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ABSTRACT

DEVELOPMENT AND MECHANICAL CHARACTERIZATION OF

CARBON FIBER REINFORCED CEMENT COMPOSITES

By

Mohamad Ziad Bayasi

Based on a comprehensive experimental study on carbon fiber
reinforced cement composites incorporating the Ashland’s industrial
grade carbon fibers (Carboflex), the optimum mix variables and
processing techniques were decided. The types and proportions of
different mix constituents, the fiber lengths and volume fractions,
and the mixing and curing procedures which produce desirable fresh mix
properties and superior hardened material performance were decided. A
comprehensive experimental data set on the performance characteristics
of carbon fiber reinforced cement was also generated. The research
was performed in three phases:

(1) Establishment of the mixing procedure and mix proportions
for achieving desirable fresh mix characteristics;

(2) Assessment of the trends in the effects of different mix
variables on the strength of air cured specimens and further
optimization of the mix proportions for achieving superior strength
characteristics in addition to the desirable fresh mix workability;
and

(3) Optimization of the curing condition and full mechanical
characterization for carbon fiber reinforced cement composites with

some optimum values of fiber length and volume fraction.



The fresh mix in this investigation was characterized by flow,
and also subjective measures of workability and fiber dispersability.
The hardened material was characterized by tensile, flexural and
compressive strength, energy obsorption and toughness and initial
stiffness; and also by impact resistance. The rate of strength
development with time was another criterion for the evaluation of

carbon fiber reinforced cement composites.
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CHAPTER 1

INTRODUCTION

1.1. General
World use of hydraulic cement is close to 1 billion tons per
year, and this figure is proposed to double by the end of this

1,2

century. The low cost and low production energy demand of portland

cement (see Table 1.1), and the ready availability of its raw
materials (limestone, clay, etc.) provide the incentives for
optimizing the strength, toughness and durability of hydraulic cement
for its conventional use and new applications as replacements for

plastics and metals.

Table 1.1: Cost and production energy demand of
) portland cement vs. other materials.

Specific Gravity | Approximate Price | Energy of Produc-

Material (1bs/£fc?) ($/Kips) tion (GJ/Kips)
Portland Cement 154 34 3.7

Polyester 80 €88 45.9 - 68.8

Polyethylene 62 459 45.9 - 68.8

Glass 154 972 9.2 - 11.5
Steel 488 211 23.6
Aluzinua 167 734 91.8

lin, = 2546 mm, 1 1b = 458.7 ¢

In order to optimize cement-based materials, measures should
be taken to overcome their brittle manner of failure under tensile and
impact loads. Fiber reinforcement is an effective method for
improving the toughness and ductility of portland cement products.3
Broadly, the reason why brittle cementitious matrices are strengthened
by uniformly dispersed short fibers is that cracks are stopped or

deflected by the presence of fibers.
1



Failure in fiber reinforced cementitious composites emanates
from defects (e.g. microcracks, matrix flaws, etc.) in the material.

Figure 1.1 shows the mechanisms of crack arrest by short fibers.

Figure 1.1: Schematic representation of a crack traveling through a
composite material.

In 1970, 4 million tons of asbestos fibers were used worldwide
to reinforce cement in the production of corrugated roofing panels,
side panels and pipes.a The health hazards associated with the use of
asbestos fibers, however, has led to sudden drop in the application of
this enormously successful cement reinforcement. Various cypeg of
fibers are now under serious consideration to substitute asbestos.
Low-modulus carbon, glass, and Kevlars'8 are the fibers that, from the
points of view of price and ;ffectiveness in brittle cement matrices,
are now considered as prime candidates to substitute asbestos in
cement. Among these, low-modulus carbon fiber is the only one which
provides sufficiently durable cementitious composites at a reasonable
cost, while glass fibers and also Kevlar are prone to deterioration in
the alkaline environment of cement. The relative cost-effectiveness
low-modulus carbon fibers, together with their superior durability,

