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ABSTRACT

DEVELOPMENT, CHARACTERIZATION, AND FUNDAMENTAL
INVESTIGATION OF LATEX-MODIFIED STEEL FIBER REINFORCED
CONCRETE
By

Atef TUili

Latex polymers and steel fibers have complementary actions in concrete.
While steel fibers enhance the toughness characteristics and cracking resistance of the
material, latex polymers help reduce concrete permeability and increase its durability
and adhesion capacity. One may also expect that improved fiber-to-matrix bonding in
the presence of latex would enhance the reinforcement efficiency of fibers. Latex
may also help resolve potential workability and corrosion problems associated with
the use of steel fibers and concrete.

The main thrust of this research was to investigate the mechanisms of joint
action of steel fibers and latex polymers in concrete in order to develop latex-modified
steel fiber reinforced concretes with balanced improvements in diverse aspects of
material properties. Statistically sound methods of experimental design and analysis

were adopted in order to ensure the reliability of the research outcomes.



It was concluded that steel fibers and latex polymers interact favorably to
produce concrete materials with substantially improved flexural strength and
toughness, impact resistance, dimensional stability, freeze-thaw durability and scaling
resistance. Furthermore, the corrosion inhibiting effects of latex polymer
modification were successfully demonstrated, and it was concluded that the negative
effects of steel fibers on the corrosion of embedded steel could be more than
compensated for using latex polymers. The corrosion inhibiting action of latex
polymers correlated well with its effects on reducing permeability and electrical
conductivity of steel fiber reinforced concrete. Through microstructural studies the
mechanisms of joint action of steel fibers and latex polymers were investigated and
the failure mechanisms in latex-modified steel fiber reinforced concrete were
established.

Latex-modified steel fiber reinforced concrete presents a high-performance
construction material, with superior physical, mechanical and adhesion qualities,
which suits demanding applications such as repair and overlay of the concrete-based
infrastructure (e.g., bridges and parking structures) under severe load and

environmental effects.
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CHAPTER ONE

INTRODUCTION

Concrete and cement-based materials date way back in history. They have
been used by the ancient Egyptians in making pyramids, the Greeks in building walls,
and even the Romans in erecting huge buildings and underwater structures.

As the twentieth century has progressed, Portland cement concrete - a mixture
of cement, sand, gravel, and water - has emerged as the material of choice in broad
areas of application. Concrete is second only to water in human material
consumption. Currently about one ton of concrete is used each year for every human
being on the planet. Cement- and concrete-based structures form the basis of much of
the U.S. infrastructure. The value of concrete structures in the United States has
been estimated at 6 trillion dollars, and more than 3 trillion dollars is expected to be
needed for the maintenance, repair, and rehabilitation of these structures over the next
twenty years.

The current market of construction demands very specialized materials that are
different from those used in the past. Today, materials are expected to provide many
properties not previously available. The modern construction industry desires
materials that are corrosion resistant and chemical resistant, while maintaining the

other desirable structural properties (strength and cost).
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Ordinary concrete has a few disadvantages such as low tensile and flexural

strengths, large drying shrinkage, and high permeability. It fails in a brittle manner
under tensile stress systems and impact loads. These deficiencies generally result
from the ease of initiation and propagation of microcracks, and also from the lack of
post-cracking tensile resistance in conventional concrete materials. Microcracks in
concrete usually start at the aggregate-cement paste interfaces as a result of the drying
shrinkage, bleeding and settlement of cement paste in concrete. Under external load
and environmental effects, microcracks tend to propagate and interconnect, leading to
a brittle failure of concrete. Steel fiber reinforcement and polymer modification of
concrete materials each can overcome some of these problems with conventional
concrete.

The propagation of microcracks in concrete can be effectively hindered
through the incorporation of closely-spaced short steel fibers in concrete. The arrest
of microcracks by steel fibers leads to improvements in the pre-peak tension behavior
and tensile strength of concrete. Upon the formation of an unstable microcrack
system, which usually marks the achievement of the ultimate tensile strength in
concrete, tensile deformations tend to concentrate in a limited number of
macrocracks. Steel fibers can efficiently bridge these cracks and restrain their
widening. Steel fibers are thus highly effective in enhancing the post-peak ductility
and energy absorption capacity of concrete under tensile stress system. The
stabilization of macrocracks by steel fibers in concrete results in major improvements
in the compressive and flexural ductility and energy absorption capacity, impact

resistance, fatigue life, and freeze-thaw durability of fiber reinforced concrete.
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Nevertheless, steel fibers do present problems with the workability and flowability of

the resulting fresh mixture, in addition to development of microcracks at fiber-cement
matrix interfaces which possess a relatively high local water-cement ratio. Also,
potentially increased electrical conductivity of concrete in the presence of steel fibers
would promote the electrochemical méchanisms of steel corrosion in concrete.

In order to take full advantage of the fiber reinforcement technique in
concrete, care should be taken in resolving the potential problems with uniform
dispersion of fibers and workability of fresh mix as well as corrosion of steel. Also,
steel fibers do not provide any significant contribution to the impermeability,
durability, and adhesion capacity of concrete. Among the approaches undertaken for
improving the steel fiber reinforced concrete material properties, modification of the
concrete matrix by latex polymers presents quite an attractive solution. Latex
polymers in the presence of steel fibers do overcome the damage to the workability of
the mix associated with fiber reinforcement and also provide a better bonding between
fibers and the concrete matrix. A major function of the latex polymers is to generate
a plastic mass from a cement mixture with relatively low water content. Once
incorporated into the mix, and as cement hydration process continues, the polymers
will coalesce and bond to form a continuous polymer film. An important advantage
of using latex in fiber reinforced concrete is the improvement of fiber-matrix
interfacial bond characteristics. This improvement in bond is illustrated by the fact
that the latex polymer (with its good bonding to both fiber and cement paste) tends to
coat the fibers and provide a strong linkage between the fibers and the matrix.

Polymer latexes in fresh concrete mixtures work like lubricants. Their
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presence therefore reduces the water requirements needed for achieving a certain level
of workability. This leads to an increase in the hardened material strength. Polymer
latexes also tend to stabilize the air void system within the fresh concrete mix,
producing concretes with improved freeze-thaw durability.

The coating of steel fibers by latex polymers also presents the potentials to
reduce the adverse effects of steel fibers on the electric resistivity of concrete.

Steel fiber reinforcement and polymer modification of concrete materials each
can overcome some of the problems with conventional concrete. On one hand, steel
fibers enhance the ductility and energy absorption capacity, flexural strength, fatigue
life and impact resistance of concrete. Latex modification, on the other hand,
improves the impermeability and dimensional stability as well as the strength and
ductility characteristics of concrete. Latex polymers can also reduce the damage to
fresh mix workability resulting from the presence of steel fibers and improve the
bonding of fibers to the concrete matrix. Added ductility of concrete matrices in the
presence of latex polymer may also improve their compatibility with steel fibers.
Combined effects of latex modification and steel fiber reinforcement can potentially
produce superior concrete materials with a highly desirable balance of mechanical
properties, impermeability and durability characteristics, and adhesion capacity. Such
concrete materials are particularly suitable for applications such as bridge deck
overlays where severe environmental and loading effects are expected.

The objective of this research was to establish the mechanisms of joint action
of latex polymers and steel fibers in concrete in order to demonstrate their

compatibility for joint applications in concrete materials.
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Chapter 2 presents a review of literature on steel fiber reinforcement and latex
modification and their joint action in concrete. The work in this research on mix
proportioning and fresh mix characterization is presented in Chapter 3. This chapter
also includes an experimental study on some mechanical and physical properties of
latex-modified steel fiber reinforced concrete, namely, flexural and compressive
performance, impact resistance, bond strength, freeze-thaw durability, scaling
resistance, and drying shrinkage.

Chapter 4 presents microstructural studies using image analysis techniques for
establishing the effects of latex modification and steel fiber reinforcement on the
microcracking and failure mechanisms of the resulting material.

In Chapter 5, an assessment of latex modification and steel fiber reinforcement
effects on concrete permeability at different ages and with different curing regimes is
provided. The applicability of different permeability test methods to steel fiber
reinforced and latex-modified concretes is also investigated.

Chapter 6 presents the effects of steel fiber reinforcement and latex
modification on the corrosion-inhibiting properties and electrical resistivity
characteristics of concrete materials.

Chapter 7 summarizes the research program and presents its conclusions.



