TESTING SEGREGATION AND OTHER RHEOLOGICAL
PROPERTIES OF SELF-CONSOLIDATING CONCRETE
(SCC)

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE
UNIVERSITY OF HAWAI‘l AT MANOA IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN

CIVIL AND ENVIRONMENTAL ENGINEERING

JULY 2015

By

Hamed Bahrami Jovein

Dissertation Committee:
Lin Shen, Chairperson
Gaur P. Johnson
lan Robertson
Sayed M. Bateni

Reza Ghorbani



DEDICATION

To my father, mother, and brothers for their love, support and encouragement

made me through this work.



ACKLOWEDGEMENTS

I would like to express my appreciation for the following individuals:

To Dr. Lin Shen, for his advice, patience, encouragement and criticism. It is his
guidance and firm support that make this thesis possible.

To Dr. Eric Koehler, for his input and suggestions on this work.

To Mitchell Pinkerton, Kim Hartzog, Austin Rogers and other staff at department
workshop for their time and effort in helping with this research.

To Yanping Li and Wenmei Li for their help during the experiment phase of this work.

And finally, to my friends for their friendship, encouragement, and helpful discussions.



ABSTRACT

Self-consolidating concrete (SCC) is a new type of high performance concrete
that flows under its own weight, passes through intricate geometrical configurations, and
fills the formwork without vibration and consolidation. Compared with normal concrete
mixes, the composition and the rheological properties of SCC should be closely
controlled in order to satisfy the fresh property requirements simultaneously. Moreover,
the segregation resistance of self-consolidating concrete (SCC) is more sensitive to small
variations of its properties. Segregation refers to movement of coarse aggregate relative
to the mortar. Static segregation occurs when the concrete is at rest and the coarse
aggregate sinks in the mortar. Dynamic segregation occurs when the concrete is flowing
and the coarse aggregate lags behind the mortar. To study segregation and design an SCC
mix, which is robust against small variations in raw materials, it is critical to be able to
quickly quantify static and dynamic segregation and stability robustness. In this study, a
modified Segregation Probe is introduced as a simple and fast method for testing static
segregation and stability robustness of fresh concrete. On the other hand, Flow Trough
was developed to measure dynamic segregation. It was found that mixture properties,
such as higher paste volume, lower superplasticizer percentage by weight of cement,
lower slump flow, smaller aggregate size, better gradation, and higher aggregate packing
density may improve robustness and dynamic stability.

The effects of various aggregate properties on SCC rheology were investigated. It
was found that lower superplasticizer dosage, higher aggregate volume, higher fine
aggregate to coarse aggregate ratio, smaller aggregate size and lower aggregate packing
density may increase yield stress of SCC mixture. Aggregate size had insignificant effect
on plastic viscosity. Mixtures with Low slump flow (slump flow value less than 580 mm
(23 in) in this study) exhibited anti-thixotropy manner, while mixtures with higher slump

flow showed thixotropy manner.
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CHAPTER 1

INTRODUCTION

Self-consolidating concrete (SCC) is a new type of high performance
concrete that flows under its own weight, passes through intricate geometrical
configurations, and fills the formwork without vibration and consolidation. In 1986, Self-
consolidating concrete was first introduced by Professor Hajime Okamura of Kochi
University of Technology in Japan. Since then, the research and development of SCC
have been spreading quickly around the world.

Some advantages of SCC include: a reduction in labor costs needed for manual
consolidation, it is easily placed in elements with limited access; a decrease in noise
emitted from mechanical equipment. The increased flowability and consolidation of SCC
can also resulted in uniform surface finishes that are virtually free of imperfections

The three major fresh property requirements on fresh concrete for it to be
considered self-consolidating concrete (SCC) are filling ability, passing ability, and
stability (static and dynamic segregation resistance). Compared with ordinary concrete,
the composition and the rheological properties of SCC should be closely controlled in

order to satisfy the three fresh property requirements simultaneously.
1.1 OBJECTIVES

Segregation refers to movement of coarse aggregate relative to the mortar. Static
segregation occurs when the concrete is at rest and the coarse aggregate sinks in the
mortar. Dynamic segregation occurs when the concrete is flowing and the coarse
aggregate lags behind the mortar. Segregation may cause lower flowability, aggregate
blocking, higher drying shrinkage, and non-uniform compressive strength. To study
segregation and design an SCC mix, which is robust against small variations in raw
materials, it is critical to be able to quantify segregation and stability robustness quickly
and accurately.

