2.0% (6.13)
Crack Width (SI-units, mm)

)

Fiber Average Crack Width

Spectra Way = 12.7432 V¢ + 0.06604 :Ranged 0.75%-2.0% (6.19)

Hooked Way =-2.032 V¢+ 0.1092 :Ranged 1.0%-2.0% (6.9)

Torex Way =-3.05 V¢ +0.1092 :Ranged 0.75%-2.0% (6.14)
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6.10 Concluding Remarks

A model based on a combination of composite mechanics and experimental

observations to predict the stress-strain response of fiber reinforced cement composites in

the post-cracking state, and particularly the multiple cracking stage was developed. The

influence of various parameters was investigated. Good agreement was found between

the model predictions for stress-strain relation and experimental results. The following

conclusions are drawn.

1.

Predictive equation derived from mechanics of composites was used for the stress
at first cracking and the maximum post-cracking stress. From the experimental
results obtained, prediction equations were suggested for the coefficients in these
equations

Predictions equations for average crack spacing and average crack width for
HPFRCC tensile specimens reinforced with Spectra, Hooked, and Torex fibers
were derived based on experimental observations.

A method to predict the strain at maximum stress, from crack width and crack
spacing is suggested. A analytical equation was developed to predict the response
of the composite in tension after localization. The equation depends on two
parameters only, and allows to simulate damage as well as variable curvature in
the shape of the curve. The model produced good approximation of the
localization behavior obtained experimentally.

A correlation between the direct tensile test (Dogbone test) and stress-crack
opening displacement test (Notch test) was established. The proposed method was

found to have a good agreement between prediction and experiment.
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Initial stage
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Displacement =
0in

Initiation of first crack
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Displacement =
0.000533 in

Expanding of first
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0.002135 in

Maximum stress
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0.00979 in

Localization
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0.0196 in

Figure 6.72: Crack formation under increasing load in test series reinforced with 0.75%
Torex steel fiber (Notch test)
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CHAPTER 7

TENSILE VARIABILITY OF FIBER REINFORCED
CEMENTITOUS MATERIALS

7.1 Introduction

The design of structures composed of fiber reinforced material should be based on
the statistical consideration of FRCC properties. This chapter is therefore dedicated to a
discussion of the observed statistical variability in HPFRCC response. The parameters
considered include toughness, tensile strength (o,c), energy, ductility, and strain at
maximum stress (€pc).

Generally, the variability of HPFRCC response is strongly influenced by the
fabrication process, sampling, and testing. Geometry of the fiber in relation to the mould
size causes preferred orientation of the fibers near the surface of the mould, which is
different from that in the body of the composite. The orientations within the mass of the
composite depend on many factors such as the method of placing, flow characteristics of
the mortar and fiber, and the type and degree of compaction. There are other factors that
tend to increase the statistical variations in the properties of fiber-reinforced cement
composites. These factors include

1. variations in the concentration of fibers at different locations inside the matrix;

2. variability in the interfacial bond properties;

3. relatively low workability (compatibility) of fibrous composites in some mixes,
which may leave a system of entrapped air with different local concentrations

inside the mix.
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Swamy and Stavirdes reported the results of a study on statistical variations in the
flexural toughness of steel fiber reinforced concrete. This study was based on limited test
results and indicated relatively large variations in toughness. They noticed that flexural
toughness could not be correlated to flexural strength. In their test results, the relatively
large variations in flexural toughness were attributed to high variability in the fiber
debonding process in steel fiber reinforced concrete (which determines toughness
characteristics).

In the test results reported in this chapter, the coefficient of variation for steel
fiber concrete within a batch and between batches was well below the 5% confidence
level and of the same order as those obtained for plain concrete. It was therefore possible
to conclude that in steel fiber reinforced concrete, where good quality control is exercised
throughout fabrication, the number of test specimens for obtaining a reliable average
need to be no more than that required for plain concrete. Additionally, it was indicated by
Swamy and Stavirdes that the slight increase observed in compressive strength in the

presence of steel fibers is insignificant in light of the random variations in test results.
Statistical Parameters

The normal distribution, also known as the Gaussian distribution, has a

probability density function given by

2
_ ! exp—l(ﬂj —0 <X <® (7.1)
o~N2rx 20 o

where | and o are the parameters of the distribution, which are also the mean and

standard deviation, respectively, of the distribution. Figure 7.1 and 7.2 show the effects of

u and 6 on the probability density function and cumulative distribution function.

215



1.0 T : T T R . - . 4 } T | u 1.0 T _| T | T | T ..I.-H_“I J'_-I A0 T T .-‘.-".
' =0, 0?=0.2 ——- =0, gr=p2——{ ¥ % % Coa
: / \\ u=0, o'=1.0— ﬁ:n. z"=}_|'jl L =_u) ; ;’r //
s [ T u=0, 0?=5.0 ] 0.8 1= 40, 02=5.0 T /
- : I u==2,07=0.5 -~| | L [n=-2. 02=05 / feledin ]
\ ! i j
2n.r. i ;‘ i | 'Qms_ : : 5/
T e e e : S o ¥ ]
S 04 v - L 1: 1 o4 L : fr' - {rﬂ
02 d i | | -1 | /
e, : el e L [l / ]
0.0 . = :_,.I—/ | o I~ | 5 . s | 0.0 [bessemets K )
ry = =3 =3 =1 i 1 > 3 7 5 — i __|4 | — I — 1 - ! = | ° ! - 1 - ! 4. -
X X
Figure 7.1: Probability density function Figure 7.2: Cumulative distribution
with different p and function

The coefficient of variation (COV) is a normalized measure of dispersion of a

probability distribution. It is defined as the ratio of the standard deviation to the mean.

coyv =* (7.2)
(e2

The confidence interval is an interval estimate of a sample parameter. Instead of
estimating the parameter by a single value, an interval likely includes the parameter as
stated. How likely the interval is to contain the parameter is determined by the confidence
level. Increasing the confidence level will widen the confidence interval. In contrast,

decreasing the confidence level will narrow the confidence interval.

025 025

z=-1%6 z= 136

Figure 7.3: 95% Confidence interval in normal distribution

The goodness of fit of a statistical model describes how well it fits a set of
observations. Measures of goodness-of-fit typically summarize the discrepancy between
observed values and the values expected under the model in question. Such measures can
be used in statistical hypothesis testing, e.g. to test for normality of residuals. In this
work, three fitting test were used, Cramer-von Mises test, Watson, and Anderson-Darling

test.
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Six series were considered in this study, including specimens reinforced Spectra
2.0%, 1.5%, specimen reinforced Hooked 2.0%, 1.5%, and specimen reinforced Torex
2.0%, 1.5%. The number of specimens per series ranged from 13 to 28 specimens. A total
of 120 samples were employed in this analysis. The significant parameters considered are
maximum stress, strain at maximum stress, strain at the end of multiple cracking stage,
energy at maximum stress, and energy at the end of multiple cracking stage. A summary
of the statistical analysis conducted is displayed in Table 7.1. The toughness parameter
(ductility) 1s defined as the area under the curves, up to localization as displayed in Fig.
7.4. Since, in the case of HPFRCC reinforced Spectra, the influence of the multiple
cracking area is large and dominates the localization behave ior, the energy at the end of

multiple cracking stage was used as a representation for toughness.

Localization
atart

Displacernent at Diisplacement g
Localization start

Figure 7.4: Energy at localization start: area under the curve, toughness

& Strss

i

]
' i
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' ]
' i
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e
Dlubtiple cracking
Stage

Figure 7.5: Multiple cracking stage in notch HPFRCC reinforced Spectra fiber
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Table 7.1: Diagram for analysis of tensile histogram and normal probability curve

Type of Statistical Stress

Fihar Parameatar Statistical Strain Parameter

Statistical Tougness Parameter

Spectra | Maximum Stress (Tp) | Strain at the end of Multiple Cracking Stage

Energy at the end of Multiple Cracking Stage

Hooked | Maximum Stress (ope) Strain at Maximum Stress (g.)

Energy at Maximum Stress

Torex Maximurm Stress (Tpe) Strain at Maximum Stress (g.)

Energy at Maximum Stress

7.2 Confidence Interval (CI)

The CI can be used to describe how reliable HPFRCC tensile results are. For a set

of test results, the outcome of the maximum tensile stress might be 95% of maximum

stress in a certain direct tensile test in each series. A 95% confidence interval implies that

the results have a probability of occurrence ranging 2.5% to 97.5%. All other things

being equal, a survey result with a small CI is more reliable than a result with a large CI.

1400 1400
HPFRCC Reinforced Terex 1.5% HPFRCC Reinforced Torex 1.5%
1200 1200 i a
% 1000 g 1000 L lﬁ
=] = —_
w " E i 6 ,'?
$ 800 8 S g00 - ¥ g
1 w o Average "
2 Q el w
= 600 = = o
o ] w 600 4 5
5 - h
- =
400 400
200 2
200 95 Percent
Confidence Interval
0
0 0.005 0.01 0.015 0 0| O\cg P T T T R On I01| ||||||| 0| 012
Strain (Valid up to peak stress only) Strain (Valfd up to peak stress only) .
(a) (b)

Figure 7.6: (a) Direct tensile curve of HPFRCC reinforced Torex 1.5% and (b) its

corresponding confidence interval
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Figure 7.7: (a) Direct tensile curve of HPFRCC reinforced Torex 2.0% and (b) its
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Figure 7.8: (a) Direct tensile curve of HPFRCC reinforced Hooked 1.5% and (b) its
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Figure 7.9: (a) Direct tensile curve of HPFRCC reinforced Hooked 2.0% and (b) its

corresponding confidence interval

Strass (MPa)

The confidence interval curves for 95 percent are displayed in Fig. 7.6 to Fig. 7.9

for HPFRCC reinforced Hooked and Torex, at V¢ of 1.5% and 2.0%. More variation

represents a large area of variability in any testing range. The widest range of confidence

interval is for maximum stress, for 2.0% specimen reinforced Hooked. In this case, the

upper bound is 1276 psi (8.798 MPa), while the lower bound is 372 psi (2.565 MPa). The

difference between both bounds is 343 percent of the lower bound.

7.3 Coefficient of Variation (COV) Analysis

This section discusses the COV in the statistical data. Specimen reinforced with

PVA and Spectra at volume fraction of 0.75% were not included in this analysis since the

number of specimen is insufficient.
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Figure 7.10: Coefficient of variation, maximum stress

Figure 7.10 presents the coefficient of variation for maximum stress. From the
graph, the coefficient of variation increases with increase in volume fraction of fiber,
except in the case of HPFRCC Reinforced Torex, where COV appear to be about
constant. Overall, the coefficient of variation ranged from 11.32% in HPFRCC reinforced
Hooked 0.75% to 32.48% in HPFRCC reinforced Hooked 2.0%. The average COV of
HPFRCC reinforced Spectra, is 20.48%, COV of HPFRCC reinforced Hooked is 19.62%,
and HPFRCC reinforced Torex is 18.51%
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Figure 7.11: Coefficient of variation, energy at maximum stress
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Figure 7.11 presents the coefficient of variation of toughness (energy at maximum
stress). The value ranges from 33.86% in HPFRCC reinforced Torex 2.0% to 78.96% in
HPFRCC reinforced Hooked 1.0%. In HPFRCC reinforced Hooked, when volume
fraction of fiber increase, the coefficient of variation increase. However, in HPFRCC
reinforced Torex, increasing the volume fraction of fiber leads to decrease in coefficient
of variation. Spectra fiber does not see much change in terms of variability, is in the
range of 60 percent. The average COV of HPFRCC reinforced Spectra, is 58%, COV of
HPFRCC reinforced Hooked is 63%, and HPFRCC reinforced Torex is 52%
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-
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Volume Fraction of Fiber (%)

Figure 7.12: Coefficient of variation, strain at maximum stress

The observed coefficient of variation for the strain at maximum stress is presented
in Fig 7.12. From this figure, it can be seen that the coefficient of variation ranged from
28% for HPFRCC reinforced Torex 2.0% to 85% in HPFRCC reinforced Hooked 1.0%.
It is clear that the coefficient of variation of strain at maximum stress is not dependent on
the volume fraction of fiber. The average COV of HPFRCC reinforced Spectra is 45%,
The average COV of HPFRCC reinforced Hooked is 60%, and also the average

coefficient of Torex is 38%.
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Figure 7.13: Comparison of coefficient of variation with different fiber types

Figure 7.13, compares the COV for the maximum stress, strain at maximum
stress, and toughness for all series. Clearly the variation in maximum stress is least
(average less than 20%) of the 3 parameter considered. It is also evident that adding fiber
increased the variability in maximum stress of the mortar, which is higher than that for
the HPFRCC specimens (52% versus and average of 20% for unreinforced specimens).
The strain of maximum stress has a high COV, while the COV for the toughness is
moderate. In addition to this, comparing by type of fiber (Spectra, Hooked and Torex),
the HPFRCC reinforced Torex, the coefficient of variation is lowest, while HPFRCC

reinforced Spectra and Hooked, the results are higher.

