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Abstract

Fresh state properties of fiber-reinforced concretes (FRCs) were correlated to hardened state properties by quantifying fiber segrega-
tion. Rheological characteristics were evaluated using a custom-designed and built parallel-plate rheometer. Fresh state properties of
concrete mixes were varied using different combinations of plasticizing agents and viscosity modifiers. Vibration was applied to the spec-
imens and vibration times were varied to understand the effects of vibration on fiber segregation. Two sizes of steel fibers were used.
Alternating current-impedance spectroscopy (AC-IS) was employed to non-destructively characterize fiber segregation in the specimens.
In addition, fiber segregation was experimentally quantified using a destructive technique in which the amount of fibers in different
regions is weighed. A self-compacting concrete (SCC) mix was cast to compare segregation resistance with conventional concretes
(CC). Splitting tensile tests were performed to study mechanical performance of FRC specimens. The effects of the rheological charac-

teristics on fiber segregation and, consequently, on the mechanical performance is discussed.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Characteristics of fiber dispersion affect fresh state prop-
erties of FRCs and vice versa. Considering that mechanical
performance is strongly related to (i) fresh state properties
and (ii) fiber dispersion characteristics, it is essential to
control both parameters for a superior mechanical
performance.

The importance of rheological characteristics on the
mechanical performance of cement-based materials has
long been known and extensive research has been done
on the subject. Various equipment and methods are used
to measure and define rheological properties. Unfortu-
nately, standardized equipment and measuring methods
are not yet established [1]. One reason for this lack of stan-
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dardization is that the rheology of cement-based materials
is dependent on many parameters [2]. It is hard to use one
single equipment to define characteristics of materials with
different properties and constituents (cement, mortar,
concrete, fiber-reinforced cement-based materials, etc.)
[3] Depending on the material type, one has varying
aspects to consider, such as the effect of aggregate size
when studying concrete, or effect of fiber orientation when
studying the rheology of fiber-reinforced materials. In this
study, a custom-designed and built parallel-plate rheometer
is used for studying fresh state properties of cement paste.
The rheometer was specifically designed to study fresh state
properties of stiff cementitious materials. Details related to
the design and verification of the parallel-plate rheometer
were discussed in a previous paper [4]. The use of this rhe-
ometer made possible the measurement of the rheological
characteristics of stiff cementitious materials, including
fiber-reinforced and highly viscous mixes.
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Fibers have long been used in cement-based materials
to obtain enhanced material performance. Substantial
increase in tensile strength and toughness is the most
acknowledged feature of fiber-reinforced composites [5,6].
Some of the other benefits gained using fibers are increased
shear strength [7], increased resistance to dynamic loads [§]
and reduced shrinkage cracking [9]. In the last decades new
materials such as engineered fibers [10] and engineered
cementitious composites (ECC) [11,12] have been devel-
oped to effectively use fibers and obtain features such as
superior mechanical performance and durability. The rein-
forcing ability of fibers depends on how the fibers are dis-
persed throughout the material [13,14]. Poorly dispersed
fibers provide little or no reinforcement in some regions,
which then act as flaws in the composite material. Uni-
formly dispersed fibers minimize the largest size of such
flaws and, therefore, maximize the reinforcement efficiency.
Problems related to fiber dispersion are likely to be encoun-
tered when using FRC materials and controlling fiber
dispersion characteristics is generally difficult. New meth-
ods are needed to control fiber dispersion characteristics.
However, for this to be done, convenient methods are
needed for evaluating fiber dispersion since most methods
currently used are both destructive as well as time consum-
ing. Recently, an electrical characterization method — alter-
nating current-impedance spectroscopy (AC-IS) — was
proposed to define fiber dispersion characteristics of FRC
materials. AC-IS was found to be effective for monitoring
various fiber dispersion issues such as fiber orientation,
segregation and clumping [15,16]. Characteristics of fiber
dispersion were evaluated using an intrinsic conductivity
approach. AC-IS was compared with more conventional
methods (time and labor intensive image analyses). Model
studies on lab-size specimens were extended to industrial-
scale specimens and promising results were obtained
[16-18].

In this study, AC-IS was used to monitor fiber segrega-
tion in steel fiber-reinforced cement-based specimens. The
main objective of this study is to connect fresh state prop-
erties to the hardened state properties by quantifying fiber
dispersion. If both rheological properties and fiber disper-
sion can be controlled, and the effects of both parameters
on the mechanical performance are well-known, quality
control and quality assurance can be provided.