One of the disadvantages of SCC is its cost, associated with the usage of chemical

admixtures and high volumes of Portland cement. One alternative to reduce the cost of



SCC is selecting aggregates with favorable characteristics such as higher packing density,
which may minimize the paste volume while still maintaining favorable rheological
properties.

The overall objective of this research project is to design new testing methods to
measure segregation and to study the effects of aggregate properties on segregation and
other rheological properties of SCC.

In chapter 2, a modified Segregation Probe is introduced as a simple and fast
method for testing static segregation and stability robustness of fresh concrete. The
effects of aggregate properties and concrete rheology on static segregation robustness of
SCC mixtures using aggregate packing theories and rheological models have been
studied in chapter 3. Chapter 4 includes a new test method that is rapid and reliable to
better quantify dynamic segregation and the effects of aggregate properties and concrete
rheology on dynamic segregation of SCC mixtures based on experimental tests and
rheological models have been investigated. The main objective of the chapter 5 is to
explore the effects of various aggregate properties on rheology of SCC. Chapter 6

concludes this work.



CHAPTER 2

STATIC SEGREGATION

2.1 BACKGROUND

The three major fresh property requirements for self-consolidating concrete
(SCC) are flowing ability, passing ability, and stability (static and dynamic segregation
resistance). Segregation is the separation of coarse aggregate from the mortar. The
separation after SCC is placed is called static segregation, while the separation during the
process of placement is called dynamic segregation [1].

Commonly used static segregation tests include Column Segregation [2],
Penetration Test [3], V-Funnel test [4], Electrical Conductivity [5], Sieve Segregation
Resistance Test [6], Hardened Visual Stability Index [7], and Image Analysis of
Hardened Cylinder [8].

The V-funnel test is incorporated as a Japanese standard test, for static
segregation. The V-shaped funnel is filled with about 12 lit (3 gal) of concrete. The V-
funnel time (V- time) is the time taken for the concrete mix to flow out through the
orifice. The V-time applicable for SCC is 10 s [4].

Electrical conductivity [5] method can measure static segregation by monitoring
the difference in electrical conductivity along a concrete or mortar sample as a function
of time. The variation in conductivity can then be related to changes in aggregate
percentage to interpret segregation and bleeding.

To perform the Sieve Segregation Resistance Test [6], a sample of 10 liter (~2.6
gal) of concrete was allowed to rest for 15 min. Then, 2 liters was poured on a 4.75 mm
sieve from a height of 500 mm, and percentage of sample passing the sieve was reported

The Hardened Visual Stability Test (HVSI) [7] gives a visual of the final coarse
aggregate static settlement in SCC. The test consists of ratings based on the visual

observations and criteria that can be subjective from person to person.



Among these tests, Column Segregation [2] and Penetration Test [3], are the
standard testing methods for static segregation of SCC.

2.1.1 Column Segregation

Column segregation is used to measure static segregation. A sample of freshly
mixed self-consolidating concrete is placed in a 200mm by 660 mm (8 by 26-inch)
cylindrical column (Figure 2.1) with top and bottom sections 160 mm (6.5 inches) tall in
one lift without tamping or vibration. The specimen is allowed to stand for 15 min. The
mold is separated into three sections representing different levels of the cylindrical
specimen (or column). Portions of concrete from the top and bottom section are washed
on a 4.75 mm (No. 4) sieve, leaving the coarse aggregate on the sieve. The segregation

index (SI), is calculated using the equation 2.1:

(CAg—CAT) .
(CAB+CAT)] *100 ,if CAg > CAr (2.1)