7.4 Goodness-of-Fit

Table 7.2 illustrates the goodness-to-fit test of normal probability of the data
considered in this thesis. In the results, a majority of the investigated parameters can pass
95% level of confidence for the normality test. Table 7.3 and 7.4 present a list of the

average tensile test results for HPFRCC specimens. In some cases, the number of
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specimens is too low to be investigated. In order to analyze statistical parameters, at least
13 specimens are required, therefore the specimen in series of Spectra 1.5% and 2.0%,

Hooked 1.5% and 2.0%, Torex 1.5% and 2.0% were examined.

Table 7.2: Normality test results at 95% confidence level

Testing of Mormality Cramervon Mises (W2) Watson (U2) Anderson-Darling (A2)

T i Number of Mormality
ype o Wf Hmaer o Pararmetars Walue Adj Value | Probability Walue AdjValue | Probability “Walue Adj Yalue | Probability | Results
fiber Specimen

Maximum Stress 0.048385 | 0.049728 0514 0.048371 0.049715 0.473 0.345394 | 0.362184 0.4435 Pass

1.50% 13 Strain at the end of 0112258 | 0116576 | 00688 | 0104738 | 0108786 | 0.0863 | 015488 | 0650191 | 00853 Pass
Multiple Cracking Stage

Energy at the end of

- 0124577 | 012968 0.0444 0.117453 012197 0.0417 0.732951 0.734995 0.0417 Fail
Multiple Cracking Stage

Spectra

Maxirmurm Stress 0106194 | 0.108608 0.0857 0.092802 | 0.095014 01081 0.83977 0.872303 0.0254 Fail

2.00% 17 thr;"zgtri;sg“dsf;gg 001 |00103971 | 00952 | 0095794 | 0098512 | 00951 | 0.095794 | 0088612 | 0.0951 Pass

Energy at the end of

- 0.100393 | 0103345 | 01012 0.087451 0.090023 01277 0648045 | 0.531684 0.07a1 Pass
Multiple Cracking Stage

Maximum Stress 0.212899 | 0.21603 0.0034 0.194638 0.1975 0.0033 1.28093 1311679 0.0021 Fail

1.50% 19 Strain gt the end of 0031997 | 0032823 | 08084 | 0.030208 | 0.030898 0.803 0272563 | 0285021 | 0.E282 Pass
Multiple Cracking Stage

Energy at the end of 0035261 | 0036169 | 07509 0054 0034895 | 07296 | 0285129 | 02667ES | 06RGE Pass
Hooked Multiple Cracking Stage
ooke

Maximum Stress 0.027865 | 0.02805 0.8721 0.027805 | 0.026012 0.8518 0.20042 0.206608 0.8693 Pass

2.00% 18 Strain 3t the end of 0071817 | 0.073606 | 0251 0088933 | 0070375 | 02379 | 0387625 | 0406468 | 0.3501 Pass
Multiple Cracking Stage

Energy at the end of

- 0118533 | 0118743 | 0.0824 0.110484 | 0.113553 0.056 0668331 0.70082 0.0673 Pass
Multiple Cracking Stage

Maximum Stress 0.054156 | 0.054977 0.4407 0.043977 | 0.044644 0.5435 0.463498 0.47499 0.2402 Pass

Strain at the end of

5
1.50% a Multiple Cracking Stage

0.046215 | 0.04704 0.5552 0.045353 | 0.046163 0.5215 0.269634 0.27763 0.6523 Pazs

Erergy at the end of

- 005622 | 0057224 | 04116 0.055285 | 0.056283 0.3524 0354583 | 0.365098 0.4367 Pass
Multiple Cracking Stage

Tarex
Maximum Stress 030684 | 0311783 | 0.0002 (0.263834 0.26809 0.0004 1626942 | 1.669086 0.0003 Fail

2.00% 2% Strain gt the end of 0022989 | 0023443 | 09304 | 002207 | 0022511 | 09322 | 0203546 | 0210385 | 09802 Pass
Multiple Cracking Stage

Energy at the end of 0024069 | 002455 | 09157 | 0020743 | 023198 | 09224 | 0481516 | 0467615 | 09053 Pass
Multiple Cracking Stage

Maximum stress, strain at maximum stress, energy at maximum stress (Torex and
Hooked), and energy at the end of multiple cracking stage (Spectra) are mechanical
properties of HPFRCC that were statistically analyzed in this investigation. The
distribution of all the sets of results is represented graphically by using a histogram.
Figure 7.16 to 7.33 shows the distribution of the maximum tensile stress, strain at the end
of multiple cracking stage, strain at maximum stress, energy at the end of multiple
cracking stage (Spectra), and energy at maximum stress (Torex and Hooked) of tensile
experiments. The histograms give an idea of the scatter of the results; whereas the

cumulative diagrams give the probability of results being below any given value.
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The normal probability curves (Gaussian distribution curves) superimposed on all
the histograms were obtained by using the means and standard deviations for all the sets
of results. The height of the frequency distribution curve was computed by Statistica
software, adjusted to fit the conditions of each set of results. The normal probability
curves have also been drawn on normal probability paper as shown in this chapter in
which they appear as straight lines. In some series, departures from normal distribution
were detected. Following is a detailed discussion of the statistical data for the parameters

of interest.

Table 7.3: Statistical parameters of HPFRCC specimens (US-units)

Coefiicient of variation (CQV) First Strain at Sirai Strain at  |Energy at [Energy at Energy at
) . train at : the end of
Murmber Cracking first MWaximurm : the end of first Maximurm .
Type of Pararmete ) . |[maximum ) ) multiple
N4 of Stress | cracking |stress (psi) multiple | cracking stress ;
fiber . rs . stress ) . ) cracking
Specimen (psi) stress cracking (psi) (psi) (ps)
Mean | 2520725 | 1.43E-03 | 299.6256 | 3.18E-03 | 4.16E-03 | 0.319867 | 0.819546 | 1.101541
0.75% 1 Std i i A HA A MA A, A,
COW(%) M MA MA A MA MA MA A
Wean | 323.2253 | 0.001291 | 392.80245 | 0.006555 | 0.012162 | 0.296435 | 20738 |3.95435945
1.00% N Std 74.705583 | 0.000703 | 49.784655 | 0.004677 | 0.005444 | 0130364 | 1.639414 | 2.055631471
Spectra COW(%) | 23.11262 | 54.85885 | 12674222 | 71.35048 | 44.69192 | 61.01303 | 79.05361 | 51.9759202

Wean | 300.9083 | 0.001763 | 401.93976 [ 0.010092 | 0.016215 | 0.397269 | 3.646926 | 595546085
1.80% 13 Std 97.13327 | 0.0015966 | 89.177919 | 0.008442 | 0.007575 | 0.473353 | 3.947755 | 4.05195087
CON{%) | 32.28003 | 111.5043 | 22186657 | §3.65433 | 45.5655 | 119.1594 | 102.6215 | 65.0375704

Wean | 327.5563 | 0.000818 | 466.1291 | 0.005669 | 0.014265 | 0.2055878 | 2.371757 | 5.96642708
2.00% 17 Std 84.53151 | 0.000757 | 123.53176 | 0.004171 | 0.005758 | 0.205304 | 2155111 | 3.57 137008
COW(%) | 25.8068 | B9.94756 | 26.557433 | 73.57614 | 4035161 | 99.6726 | 90.86558 | 56.5056753

Wean | 155.2044 | 0.000243 | 39374407 | 0.003433 | 0.00702 | 0.025857 | 1.009657 | 2. 25645033
0.75% 3 Std 56.66802 | 0.00036 | 43.506591 | 0.001581 | 0.002793 | 0.041025 | 0.466023 | 0.85130913
COW{%) | 358195 | 148.242 | 11.125651 | 46.06737 | 39.78798 | 158.4849 | 46.15603 | 377443629

Wean | 271.0477 | 0.000156 | 535.458758 | 0.003565 | 0.005324 | 0.0220587 | 1.56248 | 230344367
1.00% B Std 113.1273 | 0.0001 | 52.196137 [ 0.003282 | 0.002728 | 0.013333 | 1.233862 | 0.53200055
COW(%) | 41.73703 | B4.4389 | 15345775 | 54.51066 | 51.23481 | BO.E175 | 75.96815 | 38.7 2465356

Hooked Wean | 251.663 | 0.000256 | 607.24293 [ 0.004232 | 0.006014 | 0.050902 | 2.000118 | 2.91919234
1.60% 19 Std 101.8142 | 0.00031 | 118.69113 | 0.002257 | 0.002858 | 0.094915 | 1.176264 | 1.3406571
COW{%) | 40.45655 | 121.3105 | 19.545004 | 5403023 | 4752117 | 186.4652 | 58.80975 | 45.92695876
MWean | 290.374 | 0.000492 | §35.00352 [ 0.00416 | 0.005557 | 0.093102 | 2.771855 | 3.91118309
2.00% 18 Std 059.24356 | 0.001124 | 272135 | 0.002303 | 0.003464 | 0.21909 | 1.533934 | 2.9067 3251
COW(%) | 30.73401 | 225.7425 | 32.450162 | 55,3665 | 6232757 | 235.325 | 65146591 | 74.3134576
Mean |251.1744 | 0.00012 | 53328 0.00152 | 0.002924 | 0.021009 | 0.719556 | 1.31281333
0.75% =l Std 1181747 | 6.18E-05 | 90.562123 | 0.000537 | 0.001793 | 0.020363 | 0.3958715 | 1.04091974
COW(%) | 47.048584 | 51.64021 | 17.036033 | 45.95117 | 61.31524 | 96.92502 | 5541122 | 79.263203
MWean | 26Z.564 | 0.000172 | 543.40936 [ 0.001935 | 0.003695 | 0.038668 | 0.83366 | 1.674434R2
1.00% 5 Std 136.3315 | 0.000139 | 52.405316 | 0.000622 | 0.001624 | 0.055933 | 0.531495 | 0.69554356
Torex COW(%) | 51.92314 | B0.77533 | 15.164501 | 31.335333 | 43.894332 | 1446625 | 6375444 | 53. 4536357

Wean | 300.3546 | 0.000235 | 745.07586 | 0.003773 | 0.004513 | 0.052317 | 2.254601 | 2. 98656664
1.80% 28 Std 99.74561 | 0.000169 | 175.72646 | 0.001705 | 0.0019358 | 0.052678 | 1.2500583 | 1.5243282
COW[%) | 33.20556 | 71.921583 | 23.458101 | 4519929 | 40.27305 | 100.6899 | 56.03094 | 51.0326491