2. Fundamentals of the methods
2.1. AC-IS

Impedance spectroscopy is a popular analyzing tool that
is widely used in various fields of research such as physical
chemistry, electrochemistry, physics, materials science, etc.
The use of IS to study various features of cement-based
materials goes back to late 1980s. From this date, the use
of IS to study cement-based materials has increased and
IS has been used for studying various phenomena in
cement-based materials, including hydration development

[19], transition properties (permeability, diffusivity) [20],
structural health monitoring [21] or damage monitoring
[21-23]. Research regarding the use of IS to investigate par-
ticle-reinforced composite systems led to an understanding
of a unique frequency-dependent behavior [24,25]. Con-
ductive fibers were shown to be insulating under low
frequencies of AC while they are conductive under high fre-
quencies. This phenomenon occurs due to either an oxide
film (e.g., on steel fibers) or a polarization layer (i.e., dou-
ble layer/charge transfer resistance) forming at the fiber-
electrolyte interface. Fig. 1 shows Nyquist curves of plain
cement paste and steel fiber-reinforced cement paste. As
seen in the figure, cement paste shows only one bulk arc
to the left of the electrode arc (rightmost arc), while FRC
specimen shows two bulk arcs. In the impedance curve of
FRC specimens, the rightmost cusp gives matrix resistance,
R, (low AC frequencies — fibers act insulating), and the
leftmost cusp gives the resistance of the fiber + matrix com-
posite system, R. (fibers are conductive). The solid data
points on the curves are given for the frequency at these
points and shown as log;of (for example, for 100 Hz,
log;p100 =2). Direct current (DC) measurements are
sometimes done to verify the low-frequency results of
AC-IS, as shown in Fig. 1.

To obtain AC-IS measurements, a voltage excitation
over a range of frequencies is applied to specimens and
the magnitude and phase of the current is measured. The
real and imaginary parts of impedance are then calculated
and plotted on a Nyquist diagram. Matrix-normalized con-
ductivity (6/0y,) is used to define fiber dispersion character-
istics from experimental data, where o is the conductivity
of the composite when the fibers are conducting (comes
from R.) and o, is the conductivity of the matrix (comes
from Ry,).

Previous work of the authors has shown that by making
use of the dual-arc behavior, it is possible to monitor var-
ious fiber dispersion issues in FRC specimens. A compre-
hensive experimental work was carried out to understand
the ability of AC-IS for monitoring fiber dispersion charac-

teristics. Experimental findings were mathematically
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Fig. 1. Typical Nyquist curves for plain paste and fiber-reinforced cement
paste.



72 N. Ozyurt et al. | Cement & Concrete Composites 29 (2007) 70-79

expressed using an intrinsic conductivity approach to
define the level of dispersion. AC-IS was compared with
a fundamental method to understand the extent to which
AC-IS predicts features of fiber dispersion. Results showed
great promise [16-18]. Then, an industrial-scale application
of the method was done on a structural FRC beam to eval-
uate the applicability of AC-IS on larger-scale specimens.
The details and results of the previous experimental work
can be found in [15-18,26]. In this study, AC-IS is used
to non-destructively monitor fiber segregation in cylindri-
cal FRC specimens.

2.2. Rheology

A custom-designed and built parallel-plate rheometer
was used to obtain yield stress and viscosity of cement
paste and mortar (Fig. 2). Yield stress can be defined as
the force required to initiate flow and viscosity is the resis-
tance to flow. Detailed information regarding the design
and verification of the rheometer is discussed in another
paper [4]. A short review of the properties of the equipment
and measuring protocol is given here. The rheometer
includes two parallel-disks and a plexi-glass wall. The
parallel-plates used were 254 mm in diameter and their
surfaces were roughened using square grooves (measuring
6.3x6.3x2.5mm) to minimize slip. A plexi-glass wall
was attached to the bottom plate to prevent material from
flowing away. The gap height is adjustable and can go up
to 25 mm. A high torque capacity motor (20 N m) is used
for testing high viscosity materials (with low water-to-
cement ratios). The upper plate rotates at a controlled
speed and the bottom plate is stationary. The shear rate
(the rate of change of shear strain with time) varies along
the radius of the disks as seen in Fig. 2(c).

a
high torque
capadhy rmokor
Bdiustable Plexiglass
. wall

gap

The frictional effect of the wall was accounted for in the
calculations and experiments were conducted to better
understand the effect of wall. Results of the experiments
showed that the effect of the wall on the yield stress was min-
imal and could, therefore, be neglected. Viscosity was found
to change with varying gap heights. However, it was possi-
ble to define an optimal range for the gap height in which
the wall effect and teeth effect could be minimized. For the
sake of time and simplicity, the gap height was kept constant
at this range (10-13 mm) for all of the experiments.