SI=0 ,if CAp < CAy

51=2[

Where CAr is the mass (weight) of coarse aggregate in the top section, and CAg
is the mass (weight) of coarse aggregate in the bottom section of the column. The smaller
the deviation in total mass of collected aggregate between top and bottom sections of the
column (SI<15%) is an indication of good stability, and minimal static segregation.
Column segregation is a reliable and accurate test. However, the mold is big and not
readily portable, and the test is time consuming and needs a big amount of concrete

sample and water.
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Figure 2.1- Column Segregation apparatus

2.1.2 Penetration Test

This test method is for the rapid assessment of the static segregation resistance of
self-consolidating concrete and uses a penetration apparatus (Figure 2.2) and an inverted
slump mold. The penetration head, consisting of a non-corrosive hollow cylinder and a
metal rod, has a mass of 45+1 g. The inner diameter, wall thickness, and height of the
hollow cylinder are 75+1 mm, 1.5+0.1 mm, and 50+ 1 mm, respectively.



A sample of freshly mixed self-consolidating concrete is placed in an inverted
slump mold without tamping or vibration. The hollow cylinder attached to a metal rod
(45%1 g) is aligned in the center of the inverted slump mold as shown in Figure 2.2. The
hollow cylinder is then lowered until it touches the surface of the concrete and initial
reading (d;) is recorded. The concrete is allowed to stabilize for 8015 sec, at which time
the hollow cylinder is released to freely penetrate into the fresh concrete. After 30 sec,
the penetration depth of the cylinder head is recorded (d,) from the scale.

The penetration depth (P,) is determined according to equation 2.2:

P;=d, —d; (2.2)

Where d; is initial reading (mm) and d; is final reading (mm). Concrete has
satisfactory segregation resistance if penetration depth is smaller than 10 mm, moderately
resistant if Py is between 10 and 25 mm, and SCC is not resistant if P4 is more than 25

mm.

Figure 2.2-Penetration Test [3]
2.1.3 Original Segregation Probe

Another test for static segregation is the Original Segregation Probe (Figure 2.3),

which was developed by Shen et.al [9]. The basic procedure is summarized as follows:
1) Raw materials are mixed in a mixer according to standard procedure (Sand,
coarse aggregate, and water were put in a drum mixer and mixed for 30 s. Then

Cement and mineral admixture, if any, were put in the mixer and mixed for 3 min.
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Mixer was stopped for 3 min. after that, Mixer was restarted, and superplasticizer
and/or VMA were slowly poured and mixed for 2 min)

2) Fresh concrete is cast into a 150 x 300 mm cylinder with one lift and allowed to
rest for 2 min before the test, during which time vibration of the cylinder is
avoided.

3) The segregation probe is placed gently on the concrete surface and allowed to
settle for 1 min.

4) The penetration depth is measured using the scale marked on the rod. This depth
is used to determine the stability rating according to Table 2.1.

Table 2.1-Stability Rating for Segregation Probe (for concrete with ~300 mm
thickness) (Data from [9])

Depth of Settlement Stability Index,
mm SI
<4 0, highly stable
4 —<7 1, stable
7-25 2, unstable
>25 3, highly unstable

Verified by image analysis of cut cylinders, the Segregation Probe was found to
be able to measure the actual thickness of the paste/mortar layer on the top surface of a
segregated mix [9].

It was found in several cases that when a mix is segregated the Segregation Probe
might tilt during the relatively long settling process and cause incorrect readings. The
tilted probe is mainly due to its asymmetric design around the vertical axis. As the probe
settles, the unevenly distributed gravitational force and drag force from the paste may
cause the probe to tilt, and the effect of unbalanced forces amplifies with lower paste

viscosity and yield stress when the mix becomes unstable.



150+5mm
(6 £ % in.)

100 £ 5mm
(4 £ % in.)
Figure 2.3-Original Segregation Probe (18 g) [9]
2.2 OBJECTIVES

The main objectives of the research in this chapter are: 1) to resolve the
inclination issue by modifying the probe design, 2) to verify the design of the modified
Segregation Probe theoretically based on mechanics analysis, 3) to verify the results of
modified Segregation Probe with the original Segregation Probe, the Penetration Test,
and the Column Segregation test, and 4) to check the reproducibility of the modified

Segregation Probe.