CHAPTER TWO

POLYMER-MODIFIED STEEL FIBER REINFORCED
CONCRETE: A LITERATURE REVIEW

2.1 INTRODUCTION

Ordinary concrete has a few disadvantages such as low tensile and flexural
strengths, large drying shrinkage, and high permeability. Steel fiber reinforcement
and polymer modification each can overcome some of these problems w1th
conventional concrete.

Steel fibers enhance the ductility and energy absorption capacity, flexural
strength, fatigue life and impact resistance of concrete. Latex modification, on the
other hand, improves the impermeability and dimensional stability as well as the
strength and ductility characteristics of concrete. Latex polymers in the presence of
steel fibers also overcome the damage to workability associated with fiber
reinforcement and also provide a better bonding between fibers and the concrete
matrix.

In short, steel fibers and latex polymers seem to be very compatible for joint
application to concrete. Significant improvements to concrete mechanical, physical
and durability properties could be achieved through the combined use of steel fibers

and latex polymers in concrete.
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2.2 CONCEPT OF FIBER REINFORCEMENT

Because cementitious materials are brittle, they have been reinforced with a
variety of materials in an attempt to reduce catastrophic failure and increase
toughness. The propagation of microcracks in concrete can be effectively hindered
through the incorporation of closely-spaced short steel fibers in concrete. The arrest
of microcracks by steel fibers leads to improvements in the pre-peak tension behavior
and tensile strength of concrete. Upon the formation of an unstable microcrack
system, which usually marks the achievement of the ultimate tensile strength in
concrete, tensile deformations tend to concentrate in a limited number of
macrocracks. Steel fibers can efficiently bridge these cracks and restrain their
widening. Steel fibers are thus highly effective in enhancing the post-peak ductility
and energy absorption capacity of concrete under tensile stress system (see Figure
2.1). The stabilization of macrocracks by steel fibers in concrete results in major
improvements in the compressive and flexural ductility and energy absorption
capacity, impact resistance, fatigue life, and freeze-thaw durability of fiber reinforced
concrete. |

Before fracture of the composite occurs, several possible local failures could
take place (see Figure 2.1 a). 4 At some distance ahead of the crack that is
travelling through the composite, fibers begin to be influenced. Near the crack tip,
where the stress is very high, fibers may debond from the matrix (e.g., fiber 1 in
Figure 2.1 a). This rupture of chemical bonds at the interface uses up energy from

the stressed system. Also, sufficient stress may be transferred to a fiber (e.g., fiber
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2) to enable it to be ultimately fractured (as in fiber 4). When total debonding

occurs, the strain energy in the debonded length of the fiber is lost to the material and
is dissipated as heat. A totally debonded fiber can then be pulled out from the matrix
and considerable energy is lost from the system in the form of frictional energy (e.g.,
fiber 3). It is also possible for a fiber to be left intact as the crack propagates. This
process is called crack bridging.* The net effect of the interaction of fibers with
cracks in cement composites is the improvement of ductility and tensile strength of the

resulting cement-based composite material (Figure 2.1 b).

(OMPOSITE
(DUCTILE)

L0AD

OEFLECTION

(a) Schematic Representation of a Crack  (b) Improvements in Material Ductility
Travelling Through a Composite

Figure 2.1  Actions of Fibers in Cement Composites, and the Consequent
Improvements in Material Ductility.”

Nevertheless, steel fibers do present problems with the workability and
flowability of the resulting fresh mixture, in addition to development of microcracks
at fiber-cement matrix interfaces which possess a relatively high local water-cement

ratio.
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In order to take full advantage of the fiber reinforcement technique in

applications to concrete, care should be taken in resolving the potential problems with
uniform dispersion of fibers and workability of fresh mix. Among the approaches
undertaken for improving the steel fiber reinforced concrete material properties,
modification of the concrete matrix by latex polymers presents quite an attractive

solution.
2.3 CONCEPT OF LATEX MODIFICATION

A latex is a colloidal dispersion of small (0.5 to S microns in diameter)
spherical organic polymer particles held in suspension in water by surface-active
agents.®® Latexes are generally milky fluids that are white to off-white in color. It is
the presence of these surface-active agents that tends to incorporate excessive amounts
of entrained air in concrete; therefore, antifoaming/detraining agents are generally
added to commercial latexes. In latex-modified concrete the hydration of cement
together with the formation of a polymer phase proceed to yield a monolithic matrix
phase with a network structure in which the hydrated cement phase and polymer
phase interpenetrate into each other. Apggregates are also strongly bonded to such a
comatrix phase.*> 4" -%0 A simplified model, consisting of three steps, can be used

to describe the formation of polymer cement comatrix (see Figure 2.2).%
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Initially, the polymer particles are uniformly dispersed in cement. As a result

of the gradual hydration of cement, a cement gel is formed in the cement-polymer
paste, and the water phase is saturated with calcium hydroxide. In step 1 of polymer-
cement comatrix formation the polymer particles deposit partially on the surface of
the mixture of cement gel and unhydrated cement particles. It is likely that the
calcium hydroxide in water phase reacts with the silica surface of aggregates to form
a calcium silicate layer. The bond between cement hydrates and aggregates has been
attributed to the calcium hydroxide and ettringite present in the contact zone. As the
hydration of cement continues, the drainage resulting from development of cement gel
structure gradually confines the polymer particles to capillary pores. This process
leads to the flocculation of polymer particles and formation of a continuous closely-
packed layer of polymer particles on the surfaces of cement gel, unhydrated cement
particles, and aggregates. This polymer layer bonds the matrix to the silicate layer
over aggregate surface. At this stage, the larger pores in the mixture (cement paste
pores range in size from less than one to several hundred nanometers) are found to be
filled by the adhesive and autohesive polymer particles. Ultimately, with further
drainage of water by cement hydration, the closely packed polymer particles on
cement hydrates and aggregates coalesce in continuous films or membranes which
bind the cement hydrate together and to aggregates, forming a monolithic network.
Consequently, the polymer-modified concrete, when cured, consists of the hydrated
cement and aggregate phases which are interconnected by a "continuous film" of latex
particles. It is this continuous film which imparts the superior physical and chemical

properties to latex-modified concrete.
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The fact that a polymer layer is deposited on the surface of unhydrated cement

particles makes the access of these particles to water rather difficult. However, water
can pass around the grains, and thus hydration continues. This explains the larger
increase in strength of polymer-modified concrete after 28 days as compared to
conventional concrete.

The polymer film forms not only inside latex-modified concrete after a period
(about 1 days) of moist curing but also on the surface, and retains the internal
moisture needed for cement hydration. This partially illustrates why the optimum

curing conditions are different in latex-modified and conventional concretes.

2.4 MIX PROPORTIONING AND MANUFACTURING OF LATEX-

MODIFIED STEEL FIBER REINFORCED CONCRETE

Ohama’*%®, Fukuchi®, and Sundara® have reported test results on latex-
modified steel fiber reinforced concrete (LMSFRC), and Ohama®* has presented
results of tests on latex-modified steel fiber reinforced mortar (LMSFRM). All
references used ordinary Portland cement and river sand (maximum size 2.5 mm, 0.1
in). The concrete mix had river gravel with maximum size of 10 or 20 mm (0.39 or
0.787 in). Sundara® has used crushed Granite with irregular shapes and maximum
size of 20 mm. (0.787 in.) as coarse aggregate. The latex polymer used was
Polyacrylic Ester (PAE) in Refs. 58, 60 and 61, and Ethylene Vinyl Acetate (EVA) in
Refs. 61, 62, and 64. Natural rubber latex was used in Ref. 88. The steel fibers
used were typically 0.25 x 0.55 mm (0.01 x 0.022 in) in cross-section, and 25 mm (1

in) long, or 0.5 x 0.5 mm (0.02 x 0.02 in) in cross-section, and 30 mm (1.18 in)
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long. Sundara® has used steel fibers with an aspect ratio of 70. Ohama **% has used

these basic mix constituents with no other admixtures for the manufacturing of
LMSFRC noting that an antifoaming agent was routinely used with latex polymers in
concrete. Sundara®® added superplasticizer to these constituents for the manufacture
of natural rubber latex-modified steel fiber reinforced concrete.