2.3. Rheology measuring protocol

A measuring protocol that was similar to the one used
by Geiker et al. [27] was applied. The material was sheared
for 20 s to ensure an equilibrium condition at each shear
rate. Torque measurements were obtained for 20 s, as seen
in Fig. 3, and values corresponding to equilibrium region

30
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Measuring time (s)

Fig. 3. Measuring protocol.

Top plate ®R

Fig. 2. (a) Custom-designed parallel-plate rheometer, (b) plates, and (c) distribution of shear rate.
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were averaged to obtain torque at each shear rate. Shear
stress and shear rate were calculated using the torque and
rotation speed. The Bingham model was employed to
obtain rheological characteristics from shear stress and
shear rate. Yield stress was obtained using the lowest two
data points (the shear stress values that correspond to
lowest shear rates) and extrapolating to the y-axis, since
the yield stress corresponds to the shear stress at a gap
height of zero. Viscosity (differential) was calculated as
the gradient of the shear stress vs. shear rate curves.

3. Experimental work
3.1. Materials and mix designs

Fiber-reinforced concrete specimens were cast and vari-
ous vibration times were applied. LaFarge Type I Portland
cement and two types of steel fibers were used. Short-cut
straight steel fibers with 6 mm long and 0.16 mm diameter
(OL 6/0.16) and longer steel fibers with 40 mm long and
0.62 mm diameter (Dramix RC-65/40 hooked end fibers)
were provided by Bekaert and used in different mixes.
Daracem 19 by W.R. Grace was the superplasticizer (sp)
used in all mixes except for the SCC mix. For SCC, a poly-
carboxylate-based superplasticizer produced by Axim
Italcementi Group was used. The viscosity modifying agent
(vma) was Kelcocrete 1376 by CP Kelco. The river sand
had a maximum diameter of 3 mm and the coarse aggre-
gate had a maximum diameter of 8 mm. The water-to-
cement ratio was kept constant at 0.40. The fiber loading
was 1% of the total volume for all mixes. Mixing sequence
and time were similar for all the mixes. The concrete mix
designs and vibration times are given in Table 1 (vibrating
table vibrates at 3600 VPM on 60 H power). Seven groups
of concretes were cast. Each mix design is referred with
letters (A, B or C) and the vibration time is given as
subscript. For example, A, represents the design with
superplasticizer and subscript 2 shows vibration time in
minutes. Tables 2 and 3 show mix designs for conventional
concrete mixes and SCC, respectively.

Three cylinders with dimensions of 15x30cm
(6 in. X 12 in.) were cast for each group. One specimen of
each group was used for the fiber content calculation in

Table 1
Concrete mix designs and vibration times
Fiber type Mix Vibration
design time
6 mm fibers w/c = 0.40 Fiber Ay sp No
content: 1% vol. vibration
Ay 2 min
Ag 8 min
Bg sp+vma 8 min
Cg vma 8 min
40 mm fibers w/c = 0.40 Fiber A, sp 2 min
content: 1% vol. SCC sp No
vibration

Table 2

Conventional concrete mix design

Cement Water Fine Coarse Vma (% sp (% Fiber
agg. agg. water cement (% vol.)

weight) weight)

1 0.4 2 2 0.2 1 1

Table 3

SCC mix design

Cement Water Fine Coarse Fly  sp (% bind. Fiber
agg. agg. ash  weight) (% vol.)

1 0.4 1.56 1.9 025 0.7 1

the fresh state and two specimens were left for curing under
100% relative humidity. Non-destructive AC-IS measure-
ments were carried out on one of these specimens after 3
days and splitting tensile test was done on the third speci-
men at 14th day.