2.3 EXPERIMENTAL PROGRAM

2.3.1 Details of materials

Type I Portland cement complying with ASTM C150/C150M-12 and type C fly
ash complying with ASTM C618-12a were used. Coarse aggregate CA1 is crushed basalt
rock, has maximum size of 19mm, bulk specific gravity of 2.56, bulk density of 1473
kg/m’, and packing density of 0.55. Coarse aggregate CA2 is crushed basalt rock, has
maximum size of 9.5mm, bulk specific gravity of 2.67, bulk density of 1491 kg/m’, and
packing density of 0.54. Fine aggregate FA1 has bulk specific gravity of 2.71, bulk
density of 1460 kg/m’, fineness modulus of 1.55, and packing density of 0.54. Fine
aggregate FA2 is crushed basalt rock, has bulk specific gravity of 2.51, bulk density of
1677 kg/m’, fineness modulus of 3.50, and packing density of 0.63. The properties and



the gradation curve of coarse and fine aggregate are shown in Table 2.2 and Figure 2.4,

respectively.
Table 2.2-Aggregate properties

Aggregate Bulk Slilj:lil;ic Fineness | Absorption | Packing

N Density Gravity Modulus | Capacity | Density
T kg (%)

CAl 1473 2.74 6.70 2.66 0.54
CA2 1491 2.70 5.95 3.61 0.54
FA1l 1460 2.71 1.55 2.30 0.54
FA2 1675 2.64 3.50 5.16 0.63

A third-generation superplasticizer (SP, polycarboxylate-based) was used. It was
a milky brown solution with a specific gravity of 1.06 and a solid content of 35%. The
VMA (methyl-hydroxy-ethyl cellulose) used had a specific gravity of 1.00 and a solid

content of 35%.

100; a2 ‘/‘__—‘—ﬁ7
- . ——cat / A
Sl I A
g 60 | A2 / 4 L]
Z o /[ |
[/ |
s ] [ A //

S 2] [/ /

0 ] /| A& l/

0E ﬁd“'—#

0.01 0.1 1 10
Sieve Size (mm)

Figure 2.4-Gradation curves of coarse and fine aggregates

2.3.2 Mix Proportions

As shown in Table 2.3, a total of fifteen mixtures were tested. Four basic types of

mixtures were designed: graded aggregate (GA), mineral admixture (MA), VMA, and



well balanced (WB). Graded aggregate mixtures had three types of aggregate, relatively
high packing density, and a FA/CA ratio of 1. Mineral admixture mixtures used fly ash to
increase paste volume, had two types of aggregates and a FA/CA ratio of 1. VMA
mixtures used VMA to improve the viscosity, had two types of aggregate, and a FA/CA
ratio of 0.87. Well balanced mixtures combined the benefits of VMA and graded
aggregate mixtures.

Within each basic mixture type, the volume, gradation, packing density,
maximum size of aggregate, as well as slump flow may also be modified to explore the
effects of these properties on robustness. Labels +5% P, -5% P, LS, HP, and SA indicate
that compared with the basic mixture, a modified mixture has 5% more paste volume, 5%
less paste volume, lower slump flow, higher aggregate packing density, and smaller
coarse aggregate, respectively. For example, GA +5%P mixture has 5% higher paste
volume than the basic GA mixture, and VMA-HP mixture has higher aggregate packing
density than the basic VMA mixture.
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Table 2.3-Mix proportions of SCC mixes