Table 2.1 presents the mix proportions used for latex-modified steel fiber

reinforced mortar and concrete by different investigators.
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2.5 FRESH MIX PROPERTIES OF LATEX-MODIFIED STEEL FIBER

REINFORCED CONCRETE

Reinforcement by steel fibers improves the physical properties of concrete but
damages the fresh mix workability.>:® The modification of concrete by latex
polymer dispersions would improve the fresh mix workability. The improvements in
concrete workability resulting from polymer modification have been attributed to the
effects of the presence of surface-active agents in polymer dispersions. Polymer
modification of steel fiber reinforced concrete is thus expected to reduce the
workability problems caused by the presence of steel fibers.!

A comprehensive presentation of the effects of steel fiber content, polymer
content and water-cement ratio and the slump of concretes with 350 kg/m’® (590
1b/yd®) cement concrete is given in Figure 2.3.3' The figure indicates that the damage
to workability by steel fiber reinforcement (up to certain fiber volume fractions) can

be overcome through polymer modification.
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Slump (cm)

Figure 2.3  Effects of Water-Cement Ratio, Polymer-Cement Ratio, and Steel
Fiber Volume Fraction on the Slump of Concrete.’! (w/c=0.4-0.6,
s/c=3.1, g/c=2.1, L/c=0-0.2, maximum aggregate size=20 mm (0.79
in), V,=0-2%, 0.25 x 0.55 mm (0.01 x 0.022 in), 1/d=53, PAE latex).
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2.6 ACTION OF LATEX POLYMERS IN FIBER REINFORCED

CONCRETE

Latex polymers enhance the fiber reinforced concrete performance by
improving the concrete matrix characteristics (as they do in plain concrete), and also
by providing a better bonding between fibers and cementitious matrices.

During the mixing operation of fiber reinforced concrete (FRC), a film of
water forms on the fiber surfaces. Cement particles move into this film, but towards
the surface of fibers the concentration of cement particles tends to decrease. The
thinner the water film around the fibers, the better the fiber-matrix interfacial bond
and consequently the stronger and more ductile the composite material. Latex
polymers can reduce the water film thickness present around fibers during the mixing
operation by reducing the required water-cement ratio for achieving a workable mix,
and also by the fact that latex polymers can be surface-active agents. Latex polymer
particles are also much smaller than sand and cement particles. They can fill smaller
voids thus preventing the formation of much of the microcracks that tend to take place
along the fiber-matrix interface. These polymer particles eventually coalesce into a
monolithic film surrounding the fibers, bonding the cementitious environment to the
fibers.* Some micrographs indicating the presence of this linkage and its desirable
bonding characteristics are shown in Figure 2.4 for latex-modified carbon fiber

reinforced cement.



18

Figure 2.4  Micrograph of the Interface Zone Between Carbon Fibers and Latex-
Modified Cementitious Matrices.*

2.7 MECHANICAL PROPERTIES OF LATEX-MODIFIED STEEL FIBER
REINFORCED CONCRETE

hantood

Test results indicating the imp: in prop

resulting from the joint action of latex polymers and steel fibers are discussed in this

section.

2.7.1 Flexural Performance

Both steel fiber reinforcement and polymer modification are shown in Figure
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2.5 to increase the flexural strength of concrete. Similar conclusions have been

reached using Styrene Butadiene Rubber (SBR), Ethylene Vinyl Acetate (EVA) and
Polyacrylic Ester (PAE) emulsions. Figure 2.5 indicates that the use of 2% volume
fraction of steel fibers together with a latex polymer at 20% the weight of cement can

increase the flexural strength of concrete to about 2.5 to 3 times that of conventional

concrete 31, 58, 61
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Figure 2.5  Effects of Steel Fiber Reinforcement and Polymer Modification on the
Flexural Strength of Concrete.*®
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The flexural load-deflection relationships shown in Figure 2.6 for latex-

modified steel fiber reinforced concrete with different latex and fiber contents are
indicative of important improvements in the flexural ductility and toughness of
concrete resulting from the joint action of steel fibers and latex polymers. These
improvements can be attributed to the enhanced quality of the concrete matrix and

also improvements in the fiber-matrix bond characteristics.
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Another indication of the desirable effects of latex modification together with
steel fiber reinforcement on the flexural load-deflection characteristics of concrete is
provided by Sundara® who has used natural rubber latex to modify steel fiber
reinforced concrete (see Figure 2.7). The results indicate that natural rubber latex has
a relatively small effect on the flexural strength of latex-modified concrete (LMC),
but it substantially improves the ductility and toughness of the material. The flexural
deflection at peak load of SFRC is also observed in Figure 2.7 to be increased
through natural rubber latex modification.

The joint effects of latex modification and steel fiber reinforcement on flexural
toughness in concrete are more clearly shown in Figure 2.8. Flexural toughness in
this figure is defined as the area underneath the load-deflection curve up to a
deflection equal to 1% of the beam span (3 mm=1/8 in). This figure indicates that
the latex modification effects on toughness tend to be more pronounced as the fiber
content increases, a phenomenon that can be attributed to the latex effects on the

fiber-matrix interfacial bond characteristics.
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2.7.2 Tensile Performance

Direct tension test results on natural rubber latex-modified steel fiber
reinforced concrete (see Figure 2.9)* indicate that the natural rubber latex does not
significantly contribute to the tensile strength of SFRC, but substantially increases the
strain at peak tensile stress of the material.

Steel fiber reinforcement and polymer modification are both seen in Figure
2.10 to increase the direct tensile strength of concrete.®! This figure also indicates
that the effectiveness of steel fibers in increasing the tensile strength of concrete tends
to be higher at a polymer-cement ratio of 10% when compared with the
corresponding effects of steel fibers in unmodified concrete. The tensile strength of a
polymer-modified steel fiber reinforced concrete with 20% polymer-cement ratio and

2% fiber volume fraction is observed in Figure 2.8 to exceed 1.7 times that of plain

concrete. P
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Figure 2.9  Effect of Natural Rubber Latex Modification on Direct Tensile
Behavior of Steel Fiber Reinforced Concrete.*®
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Figure 2.10 Effects of Steel Fiber Reinforcement and Polymer (PAE Latex)
Modification on the Direct Tensile Strength of Concrete.™!

2.7.3 Compressive Performance

Compressive strength test results on latex-modified steel fiber reinforced
concrete (see Figure 2.11)® indicate that steel fibers have relatively small effects on
compressive strength while the EVA, SBR and PAE polymer latexes tend to increase
the compressive strength of plain and steel fiber reinforced concretes. Improvements
of as much as 70% in compressive strength of SFRC can be obtained through latex

modification.
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Compressive stress-strain curves have been presented by Sundara®® for natural
rubber latex-modified SFRC. Figure 2.12 indicates that natural rubber latex has
relatively small effects on compressive strength but improves the ductility and
toughness of plain and fiber reinforced concretes under compressive forces. The

strain at peak compressive stress also tends to increase with natural rubber latex

modification.
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Figure 2.11 Effects of Latex Modification and Steel Fiber Reinforcement on the
Compressive Strength of Concrete.®!
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Figure 2.12 Compressive Stress-Strain Curves of Natural Rubber Latex Steel Fiber
Reinforced Concrete.®
2.7.4 Impact Resistance
Fukuchi® has reported the results of flexural impact tests performed on PAE
latex-modified steel fiber reinforced concrete (LMSFRC). The results presented in
Figure 2.13 are indicative of major improvements (up to 60 times) in flexural impact
strength of concrete resulting from the joint action of steel fibers and latex polymers.
An alternative flexural impact experimental methodology (a pendulum type
with notched specimens) was adopted by Sundara® for investigating the effects of
natural rubber latex modification on the impact resistance of SFRC. The joint action
of natural rubber and steel fiber is observed in Table 2.2 to increase the ultimate
flexural impact resistance of concrete by as much as 20 times in this test

methodology.
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Table 2.2 Effects of Natural Rubber Latex Modification on the Flexural Impact
Resistance of Steel Fiber Reinforced Concrete.*®

i Volume Volume Number of Blows
Material Percent of Percent of
| Rubber, V; Fibers, V, At First Crack

Plain 0 0 5
Concrete

Latex- . 21
| Modified

| Concrete

Fiber
Reinforced
Concrete

) (SFRC)

Latex-
Modified
SERC,
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2.8 WATER ABSORPTION OF POLYMER-MODIFIED STEEL FIBER

REINFORCED CONCRETE

Ordinary cement mortars have the disadvantage of inferior waterproofness.
Ohama® has studied the effects of polymer modification and steel fiber reinforcement
on the water absorption of the concrete matrix.