3.2. Measurement of fiber content in the fresh state

One specimen of each group was cut into 4 pieces imme-
diately after initial set, fibers were washed out and fiber
volume ratios in each part were calculated. Measured fiber
contents were than used for calculating theoretical matrix-
normalized conductivity values. Fig. 4 shows a schematic
of the slicing of the specimens. The slices were notated
from a to d beginning from the top of the specimen. These
experiments were performed so that the AC-IS measure-
ments could be compared with an alternate method.

3.3. Study of segregation using AC-IS

AC-IS measurements were done along the height of the
cylinders. Measurements were obtained from 4 different
positions from a to d. Wet sponges were used under stain-
less steel electrodes to ensure a good contact between the
specimen and the electrodes. 1 M NaCl solution was used
to wet the sponges. AC-IS measurements were done using
a Solartron 1260 impedance/gain-phase analyzer, and the
frequency was stepped from 100 mHz to 11 MHz under a
voltage excitation of 1 V. Fig. 4 shows electrode positions

75/2 mm
75/2 mm

Fig. 4. Sectioning of cylinder specimens and electrode positions for AC-IS
measurements.
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from the top to the bottom of a cylinder specimen. Four
sections were drawn on the specimens and measurements
were obtained from the middle of each section as seen in
Fig. 4.

3.4. Mechanical tests — splitting tensile tests

Splitting tensile tests were conducted according to a
modified version of EN-12390-6. A closed-loop MTS test-
ing machine was used with a 500 kN capacity load cell.
Loading was applied under average lateral displacement
control, which was monitored using 2 LVDTs (linear vari-
able displacement transducer) that had a maximum range
of 2.5 mm. The LVDTs were fixed onto each side of the
specimen and the lateral displacement was monitored. Ini-
tially, loading was applied at a rate of 0.00025 mm/s. After
the maximum stress was reached, the rate was increased to
0.001 mm/s (for the sake of time). Testing continued until a
2 mm lateral displacement was reached. Load and LVDT
displacements were recorded for data analysis.

Fig. 5 shows the splitting tensile test. Tensile strength of
each part was calculated using the equation below

2P
St =D (1)

where f is stress (MPa), P is the maximum load (N), L is
the length of the line of contact of the specimen (mm), D is
the cross-sectional dimension (mm) of the specimen.

3.5. Rheology

Experiments were conducted on the cement pastes of the
mix designs to obtain rheological characteristics, thereby
allowing for the connection of the fresh and hardened state
properties of the FRCs by quantifying fiber dispersion.
First, cement was placed in a Hobart mixer, and then water
added to the mix (sp and/or vma added to the water
beforehand, if applicable). After the cement and water were
mixed for 1 min at the low speed, there was a 30 s rest.
Finally, the materials were mixed for 2 min at the high
speed. The rheological measuring protocol given in Fig. 3
was used. The gap height between the plates was kept

Fig. 5. Splitting tensile test set up.

between 10 and 13 mm, as mentioned in 2.2. Three repeti-
tions were made for each mixes. Shear stress and shear rate
values were calculated from torque to rotation rate mea-
surements. The cement pastes showed Bingham behavior.
Yield stress and viscosity values were calculated using
Bingham plots.

4. Results and discussion

4.1. Fiber content distributions (immediately after
initial set)

Fiber content distributions were obtained for each con-
crete mixes and are given in Table 4 and Fig. 6. The segre-
gation of the fibers increased with increasing vibration (Ao,
A,, Ag). Mix designs with vma appeared to be more resis-
tant to segregation even when vibration was applied.
Design A, with 6 mm long fibers had less segregation when
compared to design A, with 40 mm long fibers. The SCC
mix had some segregation, but not as severe as the mix
design Ag. These findings should also be evaluated from
the density/mechanical performance point of view, which
is done in Section 4.5.