Material kg/m3 Admixture
Aggregate Properties Vm’
Mix Type Mix ID w/cm | Cement | Fly Ash mim
CAl | CA2 | FA1 | FA2 | Water
(TypeI) | Class C %AGG | FA/CA CA1% ®m SP | VMA
GA 0.35 450 107 198 | 579 | 756 195 59 1.00 13 0.67 | 9707 0
Graded GA+5%P | 035 506 120 | 181 | 530 | 692 219 54 1.00 13 067 | 7908 0
Aggregate
GA -5 %P 0.35 394 94 214 | 629 | 821 171 64 1.00 13 0.67 | 11696 0
MA 0.31 442 239 693 678 211 53 1.01 50 0.65 | 9299 0
Mineral - —Cr o b T 031 487 263 | 627 | 0 | 621 233 48 1.01 50 0.65 | 8804 0
Admixture
MA -5 %P 0.31 398 215 749 743 0 190 58 1.01 50 0.65 | 10501 0
VMA 0.41 515 854 729 209 62 0.87 53 0.66 | 3051 | 1371
VMA-LS 0.41 515 854 729 209 62 0.87 53 0.66 | 2370 | 1371
0
VMA VMA +5 %P | 0.41 582 783 670 236 57 0.87 53 0.66 | 2823 809
VMA -5 %P | 0.41 447 923 789 181 67 0.87 53 0.66 | 3497 881
VMA-HP 0.41 585 0 468 | 593 | 585 238 59 0.56 28 0.71 8044 | 1360
WB-SA 0.42 474 0 712 | 188 | 748 | 199 63 1.34 0 0.66 | 4090 | 1424
Wwell WBI 0.42 502 533 | 115 | 222 | 743 | 211 61 1.53 33 0.74 | 3383 | 1131
Balanced WB2 0.42 502 509 | 136 | 445 | 522 | 211 61 1.53 31 0.71 5007 | 1131
WB3 0.36 502 534 | 142 | 467 | 547 | 181 64 1.53 31 0.71 | 6495 646
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2.3.4 Mixing procedure

Each batch of concrete has a volume of about 43 liter (1.5 ft’) and was prepared in
a drum mixer with a capacity of 58 liter (2 ft’). The following procedure was used:

1. Sand, coarse aggregate, and one third of water were put in a drum mixer and
mixed for 30s.

2. Cement and mineral admixture, if any, were put in the mixer and mixed for 3
minutes and remaining water was slowly added during the first minute of mixing process.

3. Mixer was stopped for 3 minutes.

4. Mixer was restarted, and SP and/or VMA were slowly poured and mixed for 2

minutes before the slump flow, robustness, and/or rheology tests.

2.4 THE DESIGN OF MODIFIED SEGREGATION PROBE

As shown in Figure 2.5, the modified Segregation Probe has a 100-mm (4”)
diameter ring connected by three legs to a 125-mm (5”) rod marked with a scale. The
whole probe is made of 2.38-mm (3/32”") diameter stainless steel wire and the total mass

is 24+1 g.

127+5mm
(5+%in.)

-

100;Smm
(4 £ % in.)

Figure 2.5-Modified Segregation Probe (24 g)

Because of its symmetric design, the modified Segregation Probe eliminates the
cause of inclination in the original design. Figures 2.6 and Figure 2.7 compare the

modified Segregation Probe and the original design.
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Figure 2.6-Modified Segregation Probe (left) and tilted original design (right) in slump

cones.

Figure 2.7-Modified Segregation Probe (left) and tilted original design (right) in a drum

mixer.

The size, geometry, and weight of the modified Segregation Probe were designed
based on mechanics analysis so that the probe can penetrate the mortar/paste layer, but sit
on top of coarse aggregate. The modified Segregation Probe can be simplified as a long
cylinder with a thickness of 2.38-mm. The probe in a fresh concrete mix experiences two
opposing forces before it is released from rest, a buoyancy force Br and a gravitational

force G, as shown in Figure 2.8a. Since steel has a higher density than the concrete, the
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probe will start to settle vertically due to the unbalanced force (Gr — Bg) if the yield stress
is not high enough to hold the probe.

Gr

Figure 2.8-Forces acting on cross-section of modified Segregation Probe when it is a) at rest,

and b) settling.

When the probe is settling downward, the suspension will provide another force
called the drag force, Fp, as shown Figure 2-8b. Drag force Fp resists the settling of the
probe, increases with higher speed, reduces the acceleration, and will eventually become
equal to the original driving force (Gr — Br) unless other forces break the balance. Then
there are no unbalanced forces acting on the probe and it continues to travel at a constant
settling velocity, Ue,.