Figure 2.14 illustrates the relationship between steel fiber content, polymer-
cement ratio and the 48-hour water absorption of steel fiber reinforced polymer-
modified mortars (SFRPMM). It is seen that water absorption tends to be remarkably
reduced when water-cement ratio is increased irrespective of the steel fiber content.
The increase in steel fiber content, however, hardly changes the water absorption of
SFRPMM. Hence, the waterproofness is significantly dominated by the polymer
modification effects. The water absorption of a SFRPMM with 20% polymer-cement
ratio and 2% fiber volume fraction is observed in Figure 2.14 to be only 50% that of

plain cement mortar.
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Figure 2.14 Effects of Steel Fiber Reinforcement and Polymer Modification on the
Water Absorption Characteristics of Mortar.*

2.9 DRYING SHRINKAGE OF POLYMER-MODIFIED STEEL FIBER
REINFORCED CONCRETE
Various concrete structures suffer from crack formation on their surfaces
leading to leakage and thus corrosion of the reinforcement embedded in concrete.

These cracks are generally related to the large drying shrinkage movement that
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characterizes cement and concrete. Steel fiber reinforcement and especially polymer
modification are efficient techniques used for reducing the drying shrinkage of
concrete.

Figure 2.15 shows that, similarly to ordinary unreinforced unmodified
concrete, the drying shrinkage of SFRPMM does increase with increasing drying
period. This drying shrinkage tends to be reduced by the addition of 2% steel fiber
volume fraction. Figure 2.15 shows the relationship between the steel fiber content,
polymer-cement ratio and 28-day drying shrinkage of SFRPMM. 1t is seen that this
drying shrinkage remarkably decreases when steel fiber content and polymer-cement
ratio increase. A reduction of 34% in drying shrinkage is obtained for a steel fiber
content of 2% by volume and a polymer-cement ratio of 20%. This is due to the fact
that, on one hand, polymer modification results in a decrease in the water-cement
ratio and an improvement in the water retention, and on the other hand reinforcement
with steel fibers has a restraining effect on drying shrinkage movements.

Figure 2.16 also shows the relationship between the steel fiber content,
polymer-cement ratio and 84-day drying shrinkage of SFRPMM. It is also noticed
that the drying shrinkage of SFRPMM decreases with increasing steel fiber content
and polymer-cement ratio, irrespectively of the types of polymers used (EVA or SBR)
for the same reasons stated above. In particular, results by Ohama® have shown that
the drying shrinkage of SFRPM concrete is reduced to one half that of the unmodified
unreinforced concrete when the steel fiber content is 2% by volume and the polymer-
cement ratio is 20%.

Ohama® has defined a "shrinkage reduction factor” to be used for evaluating
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this shrinkage reduction effect as follows:

(Sy=Sg) . 100
S

R, =

where,

R,=shrinkage reduction factor (%);

S.=drying shrinkage (x 10*) of cement mortar; and

S;=drying shrinkage (x 10*) of SFRPMM.

Figure 2.17 shows that this reduction factor R, (%) is increased when both
steel fiber content and polymer-cement ratio are increased, independently of the type
of polymer dispersion (EVA or SBR). It can also be seen that the shrinkage reduction
factor, when compared with unreinforced unmodified cement mortar, is 36% and
33% for SBR and EVA modifications, respectively, for a 2% by volume steel fiber

content and 20% polymer-cement ratio.
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Figure 2.15 Measured Shrinkage Vs. Drying Period.
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2.10 BONDING OF LATEX-MODIFIED CONCRETE TO STEEL FIBERS

Fiber-matrix interfacial bond characteristics play a decisive role in the
reinforcing action of fibers in concrete materials. Hence, the tensile strength and
toughness characteristics of steel fiber reinforced concrete can be enhanced through
improving and optimizing the bonding of concrete matrices to steel fibers. It should
be noted that excessive bond strengths may encourage fiber breakage, rather than
fiber pull-out, which dominate the failure mechanism of steel fiber reinforced
concrete; a phenomenon which can adversely influence the toughness of fibrous
concrete. The effectiveness of fibers can also be lost if bond failure occurs in the
matrix at a small distance from the fiber (in the interface transition ring). Thus, to
improve the fiber-matrix interface, the strength (and ductility) of both the matrix
material and the fiber-matrix interface must be improved.

In steel fiber reinforced concrete a combination of adhesion, friction and
mechanical interlocking constitute the fiber-matrix interfacial bond strength. Wei®
has studied the effects of latex modification on the bond strength of mortars, with
sand-cement ratio of 1.5, to steel fibers.

The plain mortar had a water-cement ratio of 0.3 by weight, and the latex-
modified one had an acrylic polymer (Rhoplex E330)-cement ratio of 15% and a
water-cement ratio of 0.25. Both mixes had comparable workability characteristics.
Five specimens of each matrix were tested.

Figures 2.18 and 2.19 show the specimen types used to measure the tensile

and interfacial bond strengths of the material, respectively. These tests were
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performed on specimens with an age of 28 days, and the rate of loading in pull-out

tests was 12.2 mm (1/2 in) per minute. In pull-out tests both the interfacial bond

stress and the work done during fiber pull-out were determined.

+
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Figure 2.18 Tensile Test Specimen.*
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Figure 2.19 Pull-Out Test Specimen.’

Table 2.3 shows the results of the tensile strength and pull-out tests. The
results very clearly show that the adhesion of the acrylic polymer resulted in major
improvements (on the order of 370%) in both tensile and bond strengths as well as the

work done during pull-out.
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Effects of Latex Modification on Bond, Tensile Strength, and Work

Done During Fiber Debonding and Pull-Out.”

Acrylic | Fiber Fiber tensile Average | Work
cement | polymer/ | embedded | diameter | strength | interface | done
ratio cement length, mm of bond during

(by mm matrix, strength, | fiber

weight), kg/cm? kg/cm? pullout

percent from

(per
fiber),
kg-cm

20.5

5.43

® cement-sand ratio=1:1.5

® number of fibers=16

® The workability with and without acrylic polymer was the same; values shown
are an average of the results from five specimens.

Figure 2.20 shows the load-displacement curves obtained for typical plain and
latex-modified mixes. The area under the curve represents the energy required for
fiber debonding and pull-out. Area OAB is an upper limit to the energy associated
with fiber debonding, and the remaining area is the frictional energy dissipated during

fiber pull-out.



1200}

wooﬁ-

. - Curing conditiors : 26 doys in weter

A Mortor Mz

800 . I Wi ecryc pomar Rnope-0
N wAG25.Ene I3
z Without acrytic polymer
~ 600} ) c. 2 weSTIRTNTS
<
o
-4

Figure 2.20 Fiber Pull-Out Load-Displacement Relationships.”

The results presented above may be explained by two changes in the structure
of the material near the fiber-matrix interface due to the addition of acrylic polymer:

1- the acrylic polymer used, being an active surface agent, may have reduced
water-film thickness present around the fibers during the mixing operations; and

2- because the polymer size (0.5 to 5 microns) is much smaller than that of
sand and cement, it can fill smaller voids and thus prevent the formation of much of

the microcracking occurring in the matrix material and along the fiber-matrix
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interface.

In order to study the fiber-matrix interface it is necessary to consider an
annular region surrounding the fiber (interface transition ring). During the mixing
operation, a film of water forms on the fiber’s surface. Cement particles move into
this film and towards the surface of fibers where the lowest concentration of cement
particles exists. This concentration increases as the distance from fiber surface
increases. The interface transition ring is formed when the matrix has hardened and
no cement particle can migrate. In general, the thinner the water film around the
fiber is, the stronger is the material. Since the thickness of this film is reduced with
reduced water-cement ratio, and since the addition of acrylic polymer allows a
reduction in water-cement ratio, then the result of polymer modification would be a
stronger material in the interface transition ring and a larger effective bond strength.
Wei®” presents microhardness test results which substantiate this hypothesis. The
results indicate that the annular region between the fibers has a width of about 100
microns and that the reduction in water-cement ratio as well as the addition of
polymer increase the microhardness in the interface zone and also in the bulk of
cement paste. The weakest zone of interface was observed to be located at a distance
of about 25 to 35 microns from the fiber surface.

Studies on the microhardness features of the material with a scanning electron
microscope showed that for the material without acrylic polymer there was substantial
cracking at and near the fiber interface and that the surface of the fiber was relatively
clean (no cement particles) when the fiber-matrix interface was broken. However,

with the acrylic polymer the surface of the fiber had cement particles adhered to it
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indicating a higher bond strength. The cement materials with acrylic polymer exhibit

less cracking in the region of fiber-matrix interface. This may be due to the filling of

small cracks by the acrylic polymer due to its small particle size.