show the important potentials of carbon fibers for substituting
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asbestos in cement products. Carbon fiber reinforced cement, due to
the desirable durability characteristics of carbon fibers, may also
find applications in repair and rehabilitation projects. This could
provide this material with a vast market that is growing rapidly (more
than 40% of the construction spendings in developed countries is on

repair and rehabilitation rather than new construction projects).l'9

1.2. PBackground
The use of continuous high modulus carbon fibers for
reinforcing cement was considered during the 1960's and early 1970's

for the production of structural elements, such as floor planks and

corrugated panels.lo'11

The development of low-cost, low-modulus
carbon fibers in the recent years provided the incentives for
commercializing cement products reinforced with short uniformly

dispersed carbon fibers in Japan.12°l7

Current applications of carbon
fiber reinforced cement in Japan include cladding panels free access
floor panels, repair and protective coating of structural elements in

aggressive environments, and light-weight decorative frames (see

Figure 1.2 for some of these applications).5 These applications have

been encouraged by the cost effectiveness of low-modulus carbon
fibers, and also by their durability and high efficiency as
reinforcement for cement.

The key reasons for efficiency of carbon fibers in cement,
noting that hey are inert in the alkaline environment of cementitious
matrices, are the relatively close spacing of fibers (small fiber
dimensions lead to high fiber counts at a specific volume fraction of
fibers) and also their strong and durable bonding to cementitious

matrices. When cracks start to propagate in between internal flaws of



a. Cladding panels of a high-

rise office building

<.+ 725 i DT 3

b. Tile panels for Al-Shaheed Monument.

Figure 1.2: Some applications of carbon fiber reinforced cement in
Japan.5
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matrix and the microcracks of aggregate-matrix interface, it is
important to have fibers located in between the flaws and microcracks
in order to stop or deflect the propagating cracks. Steel fibers, at
typical spacings of about 0.2 in. (5 mm), are too far apart to
effectively interact with microcracks (Figure 1.3.a), and thus are
only moderately effective in increasing the tensile strength of
cement-based materials. Carbon fibers with typical spacings of about
0.004 in. (0.1 mm), encounter the propagating microcracks more
frequently and thus efficiently stop or deflect the microcracks
(Figure 1.3.b). This is the main reason for the efficiency of carbon
fibers in increasing the tensile strength of cement-based materials.
Desirable bonding of carbon fibers to cementitious matrices also
contributes to the tensile strength and post-peak ductility of carbon
fiber reinforced cement composites (due to the energy absorbed during
pull-out of the well-bonded fibers from the matrix, as shown in Figure
1.3). The effective microcrack arrest action of carbon fibers not
only increases the ductility and strength of cement-based materials
under direct tension, but also improves the general performance of the
material under external load and environmental effects, noting that
most external effects damage cement-based materials is the appearance
and growth of microcracks.l

An important factor to be considered in the comparison of
steel and carbon fibers is the difference in the type of cementitious
matrices which generally incorporate them. Carbon fibers, with their
relatively small dimensions, can be conveniently dispersed in matrices
incorporating relatively small volume fractions of fine aggregates
with maximum particle sizes of about 0.04 in. (1 mm). Steel fibers,
however, are generally dispersed in concretes incorporating relatively

high volume fractions of coarse aggregates with maximum sizes of the
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order of 0.8 in. (20 mm). The differences in matrix type also lead to
differences in application fields. While carbon fiber reinforced
cement composités find applications in products consisting of
relatively thin sheets (wall panels, floor and roof corrugated sheets,
pipes, etc.) or in repair applications at small thicknesses, steel
fibers are generally used in relatively thick overlays and pavements.
Research at Michigan State University on carbon fiber
reinforced cement composites was initiated in 1986 with the support of
the Ashland Carbon Fiber Division. This activity later received major
supports from the U.S. Department of Housing and Urban Development,
and the Research Excellence and Economic Development Fund of the State
of Michigan to establish itself as a major research program in the
area of fiber reinforced cement composites. The accomplishments of
the carbon fiber reinforced cement research team at Michigan State
University during the past few years include: (a) Optimization of the
cementitious matrix, fiber reinforcement properties and processing
techniques for achieving desirable fresh and hardened material
properties at low cost; (b) Characterization of the mechanical,
shrinkage and durability ﬁroperties of carbon fiber reinforced cement;
(c) Development of light-weight carbon fiber reinforced cement
materials; (d) Resolving the practical and theoretical problems
related to the application of carbon fiber reinforced cement to thin
panels; and (e) Introduction of latex to carbon fiber reinforced
cement for the development of a high-performance repair material. The
fundamental approach taken at Michigan State University to the
refinement of carbon fiber reinforced cement as and development of
methodologies for its application in different fields has led to a
situation where the cement products and repair industries can