According to fluid mechanics, the drag force Fp can be expressed as (Young et al
2004):

Fp = 0.5pXu?xAXC, (2.3)

where p is density of the suspension, u is settling speed, 4 is reference area
(projected area perpendicular to the settling direction), which equals dx(zD + 1.5D)—
where d (0.00238 m) is the diameter of the wire cylinder cross section and D (0.1 m) is
the diameter of the ring portion of the modified Segregation Probe, and Cp is drag
coefficient. In low speed streamlined flow, which is the type of flow expected in this
case, Cp can be estimated as [10]:

Cp = 8n/(dxpxu) (2.4)

where 77 is viscosity of suspension. Then drag force Fp can be rewritten as

14



Fp = 4(m + 1.5)XuxDxn (2.5)
The rheology of the cement paste/mortar can be described using the Bingham
model:
T =Ty + VXyp (2.6)
where 7 is stress, T, is yield stress, y is shear rate, and 7y, is plastic viscosity. For
a Bingham fluid, n in Eq 2.5 needs to be replaced by apparent viscosity (t/y); for a
Bingham fluid this is:
Napp = To/V + Mpi 2.7
Replace the 17 value in Eq 2.5 with this expression for 14y, we can get the drag
force Fp for a Bingham fluid
Fp = 4(m + 1.5)XDXux(to/y + ny;) (2.8)
Estimating the shear rate as velocity « divided by cylinder cross section diameter
d changes Eq 2.8 to
Fp = 4(m + 1.5)xDxux(dX 1o /u + 1) (2.9)
As shown in Figure 2.8(a), the driving force for settlement is the difference
between gravitational attraction and buoyancy force (Gr—Br), which can be expressed as

nd*xgx[(mD+1.5D)X(p—p,)+Hp.]
(G — Bp) = /BEEE—— (2.10)

where ps is the density of solid (segregation probe), p, is the density of
suspension (paste/mortar/concrete), g is gravitational acceleration, and H (0.127 m) is the
height of the vertical rod portion of the probe.

It has been discussed that Fp finally becomes equal to (G/—Bg) and the particle
travels at a constant settling velocity, u,. When that happens the right sides of Eqs 2.9
and 2.10 become equal:

ndzxgx[(nD+1.5D)X(pS—pL)+HXpS]

4(m + 1.5)XDxux(dx 1o /u + np;) = 7 (2.11)
Rearranging Eq 2.11 gives
_ mnd*xgx[(@D+1.5D)%(pg—p, ) +HXpg|—16(m+1.5)xDxdx1q
Uoo = 16(n+1.5)xD X1, (2.12)
From Eq 2.12, it can be seen that if
nd*xgx[(@D+1.5D)%(pg—p, ) +HXp] 2.13)

To = 16(+1.5)xDxd
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the segregation probe does not penetrate the suspension. Using ps=7800 kg/m”,
and p,=2000 kg/m’, d=0.00238 m, and g=9.8 m/s* in Eq 2.13 gives T, =36 Pa. This
means the modified Segregation Probe penetrates only when the yield stress is less than
36 Pa. The typical yield stress of mortar of SCC ranged from 6 to 15 Pa [11] and the yield
stress of SCC ranged from 50 to 200 Pa [12], which explains why the modified
Segregation Probe penetrated cement paste and mortar but would not penetrate fresh
concrete. Furthermore, the yield stress of the mortar and concrete were found to be 28
and 304 Pa for GA-5% mix, and 23 and 173 Pa for MA-5% mix in Table 2.3, which also

indicates the modified Segregation Probe is being able to measure the mortar thickness.

2.5 THE PROCEDURE

The procedure of the modified Segregation Probe was slightly changed with
reduced rest time of the concrete and shortened settling time of the probe. The new
procedure is summarized as follows:

1) Raw materials are mixed in a mixer according to standard procedure;

2) Fresh concrete is cast into a 150 x 300 mm cylinder mold with one lift and
allowed to rest for 1 min before the test, during which time vibration of the
cylinder is avoided.

3) The segregation probe is placed gently on the concrete surface and allowed to
settle for 30 sec.

4) The penetration depth is measured and the Stability Index is determined according
to Table 2.1.