CHAPTER THREE

DEVELOPMENT AND BASIC CHARACTERIZATION OF
LATEX-MODIFIED STEEL FIBER REINFORCED CONCRETE

3.1 INTRODUCTION

This chapter presents some results of an experimental study concerned with

comprehensive characterization of concrete mixtures incorporating the following

loadings of latex and steel fibers:
latex/cement (L/c) fiber volume fraction (V)
0% 0%
10% 0%
0% 0.75%
10% 0.75%

The results will reveal independent and combined effects of latex modification
and steel fiber reinforcement on various aspects of the mechanical, physical and
durability characteristics of concrete materials. The levels of latex and steel fiber

contents considered in this phase of the study, and the corresponding mix proportions,

43
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have been chosen as optimum values based on the results generated in the previous

experimental studies.

3.2 BACKGROUND

A review of the literature on the effects of steel fibers and latex polymers on
the fresh mix properties of concrete materials is presented in this section. This brief
literature review relates strictly to topics covered in this chapter, and it reflects mainly
the experience with latex-modified concrete and steel fiber reinforced concrete. A

broader view of the literature on combined effects of latex and steel fibers is

presented in Chapter 2.

3.2.1 Workability Loss

The rate of workability loss with elapsed time after mixing is a powerful
measure of field placability of concrete. Since concrete is usually transported to the
construction site and the placement of concrete might be a lengthy process in certain
field conditions, the loss of workability during transportation and placement is of
major importance. The high rate of workability loss in concrete can be overcome by
adding superplasticizers prior to placement.

Figure 3.12 represents the slump loss vs. time curves for five different
latex-modified concretes (LMC) at 0.5 water-cement ratio (w/c). Table 3.1% also
lists the time required for a 50% slump loss for each concrete. At 23 °C (73 °F) and

50% R.H., the slump loss vs. time characteristics of conventional concrete, Dow
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Modifier A, Thermoflex 8002, Deco-Rez 4776 and Acro Dylex 1186 are similar.
The Acro Dylex 1184 latex concrete required only about half as much time for 50%

slump loss when compared with the other concretes.
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ARCO-DYLEX - 1184
CONV. CONCRETE

NeoawNo

|
|
| I
® 10 MiN. | @7rzmn. | | ],},®anmm.
@75MIN._—I’1 4
| i | @esmin.
o UE

}

40 MIN.
T T T

|
T T T T
10 2 30 40 50 60 70 80 90 100 10 120

TIME AFTER COMPLETION OF MIXING, MINUTES

Figure 3.1  Slump Loss vs. Time.
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Table 3.1 Loss of Slump With Time.

, Concrete Type Time From Completion of Mixing to
50% Slump Loss (minutes)

Conventional Concrete, 76

w/c=0.50

Dow Modifier A 83

Thermoflex 8002 80

Deco-Rez 4776 75

Acro Dylex 1184 40

Acro Dylex 1186 72

Special Latex 10

Studies on the slump loss of steel fiber reinforced concrete (SFRC) have
indicated that for concretes with lower cement contents of 362 kg/m® (611 1b/yd®), the
rate of slump loss is higher for SFRC (see Figure 3.2%). For concretes with higher
cement contents of 474 kg/m* (799 1b/yd?), the rate of slump loss is the same for both

plain and steel fiber reinforced concretes (see Figure 3.3°%).
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3.2.2 Setting Time

The time of setting of concrete is a very important parameter because it helps
regulate the times of mixing and transit of the concrete mixture, and also helps plan
the scheduling of the finishing operations. In addition, the setting time helps
determine the effectiveness of various set-controlling admixtures.

The setting time of concrete depends on the hydration rate of cement in the
mixture. When modified with latex polymers, the time of setting was found to be
equivalent to or slightly longer than for conventional concrete (see Figure 3.4%),
When reinforced with steel fibers, the initial and final setting times and the rate of

setting are essentially the same for plain and steel fiber reinforced concrete.*

5 Penetration Resistance, psi (Thousands) MPa
30
4 126
3l 120
4116
2 -
110
1 -
15
0 L 0
0 100 . 200 300 400 500 600

Elapsed Time, minutes

—— 000+ —+«006¢ —+010¢ —B-.0.15- ——— =0.20

* latex solids/cement

Figure 3.4  Setting Time of LMC.
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3.2.3 Impact Resistance

The impact resistance of concrete materials is an important factor in the design
of systems such as concrete overlays on industrial floors and airfield pavements.

Latex, due to its film formation action inside the concrete matrix, gives the
material some microcrack arresting properties which can potentially lead to
improvements in the impact resistance of concrete.* 2 Further test data are needed
for verifying the latex modification effects on the impact resistance of concrete.

Steel fiber reinforcement has been shown in various investigations®! to
significantly improve the impact resistance of the concrete matrix. Figure 3.5 shows
substantial improvements in impact resistance through steel fiber reinforcement. The
improvements in impact resistance in the presence of fibers can be attributed to the
crack-arresting action of fibers which provides concrete with a stabilized microcrack

system, increased tensile strength, and desirable post-cracking tensile resistance.

No. of blows to faliure
700

eoo} Hooked stwee! fiDer, 176100
soo}
400}
s00}
200}
100}
B\
° ° v

Vi (%)

Figure 3.5  Effect of Steel Fiber Reinforcement on the Impact Resistance of
Concrete.® (hooked-end steel fibers, length-to-diameter ratio=100)
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The combined effects of steel fibers and Natural Rubber Latex on the impact

resistance of concrete have been investigated by Sundara et al.* Table 3.2%

represents the impact resistance test results of plain and steel fiber reinforced

concretes with and without Natural Rubber Latex. The combined effect of latex and

steel fibers are observed to increase the impact resistance of concrete by 9 to 10 times

at first crack and 18 to 20 times at failure, over that of plain concrete. This is 2 to 3

times higher than what could be achieved independently either by latex modification

or steel fiber reinforcement. Latex modification alone increases the impact resistance

by 4 times at first crack and 9 times at failure. This is comparable to the effects of

reinforcement by 1% volume fraction of steel fibers.

Table 3.2

Concrete Modified with Natural Rubber Latex.®®

Percentage of
DRC, V;

Percentage of
Fibers, V,

Impact Resistance Test Results for Plain and Steel Fiber Reinforced

N of Blows

At First Crack

At Failure

0

5

6

21

54

Fiber Reinforced
Concrete (SFRC)

25

61

72

Latex-Modified
SFRC

102
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3.2.4 Flexural Performance

Latex modification of concrete provides the material with higher flexural
strengths (see Figure 3.6).*° This increase in flexural strength can be attributed to the
microcrack-arresting action of polymers in concrete, and also to the bonding they
provide between the matrix and aggregates. Improvements of workability through
latex modification (which reduced water requirements for achieving similar

workability in latex-modified concrete) is another factor contributing to flexural

strength in latex-modified concrete.
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Figure 3.6  Flexural Strength of Plain and Latex- (Styrene Butadiene) Modified
Concrete Vs. Age.
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Previous test results* have indicated that, at a polymer-cement ratio of 0.20,
Styrene Butadiene, Saran, Acrylic and PVA latexes provide flexural strengths of the
order of 2, 3, 1.4, and 3 times, respectively, that of plain mortar after 28 days of dry
curing at 50% relative humidity.

Steel fibers have been found to increase the first-crack and ultimate flexural
strengths of concrete.®! They also make major contributions to the ductility and
toughness (represented by the area under the load-deflection curve) of the material.
Steel fibers, with their desirable pull-out performance, are especially effective at

relatively large deformations and crack widths.

3.2.5 Moisture-Sensitivity

While moist curing is preferred for unmodified concrete (cement hydration
proceeds in a moist environment), the formation of polymer network inside latex-
modified concrete takes place as a result of water evaporation and thus requires a dry
environment.** * Furthermore, in latex-modified concrete, a polymer film tends to be
formed near the concrete surface; this film is effective in retaining the moisture inside
concrete at levels sufficient for the progress of cement hydration.® In LMC, the latex
film formation on the surface of the material, which prevents rapid moisture loss from
the concrete, provides conditions for wet curing within the concrete even though the
material is cured in a dry environment.** Hence, latex-modified concrete, unlike
conventional concrete, gains strength more desirably in dry environments following a
relatively short period of moist curing (required for initial hydration of cement).