Wean | 357.5462 | 0.0002658 | 939.04552 [ 0.003933 | 0.004708 | 0.080523 | 2.955692 | 3.61261572
2.00% 25 Std 156.634 | 0.000214 | 172.495584 | 0.001117 | 0.001302 | 0.102022 | 1.000713 | 1.24032104
COW(%) | 43.88076 | B0.01357 | 18.365267 | 27 57563 | 27 65677 | 126.6995 | 33.85735 | 34333015
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Table 7.4: Statistical parameters of HPFRCC specimens (SI-units)

Coefficient of vrariation (COV) First Strain at Maxi ) Strain at  [Energy at |Energy at Energy at
X aximum | Strain at : the end of
Murnber Cracking first ; the end of first Maximum .
Type of Paramete . stress  [maximum : . multiple
fiber i of s Stress | cracking (MP3a) atrass multlple cracking | stress cracking
Specimen (Mpa) stress cracking MPa) (MPa) (MP3)
Mean | 0.180592 | 1.43E-03 | 02065844 | 3.18E-03 | 4 16E-03 | 0.000221 | 0.000565 | 0.0007 5548
0.75% 1 Std P& i P& WA A, MA MA A
COW(%) [y [iA M M A T [iA T TA
Wean | 0.222856 | 0.0012%1 | 02708275 | 0.008555 | 0.012152 | 0.000204 | 0.00143 | 0.0027 26543
1.00% 1 Std 0.051508 | 0.000708 | 0.0343263 | 0.004677 | 0.005444 | 0.000125 | 0.00113 | 0.00141703
Spectra COW(%) | 23.11262 | 54.85885 | 12674222 | 71.35048 | 44.69192 | 61.01303 | 79.05361 | 51.9759202
Mean | 0.207469 | 0.001763 | 02771274 | 0.010092 | 0.016215 | 0.000274 | 0.002652 | 0.00410614
1.50% 13 Std 0.066571 | 0.001966 | 0.0614859 | 0.008442 | 0.007875 | 0.000326 | 0.002722 | 0.00279372
COW(%) | 32.28003 | 111.6043 | 22186687 | 33.65433 | 48.5655 | 119.1594 | 102.6218 | 65.0375704
Mean | 0.225542 | 0.000315 | 0.3213544 | 0.005669 | 0.014265 | 0.000142 | 0.001635 | 0.0041137
2.00% 17 Std 0.055255 | 0.0007357 | 0.0554475 | 0.004171 | 0.005758 | 0.000142 | 0.001455 | 0.00232445
COW(%) | 25.8068 | B9.947596 | 26.557433 | 73.57614 | 40.35161 | 99.6726 | 90.86558 | 56.5056753
Mean | 0.108078 | 0.000243 | 02714767 | 0.003433 | 0.00702 | 1.78E-05 | 0.000595 | 0.00155508
0.75% 3 Std 0.039071 | 0.00036 | 0.0302035 | 0.001581 | 0.002793 | 2.83E-05 | 0.000321 | 0.00058696
COW(%) | 358195 | 148.242 | 11125651 | 46.06737 | 39./5795 | 1554845 | 46.15608 | 37. 7443629
Wean | 0.166551 | 0.000156 | 0.3692053 | 0.003565 | 0.005324 | 1.52E-05 | 0.001077 | 0.001585817
1.00% ] Std 0077995 | 0.0001 | 00566722 | 0.0032682 | 0.002728 | 9.23E-06 | 0.000851 | 0.00051501
Hooked COW(%) | 41.73703 | 64.4389 | 15.349775 | 84.91066 | 51.23481 | B0.6175 | 75.96819 | 38.7246536
Mean | 0.173515 | 0.000256 | 0.4186785 | 0.004232 | 0.006014 | 3.51E-05 | 0.001379 | 0.00201271
1.50% 19 Std 0.070195 | 0.00031 | 0.0515346 | 0.0022587 | 0.002858 | 6.54E-05 | 0.000811 | 0.00092433
COW(%) | 40.45655 | 121.3105 | 19.545904 | 54.05023 | 47.52117 | 186.4652 | 55.80975 | 45.9269876
Wean | 0.200206 | 0.0004%2 | 05777527 | 0.00416 | 0.005557 | 6.42E-05 | 0.001811 | 0.00265666
2.00% 18 Std 0.061531 | 0.001124 | 01876648 | 0.002303 | 0.003454 | 0.000151 | 0.001302 | 0.00200412
COW(%) | 30.73401 | 2287428 | 32.480162 | 55.56655 | B2.32757 | 235.325 | 65146591 | 74.3184576
Mean | 0173179 | 0.00012 |03m7E901 | 0.00182 | 0.002924 | 1 45E-05 | 0.000496 | 0.00090522
0.75% 3 Std 0.051478 | 6.18E-05 | 0.0626472 | 0.000557 | 0.001793 | 1.4E-05 | 0.000275 | 0.0007 1769
COW(%) | 47.04884 | 51.64021 | 17.038033 [ 45.98117 | 61.31524 | 96.92502 | 55.41122 | ¥9.283203
Wean | 0.181031 | 0.000172 | 053746672 | 0.001985 | 0.003695 | 2.67E-05 | 0.000575 | 0.00115443
1.00% 5 Std 0.093957 | 0.000139 | 0.0568164 | 0.000R22 | 0.001624 | 3.85E-05 | 0.000355 | 0.00051745
Tarex COW(%) | 51.92314 | B0.77533 | 15164501 | 31.5338358 | 43.84332 | 144.6625 | 63.75442 | 53. 4836357
Mean | 0.207108 | 0.000235 | 051646591 | 0.003773 | 0.004813 | 3.61E-05 | 0.001575 | 0.00205944
1.80% 28 Std 0.065772 | 0.000169 | 0.12115%8 | 0.001705 | 0.001938 | 3.63E-05 | 0.000853 | 0.00105093
COW(%) | 33.20596 | 71.92183 | 23.459101 [ 45.19929 | 40.27305 | 100.6892 | 56.03024 | 51.0326491
Mean | 0.246519 | 0.000265 | 064744586 | 0.0039593 | 0.004708 | 5.55E-05 | 0.002038 | 0.00245031
2.00% 25 Std 0.108174 | 0.000214 | 0.1189316 | 0.001117 [ 0.001302 | 7.03E-05 | 0.00062 |0.00035517
COW(%) | 43.88076 | B0.01357 | 18.385267 | 27 57563 | 27 BER7Y | 125.6998 | 35.85735 | 34333018
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Maximum Tensile Strength — HPFRCC Reinforced Spectra 1.5%

Maimnum Stress (MPa) Maximum Stress (hPa)

RCC Reinforced Spectra 1.5%; 18 HPFRCC Reinforced Spectra 1.5%
Maximum Stress Maximum Stress

.

/ 20
P
600 650

@ (b)

HPFRCC Reinforced Spectra 1.5% 1010
Maximum Stress

UUUUUU

(c)
Figure 7.14: (a) Distribution of maximum stress, (b) cumulative histogram, and (c)

normal probability plot for HPFRCC reinforced Spectra 1.5%

The sample mean of these measurements is 402 psi (2.77 MPa), the standard
deviation is 89.18 psi (0.615 MPa), and the coefficient of variation is 22 percent. The 95
percent Confidence Interval regarding the mean is 227 psi (1.57 MPa) to 576 psi (3.97
MPa). The goodness-to-fit tests confirmed the normality of the sample distribution for
tensile strength test results at a 95 percent Confidence Interval. The distribution of the

results is shown in Fig. 7.14 and the normal curve overlapping the histogram presents an
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the normal
that about 70

[72]

are above 550
e to a straight
est results are

indication of the normality of sample distribution. Figure 7.14-c show
probability plot of the tensile strength test results. This figure indicate
percent of the results are above 450 psi (3.103 MPa), and above 90 percen
psi (3.792 MPa). The cumulative distribution of the measurements is clo
line, which further supports the conclusion that maximum tensile strength

normally distributed.
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Figure 7.15: (a) Distribution of energy at the end of multiple cracking stage,

(b) cumulative histogram, and (c) normal probability plot for HPFRCC reinforced
Spectra 1.5%
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The sample means of tensile toughness (energy at the end of multiple cracking

HPFRCC Reinforced Spectra 1.5%

Strain at the End of Multiple Cracking Stag
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stage), was 5.96 psi, (0.041 MPa) and the corresponding standard deviations were 4.05
psi (0.028 MPa). The coefficient of variation was 68.03 percent and the 95 percent
Confidence Interval was certainly not greater than 13.9 psi (0.096 MPa). The normal
probability plot shown in figure 7.15-c shows that the test data does not fit a straight line,
Strain at the End of Multiple Cracking Stage — HPFRCC Reinforced Spectra 1.5%

Tensile Toughness — HPFRCC Reinforced Spectra 1.5%

indicating a deviation from normal distribution.

Ansrealy

(c)
Figure 7.16: (a) Distribution of strain at the end of multiple cracking stage,

HPFRCC Reinforced Spectra 1.5%
Strain at the end of Multiple Cracking Stage

Spectra 1.5%

15

(a)

(b) cumulative histogram, and (c¢) normal probability plot for HPFRCC reinforced



Figure 7.16 presents the tensile strain at the end of the multiple cracking stage of

HPRCC reinforced Spectra specimens; at this point, the starting of the localization phase

and the

begins. The mean was 0.0162, the standard deviation was 0.007875,

corresponding coefficient of variation was 48.57 percent. The 95 percent confidence

interval was 0.000765 to 0.0316.

Maximum Stress — HPFRCC Reinforced Spectra 2.0%
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Figure 7.17: (a) Distribution of maximum stress, (b) cumulative histogram,

and (c¢) normal probability plot for HPFRCC reinforced Spectra 2.0%
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The sample mean of these measurements is 466.13 psi (3.214 MPa), the standard
deviation is 123.93 psi (0.854 MPa), and the coefficient of variation is 26.59 percent. The
95 percent confidence interval with respect to the mean is 223 psi (1.538 MPa) to 709 psi
(4.888 MPa).

The normal probability plot shown in figure 7.17-c, shows that the test data do not

fit a straight line, indicating a deviation from normal distribution. The goodness-to fit

tests confirmed at a 95 percent confidence interval, the distribution is not normal.

Tensile Toughness — HPFRCC Reinforced Spectra 2.0%
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Figure 7.18: (a) Distribution of energy at the end of multiple cracking stage,
(b) cumulative histogram, and (c¢) normal probability plot for HPFRCC reinforced
Spectra 2.0%
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The sample means was 5.97 psi (0.041 MPa), and the corresponding standard

Strain at the end o

Multiple Cracking Stage
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ing Stage

HPFRCC Reinforced Spectra 2.0%,

Strain at the

end of Multiple Cracki

the 95 percent confidence interval was not more than 12.58 psi (0.087 MPa). The normal

deviation was 3.37 psi (0.023 MPa). The coefficient of variation was 56.51 percent, while
probability plot shown in figure 7.18-c, shows that the test data does not fit a straight line,

Strain at Maximum Stress — HPFRCC Reinforced Spectra 2.0%

indicating a deviation from normal distribution.

(b)

HPFRCC Reinforced Spectra 2.0%
Strain at the end of Multiple Cracking Stage
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(c)
Figure 7.19: (a) Distribution of strain at the end of multiple cracking stage,

(b) cumulative histogram, and (c) normal probability plot for HPFRCC reinforced
Spectra 2.0%
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Figure 7.19 presents the tensile strain at the end of the multiple cracking stage of

HPRCC reinforced Spectra specimens, starting at the localization phase. The mean was

0.0143 and the corresponding coefficient of variation was 40.35 percent. The standard

variation was 0.004171, while the 95 percent confidence interval was 0.006125 to

0.02248

Maximum Tensile Strength —- HPFRCC Reinforced Hooked 1.5%
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Figure 7.20: (a) Distribution of maximum stress, (b) cumulative histogram,

and (c) normal probability plot for HPFRCC reinforced Hooked 1.5%
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The sample mean of these measurements is 607.24 psi (4.187 MPa), the standard

deviation 1s 118.69 psi (0.818 MPa), and the coefficient of variation is 19.55 percent. The
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95 percent Confidence Interval regarding the mean is 374.61 psi (2.583 MPa) to 839.87
psi (5.791 MPa).