The reason for reduced concrete rest time (from 2min to 1 min) and shortened
settling time (from 1 min to 30 sec) of the probe is based on numerous observations of
real tests. In nearly all cases, probe stopped settlement well within 20 sec. Readings were

found not be affected by shortened waiting times.

2.6 VERIFICATIONS

The results of Segregation Column [2] and modified Segregation Probe were
compared in Figure 2.9. Since the segregation percentage limit for a stable mix is 15%

for Segregation Column and 7 mm for modified Segregation Probe, points in Zone 3 and
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4 indicates agreement and points in Zone 1 and 2 suggest disagreement. A good

correlation was observed between Segregation Column test and modified Segregation

Probe test because all data points are in Zone 3 and 4.
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Figure 2.9-Results of Segregation Column (ASTM C1610/C1610M-10) and modified

Segregation Probe

The results of Penetration Test [3] and modified Segregation Probe were

compared in Figure 2.10. Because the penetration limit for a stable mix is 10 mm for

Penetration Test and 7 mm for modified Segregation Probe, therefore, any point in Zone

3 and 4 indicates agreement between the two tests. Similarly, points in Zone 1 and 2

suggest disagreement. Clearly, there is a good correlation between Penetration Test and

modified Segregation Probe test as almost all data points are in Zone 3 and 4.
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Figure 2.10-Results of Penetration Test (ASTM C1712-09) and modified Segregation Probe

Comparisons of modified Segregation Probe and the original design are illustrated
in Figure 2.11. Each data point represents penetration depths for a specimen using the
initial and the modified probe. Results from tilted original probe were regarded invalid
and were shown as outliers and were not included in the comparison. The results of
modified Segregation Probe had a linear relationship with the results of the original probe
(Y= 0.902 X, with an R* value of 0.9833). Once again, these two sets of results also
agreed well. Although the weight and geometry of the initial and modified probes are
different, both can stop on top of coarse aggregate and measure the thickness of the
mortar/paste layer. One possible reason for the lower values obtained by the modified
version compared with the original probe is because the modified probe has more
projected area than the original probe (3 legs versus 1 leg). Since the top surface of the
coarse aggregate matrix is rough, more projected area means the probe may be stopped

earlier with less settlement.

18



Y]
[V I—}

y = 0.902x
2=10.9842

W W s
==Y | )
*

[\
[

X: Outliers

ek
< W

Modified Segregation Probe (mm)
N
n

S W

0 5 10 15 20 25 30 35 40 45 50

Segregation Probe (mm)

Figure 2.11-Results of original Segregation Probe and modified Segregation Probe.
Figure 2.12 shows photos of four cut hardened cylinders with Stability Index of 0,
1, 2, and 3. For each cylinder, the actual thickness of the paste/mortar layer was measured
and compared with measurements from modified Segregation Probe. Specimen (a) has a
measured mortar thickness of 0 mm and probe settlement of 0 mm, and both values give
a Stability Index of 0. Similarly, the measured mortar thickness and probe settlement are
very close for specimen (b), (c), and (d), indicating the modified Segregation Probe can

measure the actual the mortar layer.
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a b c d
Figure 2.12-Cut 150 mm x 300 mm Cylinders: (a) SI = 0, Measured Mortar Thickness =0

mm, Probe Settlement =0 mm; (b) SI =1, Measured Mortar Thickness = 6 mm, Probe
Settlement =6 mm; (c) SI =2, Measured Mortar Thickness = 17 mm, Probe Settlement =17
mm; (d) SI =3, Measured Mortar Thickness = 38 mm, Probe Settlement =37 mm.