efficiently benefit from the new material. The sound basis developed
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at Michigan State University for carbon fiber reinforced cement will
also facilitate future investigations for further refining the
material and introducing it to new application fields.

This dissertation summarizes a fraction of the research
performed in Michigan State University on carbon fiber reinforced
cement. It deals with the more basic aspects of the research program
on material developments, but leaves out the work on light-weight
carbon fiber cement, introduction of latex, application to cladding
panels, and the use of carbon fiber reinforced cement as a repair
material. These aspects of research will be covered in other reports
and publications.

The first part of Chapter 2 in this report summarizes the work
on fresh mix properties, which led to the development of a
cementitious matrix and a corresponding processing methodology for
uniform dispersion of carbon fibers and achievement of a workable mix.
The second and last part of Chapter 2 investigates the effects of
matrix mix proportions and fiber reinforcement properties on the
strength of carbon fiber reinforced cement under different loading
conditions. The test data generated in Chapter 2 provided the basis
for optimizing the fiber reinforcement and matrix properties of the
composite. The work summarized in the remaining chapters of this
report was performed on the optimum matrix incorporating different
fiber lengths and volume fractions, cured in different conditionms.
The experimental program for the remainder of this research is
sumarized in Chapter 3. Chapters 4,5,6 and 7 deal with the flexural,
tensile, compressive, and impact properties of carbon fiber reinforced
cement, respectively. The effects of fiber reinforcement properties
and curing methodologies on strength, stiffness and energy absorption

properties of the composite materials under these loading conditions
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are discussed. Chapter 8 summarizes the findings of this research

. program on carbon fiber reinforced cement.



CHAPTER 2
OPTIMIZATION OF MIX PROPORTIONS FOR FRESH MIX WORKABILITY

AND HARDENED MATERIAL STRENGTH

2.1. Introductjon

Carbon fiber reinforced cement composites which are suitable
for manufacturing by conventional mortar mixer should be proportioned
carefully. Some necessary constituents of the mix include:
dispersant, superplasticizer, cementitious materials, water and, of
course, carbon fibers. The optimization of mix proportions involves
selecting the specific proportions of each of these components which,
in the presence of a certain volume fraction of fibers a certain
length, provide a fresh mix with acceptable workability and fiber
dispersability which hardened to a cementitious composite with
desirable performance characteristics.

In order to facilitate the process of mix optimization in this
investigation, the trends in the effects of different mix variables on
the fresh mix workability and fiber dispersability, and the hardened
material flexural, tensile and compressive strength have been
established. These trends are presented in this chapter following a

review of the related literature.

2.2. view i ature
A variety of mix proportions have been used in the
construction of carbon fiber reinforced cement composites. A key

consideration in the manufacture of carbon fiber reinforced cement

10
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composites is the achievement of a workable fresh mix with uniformly
dispersed fibers.

A uniform dispersion of carbon fibers is generally achieved by
using special dispersing additives and/or special manufacturing
techniques. Different dispersants (e.g., methyl cellulose, silica
fume and fly ash) have been used in carbon fiber reinforced
c:ement:,lz'17 some of which may have adverse effects on the air
content and workability of the material. These problems caused by
dispersants have been overcome by the use of other admixtures such as
defoaming agents and superplasticizers.