4.2. AC-IS

AC-IS measurements were obtained and matrix-normal-
ized conductivities (¢/0y, or Ry/R.) were calculated for
each section of the specimens. Table 5 shows fiber content

Table 4
Fiber content distribution in specimens for different mix designs and
vibration times

6 mm fibers 40 mm fibers
Ay A, Ag Bg Cg A, SCC
a 0.99 090 038 0.89 097 0.70 092
b 0.99 092 1.02 0.88 1.00 097 1.19
¢ 0.96 1.02 1.20 097 1.00 098 1.08
d 0.89 1.15 144 098 1.01 1.30 1.13
6 mm fibers 40 mm fibers
2.0
2
1.5 °
5 N ) ¢a
£ ° 2 |lmb
c
g [ |
8 10  § ‘ ‘ & n L 4 AC
§ 0.5. * ed
w ®
0.0

A0 A2 A8 B8 (03] A2 scc
Mix design

Fig. 6. Fiber content distribution in specimens for different mix designs
and vibration times.
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Table 5
Corrected matrix normalized conductivity values together with the
observed and calculated values for mix design Ag

Fiber 6/0om 0/, (theoretical) o/om
content %  (observed) (calculated using Eq. (corrected)
vol. (2))

a 0.38 1.51 1.45 0.38

b 1.02 2.45 2.20 1.05

¢ 1.20 3.65 242 1.74

d 144 491 2.70 2.50

distribution in a specimen (mix design Ag), together with
observed and theoretical matrix-normalized conductivities
(theoretical values were calculated using measured fiber
contents (¢) and Eq. (2)), where /0y, stand for matrix-nor-
malized conductivity, [¢],, represents intrinsic conductivity
of fibers and ¢ stands for fiber content

=~ = 1+[d.0 2)
Om

When the values in Table 5 are compared, it is seen that the
observed values are excessively high compare to the theo-
retical values. This result can be explained by the insulating
property of the coarse aggregates. The maximum diameter
of the coarse aggregates is 8 mm, while the fiber length is
6 mm, meaning that the coarse aggregates are big enough
to block the conductive fibers and can, therefore, cause a
reduction of the concrete matrix conductivity. Mathemati-
cal expressions were used to exclude this insulating effect of
the aggregates and to calculate the corrected matrix-
normalized conductivities. The effect of aggregate size
and the applied correction of the results are explained in
the Appendix A. Table 5 shows fiber content distribution,
and the observed, theoretical and corrected matrix-normal-
ized conductivities for the design Ag. As seen in Table 5,
the matrix-normalized conductivity increases with increas-
ing fiber content. Fiber content distribution and the
matrix-normalized conductivity relationship in the speci-
mens are discussed in Section 4.4.

4.3. Mechanical tests

Splitting tensile tests were done on parts of the speci-
mens, as was defined in 3.4. Load vs. lateral displacement
curves were obtained and splitting tensile strengths were
calculated. Fig. 7 shows the load—deflection curves for the
specimen sections cast using mix design Ag. As is seen in
Fig. 7, parameters such as tensile strength and the area
under the load—displacement curve (a measure of fracture
energy) are found to be higher for the bottom parts of
the specimens.

4.4. Rheology

Table 6 shows viscosity and yield stress values with stan-
dard deviations for all the mixes. As seen in Table 6, the
viscosity and yield stress increase with the addition of

150
3 100
=
H d
3 c
3 50 a

b
o T T T T
0 0.5 1 1.5 2 2.5

Lateral disp. (mm)

Fig. 7. Load vs. lateral displacement curves for the specimen made with
the design Ag.

Table 6
Rheological characteristics of cement pastes
Mix Viscosity Standard  Yield Standard
Design (Pas) deviation  stress deviation
(Pass) (Pa) (Pa)
Paste sp A 1.20 0.15 46.73 5.05
sp+vma B 3.52 0.18 110.65 2.31
vma C 5.45 0.29 76.73 2.07
sce SCC 722 0.51 19.48 280

vma and the SCC mix has the lowest yield stress and high-
est viscosity. The yield stress of design C was found to be
lower than design B, while the viscosity is higher. This
trend occurs due to the segregation preventing property
of the vma used in this study. Kelcocrete 1376 is a viscosity
modifier that is specifically designed to lower the segrega-
tion of the ingredients in concrete by lowering yield stress
while increasing viscosity.

4.5. Comparing test results

Data from the fiber content calculation, AC-IS measure-
ments and splitting tensile tests were plotted together for
comparing the results of the experiments. Fig. 8(a)—(c)
shows profiles for mix designs Ag, A,, and SCC, respec-
tively. As seen in Fig. 8, tendencies for fiber content and
matrix-normalized conductivity distribution of specimens
are very similar, suggesting that AC-IS can be used to mea-
sure fiber content or fiber segregation in FRC specimens.
The distribution of the normalized-conductivity and the
splitting tensile strength is also very similar, implying that
the segregation of fibers negatively effect mechanical per-
formance. Fig. 8(c) also shows that SCC is more resistant
to fiber segregation than CC (b).