The actual wet exposure conditions encountered in field during the life period
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of the structure may negatively influence the properties of LMC. It has been
suggested that the rewetting of some latex concretes during the dry curing period may
cause the latex to re-emulsify or redisperse, leading to reductions in strength

properties of the material.*

3.2.6 Compressive Strength Development in Concrete

Under normal temperature conditions some components of Portland cement
start to hydrate as soon as they get in contact with the mixing water; but as the
products of hydration coat the anhydrase cement grains, the hydration reactions start
slowing down. In general, the longer the moist-curing period the higher the strength
that can be reached at a given water-cement ratio. Figure 3.7* shows the influence
of curing conditions on concrete strength with respect to the age. It is generally
recommended that Portland cement concrete be moist-cured for a minimum period of
7 days. Figure 3.7 shows that if the concrete specimen is moist-cured during the
entire curing period, the maximum compressive strength increases with age. The
major increase in strength is seen to occur during the first 28 days of curing.

In the case of latex-modified concrete (LMC), the material must undergo a
second curing mechanism in addition to the usual hydration of cement in conventional
concrete.®® This second curing mechanism consists of the coalescence of the latex
particles to form a film that must cure to gain its maximum strength. It is important

to note that the curing of this latex film is best achieved in a dry environment.
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Figure 3.7 Influence of Age and Curing Conditions on the Compressive Strength
of Concrete.*

3.2.7 Bond Between New and Old Concrete

Old concrete is overlaid with new concrete in many circumstances. LMC is
one excellent material used in repair applications over old concrete. Soroushian®
reports that important improvements in bond strength between fresh and old concretes
can be achieved through modification of fresh concrete by latex polymers, and that
these improvements are important in repair and overlay applications of concrete.

The bond strength between old and new concretes has been measured by
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different test methods such as adhesion in tension, flexure and shear (see Figure
3.8).%™ As this figure shows, adhesion tests in tension can be performed using
specimen types TP and TB, adhesion in flexure using specimen F, and adhesion in
direct shear using specimens SSC and SSB. Figure 3.9% summarizes the bond
strength test results of LM mortars in various adhesion tests. It can be clearly seen
that the bond strength of the LM specimens depends on the test method and the
latex-cement ratio. It can also be concluded that the adhesion capacity of LM mortars
increases with increasing latex-cement ratio regardless of the latex type used. An
exception is to be made for adhesion in slant compressive shear which attains a
maximum at a latex-cement ratio of about 5%. All specimens containing a
latex-cement ratio of 20% showed lower adhesion in slant shear than plain mortars.
Ohama® also found that adhesion in slant compressive shear is much larger than that
of all other test methods investigated. This can be due to the fact that in this
particular adhesion test, the effects of shear and compressive stresses are combined

together.
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Wall et al.* also report results of different test methods for measuring the
bond strength between fresh and hardened concrete. It has been concluded that the
slant shear test is most sensitive to the variations in bond strength. In addition, the
results of this test had a low coefficient of variation (noting that some investigators*
do not agree with this conclusion). This reference also investigated the effects of
different parameters on the bond strength obtained with slant shear test. Such
parameters include: water-cement ratio, effect of various curing conditions, and the
effect of wetting the surface of the hardened concrete before application of the overlay
material. It was concluded that pre-wetting the bond surface of the substrate concrete
before application of the overlay has a small effect on bond strength. No conclusions
were obtained regarding the effect of water-cement ratio. Curing of specimens in
100% relative humidity for 28 days before testing yielded smaller bond strength
results when compared with the air curing condition.

Kuhlmann* suggests a new bond test. This test has yielded a coefficient of
variation less than 10%. After one day of curing, this test shows a tendency towards
failure in the LMC overlay. In fact, broken aggregates appeared in the fractured
LMC at early ages, thus indicating an increase in the bond to the aggregate surface
due to latex modification. Figure 3.10 indicates that after 90 days of curing, failure

was predominantly in the base concrete.
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3.2.8 Freeze-Thaw Durability

One of the major problems in cold climates requiring heavy expenditures for

walls and

is the d

repair and repl

bridge decks attributable to frost action (freeze-thaw cycles). The frost damage in
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concrete can take several forms. The most common is cracking and spalling of
concrete that is caused by aggressive expansion of the cement paste matrix under
repeated freeze-thaw cycles. Frost damage may also occur in the aggregates.

When water turns to ice, the corresponding volume increase (~ 9%) causes
the residual water in a capillary to be compressed. This pressure can be relieved if
the water can escape from the capillary to a free space by diffusing through unfrozen
pores, but if the water has too far to move to an escape boundary, the capillary will

tend to dilate and the shrrounding material will come under stress (see Figure 3.11).%

S S —

- - Microcrack o VYater migrates to
N ' X  x air void and
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~ S 2.
x 1,7 X4 4™
w225 25
X Q\]‘#\* 2 @\ A /* \ !
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PN * FAN f
() Non Air Entrained Paste (b) Air Entrained Paste

Figure 3.11 Creation of Hydraulic Pressure in Frozen Cement Paste.*
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The superposition of pressure from adjacent capillaries will eventually cause
the tensile strength of the paste to be exceeded and rupture will occur. As the
temperature is lowered, more capillary water is involved in freezing, increasing the
hydraulic pressure, and thereby increasing microcracking and dilation. When the
cement paste is saturated and non-air-entrained, the only free space is the exterior of
the specimen, and the diffusion of water is too slow to relieve the hydraulic pressure.
Therefore, it is very advantageous to entrain some air into the cement matrix. The
inclusion of entrained air provides empty space within the paste into which the excess
water can move and freeze without damage. The spacing between the air bubbles
determines the average distance the water must travel to reach the free space. This
distance must not be too large if the hydraulic pressure accompanying ice formation is
to be relieved.

Some rocks are susceptible to damage upon freezing and thawing and may
therefore contribute to concrete damage. The same concept of development of
hydraulic pressure is applied to these rocks. There is thus a critical size of aggregate
above which it is liable to fracture. This critical size is a measure of the maximum
distance water must flow to reach the outside surface in order to relieve the hydraulic
pressure. For most rocks the critical size is greater than the maximum size used for
coarse aggregates. Once saturated, the critical size of the rocks can become less than
the size present in the aggregate and fracture in the aggregate can occur.

Air entrainment in concrete controls the escape boundaries in the cement paste
matrix. It is not the total air, but the vbid spacing of the order of 0.1 to 0.2 mm

(0.004 to 0.008 in) within every point in the hardened cement, that is necessary for
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protection of concrete against frost damage.
The effect of adding latex to the concrete matrix on its freeze-thaw resistance
is shown in Figure 3.12. The introduction of different latex types at a latex-cement
ratio of 5% showed substantial improvements in the freeze-thaw durability of the

mortar. An increase in latex-cement ratio above 5%, however, does not seem to

provide any additional resistance against repeated freeze-thaw cycles.

140 T T 140 T T 140 T T
POLYMER- POLYMER- POLYMER-
CEMENT CEMENT CEMENT
120 | RATIO, % 120l RATIO, % - 120  RATIO, %
n n
100 2 100 3 100
2 a
g $
® 80 2% g0 Y % 80
> 7 s > ) - 3%
1 < O
= g5 g5
S 40 ao 40 ao 40
= = o
b $ 5 %k
< i <
=} < @ B
w 20T 1 2 20 4 S% 20 <
& =] 25
[ . 1 1 1 1
) 100 200 300 ) 100 200 300 0 100 200 300
NUMBER OF CYCLES
OF FREEZING AND THAWING
(a) SBR-Modified (b) PAE-Modified (c) EVA-Modified

Figure 3.12 Freeze-Thaw Resistance of Plain and Latex-Modified Concretes.”
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Adding steel fibers to the concrete matrix does not seem to have a major effect
on the freeze-thaw durability of concrete. For the case of high entrained air contents,
Figure 3.13(a)'° shows that SFRC has a slightly better durability than plain concrete.
For concretes with less air content, SFRC shows better durability for three out of five
mixtures as seen in Figures 3.13(b) and 3.13(c).!° It is then concluded that FRC
behavior is similar to that of plain concrete under freeze-thaw cycles at the same air
content.