While conventional mixing techniques (using mortar mixers)
have been successfully applied to properly proportioned carbon fiber

6,12,13

reinforced cement composites, many investigators have used Omni

mixers for the construction of the material (see Figure 2.1).5']'a°18
Omni mixer is capable of applying greatly varying accelerations to the
mix particleé and fibers in many different directions, forcing all
materials to come into intimate contact with the cement-water mixture
;n a very short time; hence, eliminating the possibility of dry fiber
balls forming in the mixture. The use of an Omni mixer results in
more flexibility in the selection of the mix proportionms.

Table 2.1 presents typical ranges of mix proportions used by
different investigators for carbon fiber reinforced cement composites.
Fine aggregates may also be incorporated in the mix. These aggregates
may be normal-or light weight (e.g. microballoon), with maximum
particle size of about 0.2 in (5 mm), and up to 50% of the total
volume of the composite material may be occupied by the aggregates.

Some detailed information about the dispersants and aggregates used in

the mixtures of Table 2.1 are presented in Table 2.2. The previous
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Y deformable
& rubber
bowl

rotation axis of wobble
axis plate

Figure 2.1: Schematic drawing of Omni mixer.18

Table 2.1: Typical mix proportions used for carbon fiber reinforced

5,6,12-17
cement composites (Note: Ratios are by weight).”'™’
other
. fiber maximun ingredients
wateX |dispersant|dispersant|waser reducer|length|fiber volume (sof mixer
-cement Ivpe gerens gemens pm) {£xaction (%) cemens) s\pe
0.3 silica 0.2-0.5 0.02-0.10 3-10 5 .- morsar
fume mixer
0.3-0.6] fly ash 0.5 .- 3 2 foaning mortar
agent(0- |mixer
0.3),latex
(0-5)
0.3-0.5| methyl [0.00-0.01 0.005 10 3 defoaring Omni
cellulose agent mixer
(0-0.5)
0.6-1.15| wmethyl |0.01-0.015 0.01 10 4 micro- Omni
cellulose balloon |mixer
(20-70)
0.45-0.7| methyl [0.00-0.0 0.01-0.02 3-10 S silica Omni
cellulose povder nixer
(20-50)
defoaning
0.5 methyl 0.005 -- 10 3 agent(0.05)| Omni
cellulose silica sand|mixer
of size
0.0018-2.5
oe(10-80) |
lin = 25.4 mm
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Table 2.2: Chemical and physical properties of carbon fiber
dispersants or aggregates in cementitious
macrices.5'6'12'17
dispersant chemical composition physical properties

O 4ggregate

silica fume

90-958 S102;

1s A1203; others

specific gravity = 2.26; particle
size = 0-8 microns specific

surface = 200,000 cnz/g

fly ash

608 S102; 24% A120
48 Fe

33
203; 3% Ca0; others

specific gravity - 2.10; particle
size = 0-40 microns

silica powder

95% Si0z; 2% A1203;

18 F0203; others

specific gravity = 2.70, particle
size = 0-18 microns; specific
surface = 3500 cnz/g

microballoon

148 A1,0.;

678 5102; 2093

others

specific gravity = 2.10, particle
size = 0-150 microns

Silica sand

Mainly 5102 crystals

specific gravity = 2.65
size = 0.0018 - 2.5 mm

methyl Cellulose ether- Vhite powder
cellulose based polymer specific gravity = 0.4-0.5
lin. = 25.4 om, 1 1b = 0.46 Kg

investigations in this area had been conducted using the Kureha
(Japanese) carbon fibers.

mechanical properties of the Kureha pitch-based carbon fibers used in

19

past investigations.

Table 2.3 presents some physical and

Table 2.3: Physical and mechanical properties of the
Kureha pitch-based carbon fiber.l9
Diameter Specific | Tensile Strength Modulus of Elongation
Gravity Elasticicy
4-7 107 1n. | 1.6-1.63 60-110 Ksi 4,000-8,000 Ksi 1.4-2.48

(10-18 microns)

(400-750 MPa)

(27,000-55,000 MPa)
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a. e Mi e

Workability is a comprehensive measure representing the ease
of handling, placing, compacting and finishing of the material. A
single test can hardly give a reliable measure of all these aspects of
workability. A flow table test is usually used to assess the mobility
(under repeated blows) of fresh carbon fiber reinforced cement
composites. The flow table test results provide information on the
mechanical effort required for the compaction of the material.