The normal probability plot shown in figure 7.20 shows that the test data does not
fit a straight line, indicating a deviation from normal distribution. The goodness-to fit

tests confirmed at a 95 percent confidence interval, the distribution is not normal.

Tensile Toughness —- HPFRCC Reinforced Hooked 1.5%
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Figure 7.21: (a) Distribution of energy at maximum stress, (b) cumulative histogram,

And (c) normal probability plot for HPFRCC reinforced Hooked 1.5%
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The sample mean was 2.0 psi (0.014 MPa), and the corresponding standard
deviation was 1.17 psi (0.008 MPa). The coefficient of variation was 58.81 percent and

the 95 percent confidence interval was no more than 4.29 psi (0.03 MPa).

Strain at Maximum Stress — HPFRCC Reinforced Hooked 1.5%
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Figure 7.22: (a) Distribution of strain at maximum stress, (b) cumulative histogram, and

(c) normal probability plot for HPFRCC reinforced Hooked 1.5%

Figure 7.22 presents the tensile strain at maximum stress of HPRCC reinforced
Hooked specimens, starting at the localization phase. The mean was 0.004232 and the
corresponding coefficient of variation was 54.03 percent. The standard deviation was

0.002287, while the 95 percent confidence interval was certainly no more than 0.008715.
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Figure 7.23: (a) Distribution of maximum stress, (b) cumulative histogram,

The sample mean of these measurements is 838 psi (5.778 MPa), the standard
The goodness-to-fit tests confirmed the normality of the sample distribution for

and (c) normal probability plot for HPFRCC reinforced Hooked 2.0%
tensile strength test results at 95 percent confidence interval. The distribution of the
results is shown in Fig. 7.23 and the normal curve overlapping the histogram presents an

95 percent confidence interval about the mean is 304.51 (2.1 MPa) to 1371.5 psi (9.456

deviation is 272.19 psi (1.877 MPa), and the coefficient of variation is 32.48 percent. The
MPa).

indication of the normality of sample distribution.
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Tensile Toughness — HPFRCC Reinforced Hooked 2.0%
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(b) cumulative histogram, and

Figure 7.24: (a) Distribution of energy at maximum stress,

(c) normal probability plot for HPFRCC reinforced Hooked 2.0%

The sample means were 2.77 psi (0.019 MPa), and the corresponding standard

deviations were 1.88 psi (0.013 MPa). The coefficient of variation was 68.14 percent.

The 95 percent confidence interval was not more than 6.45 psi (0.044 MPa). The normal
probability plot shown in Fig. 7.24 shows that the test data does not fit a straight line,
237

indicating a deviation from normal distribution.



Strain at Maximum Stress — HPFRCC Reinforced Hooked 2.0%

(b)

(c)
Figure 7.25: (a) Distribution of strain at maximum stress, (b) cumulative histogram, and

(c) normal probability plot for HPFRCC reinforced Hooked 2.0%

Figure 7.25 presents the tensile strain at maximum stress of HPRCC reinforced

Hooked specimen, starting of the localization phase. The means were 0.00416, the

corresponding coefficient of variation were 55.37 percent. The standard deviation was

0.002303. The 95 percent confidence interval was no more than 0.008674
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Figure 7.26: (a) Distribution of maximum stress, (b) cumulative histogram,
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and (c) normal probability plot for HPFRCC reinforced Torex 1.5%
The sample mean of these measurements is 749.07 psi (5.165 MPa), the standard

The goodness-to-fit tests confirmed the normality of the sample distribution for

deviation is 175.73 psi (1.212 MPa), and the coefficient of variation is 23.46 percent. The

95 percent confidence interval about the mean is 404 psi (2.785 MPa) to 1093 psi (7.536
MPa).
tensile strength test results at 95 percent confidence interval. The distribution of the



results is shown in Fig. 7.26 and the normal curve overlapping the histogram presents an

indication of the normality of sample distribution.
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Figure 7.27: (a) Distribution of energy at maximum stress, (b) cumulative histogram, and

(c) normal probability plot for HPFRCC reinforced Torex 1.5%

The sample means were 2.98 psi (0.021 MPa), and the corresponding standard
deviations were 1.52 psi (0.01 MPa). The coefficient of variation was 51.03 percent. The
95 percent confidence interval was 0.0008 psi to 5.96 psi (0.041 MPa). The normal
probability plot shown in Fig. 7.27 shows that the test data does not fit a straight line,

indicating a deviation from normal distribution.
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Figure 7.28: (a) Distribution of strain

¢) normal probability plot for HPFRCC reinforced Torex 1.5%
(©) p ty p

of HPRCC reinforced

at maximum stress

Figure 7.28 presents the tensile strain

were 0.003773, the

specimen, starting of the localization phase. The means

corresponding coefficient of var

Torex

iation was 45.2 percent. The standard deviation was

0.000431 to 0.007115.

interval was

The 95 percent confidence

0.001705.
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Figure 7.29: (a) Distribution of maximum stress, (b) cumulative histogram,

and (c) normal probability plot for HPFRCC reinforced Torex 2.0%

The sample mean of these measurements is 939.05 psi (6.475 MPa), the standard

deviation is 172.5 psi (1.189 MPa), and the coefficient of variation is 18.37 percent. The
95 percent confidence interval about the mean is 600.95 psi (4.143 MPa) to 1277.15 psi

(8.806 MPa).

The normal probability plot shown in Fig. 7.29 shows that the test data does not

fit a straight line, indicating a deviation from normal distribution. The goodness-to fit

tests confirmed at a 95 percent confidence interval, the distribution is not normal.
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Figure 7.30: (a) Distribution of energy at maximum stress, (b) cumulative histogram, and

(c) normal probability plot for HPFRCC reinforced Torex 2.0%

The sample means were 3.61 psi (0.025 MPa), and the corresponding standard
deviations were 1.24 psi (0.009 MPa). The coefficient of variation was 34.33 percent.
The 95 percent confidence interval was 1.18 psi (0.008 MPa) to 6.04 psi (0.042 MPa).
The normal probability plot shown in Fig. 7.30 shows that the test data does not fit a

straight line, indicating a deviation from normal distribution.
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Strain at the End of Multiple Cracking Stage — HPFRCC Reinforced Torex 2.0%
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Figure 7.31: (a) Distribution of strain at maximum stress,

(b) cumulative histogram, and

(c) normal probability plot for HPFRCC reinforced Torex 2.0%

Figure 7.31 presents the tensile strain at the end of multiple cracking stage of

HPRCC reinforced Spectra specimen, starting of the localization phase. The means were

0.003993, the corresponding coefficient of variation was 27.98 percent. The standard

deviation was 0.001117. The 95 percent confidence interval was 0.001804 to 0.006182.
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7.5 Variability Graph

The high variability in strength, strain at maximum stress, and toughness, are
evident in Fig. 7.32 to Fig. 7.34, both of which show the ranges and averages of the
collected data. The upper boundary of each shaded part represents the maximum recorded
strengths, while the lower boundary represents the lowest recorded strengths. The solid
line running through the middle of each shaded region is the average line. The circles at
each V¢ represent individual test results at that V¢ and the distribution of points again

gives an idea of the large statistical spread in the data.
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Figure 7.32: First cracking stress range and average
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Figure 7.34: Strain at maximum stress range and average
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Figure 7.35: Energy at maximum stress range and average

7.6 Concluding Remarks

The following conclusions are drawn from this study.

Energy (MPa)

1. Generally, a normal distribution curve at 95 percent confidence level is valid for

most tests. However, some tests such as for the maximum stress after cracking

showed varying degrees of departure from normal distribution. This could have

resulted from the relatively large variation in the data.
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The data showed that in general, HPFRCC reinforced Torex has a distribution
nearer to a normal distribution than HPFRCC reinforced with Hooked or Spectra
fibers. HPFRCC reinforced with Spectra fibers showed the largest degrees of
departure from a normal distribution.

The increase observed in the tensile strength of different composites is due to the
presence of fibers, and not to the random variation of individual test results. The
difference observed is too great to be attributed to chance.

The observed coefficient of variations for the properties of HPFRCC are about 20
percent for maximum tensile strength, 58 percent for strain at maximum stress,
and 48 percent for the corresponding toughness. These variations are larger than
those typically expected for other materials, such as steel, in controlled laboratory
conditions.

Variations in the mechanical properties of HPFRCC composites presented in this
study should be considered in deciding the minimum number of tests required in
future tests for measuring material properties, or when selecting the required
material properties for a specified design.

There is a direct correlation between the direct tensile test (Dogbone test) results,

and the stress-crack opening displacement test (Notch test) results.
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CHAPTER 8

RING-TENSILE TEST

8.1 Introduction

A new testing method, the direct ring tensile test, was proposed and discussed in
Chapter 3 as an alternative for the direct tensile test. The advantages of the new test are:
1. More stable compared to the direct tensile test
2. Increased cracking zone. The ring tensile specimen cracking area is significantly
larger than that of the direct tensile test. (Dogbone test) (Fig. 8.1)
3. Ability to scale up specimen size (i.e., easier to increase the dimension in
comparison to Dogbone shaped specimens)
A pilot study was conducted to investigate the appropriate of the method. Four
specimens were employed; ring composites reinforced Hooked 2.0% (Specimen 1 and

Specimen 2), Hooked 1.0%, and specimen reinforced PVA 2.0%.
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Figure 8.1: Comparison of specimens between ring-tensile and Dogbone shaped

8.2 Measurement Comparisons

(a) (b)
Figure 8.2: Illustrates the displacement obtained (a) from the Optotrak, (b) the LVDT is

on the perimeter of the specimen’s surface, and (c) at the tip of the cone wedge

The test setup is shown in Fig. 8.2 where force is applied to the top of the
specimen’s setup, the cone wedge moves down it pushes out the steel plates. This will
create horizontal force to expand the specimen ring, breaking the specimen. Three types
of sensors were utilized to measure the expansion of the specimen’s perimeter, described

as follows:
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1. Optotrak system placed on the specimen’s surface (Fig. 8.3)

2. LVDT at the specimen’s perimeter

3. LVDT at the cone wedge tip (bottom part of cone wedge).

A comparison of stress-strain curves obtained from each type of specimen
measurement system is displayed in Fig. 8.4. It is clear from Fig. 8.4 that method 2
measures less displacement at the same stress level than the other 2 systems. Results
showed that the displacement at the cone wedge tip presents the highest error along the
specimen, while displacement measuring by wire at the specimen’s perimeter represents
lower error. Optotrak measurement produces the lowest error along the specimen

measurement.

Area of unable to
capture the

localization

Eing-tensile

Specimenﬁh“‘ﬂ

Ciptotral

Optotralc Sensors

SEnsors

Figure 8.3: An Optotrak displacement sensor location

(Localization is captured in only half of the specimen)
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Figure 8.4: Ring-tensile test results of Hooked 2.0% specimen 2 composites with varying

measurements

The localization can be practically captured only from method 3. Optotrak
measurement is pertinent for only half of the specimen. (Fig. 8.3) In the setup, six sensors
were attached, leading to an inaccuracy in measuring the specimen’s perimeter. The other
half is out-of-range and is unable to capture the displacement (Fig. 8.3). If the
localization area is out-of the Optotrak sensors’ range, capturing complete crack-opening

behavior correctly is not possible by this method.
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Figure 8.5: Ring-tensile test results of Hooked 1.0% composites with various types of

measurements

Figure 8.5 shows a comparison of the three methods for Hooked 1.0% specimens.
From Optotrak sensors, the major localization failure occurs out of Optotrak scopee, but
the internal localization failure occurs in the cracking zone, leads to inability to capture
the displacement after the peak stress. It can be seen clearly that the specimen permanent
deformation is clearly high. Unloading process is clearly visible.