The water-cement ratio also has an important effect on the freeze-thaw
durability of concrete. In general, the higher the water-cement ratio for a given
degree of hydration, the higher will be the volume of large capillary pores in the
hydrated cement paste, and therefore the greater the amount of freezable water will
be. It was found' that for a water-cement ratio of more than 0.4, at a cement
content less than 415 kg/m® (700 1b/yd®), and with a maximum aggregate size of 25
mm (1 in), a minimum of 6.0%, preferably 8%, air content should be used to avoid
deterioration under freeze-thaw cycling. However, since in most field cases the
water-cement ratio is greater than 0.4, if the structure is going to be exposed to
freezing and thawing, 8% air should be specified.

The aggregate grading also affects the volume of entrained air, which tends to
be decreased by an excess of very fine sand particles. Addition of admixtures such as
fly ash has a similar effect. In general, a more cohesive concrete.mixture is able to

hold more air than either a very wet or a very stiff concrete.
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3.2.9 Scaling Resistance

Concrete that is adequately air-entrained for frost resistance may nevertheless
be damaged by repeated application of deicing salts. Concrete that has suffered salt
scaling becomes roughened and pitted due to the spalling of small pieces of mortar.

It has been suggested that the consumption of heat required to melt ice when
deicer is applied causes a rapid drop in the temperature of concrete just below the
surface, which may cause damage either from the effects of rapid freezing or stress
caused by differential thermal strains. The additional free moisture present at the
surface of concrete may encourage the growth of microscopic or macroscopic ice
lenses near the surface, where ice formation can still occur. Osmosis has also been
suggested as a mechanism of salt scaling. De-icing chemicals can accumulate in
concrete just below its surface to form relatively concentrated solutions.®!

Scaling is most likely to occur on surfaces that have been over-vibrated,
troweled too early and too long, subjected to plastic shrinkage, or where excessive
bleeding has occurred. Such surfaces tend to have a weak layer of paste or mortar
either at the surface or just below it, and may have microcracks or bleeding channels
that can transport surface solutions to lower levels. If adequate moist-curing is
followed by a period of drying before de-icing chemicals are applied, scaling should
not be a problem. Table 3.3% indicates recommended curing times for air-entrained
pavements.

Polymer modification has been observed to improve the scaling resistance of
mortar. Following a freeze-thaw scaling test in the presence of rock salt (ASTM C-

29 modified by Illinois Highway Department),’ as shown in Figure 3.14, the acrylic
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latex-modified topping with 10% polymer-cement ratio was only marginally spalled,

whereas the unmodified mortar was severely pitted and eroded.

Table 3.3 Minimum Moist-Curing Times to Develop Salt Scaling Resistance.”®

Minimum Curing Period (days)
Cement Type
23 °C (73 °F) 4 °C (39 °F) -4 °C (25 °F)
I 7 15 >60
I 7 12 35
m 7 7 24

ACRYLIC

Figure 3.14  Freeze-Thaw Scaling Resistance of Acrylic Modified Mortar.*’
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3.2.10 Physical Properties

3.2.10.1 Water Absorption and Specific Gravity: The water absorption of
concrete has been found® to be reduced significantly by increasing the polymer-
cement ratio, but hardly changed by increasing the steel fiber volume fraction as
shown in Figure 3.15.

o Water Absorption (%)

L4
4
o

f

o 1 1 L 1
o 0.5 1 1.5 2 2.5

Steel Fiber Content (vol. %)

—— L/¢c=0% —— L/c*56%
—a— L/c-10% - L/¢=20%

Figure 3.15 Steel Fiber Content and Polymer-Cement Ratio vs. 48-hour Water
Absorption of Concrete.5!
3.2.10.2 Drying Shrinkage: Dry shrinkage is a very important phenomenon in
hardened concrete materials. In fact, not allowing adequately for the effects of drying
shrinkage in concrete design and construction may lead to severe cracking or warping

of elements of the structure due to restraints present in structures against shrinkage.5'
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Many factors affect shrinkage of concrete. These include:

® Paste Parameters: porosity, curing temperature, cement
composition, moisture content, and admixtures.

® Concrete Parameters: aggregate stiffness, aggregate and cement
contents, and thickness.

® Environmental Parameters: relative humidity, rate of

drying, and time of drying.

Once a concrete matrix has dried, part of the total shrinkage that occurs is
irreversible (Figure 3.16),% thus implying an improvement in the dimensional stability
after first drying of concrete and this makes the use of precast concrete products
advantageous.

Moisture loss and drying shrinkage are closely related (see Figure 3.17).% In
this figure, domains (1) and (2) are attributed to loss of water from capillary pores,
domain (3) represents loss of adsorbed water from the surfaces of C-S-H particles
(which constitute much of the cement hydration products), domain (4) results from
loss of water that contributes to the structure of C-S-H, and domain (5) is due to

decomposition of C-S-H.
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Three mechanisms are known to cause drying shrinkage of cement paste,
namely, capillary stress, disjoining pressure, and surface tension (see Figure 3.18).

® Capillary Stress: The larger capillaries, which are emptied at relative
humidities down to about 95%, have a relatively large volume-to-surface ratio and
develop rather small stresses. At lower humidities, although the capillary volume
becomes much smaller, stresses rise quite rapidly. These stresses in the presence of
water, cause dilation; loss of wate; thus leads to shrinkage.

® Disjoining Pressure: An assembly of colloidal particles, as in C-S-H
surface, creates a disjoining pressure that increases with increasing thickness of the
adsorbed water (i.e., increasing relative humidity). The particles will be forced apart
when this disjoining pressure exceeds the Van der Waals’ attractions thus creating a
dilation; loss of water thus produces shrinkage.

® Surface Free Energy: When no capillary stress or disjoining pressure are
present (below 40% R.H.), shrinkage is explained by changes in surface energy. A

solid particle is subjected to a mean pressure of:

where, G=surface energy, J/m?
S =specific surface area, m*/g

Since S is large for C-S-H, P, can be large and causes compression in the
solid. The adsorption of water on the surface decreases G and leads to reduced P,
values. Loss of water which causes an increased compression in the solid due to

increased surface energy thus leads to shrinkage movements.
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The drying shrinkage of concrete is less than that for paste due to the existence
of aggregates that have restraining effects. Generally speaking, aggregates are
dimensionally stable under changing moisture conditions. The amount of restraint
provided depends on their amount, stiffness, and also on the maximum size of coarse
aggregates. The stresses at the cement paste-aggregate interfaces due to drying
shrinkage increase as the maximum aggregate size increases. These higher internal
stresses result in increasing amounts of cracking in the interfacial region.

The specimen geometry, size and shape will determine the rate of moisture
loss and, therefore, the rate and magnitude of drying shrinkage. The composition of
cement can also influence the shrinkage of the cement paste and/or concrete. Its

effect, however, is not large.

3.3 MATERIALS AND MANUFACTURING PROCEDURES

3.3.1 Materials

The materials used in this study were cement, gravel, sand, latex, steel fibers,
and regular tap water. The following is a brief description of these materials:

3.3.1.1 Cement: Regular Type I Portland cement was used in all the mixtures.

Table 3.4 presents the chemical and physical properties of the cement.
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Table 3.4 Properties of the Portland Cement Type I Used in this Study.

Compound

Content 63.2 |21.1 |5.76 |293 |2.06 |2.46 |0.79
(%)

Specific Gravity 3.15
Specific Surface (m’/kg)

3.3.1.2 Sand: Natural sand with gradation curve shown in Figure 3.19 was
used in this study. This gradation satisfies the ASTM C-33 requirements for fine
aggregates.

3.3.1.3 Gravel: The coarse aggregate used in this investigation was crushed
limestone with maximum particle size of 12.7 mm (1/2 in). The coarse aggregate
gradation curve is shown in Figure 3.20. This gradation satisfies the ASTM C-33
requirements for coarse aggregates, and is categorized by the Michigan Department of
Transportation as Grade 25A.
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Figure 3.19 Gradation Curve of Fine Aggregates.
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3.3.1.4 Latex: The latex polymer used in this research project is BASE

Styrofan 1186 Styrene-Butadiene dispersion (see Table 3.5 for properties)

Table 3.5 Properties of the BASE Styrofan 1186 Polymer.

Total Solids (wt. %) | 47

Specific Gravity | 1.01

pH (25 °C) 10

Surface Tension, mN/m (Ib/in) 38 (5.7 x 109)
Weight/Volume, kg/1 (Ib/U.S. gal) 1.01 (8.3)

3.3.1.5 Steel Fibers: The steel fibers used in this research were hooked-end
DRAMIX steel fibers with a length of 30 mm (1.18 in) and a diameter of 0.5 mm

(0.0197 in). The key properties of these fibers are presented in Table 3.6.