Figure 2.2 presents a comprehensive set of the flow table test
data, performed in accordance to the Japanese standard JIS R 5201,
3,6,12-17 produced for different carbon fiber volume fractions in a
variety of matrices. From this figure it may be concluded that the
flow, as a representative of workability, decreases almost linearly as
the fiber volume fraction increases. Another important factor
influencing the workability of fresh carbon fiber reinforced cement
mixes in the presence of water reduces (superplasticizers). The
effect of dispersants on fresh mix flowability seems to depend on the
type of dispersant. Silica fume damages workability, while silica
powder and microballoons have no significant effects on the measured
flow of fresh mix.>'%'12-17

A more clear indication of the effects of water reducing
agents and silica fume on the flow of fresh mix is given in Figure
2.3.13 Figure 2.3.a shows that at zero fiber volume fraction, the
water reducing agent content has a major effect on flow, but this
effect tends to be much smaller at 5% carbon fiber volume fraction.
The effect of silica fume content on flow, shown in Figure 2.3.b, also
seems to be more important in plain matrices than in fibrous

composites with 5% carbon fiber volume content. It is also worth

mentioning that the increase in fiber length is expected to damage the
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Flow W/C=.3 s/C=.2, WR/C=.04 & Y (in)
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nixer S$/Ce.4, WR/C=.08 A Piteh
¥B/Ce1.13,W/C=.71 @ Ffod
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ateTp

100
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Figure 2.2: Effects of carbon fiber volume fraction on the flow of

carbon fiber reinforced cement.5'12-17 (1l in = 25.4 mm)
W = water, C = cement, S = silica fume, SP = silica
powder, MB = microballoon, MC = methyl cellulose, WR =
water reduc:ez',Lf = fiber length, Vf = fiber volume fraction.
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b. Silica fume (water reducing agent/cement = 0.04)

Figure 2.3: Effects of water reducing agent (WRA) and silica fume on

the flow of carbon fiber reinforced cement.13 (water/
cement = 0.3, fiber length (Lf) = 10 mm = 0.4 in, fiber

volume fraction (Vf) = 0 and 5%, and mixing in mortar

mixer)
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workability of fresh fibrous mixes. There is, however, insufficient

test data reported in the literature for quantifying this effect.

b. Hardened Materjal Strength

A major contribution of carbon fibers to the behavior of
cementitious materials is the increase in flexural strength. The
relationships between fiber volume fraction and flexural strength in
different cementitious matrices are shown in Figure 2.4.&.4'5'12'17
The tensile strength of cement-based materials also increases
significantly in the presence of carbon fibers (Figure 2.4.b). Carbon
fiber reinforcement, however, does not have a significant effect on
the compressive strength of cementitious materials. There may
actually be a slight drop in compressive strength in the presence of
carbon fibers (see Figure 2.4.c). A comprehensive review of the
literature on the load-deformation behavior and strength of carbon
fiber reinforced cement composites will be presented in later chapters
devoted specifically to those tépics.

It should be noted that the curing condition is also an
important factor influencing the strength of carbon fiber reinforced
cement. The preliminary phase of this research was concerned with
establishing the trends in the effects of different mix variables on
fresh mix workability and hardened material strength. 1In the
preliminary phase summarized in this chapter; curing was performed
solely in air at the ambient temperature. Optimization of the curing
conditions was the subject matter of investigations in the later

phases of this project, as described in the following chapters.
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a. Flexural strength