4.6. Correlation of fiber dispersion, rheology and
mechanical performance

In this study, the performance of concrete mix designs
are described by more than one parameters, including fiber
segregation resistance, placeability, and mechanical perfor-
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Fig. 8. Fiber content, matrix-normalized conductivity and splitting tensile strength profiles of (a) mix design Ag (conventional concrete with sp and 6 mm

fibers), (b) A, (with 40 mm steel fibers) and (c) SCC (40 mm steel fibers).

mance. All of these parameters are strongly related to each
other and a mutual effect exists. Table 4 and Fig. 6 show
that the segregation resistance of the designs with vma is
higher than the segregation resistance of the designs with
sp. However, this does not mean that the designs with
vma are superior to designs with sp. Other properties of
concrete are also significant and should be addressed as
well. In this part of the study, fiber segregation resistance
is evaluated together with density (a measure of mechanical
performance) and placeability and remarkable results are
found. In the following figures, fiber segregation vs. density
relations are given for specimens. First, the effect of differ-
ent admixtures on the segregation resistance, placeability
and mechanical performance is evaluated using mix designs
Ag, Bg, Cg (6 mm fibers). After, mix designs A, and SCC
(40 mm fibers) were evaluated together to compare CC
and SCC.

Fig. 9 presents the viscosity—fiber segregation relation for
mix designs Ag, Bg and Cg. Standard deviations of the fiber
contents throughout the specimen were used as a represen-
tation of segregation. As seen in Fig. 9, viscosity increases
with the addition of vma and segregation decreases.

Fig. 10 presents the yield stress—density relation for mix
designs Ag, Bg and Cg. As seen in Fig. 10, the yield stress
increases with addition of vma and density decreases with
increasing yield stress of the cement pastes, meaning that
the vma designs in this study had a high segregation resis-
tance due to high viscosity but a low density/high pore
volume due to high yield stress.

Fib. disp. st.dev. (%)

1.0
As (sp)
0.5 ry
Bg (sp+vma) C, (vma)
0.0 —® —e
0 2 3 4 5 6

Viscosity (Pa*s)

Fig. 9. Standard deviation of fiber dispersion in the specimens vs. viscosity
of cement pastes.

Density (kg/m3)

2400
L 4
Ag(sp)
2350
2300
Bg (vma
2250 e (vma)
L 2 Cg (sp+vma)
2200 T T T T *
20 40 60 80 100

Yield stress (Pa)

120

Fig. 10. Standard deviation of fiber dispersion in the specimens vs. yield
stress of cement pastes.
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Figs. 11 and 12 present fiber segregation vs. viscosity
and density vs. yield stress relations, respectively, for con-
ventional concrete and SCC. SCC designs are described
with high viscosity and low yield stress. High viscosity
ensures high segregation resistance and low yield stress
provides good placeability, as a result of the high density
and the superior mechanical performance. When surface
quality of the specimens were compared it was seen that
SCC specimens had no pores on the surface, meaning a
good placeability, while the un-vibrated conventional con-
crete specimens had many visible pores. Vibrated conven-
tional concrete specimens had no pores on the surface,
but severe segregation inside due to vibration, as is shown
in Fig. 6. This means that SCC mixes are superior to con-
ventional concretes by means of fresh state properties, and
as a result hardened state properties.

Table 7 summarizes different mix designs by means of
segregation resistance, placeability, and density. It is easily

0.5
g 0.4
‘?; 0.3
T Conventional
7]
8._ 0.2 Concrete (A,)
5 ScC
2 04 *

0.0 . . T

0 2 4 6 8

Viscosity (Pa*s)

Fig. 11. Standard deviation of fiber dispersion in the specimens vs.
viscosity of conventional concrete and SCC.

2400
&> 2300
E scC o
o
=
> 2200
‘@ Conventional
c
@ Concrete (A,) ®
2 2100 (A2)
2000 T T T T
0 10 20 30 40 50

Yield stress (Pa)

Fig. 12. Density vs. yield stress of conventional concrete and SCC.

Table 7
Comparing properties of designs

A B C SCC
Segregation Low High High Medium
Placeability Poor Poor Poor Good
Density High Low Low High

seen from the table that SCC mix is superior to conven-
tional concretes with its features.