Table 3.6  Typical Properties of Steel Fibers Used.
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3.3.2 Manufacturing Procedure
Latex-modified steel fiber reinforced concrete mixtures (with different latex
and fiber contents) were manufactured in a rotary-type drum mixer with a capacity of

0.04 m® (1.14 ft®) following the procedure described below:

1. mix the latex with water;

2. add the coarse and fine aggregates plus 2/3 of the liquid (i.e., mixture of
latex and water) and mix for about 2 minutes;

3. add 2/3 of the cement (while the mixer is running) and mix for 2 to 3
minutes or until a uniform mixture is achieved;

4. add the steel fibers in a gradual manner;

5. add the remainder of the liquid and cement, and mix for about 3 minutes or
until a homogeneous mix is achieved; and

6. stop the mixer for 2 to 3 minutes, and then mix for an additional 2 minutes.

3.4 EXPERIMENTAL PROGRAM

Fiber reinforced concrete researchers usually use a wide range of steel fiber
volume fractions in their mixes. These volume fractions range from 0.25 up to 4%
of the total concrete batch volume. In real life applications, however, fiber volume
fractions below 1% are most commonly used. Soroushian® reports that the best fiber
performance was produced with hooked SO0 mm x 0.5 mm (1.97 in x 0.02 in) steel

fiber additions in volume fractions ranging from 0.5 to 1.0 % by volume. This
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relatively small fiber content provides desirable performance characteristics in the
hardened state without significantly damaging workability in the fresh state.
Furthermore, since with this small fiber content SFRC is very comparable to
unreinforced concrete, it can be more conveniently introduced to the market. In this
study, in order to devise an experimental program, the latex and fiber contents were
determined to provide acceptable fresh mix qualities while presenting promises for

desirable hardened material properties.

3.4.1 Fresh Mix Optimization

The mix proportions obtained in this study after a series of trials and errors
are presented in Table 3.7. These mixes were selected to have comparable
workability characteristics, represented by a slump of 50 to 70 mm (2 to 3 in) for
plain (nonmodified and latex modified) concretes, and with an inverted slump cone
time of 25 sec and a VeBe time of 7 to 9 sec for the steel fiber reinforced concrete

mixes (with and without latex).®

Table 3.7 Mix Proportions Used in Experimental Work.




78

where, L/c= latex-cement ratio, by solids weight;
w/c= water-cement ratio, by weight;
s/c=2.5= sand-cement ratio, by weight; and
g/c=1.5= gravel-cement ratio, by weight.

The test procedures followed in this investigation are introduced below.

3.4.2 Comprehensive Characterization of the Materials

For the materials presented in Table 3.7, a comprehensive test program was
conducted and fresh and hardened material properties in order to determine the
individual and joint effects of steel fibers and latex polymers on diverse qualities of
concrete. The test procedures followed are described in the following:

3.4.2.1 Time of Setting by Penetration Resistance: The test procedure
outlined in ASTM C-403 was used for this purpose. This test consists of removing
the mortar fraction of the concrete by passing it through a No. 4 (4.75 mm, 0.187
in.) sieve, rodding the mortar into the container, and then m@uﬁng the pressure
required to cause a needle to penetrate 25.4 mm ( 1 in) into the mortar. Removable
needles with bearing areas ranging from 645 to 16 mn? (1 to 0.025 in?) are used.
This is done at regular intervals and a curve of penetration resistance versus time is
plotted. Times of initial set and final set are defined as the times at which the
penetration resistance reaches 3.5 MPa (500 Ib/in?) and 27.6 MPa (4000 Ib/in?),
respectively.

3.4.2.2 Workability Loss: This test was performed by measuring the loss of

slump and VeBe time for non-fibrous and fibrous mixes, respectively, at different
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time intervals from the time cement and water came in contact. Before each work-
ability test (at any time interval), the concrete was remixed manually.

3.4.2.3 Impact Resistance: Three cylinders 152 mm (6 in) in diameter and
63.5 mm (2.5 in) in height were prepared from each of the 4 mixes. They were
moist-cured inside their molds for the first 24 hours and then demolded and cured in
air until the test age of 28 days. The impact test is performed by repeatedly dropping
a 4.5 kg (10 1b) hammer on the cylinder from a height of 457 mm (18 in).># The
number of blows required to cause the first visible crack and the ultimate failure
represents the impact resistance of the material. Ultimate failure is assumed to occur
when cracks open sufficiently so that the pieces of concrete are touching three of the
four positioning lugs on the base plate. Figure 3.21a presents the impact resistance
test apparatus.

3.4.2.4 Moisture Sensitivity: This test was performed on the fibrous mixes
only. Four different cases were investigated. Flexure specimens with 102 mm (4 in)
square cross-sections were tested by 4-point loading on a span of 305 mm (12 in) (see
Figure 3.21b). The moisture-sensitivity of the material at various ages was
investigated, and it was also checked if the moisture effects can be eliminated through
drying. The following curing (moisture) conditions were considered:
Condition 1: Three specimens were cured for 1 day inside their molds under wet
burlap and plastic sheet and then in water until the age of 28 days when they were
tested wet.
Condition 2: Three specimens were cured for 1 day inside their molds under wet

burlap and plastic sheet and then in water until the age of 26 days when they were
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dried in air until the test age of 28 days.

Condition 3;: Three specimens were cured for 1 day inside their molds under wet
burlap and plastic sheet and then in air until an age of 26 days when they were further
cured in hot water (80 °C, 176 °F) for 2 days before being tested at 28 days of age.
Condition 4; Three specimens were cured for 1 day inside their molds under wet
burlap and plastic sheet and then in air until an age of 26 days when they were further

cured in water at ambient temperature for 2 days before being tested at 28 days of
age.

2.5 in. dia. hardened steel ball
Note: free fit between ball and pipe

2.5 in. dia. steel pipe

2 x 0.25 in. steel bar
I
+l.5 in.
1.25 in. 2x3.375 x0.25 in. bar
S' imen | . 2"5tm" 2x2x 0.5 in. bar
i 6 in, dxa. |
B R SR lin.
025 in. 0.1878in. 3in.
12 in. dia.
! B!
(a) Impact Test
[ o o ro—
e LVDT

w_38.1mm v 38.1 mm *
\

(b) Flexure Test.
Figure 3.21 Apparatus for Impact Resistance and Flexure Tests.?
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3.4.2.5 Compressive Strength Development With Time: The purpose of this
test is to study the compressive strength development of concrete with age. For this
purpose, eight 152 mm diameter by 305 mm high (6 in diameter by 12 in high)
cylinders were prepared for each of the mixes of Table 3.7. These specimens were

then tested under compression at the following curing ages:

® two tested at 1 day of age;
® two tested at 7 days of age;
® two tested at 50 days of age; and

® two tested at 100 days of age.

It should be noted that all these specimens were moist-cured inside their molds for the
first 24 hours of age, and were then exposed to air.

3.4.2.6 Bond Strength: For each of the mixes of Table 3.8, three
bond-to-old-concrete specimens were prepared and tested as described in Figure 3.22.

The purpose of this test is to study the bond strength of new (overlay) concrete
to old (base) concrete. The test method used is a modification of the ASTM C-882
slant shear bond strength test. The specimens were manufactured by casting one half
of the slant shear specimen with the base made of plain concrete and the second half
of the specimen with the overlay repair material two weeks after casting the base
material. The dimensions of the completed specimens were 7.62 mm x 15.24 mm (3
x 6 in) cylinders. The angle of the shear plane was approximately 30 degrees with

respect to the longitudinal axis of the cylinder (see Figure 3.22).
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Before casting the overlay material, the base surface to be in contact with the
overlay was first abraded with sand paper and then moistened with water just before
applying the overlay. This simulates the routine field practice for enhancing the bond
between the two materials.

The completed specimens were kept under wet burlap for 24 hours and were
then further cured for 27 days in laboratory air before being tested under
compression.

The compressive strength obtained will represent the bond strength of
conventional concrete to conventional concrete, LMC, SFRC, and LMSFRC. This
compressive strength is calculated based on the horizontal cross-sectional area of the
cylindrical specimen.

The base concrete mix proportions used are shown in Table 3.9. These mix
proportions should yield a high strength concrete with 34.5 MPa (5000 psi) or more
compressive strength to assure that the test truly measures the bond strength of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>