The measurement at perimeter of the specimen is smaller than observed.
However, the measurement at perimeter of the specimen is the smallest. At the cone
wedge displacement, it is too small. The Optotrak sensor is not clearly too small.
Leading to inability of measuring the strain at maximum stress.

When comparing three types of measurements, after calibrating the specimen’s
displacement and calculating the specimen’s strain, method 2 fails to represent the initial
stress-strain data well (i.e., The spring type LVDT is not adequate for the initial stage.)

However, method 1 and 3 provide acceptable data.
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The localization is very interesting, exhibiting crack formations predominately at
four locations on the specimen’s surface, (e.g., 90 degrees from each other, Fig. 8.13),
and propagated largely when the cone wedge was deeply inserted. After the specimen
reached the rupture point, one of the four of localization zones completely failed (i.e.,

sudden failure; fibers broke).

Figure 8.6: Localization crack of PVA specimen
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Figure 8.7: Localization crack of Hooked specimen

Figure 8.8: Multiple cracking from inside surface of ring specimen
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Figure 8.10: Multiple cracking for both inside and outside surface of specimens
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8.3 Testing Results
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Figure 8.11: Testing result of all ring specimens tested

Figure 8.11 presents comparison between the stress-strain response of different
specimens: Specimen with Hooked 2.0% specimen-1; Specimen with Hooked 2.0%
specimen-2; Specimen with Hooked 1.0%; specimen with PVA 2.0%. Specimen with
Hooked 2.0% (Specimen 1) gives the highest maximum stress, at 2502 psi (17.26 MPa).
This number is 95.5% higher than found in specimen reinforced Hooked 2.0% specimen-
2 at 1280 psi (8.82 MPa). In specimen reinforced Hooked 1.0%, the maximum stress is

1054 psi (7.26 MPa). Specimen reinforced PVA gives the lowest maximum tensile test,

at 219 psi (1.51 MPa).
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Figure 8.12: Comparison of maximum stress of all ring-tensile specimens tested
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Specimen’s Cracking Behavior

(a)

Elastic stage - No crack.

= (b)

Multiple cracking and minor localization
stage. Small cracks were visible. But
four minor localization cracks occurred
at specimen’s 90 degree corners,
satisfying the deflection demand
induced from the cone wedge.

= (©)

One of the four minor localization
cracks became the major localization
crack (Largely damaged).

The failure was significant and became

unstable.

Figure 8.13: Cracking steps in ring-tensile specimen (a) elastic stage, (b) multiple

cracking stage, and (c) localization
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Comparison Between Ring-Tensile Test and Direct Tensile Test

Test results reveal the difference between the direct tensile test and ring-tensile
test. Overall, it appears that the ring-tensile test gives a higher strength than the direct
tensile test. For example, the maximum resulting from Hooked 2.0% specimen-1, (2502
psi, 17.26 MPa) and Hooked 2.0% specimen-2 (1271 psi, 7.26 MPa) are obtained from
the ring test. However, the result obtained from the direct tensile test of Hooked 2.0% is
only 838 psi (5.78 MPa), and is 1054 psi (7.26 MPa) for the Hooked 1.0% specimen. In
contrast, the average result obtained from the Hooked 1.0% direct tensile is only 535 psi
(3.69 MPa), which is significantly larger.

In addition to strength, the displacement result (such as strain at maximum stress)
differs from the ring-tensile test, generally significantly lower than observations from the

ring-tensile test.

Friction Effect

Almost all specimens, in the study’s pilot simulation process, suffered from
friction. The results from finite element model suggested the value of friction is around
0.3 to 0.5. However, the friction determined from simulation is not effectively applicable
to the testing, due to some inconsistency in the friction coefficient originating from the

manufacturing process of the setup and specimen surface.
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Figure 8.14: Stress-strain result of PVA 2% specimen with error in strain hardening and

multiple cracking behavior

Testing results reveal the error of stiffness measurement, from Figure 8.14

8.4 Concluding Remarks

1.

The ring-tensile test system offers for the same volume of material a much larger
area (outer perimeter) than the direct tensile test for observation of cracking,
multiple cracking, and localization. It is also a more stable test than the direct
tensile test.

In practice, the Ring tensile test needs further tuning to eliminate or account for
the effect of friction between the cone and steel hedges. Therefore it is not yet
recommended as a replacement for the Direct tensile test.

Because of the effect of friction, three to four regions of the tensile ring had

multiple cracking and localization within each region.
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4. Among the various methods used to measure the circumferential displacement
and thus the strain, the fixture using a thin steel wire attached to an LVDT led to
the most consistent results.

5. The average maximum post-cracking stress observed from the of ring specimens

was higher than that observed from stress-crack opening displacement test.
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CHAPTER 9

CONCLUSIONS

9.1 Summary

This investigation has provided new insights into the understanding of the
mechanisms for the tensile stress-strain behavior of high-performance discontinuous-fiber
cement-based composites (HPFRCC). Experimental and analytical investigations were
carried out which resulted in quantitative data on the basic properties of fiber reinforced
cementitious composites and models for predicting the post cracking behavior and the
occurrences of multiple cracking in HPFRCC. The experimental data obtained were
maximum stress, strain at maximum stress, energy at maximum stress, energy at the end
of multiple cracking stage, toughness, crack width, crack spacing, strain data, and crack
observations. Predictive models were derived using composite mechanic and energy
principles. The parameters included in the analysis are frictional shear stress, volume
fraction of fiber, matrix cracking stress fiber length, fiber types, as well as fiber diameter.
Analytical models were developed to predict the tensile stress-strain response of fiber
reinforced cement based composites including the elastic stage, multiple cracking stage,
and localization. The study also addressed the variability observed in the tests.

The study consisted of three main phases. The first phase included an extensive
experimental evaluation of the effectiveness of randomly distributed fibers in controlling
tensile behavior of dogbone shaped specimens (direct tensile test). Four types of fibers;

PVA, Spectra, Hooked and Torex, were investigated at volume fractions ranging from
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0.75% to 2.0%. The second phase studied the influence of randomly distributed fibers on
the responses of notch shaped specimen. The third phase focused on evaluating the
statistical variations in the experimental results. The following conclusions can be drawn

based on the results obtained from the experimental and analytical investigations.

9.2 Conclusions Drawn From Direct Tensile Test (Dogbone) Test of

HPFRCC

9.2.1 PVA Fiber

Testing was carried with two types of otherwise identical fibers: PVA fibers with

oiled surface and PV A fibers with non-oiled surface.

1. Comparing between HPFRCC reinforced with oiled PVA and non-oiled PVA
fibers, the post-cracking strength of specimen with oiled PVA was up to 2 to 3
times that of specimens with non-oiled PVA. Thus the use of oiled PVA fibers
showed significant improvement in tensile behavior, over the short term, as tested
in this study.

2. No clear multiple cracking behavior was observed in specimen reinforced with
PVA fiber regardless of, whether the fibers were oiled or not. By and large, one
crack was observed in all tests. This may seem in conflict with findings from
other investigators, but could be attributed to the fact that they used different
methods of tensile testings and smaller size specimens.

3. The presence of PVA fiber effectively improves the cracking stress, and the
cracking strain. However, comparing improvement with other types of fiber, such
as Spectra, Hooked and Torex, the effectiveness of PVA fiber was the lowest.

4. Increasing the volume fraction of PVA fibers up to 1.5% by volume, leads to a
marked improvement in the post-cracking strength, ductility, and energy
absorption capacity of the composite.

5. Given the specimen preparation and testing procedure used, the optimum volume

fraction of fiber was close to 1.5%. The highest direct tensile stress observed from
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specimens reinforced with PVA fibers was 482 psi (3.323 MPa) at 1.5% volume

fraction.

9.2.2 Spectra Fiber

1.

The use of Spectra fibers led to a marked improvement in specimen ductility,
energy absorption capacity, strain hardening response and the extent of multiple
cracking. Increasing the volume fraction of fibers up to 1.5% generally led to
improvement in properties. However, at 2% fiber content, properties started
deteriorating due to difficulties in mixing and related air entrapment.

Increasing the volume fraction of Spectra fibers up to 1.5% by volume led to an
increase in number of cracks and a decrease in crack width and spacing.

A consistent correlation could not be established between the volume fraction of
fiber and the first cracking stress (approximately 300 psi, 2 MPa), the strain at
first cracking, and the corresponding energy absorption capacity.

Increasing volume fraction of fiber showed overall improvement in the maximum
post-cracking stress, the strain at maximum stress, and related energy at the end of
multiple cracking or crack saturation.

Everything else being equal and given the parameters of this study and the
Spectra fiber used (length and diameter) the optimum volume fraction of Spectra

fiber seems to be around 1.5%.

9.2.3 Hooked Steel Fiber

The use of high strength Hooked steel fiber clearly improved the strain hardening
and multiple cracking behavior, toughness, and energy absorption capacity
compared to plain mortar or PVA fiber reinforced specimen. Most specimen
achieved strain hardening response.

Increasing the fiber volume fraction clearly led to improvement in all properties
except for the stress and strain at first cracking which did not necessarily follow

the trend.
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3. Two types of hooked fiber were used, one made with high strength steel wire (of

tensile strength 2100 MPa) and the other with conventional steel wire (of tensile
strength 1050 MPa). Overall the higher strength fiber led to a better performance;
(for instance the maximum tensile stress capacity was 1.5 to 2.5 times at V¢ of 1%

to 2%.)

9.2.4 Torex Steel Fiber

1.

The use of high strength Torex steel fiber consistently improved the strain
hardening and multiple cracking behavior, the maximum post-cracking stress, the
strain and energy at maximum stress, and related energy absorption capacity. The
higher the volume content of fibers, the higher the improvements observed in the
tensile behavior.

The number of cracks observed generally increased with the volume fraction of
fiber, leading to a decrease in crack spacing and width. Specimens with high
volume fraction of fiber also showed large ductility and energy absorption
capacity.

Two types of Torex fiber were used in this study, one made with high strength
steel wire (of tensile strength 2760 MPa), and one with normal strength steel wire
(of tensile strength 1380 MPa). The higher strength fiber led to a 30% to 60 %

better performance, in terms of maximum stress.

9.2.5 Direct Tensile Tests: General Conclusions

Generally, the first cracking stress of the composite is significantly improved due
to the presence of fiber in the matrix. However, no consistent correlation could be
established between an increase in volume fraction of fiber and an increase in first
cracking stress. Given the parameters of this study, for Hooked and Torex fiber,
the stress at first cracking increased with the volume fraction, while it remained

almost same for PVA and Spectra fibers
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Comparing between types of fiber, for the same volume fraction of fibers,
specimens with Torex, high strength Hooked, and Spectra fibers showed better
overall behavior than specimens with PVA fibers. Moreover, their post-cracking
strength reached 1.5 to 3 times their strength at first cracking, while for specimens
with PVA fibers, the post-cracking strength was only 10% to 50% higher than the
cracking strength at up to 2% fiber content.

The tensile response of specimens without fibers is very brittle and shows large
variability in tensile strength. Fibers, whether leading to strain softening or strain
hardening response, reduce the variability while improving ductility and
toughness.

. Immediately following localization, specimens reinforced with PVA fiber fail
suddenly due to tensile failure of the fibers. For specimens reinforced with
Spectra fiber, the failure is gradual and controlled by the pulling out of the fibers
accompanied by matrix spalling around the critical crack. Also, for specimens
reinforced with steel fiber, whether Hooked or Twisted, the fibers gradually pull
out up to complete separation; during pull out, twisted fibers untwist leading to
additional matrix cracking. No steel fiber failure was observed for the variables
of this study.