Figure 2.4: Effects of carbon fiber volume fraction on the flexural,
tensile and compressive strength of cementitious

materials with different matrix mix proportions5'6’12°l7
(Fiber length (Lf) = 10 mm = 0.4 in, mixing by Omni mixer

and 7 days curing in air) (Ksi = 6.9 MPa, 1 in = 25.4 mm
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Tensile strength
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Figure 2.4 (continued)



20

Compressive strength (Psi)
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2.3 Xxpe ntal Program o h Mj ertie
This section introduces the mix ingredients, mix proportions,
manufacturing techniques and material test procedures used in studies
on the effects of different factors on carbon fiber reinforced cement

properties in the fresh state.

a. Mix Ingredients

The carbon fiber reinforced cement composites constained
carbon fibers and a cementitious matrix incorporating portland cement,
silica fume, superplasticizer and water.

The carbon fiber used in this study was Ashland’s industrial

grade type called "Carboflex." 1’20

Carboflex is made from a pitch
produced from a residue of an oil refining process. The heavy,
viscous pitch is transformed into a fiber product through a specially
developed spinning process followed by application of high
tempratures. The finished product is a non-woven mat which can be
chopped into fibers varying in length from .004 in. (100 microms) to 2
in. (51 mm) or more.20 This investigation is concerned with the use
6f chopped fibers as randomly distributed reinforcement for
cementitious matrices. Some physical and mechanical properties of the
Ashland’'s pitch-based carbon fibers are presented in Table 2.4. From
a comparison between Tables 2.3 and 2.4 it may be concluded that the
Ashland’'s fibers are smaller in diameter and specific gravity, and
have a lower elongation but higher tensile strength and modulus of
elasticity when compared with Kureha fibers. Carbon fibers
incorporated in cementitious matrices typically range in length from
1/16 to 7/16 in. (1.5 to 10 mm).

The cementitious matrices incorporating carbon fibers should

be capable of uniformly dispersing the fibers using the specified
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Table 2.4: Ashland's pitch-based carbon f:'iber.26

Dianmeter Specific | Tensile Strength Modulus of Elongation
Cravity elasticity
4 x 10 tn, 1.6 100 Ksi 8,000 Ksi 1.68
(10 microns) (690 MPa) (55,000 MPa)

manufacturing technique, but should also maintain a reasonable degree
of workability in the presence of fibers. In order to achieve a
cementitious matrix capable of uniformly dispersing fibers, it is
important to increase the fineness of the particles inside the matrix
and to increase the cohesiveness of the matrix such that the fibers
can be sufficiently coated with the paste and the fiber balls can be

broken during the mixing process.

Table 2.5 presents the typical properties of the type I
regular portland cement used in the matrix.21 It is important to note
that the particle size in portland cement is of the order of the
carbon fiber diameter and therefore typical cement particles cannot
effectively coat the low-diameter carbon fibers. It was thus decided
to substitute a fraction of type I portland cement with silica fume.
The physical and chemical properties of silica fume used in this study
(a product of Elkem Chemicals)zz, are presented in Table 2.6, indicate
that the spherical particles of this highly reactive pozzolan are
small enough to produce a paste that can effectively coat carbon
fibers. With their high pozzalanic reactivity, the fine silica fume
particles convert the less useful calcium hydroxile crystals into the
useful CSH-jel binder,23 and results in an abundance of ultra fine

particles that are dispersed in spaces around and between the cement

grains, leading to a uniform distribution of the hydration products
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Table 2.5: Typical properties of type I regular portland <:ement.21

Chemical compositio

Chenical Coapound | CaO §10, | A2,04 Fe,0, | Mg0 504 | K0

Physical propertie

Specific Gravity | Specific Surface

3.15 16,00 em?/g

14n. = 25.4mm, 1 1b = 0.45 Kg

Table 2.6: Chemical and physical properties of grade EMS 960

silica fume. 22
Phvsical properties
Specific Bulk Specific Average Particles smaller
Gravity Density Surface Particle Size| than 45 microns
(0.018 in.)
2.3 14 1b/fe3 | 200,000 ca’/g  [0.14 micgons 99.54
(225 Kg/m”) | (14 x 106 in. /1b)|(6 x 10 “in.)
Chemical compesitio
Chezical Compound 5102 c Fc203 HSO A1203 K20 N‘zo
Y 96.5 | 1.4 0.15 0.20 0.15 0.04 | 0.20