5. Conclusions

Fresh and hardened state properties of FRC specimens
were connected by quantifying fiber segregation. Both con-
ventional concretes and SCC were cast using two types of
fibers. The effect of vibration time on the segregation of
fibers was investigated. Rheological characteristics of the
mixes were measured using a custom designed and built
parallel plate rheometer. AC-IS was used to monitor fiber
segregation non-destructively.

Fresh state properties were found to affect segregation
of fibers and mechanical performance of FRC. Segregation
increased with increasing vibration time. SCC was found to
be superior to conventional concrete, with the features such
as high segregation resistance, good placeability, and high
mechanical performance. Vma designs also had high segre-
gation resistance but poor placeability/low mechanical
performance. These results showed that fresh state proper-
ties strongly affect fiber dispersion and mechanical perfor-
mance of FRCs. This study also showed that fiber
dispersion and fresh state properties can be successfully
measured using the AC-IS and self-designed parallel-plate
rheometer, respectively.
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Appendix. The effect of aggregate size —
correction of results

Fig. A.1 can be used to explain the insulating effects of
coarse aggregates. As was mentioned in the paper, the max-
imum aggregate size is 8§ mm, while steel fibers are only
6 mm long, meaning that some of the aggregates are large
enough to block conductive fibers and, therefore, may
result in a decrease in the overall conductivity.

In Fig. A.1, impedance curves of mix design Ag for con-
crete and cement paste are given. In Fig. A.1, R, represents
concrete resistance under high frequencies of AC, R,
shows concrete resistance under low-frequencies of AC
and R,, stands for cement paste resistance. R, and R, were
obtained from AC-IS experiments on concrete specimens
and R, was obtained from AC-IS measurements on cement
paste (cement paste specimens of each concrete mix design
were cast and AC-IS tests were performed on the specimens
to obtain R,). As seen in Fig. A.l, resistance of the
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Fig. A.1. Sample Nyquist plots for concrete and cement paste of mix
design Ag.

concrete matrix is higher compared to the resistance of
cement paste of the same mix due to the insulating effects
of the coarse aggregates. Mathematical expressions were
used to exclude the insulating effect of the aggregates and
to obtain corrected matrix-normalized conductivity values.

R Om
R_p =—=1+ [0]07A¢A + [O']o,fﬁl’f (A.2)
m Op
g
R—: = G_p =1+ [J]O,A(PA + [J]oo,f(pf (A.3)

In these equations

Om conductivity of concrete matrix, 1/Q
o conductivity of composite, 1/Q
op conductivity of cement paste, 1/Q

[o]A intrinsic conductivity of fibers, (-)
[]o; intrinsic conductivity of fibers (under low AC
frequencies — insulating case)

(0] intrinsic conductivity of fibers (under high AC
frequencies — conducting case)

[o]p, intrinsic conductivity of aggregates

(pA' aggregate content, %

Or fiber content, %

o R, o Ry om\ _

Om (Rc a Jp) (Rm a Up) - [a}m’r(pf (A4)
Eq. (A.1) gives the general relationship between the matrix-
normalized conductivity and the intrinsic conductivity
when perfectly conductive fibers are used in a moderately
conductive cement paste matrix. When aggregates are pres-
ent in the composite material, the matrix conductivity
decreases due to the insulating property of the aggregates.

This results in an increase of the calculated ¢/c,, value.
Egs. (A.2) and (A.3) are used to exclude the insulating
effect of the aggregates and to obtain paste matrix-normal-
ized conductivity values. In Eq. (A.2), the term [g] ¢
approaches 0 due to the fact that fibers are insulating under
low frequencies of AC. The term [6]y o@a in both equations
is for insulating effect of aggregates and the term [¢]. s¢ in
Eq. (A.3) is for the case that the fibers are conducting (high
AC frequencies). Eq. (A.3) is subtracted from Eq. (A.2) to
obtain the term [0]. s ¢r.

Observed matrix-normalized conductivity values were
corrected using Eq. (A.4) for all measurements and
corrected values were used for evaluations. Table 5 shows
observed and corrected matrix-normalized conductivity
values together with theoretical (calculated) values for the
mix design Ag. It should be noted that, this correction
was not needed for the mixes with 40 mm fibers due to
the small size of aggregates compare to the length of the
fibers.
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