. For the same volume fraction, and type of steel fiber, the strength of fiber is
important for determining the composite tensile behavior. Specimen reinforced
with high strength steel fiber usually outperform specimen reinforced with regular
strength steel fiber.

Changing surface properties of the fiber has important implications. For instance,
specimens reinforced with oiled PVA fibers performed better than specimens
reinforced with non-oiled ones.

. Variability of properties obtained from direct tensile testing is large and a fact that
cannot be ignored. Both fiber distribution within the specimen and fiber
orientation at any section play a significant role in influencing observed
properties. The more uniform is the distribution of fiber, the less variable the

tensile behavior is.
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9.3 Conclusions Drawn from the Stress-Crack Opening Displacement

(COD) Tests on Notched Tensile Prisms

9.3.1 PVA Fiber

1 No multiple cracking was observed in these specimens at all volume fractions
tested. However, strain hardening behavior was observed in specimens with high
volume fractions of PVA fiber. Such behavior could be attributed to the slow
propagation of a single crack from one end of the section to its other end.

2. Only single cracks were observed in these tests. Each crack was fine and well
defined with no large damage zone around it .

3. For the given parameters of this study, the optimum volume fraction of fiber is
1.5%, the same as observed from the direct tensile tests. However, the average
maximum stress of the notched prisms (about 3.9 MPa) was higher than that
obtained from the dogbone tensile prisms (about 3.7 MPa).

4. Comparing the displacement at maximum stress between specimens with high
strength Hooked, Torex, Spectra, and PVA fiber, the smallest displacement was
by far with the PVA fiber. Typically such displacement was 10 times smaller than

observed from specimens with the other fibers.

9.3.2 Spectra Fiber

1. Multiple cracking behavior around the notched section (equivalent to smeared
cracking) was clearly observed. Such behavior encourages strain hardening (or
high performance) response in direct tension as indeed observed in the direct
tensile tests.

2. The cracking zone on either side of the notch area (area between two notches) is
significant, containing several cracks. Its extent increased with an increase in
volume fraction of fibers. Specimens containing high volume fraction of fibers

usually outperformed those containing low volume fraction of fibers.
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3. No consistent correlation could be established between the fiber content and the

first cracking stress, the strain at first cracking stress, and the energy at first
cracking stress. These variables seemed independent of the volume fraction of
fibers for the range of fiber content tested. However, the maximum stress, strain
at maximum stress, and energy at the end of multiple cracking stage all increased
with an increase in volume fraction of fiber.

Keeping in mind mixing difficulty and air entrapment, the best performance was
obtained at a volume fraction of 1.5% (not 2%) and is consistent with the results

from the direct tensile (dogbone) tests.

9.3.3 Hooked Steel Fiber

1.

Numerous multiple cracks clearly occurred around the notched section.
Displacement (strain) hardening behavior was observed. The higher the volume
fraction of fibers, the more extended was the cracked region. Specimens with
2.0% and 1.5% volume fractions were observed as having a larger number of
crack (about 5 equivalent cracks).

Generally, the higher the volume fraction of fibers the better the post-cracking
strength and ductility. However, the displacement at maximum stress was almost
independent of the fiber volume fraction.

The stress at first cracking and related energy increased slightly with the volume
fraction of fibers. However, the strain at first cracking stress remained almost

constant.

4. A high variability in test results was clearly observed.

9.3.4 Torex Steel Fiber

1.

The use of Torex fibers led to significant multiple cracking around the notched
section, and displacement (or strain) hardening behavior was observed.

Specimens reinforced with Torex fiber achieve high performance behavior. The
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strain hardening and multiple cracking behavior, with significant ductility and
energy absorption, are clearly observed.

Multiple cracking was observed even at 0.75% fiber content. The higher the
volume fraction of fibers, the higher the maximum post-cracking stress and
related energy absorption capacity, and the larger the number of equivalent
cracks. Everything else being equal, maximum stresses here exceeded those
obtained from direct tensile tests.

The stress at first cracking and related strain did not seem to depend on the fiber
volume fraction.

The damaged area around the notched section was usually smaller than that using
Spectra fibers. This could be attributed to the fact that the Spectra fibers used
were 38 mm in length compared to the 30 mm Torex fibers.

The variability in test results obtained with Torex fibers was smaller than that

with Spectra and Hooked fibers.

9.3.5 Stress Crack Opening Displacement (COD) Tests: General Conclusions

In this study only one mortar matrix composition and strength was used. It is likely

that results would be different with different strength matrices. However, it is also likely

that typical observation, for the shape of the stress versus COD curves, will be similar to

what has been observed in this study.

The following conclusions can be drawn from this study:

1.

The stress versus crack opening displacement (COD) of FRC composites can be
classified into four types : clearly strain hardening with multiple cracks ; clearly
strain softening with a single localized crack ; and two cases in between, a strain
hardening material with a single major crack ; a strain softening material with
post cracking strength, able to pick up almost up to the cracking stress.

For the same volume fraction of fibers, specimens with Torex and High strength
Hooked fibers showed better overall behavior than specimens with Spectra and

PVA fibers. Moreover, their post-cracking strength was 1.5 to 3 times the strength
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9.4

at first cracking, while for specimens with PVA fibers, the post-cracking strength
was only 10% to 50% higher than the cracking strength.

For the same type of fiber, increasing the volume fraction led to a marked
improvement in post-cracking strength, ductility, and energy absorption capacity
of the composites.

The crack opening in specimens with Torex, high strength Hooked and Spectra
are the result of fiber-pulling out. However, the damage in specimens with PVA

fibers was due to fiber breaking.

Conclusions from the Study on Modeling Tensile Stress-Strain

Response

A model based on composite mechanics and experimental observations, to explain the

occurrence of multiple cracking in discontinuous fiber composites, (HPFRCC) was

developed. The influence of various parameters was investigated. Good agreement was

found between the model predictions for stress-strain relation and experimental results.

The following specific conclusions are drawn.

1.

Predictive equations derived from mechanics of composites were used for the
stress at first cracking and the maximum post-cracking stress. From the
experimental results obtained, prediction equations were suggested for the
coefficients in these equations,

Predictions equations for average crack spacing and average crack width for
HPFRCC tensile specimens reinforced with Spectra, Hooked, and Torex fibers
were derived based on experimental observations.

A method to predict the strain at maximum stress, from crack width and crack
spacing is suggested. Good agreement between predicted and experimental results
was observed.

A analytical equation was developed to predict the response of the composite in
tension after localization. The equation depends on two parameters only, and

allows to simulate damage as well as variable curvature in the shape of the curve.
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The model produced good approximation of the localization behavior obtained
experimentally.

5. A correlation between the direct tensile test (Dogbone test) and stress-crack
opening displacement test (Notch test) was established. The proposed method was

found to have a good agreement between prediction and experiment.

9.5 Conclusions from the Statistical Analysis and Variability of Results

1. Generally, a normal distribution curve at 95 percent confidence level is valid for
most test results. However, some tests such as for the maximum stress after
cracking showed varying degrees of departure from normal distribution. This
could have resulted from the relatively large variation in the data.

2. The data showed, generally, HPFRCC reinforced Torex has a distribution nearer
to the theoretical normal distribution, better when compared to HPFRCC
reinforced with Hooked and Spectra fibers. HPFRCC reinforced with Spectra
fibers showed the largest degrees of departure from normal distribution.

3. The increase observed in the tensile strength results of different composites is due
to the presence of fibers, and not to the random variation of the individual test
results. The difference observed is too great to be attributed to chance.

4. The observed coefficient of variation for the properties of all HPFRCC testes,
were about 20 percent for maximum tensile strength, 58 percent for strain at
maximum stress, and 48 percent for the corresponding toughness. These
variations are larger than those typically expected for other materials, such as
steel, in controlled laboratory conditions.

5. Variations in the mechanical properties of HPFRCC composites presented in this
study should be considered in deciding the minimum number of tests required in
future tests for measuring material properties, or when selecting the required
material properties for a specified design.

6. There is a direct correlation between the direct tensile test (Dogbone test) results,

and the stress-crack opening displacement test (Notch test) results.
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9.6 Conclusions for the Ring Tensile Test Study

The following conclusions are drawn from this part of the study.

1.

The principle, the ring-tensile test system offers for the same volume of material a
much larger area (outer perimeter) than the direct tensile test for observation of
cracking, multiple cracking, and localization. It is also a more stable test than the
direct tensile test

In practice, the Ring tensile test needs further tuning to eliminate the effect of
friction between the cone and steel ring during testing. Therefore it is not yet
recommended as a replacement for the Direct tensile test.

Because of friction, three to four regions of the tensile ring had multiple cracking
and localization within each region.

Among the various methods used to measure the circumferential displacement
and thus the strain, the fixture using a thin steel wire attached to an LVDT led to
the most consistent results.

The average maximum post-cracking stress observed from the of ring specimens

was higher than that observed from stress-crack opening displacement test.

9.7 Main Conclusions

1.

The first cracking stress of the composite is significantly improved due to the
presence of fibers in the matrix. However, the correlation between volume
fraction and first cracking stress, in some cases, depends on volume fraction of
fibers (such as for Hooked and Torex fibers) and in other cases seems
independent of the volume fraction of fibers (such as for PVA and Spectra fibers.)
Immediately following localization, specimens with PVA fiber failed by failure of
the fiber. For the other fibers used (Spectra, Hooked and Torex) failure occurred
by fibers primarily pulling out of the matrix. With Spectra fibers, significant

spalling of the matrix occurs during the softening response.
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Comparing tensile performance of the composites at the same fiber volume
fraction, Torex fibers perform the best, Hooked and Spectra fibers are next, and
PVA fibers give the lowest tensile performance of all fibers tested.

For the same type of fiber, increasing the volume fraction generally leads to a
marked improvement in the post-cracking strength, ductility, and energy
absorption capacity of the composites.

The stress versus crack opening displacement (COD) of FRC composites can be
classified into four types : clearly strain (or displacement) hardening with multiple
cracks ; clearly strain (or displacement) softening with a single localized crack ;
and two cases in between, a strain hardening material with a single major crack ;
and a strain softening material with post cracking strength, able to pick up almost
up to the cracking stress.

Unlike what could be anticipated, stress versus crack opening displacement tests,
using notched tensile prims, generate multiple cracks or a cluster of cracks in the
zone of influence surrounding the notched section. Such behavior was observed
in all specimens reinforced with Hooked, Spectra and Torex fibers. Therefore the
notion of observing only one crack such as in the case of PVA fiber should be
carefully revised and accommodated in any modeling.

The strain at maximum post-cracking stress seems to be independent of fiber
volume fraction for hooked fibers, but increases slightly with the fiber volume
fraction for Torex fibers.

The experimental results combined with a simple composite mechanics approach
allowed for a rational prediction of the key properties of HPFRCC in tension
leading to simple prediction equations of these properties. This allowed for
predicting schematic simplified stress-strain and stress-displacement response
curves for use in structural modeling.

A large variability should be expected from the tensile properties of fiber
reinforced cement composites, and this should be accounted for in design. Some
effort should be expanded in the future to study the causes of such variability and

attempt to reduce it.
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9.8 Recommendations for Future Work

An extensive experimental program has been carried out in this research to

understand the response of HPFRCC post cracking characteristic. However, the following

research works are recommended.

1.

Measurement of elastic bond strength, frictional bond strength, and debonding
energy will provide exact information on interface properties which will be
needed for the application of the model. Different bonding condition can be
simulated by using fiber with different coating materials.

Significant additional research is needed to evaluate size effect on tensile
properties of HPFRCCs, particularly the strain at maximum post-cracking
stress and the multiple cracking process.

Additional work is needed to fine tune the ring test and eliminate the effect of
friction between the moving cone and the ring.