and a dense micro structure inside the paste and especially in the
vicinity of fibers. Silica fume also increases the cohesiveness of
the cementitious matrix which is another factor contributing to the
dispersability of fibers in the composite. Besides being a fiber

dispersant, silica fume also enhances many properties of the hardened

material.23

Application of silica fume improves the fiber dispersability

properties of the matrix but adversely influences the workability of
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the fresh mix. The increase in water content of the matrix is not a
desirable approach to improve the workability of carbon fiber
reinforced cement composites due to its detrimental effects on the
hardened matrix and the nature of interaction between the cementitious
paste and carbon fibers. The approach taken in this study to improve
the workability of fresh carbon fiber cement mixes involved the use of
superplasticizers (high rangewater reducers).za The superplasticizer
used in this study was Daracam 100, a Naphthalene-Formaldahyde-
Sulfonate based compound produced by of W.R. Grace and Company.25
This superplasticizer improves the mix fluidity and maintains this
fluidity over time for successful placing. The water used in this

study was the regular water used in concrete production.

b. Mix Proportions

The main objective of the fresh mix experimental program was
to assess the effects of all the mix variables on the workability and
fiber dispersability of the fresh carbon fiber reinforced cement
composites. In order to reliably achieve this objective, about 150
fibrous and plain mixes with different proportions were manufactured
and tested in fresh state. Table 2.7 presents the ranges of thé
fibrous mix variables used with each fiber length investigated in this
study. It shoﬁld be noted that the mix proportions in Table 2.7 are
used to determine the trends in the effects of different variables on
fresh mix properties, and are not necessarily the optimum carbon fiber

reinforced cement mix proportions.

c. Manufacturing Technique
A major objective in this phase of the research was to develop

carbon fiber reinforced cement mixes which could be manufactured by
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Table 2.7: Ranges of mix proportions in the fresh mix experimenal

program
Fiber Length v v/ (c+s) s/(c+s) sp/(c+s)
in (m) §
1716 (1.5) 2-17.5 | 0.34-0.45 | 0.17-0.29 | 0.012-0.020
1/8 (3) 1-6 0.25-0.45 | 0.17-0.29 | 0.010-0.20
174 (6) 1-4 0.26-0.45 | 0.17-0.29 | 0.10 -0.20 ~
172 (13) 1-3 0.41 0.23 0.018
Plain 0 0.24-0.54 | 0.0 -0.29 | 0.008-0.020
v = water

c = ceaent
s = silica fume

sp = superplasticizer (Note: mix design is based on the solid weight of
superplasticizer; the water in superplasticizer
is considered as part of the mixing water).
conventional mixing techniques. This is an important consideration
.facilitating the introduction of new materials for practical
applications.
Carbon fiber reinforced cement was mixed in this study using a
regular 12 liter three-phase mortar mixer, Hobart model A200 (Fig.

2.5),26 following to ASTM C-305 procedures.27

a. Overall view b. Mixing blade.

Figure 2.5: Mortar mixer.26
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The following mix procedure was chosen, based on a number of

trials, for application to carbon fiber reinforced cement:

1. Add all the silica fume and about 2/3 of the water-
superplasticizer mixture;

2. Start mixing at low speed (53 RPM) and mix for about 30
seconds until a uniform mixture is achieved;

3. Gradually add fibers while the mixer is running, over a
period of about 3 minutes;

4. Gradually add the remainder of water-superplasticizer

mixture followed by the cement so that the flowability and

uniformity of the mixture are maintained. This process
takes approximately 3 minutes; and

5. Continue mixing for 1 minute at low speed. Turn to the

medium speed (99 RPM) and mix for another one minute.

The above mixing procedure gives optimum results as far as the
workability -and fiber dispersability of the fresh mix are c<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>