Additional experimental tests are needed on the the notched tensile prisms
used for the stress versus crack opening displacement, particularly to make
sure that cracking remains within the notched section (such as by using larger
notches).

Only the tensile response of composites was investigated in this research.
More experimental work is needed to evaluate the composite response in other
types of loading such as biaxial loading (tension-tension or tension

compression), shear, cyclic loading, etc.
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APPENDIX A

DIRECT TENSILE TESTS USING SIFCON

Five SIFCON (Slurry Infiltrated Fiber Concrete) Dogbone specimens reinforced
with high strength Torex steel fiber and high strength Hooked steel fiber were tested to
study the behavior of composites at very high volume fraction, (5% for the series with
Hooked fiber and 4% for the series with Torex fiber). The results are illustrated in Fig. A-
1 and Fig. A-2. Note that the volume fraction of fiber is obtained from the difference in

the weight of the molds before and after placing the fibers.
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Figure A-1: Stress-Strain curves of Figure A-2: Stress-Strain curves of
specimens reinforced with Hooked fiber specimens reinforced with Torex fiber
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Figure A-3: Comparison of Average stress-strain curves

From the results it can be observed that SIFCON specimens, not only achieve
much higher strength, but also larger ductility and energy absorption (area under the
curves at the end of multiple crack stage (15.0 psi for series with Torex and 7.4 psi for
series with Hooked) than observed from the series with 2% volume fraction of fiber (3.6
psi for series with Torex and 2.92 psi for series with Hooked). Further, their strain at
maximum stress is much higher They also developed a extensive multiple cracking with

very fine crack width and small crack spacing.
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Figure A-5: SIFCON surface with large number of fiber in the Figure A-6: SIFCON
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Table A-1: Summary of test results of SIFCON (US-units)

Energy | Energy Energy
N : Displacement . . Displacement at the
urnber First Maximum | Displacement at first at
Types of |Specimen| %olume | Date of Date of . at first . at the end of . end of
} ) . of fiber | cracking A stress | at maximum : cracking |Maxirmum ;
fiber Mo Fraction | Casting [ Testing cracking multiple multiple
expected | stress(psi) ; (psi) stress (in) T stress stress X
stress {in) cracking fin) : cracking
(psi) (psi) (nsi)
Tarex 1 4%  [12A18/2005|02/23/2007) 370 061.644 157603 | 2618178 | 0.34E-03 9.68E-03 0.8462 | 13.68707 | 17.3465
(Dogbone] 2 4%  [12A18/2005|02/23/2007] 370 836.662 2B5E-03 [2167.152 | 1.38E-02 1.61E-02 1.6876 | 12.8343 | 14.457
Average 849.153 | 0.00211015 [2392.665 | 0.01106% 0.0128815 1.2668 | 13.3565 | 15.91675
Hooked 1 % [12/20/2005| 34142007 255 A A 1634.36 | 5.53E-03 7.73E-03 A 6,241 9.7703
(Sifcon) 2 5%  [12/20/2005| 34142007 255 351173 4 96E-04 1102 4.B4E-03 5.91E-03 01263 | 36872 | 4.8205
(Dogbone) 3 8%  [12/20/2005| 3/1/2007 255 M & 1091 5.78E-03 0.0082157 & 5.0436 | 7.6205
Average 255 351173 | 0.0004957 (1275757 [0.005355335 | 0.0072859 | 01263 | 4.993933 | 7.403767
Table A-2: Summary of test results of SIFCON (US-units)
Energy
N First Displacement . : Displacement Energy | Energy at the
. urnber . Maximum | Displacement at first at
Types of |Specimen| Yolume | Date of | Date of cracking at first . at the end of . end of
of fiber stress | at maximum cracking |Maximum
fiber Mo Fraction | Casting [ Testing stress cracking ; . multiple multiple
expected (psi) stress (in) TR stress stress ;
(MMPa) stress (mm) cracking (in) cracking
es) | sy |TOE
Torex 1 4%  [12418/2005\02/23/2007] 370 59408286 | 399E-02 | 1805171 02118 0.2453 0005834 | 0.09569 | D.1196
(Dogbone) 2 4%  [12A18/2005|02/23/2007) 370 57605037 | 673602 | 14.84199 0.3505 0.4085 0.011636 | 0.085405 | 0.099004
Average 58547061 | 5.36E02 | 16.49685 0.2812 0.3272 0.008735 | 0.09209 |0.109742
Hooked 1 A%  [12/20/2005| 341/2007 255 M & 11.26852 0.1406 0.1964 & 0.043099 | 0.067364
(Sifcon) 2 % [12/20/2005| 34142007 255 24212636 | 1.26E-02 | 7.580026 0.1230 0.15M 0.0005871 | 0.025422 | 0.033236
(Dogbone) 3 5%  [12/20/2005| 34142007 255 A A 7.522183 0.1468 0.2087 A 0.034774 | 0.052542
Average 255 24212636 | 1.26E-02 |B.796243 0.1365 0.1851 0.0005871 | 0.034432 | 0.051047

281




APPENDIX B

DEFINITION OF FIRST CRACKING, MAXIMUM STRESS POINT,
AND LOCALIZATION STARTING POINT

1200 - = 1200 3
t HPFRCC Reinforced Torex 1.5% - 8 r  HPFRCC Reinforced Torex 1.5% 18
[ (Specimen-3 tested on 6-10-2008) | [ (Specimen-3 tested on 6-10-2006) ]
L 17 L 37
1000 L ‘/Maximumstress point 1000 L e Maximum stress -
[ -4— Localization starting point 18 point 1g
= 800 ] f = 800 /" ] §
% %} 195 = [ Localization starting 15 =
" F " w t point ] -
@ 600 1a4 % o 600 a4 3
& i & ] [ 1 &
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7 r First cracking 43
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Strain (Valid up to peak stree only) Strain (Valid upto peak stree only)

(a) (b)
Figure B-1: Definition of first cracking point, maximum stress point, and localization
starting point at (a) strain (displacement) up to 0.02 and (b) strain (displacement) up to
0.006

First cracking point: The first cracking point refer to the point where the elastic
stiffness is significantly changed. It is also the point where multiple cracking starts.

Maximum stress point: The maximum stress point refer to the point at which the
specimen reached maximum stress

Localization starting point: The localization starting point is the end of multiple
cracking point. It can be defined as the point at which the descending stiffness
undergoes a significant drop. Usually at this point, the stress level is about between the

maximum stress and 75% of the maximum stress. 75% to 100% of maximum stress.
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1000 HPFRCC Reinforced Spectra 2.0% Figure B-2 shows the stress-strain
(Specimen-d tested on11.7-2006) | 64
800 | Maximum stress poirt 166 response of HPFRCC reinforced with 2%
/ Localization starting point
5 %% 5 Spectra fiber. Here, clearly the maximum
o 600 T 14 =
i % 14, & stress point and localization starting point
@ 400 | % E .
RAEEEY are not the same. The maximum stress
200 118 point occurs at around 0.005 strain, but the
-1 08 . . . .
localization starting point occurs at around
0 PRI S T T T T T S T N [N N S ' 0
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0.02 strain. Therefore, the localization
Strain (Valid up to peak stree only)

Figure B-2: Definition of maximum stress  Starting point is not the maximum stress
point, and localization starting point fora  point.

specimen with Spectra fiber

Figure B1-a and B1-b and Fig. B2 illustrates various examples of these points.
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APPENDIX C

VARIBILITY OBSERVED IN SAME TEST SERIES USING 12
SPECIMENS PREPARED ON THE SAME DAY AND TESTED ON
THE SAME DAY

1600 -

1400

1200 |

1000

HPFRCC Reinforced Torex 1.5%

:_ (Mixed the same time - Tested the same date)

1600

HFFRCC Reinforced Torex 2.0% ]
I (Mixed the same time, Tested the same date)
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1000

Stress (Psi)

o
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Stress (MPa)

'-0 p Lo v e e
0.025 0 0.005 0.01 0.015 0.02

Strain (Valid up to peak stress only)

— 0
0.025

0 0.005 0.01 0.015 0.02
Strain (Valid up to peak stress only)

Figure C-1: Stress-strain curves of Series
with Torex 1.5%

Figure C-2: Stress-strain curves of Series
with Torex 2.0%

Twenty four tensile specimens (Dogbone) were tested in direct tension similarly
as described in Chapter 4. Twelve specimens contained 1.5% Torex fiber by volume and
the other twelve contained 2% Torex fibers by volume. These two series were cast on the
same day and tested on the same day. Thus their variability should be representative for
such conditions. The stress-strain curves are plotted in Figs. C1 and C2 and presents
significantly low variability than observed from the series presented in Chapter 4 where
up to 29 specimens prepared and tested at different time were analysed. Table C-1
summarizes the main results. . It can be observed that the coefficients of variation of the
the maximum stress, maximum strain, and corresponding toughness are significantly

smaller than reported in Chapter 4.
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Table C-1: Summary of comparison of coefficient of variation ,COV (%)

COV (%)
Torex -
Volume Series comparison ST Strain at Toughness
fraction Stress | Maximum (Energy)
Stress
1.50% Mixed and tested at different time. 23.59 51.36 51.38
' Mixed the same time, Tested the same date 11.96 24.89 35.02
2. 00% Mixed and tested at different time. 18.39 27.97 34.33
. 0
Mixed the same time, Tested the same date 17.48 15.93 31.3

Table C-2: Summary of test results of series reinforced Torex 1.5%(US-units)

Specimen| Volume Date of Date of MNumber Firs.t Strain aF first |Maxirnum Stre!in at Strain at the  |Energy at |Energy at Etl;zrge}rfw;t
Types of fiber " of fiber cracking cracking stress maxirmum | end of multiple first Maximurn
0 Fraction Casting Testing . . N of multipe
expected [ stress{psi) stress (psi) stress cracking cracking | stress
cracking
Torex 1 1.8% | 2/4/2008 |4A41/2008) 138 364.796 B.25E-04 877.340 | 412E-03 52.91E03 0.1625 | 2.728088 | 4.275
(French) 2 1.8% | 2/4/2008 |4A41/2008) 138 575.980 B.00E-04 925.450 | 4.42E-03 a.12E03 0.2427 | 312161 | 3.7642
3 1.5% | 2/4/2008 |4A41/2008) 138 A477.301 1.91E-04 771.840 | 5.59E-03 B.76E-03 0.0524 | 3.8822 | 4.7753
4 1.5% | 2/4/2008 |4A41/2008) 138 332.642 1.06E-04 914.400 | 4.99E-03 7.55E03 0.026206 | 3.62549 | 5.8857
5 1.5% | 2/5/2008 |4A11/2008) 138 264.147 4.14E-04 552,570 | 3.57E-03 4.17E03 0.06766 | 1.5238 1.8506
5] 1.5% | 2/5/2008 |4A11/2008) 138 260.732 1.27E-04 725.060 | 7.21E-03 8.30E-03 0.02467 | 4.4315 | 5.2083
7 1.5% 252008 |4A11/2008) 138 433.170 2.24E-04 o04.710 | B.51E-03 8.37E03 0.05206 | 4.80073 | 5.4533
g 1.5% 252008 |4A11/2008) 138 344.957 4.72E-04 8988.760 | 3.04E-03 4.75E03 0.101021 | 1.9943 | 3.47077
9 1.5% 252008 |441/2008) 138 387.802 4.14E-04 834015 | 482E-03 4.82E03 0.111915| 3.1368 | 3.1383
10 1.5% 252008 |441/2008) 138 222,435 3.29E-04 801.778 | 5.89E-03 5.83E-03 0.0575 | 33843 | 3.3843
11 15% 2/5/2008 |4411/2008) 138 320566 1.83E-04 709.553 | 481E-03 4.81E03 0.04016 | 2.642 2642
12 1.5% 2/5/2008 |4411/2008) 138 318.254 1.25E-04 BEG.903 | B.00E-03 727EO3 0.02835 | 3.477 4.308
Awerage 337.856 | 0.000291081 | 800.950 | 0.0051795 0.005985167 | 0.055014 | 3.239188 | 3.900135
Std 71.603 0.000136337 | 95797 |0.001247657 0.0015236 0.03311 | 0.941583 | 1.366141
COV(%) 21.193 46.83808375 | 11.960 | 24.08894565 | 26545626911 | 48.65069 | 29.06847 | 35.0275

Table C-3: Summary of test results of series reinforced Torex 1.5%(SI-units)

Specimen| Volume Date of Date of Nurnber Firs.t Strain aF first [Mazxirnum Strgin at Strain at the  |Energy at [Energy at Etlzr%i;t
Types of fiber " . of fiker cracking cracking stress maxirumn | end of rmultiple first Maxirmurn .
0 Fraction Casting Testing N of multipe
expected [ stress (MPa) stress (MPa) stress cracking cracking | stress X

cracking
Torex 1 1.5% | 2/5//2008 |4411/2008 138 2.515 6.28E-04 5.042 4.12E-03 5.91E03 0.00112 | 0.018802 | 0.029475
(French) 2 1.5% | 2/5/2008 |4A11/2008) 138 3.971 6.00E-04 65.401 4.42E-03 5.12E03 0.001673 | 0.021523 | 0.025953
3 1.5% | 2/5/2008 |4A11/2008) 138 3.201 1.91E-04 5.322 5.59E-03 B.76E-03 0.00041 | 0.025772 | 0.032325

4 1.5% | 2/5/2008 |4A11/2008) 138 2.294 1.06E-04 5.305 4.93E-03 7.55E03 0.000124 | 0.024257 | 0.0408501
5 1.5% | 2/5/2008 |4A11/2008( 138 1.821 4.14E-04 3.810 3.57E-03 417E03 0.000455 | 0.010506 | 0.012753

5 15% | 2/45/2008 |4A11/2008) 138 1.798 1.27E-04 4.993 7.21E-03 8.30E-03 0.00017 | 0.030554 | 0.03531
7 1.5% 252008 |441/2008) 138 2.987 2.24E-04 5.238 B.51E-03 8.37E03 0.000476 | 0.0331 | 0.044535

] 1.5% 2/5/2008 |4411/2008) 138 2.378 4.72E-04 5.128 3.04E-03 4.75E03 0.000597 | 0.01375 | 0.02353
9 1.5% 2/5/2008 |4411/2008) 138 2.674 4.14E-04 5.750 4.82E-03 4.82E03 0.000772 | 0.021627 | 0.021B627
10 1.5% 252008 |4A11/2008 138 1.534 3.29E-04 5.526 5.89E-03 5.89E03 0.0003%6 | 0.023334 | 0.023334
11 1.5% 252008 |4A11/2008 138 2.210 1.83E-04 4.692 4.81E-03 4.81E03 0.000277 | 0.015216 | 0.018216
12 1.5% 262008 441172008 138 2184 1.25E-04 4.5598 B.00E-03 727EO3 0.000196 | 0.023973 | 0.029703

Awerage 2.330 0.000291081 | 5.522 0.00517595 0.005985167 | 0.000469 | 0.022333 | 0.026521
Std 0.494 0.000136337 | 0.660 | 0.001247667 0.0015236 0.000228 | 0.005452 | 0.009419

COW(%) 21.193 46.893805378 | 11.960 | 24.08894565 | 2545626911 | 48.68069 | 29.06847 | 35.0275
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Table C-4: Summary of test results of series reinforced Torex 2.0%(US-units)

Energy Energy
Nurmber First Strain at first [Maxirum | Strain at Strain at the Energy at the
Specimen| %olume Date of Date of N . " at
Types of fiber M of fiher cracking cracking stress maximum | end of multiple at first end of
o Fractian Casting Testing X X Maximum .
expected | stress(psi) stress (psi) stress cracking cracking stress multipe
cracking
Torex 1 2% 3/2/2008 | 4/8/2008 184 £57.050 4.92E-04 857.159 | A.04E03 4.04E-03 0.1945 [2.961843 | 2.961843
(French) 2 2% 3/2/2008 | 4/8/2008 184 357.512 3.58E-04 885.216 | 3.49E03 4.00E-03 0.10105 | 2.5295 | 2981419
3 2% 3/2/2008 | 4/8/2008 184 B60.068 5.52E-04 | 1328.660 | 4.99E03 B.13E-03 0.28566 | 5.10368 | 6.5908
4 2% 3/2/2008 | 4/8/2008 184 628.948 5.57E-04 11348.391| 3.94E03 3.94E-03 0.22116 |3.605211 | 3.605211
5 2% 3/2/2008 | 4/8/2008 184 317.260 2.55E-04 §33.467 | S5.57E03 6.33E-03 0.05248 | 3.86724 | 4527776
5] 2% 3/2/2008 | 4/8/2008 184 422157 2.23E-04 | 1102.379| 4.84E03 7.21E03 0.0678 [ 3.9157 | 6.45983
7 2% 3/2/2008 | 4/8/2008 184 S67.045 3.46E-04 |1208.806 | 4.27E03 4.98E-03 0.1405 3.805 4.1803
g 2% 3/2/2008 | 4/8/2008 184 B57.104 0.45E-04 | 1152.803 | 3.04E03 3.04E-03 0.41132 33 3.3
9 2% 3/2/2008 | 4/8/2008 184 393.686 1.34E-04 933923 | 5.29E03 5.29E-03 0.0304 | 37852 | 37632
10 2% 3/2/2008 | 4/8/2008 184 437127 4.06E-04 888.638 | 3.51E03 3.79E-03 011715 | 2.358 2.605
11 2% 3/2/2008 | 4/8/2008 184 327242 3.44E-04 9B9.720 | 444E03 5.62E-03 0.08516 | 3.1579 4.286
12 2% 3/2/2008 | 4/8/2008 184 462.138 2.88E-04 936.880 | 3.7BE-03 4.82E-03 0.0897 2710435 | 3EE73
Awerage 485611 0.000408285 | 1038.679 | 0.00434085 | O0.004577562 | 0.14974 | 3.423751 | 4.079557
Std 123.836 0.000212364 | 181.730 | 0.000651907 | 0.001141294 | 0.111074 | 0.756756 | 1.277004
COV(%) 25.501 52.01364736 | 17.479 | 1659390639 | 22.92877391 | 7417795 | 2210313 | 31.30251
Table C-5: Summary of test results of series reinforced Torex 2.0%(SI-units)
Energy Energy
. Nurnber First Strain at first [Maxirum |  Strain at Strain at the Energy at the
Specimen| Yolume Date of Date of N . . at
Types of fiber M . of fiher cracking cracking stress maxirmum | end of multiple at first end of
o Fraction Casting Testing X X Maximurn .
expected | stress{MPa) stress (MPa) stress cracking cracking stress multipe
cracking
Toresx 1 2% 3/2/2008 | 4/8/2008 184 3.841 4.92E-04 6.117 4.04E03 4.04E-03 0.001341 | 0.020421 | 0.020421
(French) 2 2% 3/2/2008 | 4/8/2008 184 2741 3.58E-04 6.103 3.43E03 4.00E-03 0.000697 | 0.017442 | 0.020556
3 2% 3/2/2008 | 4/8/2008 184 4.551 5.52E-04 9.161 4.93E03 B.13E-03 0.00157 [0.035183 | 0.045442
4 2% 3/2/2008 | 4/8/2008 184 4.336 S.57E-04 9.297 3.04E03 3.04E-03 0.001525 | 0.024857 | 0.024857
) 2% 3/2/2008 | 4/8/2008 184 2187 2.55E-04 5.747 S.57E03 B.38E-03 0.000362 | 0.0268664 | 0.031218
B 2% 3/2/2008 | 4/8/2008 184 2911 2.23E-04 7.E01 4.B4E03 7.21E03 0.000467 | 0.028358 | 0.044539
7 2% 3/2/2008 | 4/8/2008 184 3.910 3.46E-04 8335 4.27E03 4.58E-03 0.000363 | 0.026235 | 0.028522
8 2% 3/2/2008 | 4/8/2008 184 4531 9.45E-04 7.948 3.04E03 3.94E03 0.002835 | 0.022753 | 0.022753
9 2% 3/2/2008 | 4/8/2008 184 2714 1.34E-04 E.439 5.28E03 5.29E-03 0.00021 |0.025983 | 0.025988
10 2% 37272008 | 4/8/2008 164 3.014 4.06E-04 B.127 351E03 3.79E03 0.000808 | 0.016265 | 0.017561
1 2% 3/2/2008 | 4/8/2008 164 2.256 3.44E-04 B.686 4. 44E03 5.62E-03 0.000867 | 0.021773 | 0.029551
12 2% 3/2/2008 | 4/8/2008 184 3.1868 2.88E-04 B.460 3.76E03 4.82E-03 0.000618 | 0.018688 | 0.025423
Ayerage 3.348 0.000408285 | 7168 | 0.004340%5 | 0.004%77562 | 0.001032 | 0.023606 | 0.026128
Std 0.854 0.000212364 | 1253 | 0.000691907 | 0.001141294 | 0.000766 | 0.005218 | 0.008805
COV(%) 25.801 5201364736 | 17.479 | 159390639 | 22.92677391 | 7417795 | 2210313 | 31.30251
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APPENDIX D

COMPARISON OF 010, 010T, )"pc AND ;"ch

In order to estimate the coefficients a0, and A, (Chapter 6) the bond strength t
was assumed for each type of fiber. Since the value of bond strength can be subjective,
another way can be to consider T unknown, and estimate from the data the values of a0,
and Ap.t. The results are summarized in Table D1. It can be observed that the fiber
contribution to the postcracking strength, A,.t, generally decreases with an increase in the
volume fraction of fibers. For the contribution at onset of cracking, the product a,0,t
does not show any clear trend; however, given the variability observed in the results, it

can ba assumed constant for a fiber type.
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Fiber |“olume Fraction 04z toqos Fiber \;:';i:?;n tpe tpet
0.75% 0.5 255 0.75% 15385 | 784.635
1.00% 0.665 339.15 1.00% 136872 | 707 472
Pha, 1.50% 0.47 2397 P, 1.50% 1.0895 | &55.798
2.00% 0.447 22787 2.00% 0.6435 | 328.1585
Awerage 05205 | 2B5.455 Awerage | 1.16475 | 594 0225
0.75% 0.0409 | -3.681 0.75% 0.4835 | 43.515
1.00% 0.0328 2.961 1.00% 0.4073 | 36.657
Spectra 1.50% 0.05593 5,382 Spectra 1.50% 0.3075 27 B7A
2.00% 0.0345 3.114 2.00% 0.215 19.62
Awerage 0.0216 1.944 Awerage | 0.354075 | 31.86675
0.75% 0.0555 [ 41.252 0.75% 1.7603 | 1295220
1.00% 0.3518 [ 260.332 1.00% 20009 | 1480.656
Hooked 1.50% 0.2947 [ 218.078 Hooked 1.50% 1.8046 | 1335.404
2.00% 0.2577 [ 175.895 2.00% 1.4453 | 1069.522
Awerage 0.235 173.8 Awerage | 1.780275 | 1295 204
0.75% 0.0971 [ 96.3232 0.75% 0.7918 | 755 4656
1.00% 0.1013 [ 100.45596 1.00% 0.7043 | (95 .BR5SE
Torex 1.50% 0.0548 [ 542208 Torex 1.50% 0.5251 | 5208992
2.00% 0.0912 [ 80.4704 2.00% 0.4581 | 4643552
Awerage 0.093625 | 92876 Awerage | 0622325 | B17 3464

Figure D-1: Comparison of a0, and a0t
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