2.7 REPRODUCIBILITY

The reproducibility of modified Segregation Probe was checked for four mixes in
Table 2.3: VMA+5%P, GA, MA, and MA-5%P. The Stability Index was controlled at 0,
1, 2, and 3 for VMA+5%P, GA, MA, and MA-5%P mix, respectively. For each mix, ten
modified Segregation Probe tests were performed after freshly mixed concrete was filled
into a 150 mm x 300 mm cylinder. The effect of hydration is regarded as minimal
because the time duration to finish all ten tests is about 5 min. As shown in Figure 2.13,
the variation was 1 mm (mean = 1.3 mm, % of error = -54% to 23%), 2 mm (mean = 5.9
mm, % of error = -19% to 15%), 3 mm (mean = 16.8 mm, % of error = -7% to 11%), and
5 mm (mean = 37.5 mm, % of error = -7% to 7%) for VMA+5%P (SI=0), GA (SI=1),
MA(SI=2), and MA-5%P(SI=3) mix, respectively. The less stable the mix, the higher the
penetration depth, and the higher the variation in results. Since all ten tests for each mix

fell in the same Stability Index, the reproducibility can be considered acceptable.
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Figure 2.13-Reproducibility tests of modified Segregation Probe.
CONCLUSIONS

The following conclusions can be drawn from the results of modified Segregation

The symmetrical design of the modified Segregation Probe resolved the tilting

problem of the original design in some segregated mixes.

The time to perform the modified Segregation Probe was shortened with reduced

resting and settling periods.

The modified Segregation Probe is shown experimentally and theoretically to

measure the thickness of the paste/mortar layer on top of instable SCC.

The results of modified Segregation Probe agreed well with the Penetration Test

from ASTM C1712-09.
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5) There is general agreement between the results of modified Segregation Probe

and the Segregation Column test from ASTM C1610/C1610M-10.

6) The results of modified Segregation Probe agreed well with the original

Segregation Probe when no tilting problem was presented.

7) The reproducibility of the modified Segregation Probe was acceptable for all

Stability Indices.
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CHAPTER 3

STABILITY ROBUSTNESS OF SELF-
CONSOLIDATING CONCRETE

3.1 BACKGROUND

Compared with ordinary concrete, the composition and the rheological properties
of SCC should be closely controlled in order to satisfy the three fresh property
requirements simultaneously. Small fluctuations of the plastic viscosity and yield stress
of paste, and the size, volume, gradation, as well as moisture content of the fine and
coarse aggregates could adversely affect workability, composition, and durability [1].

Due to its sensitive nature, SCC typically requires a higher level of quality
control. A lack of robust mixture is one of the main reasons limiting large scale
production of SCC in the field, where external sources of variability are difficult to
monitor and control [1]. Therefore, it is desired to have a robust SCC mixture, which is
minimally affected by the variations in mix compositions [13]. As a matter of fact,
robustness checking has been recognized as a critical step in mix design of SCC [14].

Previous researches have revealed that decreasing the water/cement ratio,
increasing fine/total aggregate ratio, increasing total aggregate content, reducing
aggregate size, as well as adding VMA (viscosity modifying admixture), fly ash, welan
gum (rheology modifier), and condensed silica fume may improve robustness of SCC [5,
9,11, 13,15-23].

Unfortunately, much of the research is empirical and the mechanism of how
various aggregate properties and the rheology of cement paste and concrete affect

robustness is still not well understood.
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3.2 OBJECTIVES

The main objective of this chapter is to study the effects of aggregate properties
and concrete rheology on static segregation robustness of SCC mixtures using aggregate
packing theories and rheological models. The experimental method to assess robustness

is based on modified Segregation Probe, which was introduced in chapter 2.

3.3 DETAILS OF MATERIALS AND MIX PROPORTIONS

Type I Portland cement complying with ASTM C150/C150M-12 and type C fly
ash complying with ASTM C618-12a were used. Coarse aggregate CA1 is crushed basalt
rock, has maximum size of 19mm, and coarse aggregate CA2 is crushed basalt rock, has
maximum size of 9.5mm. The properties and the gradation curve of coarse and fine
aggregate are shown in Table 3.1 and Figure 2.4, respectively.

Table 3.1-Aggregate properties

Aggregate Bu11.< Slililil;ic Fineness Absorp‘Fion Packipg
Density Gravity Modulus | Capacity | Density
Rame | (kgm?) (%)
CAl 1473 2.74 6.70 2.66 0.54
CA2 1491 2.70 5.95 3.61 0.54
FAl 1460 2.71 1.55 2.30 0.54
FA2 1675 2.64 3.50 5.16 0.63

A polycarboxylate-based superplasticizer (SP) was used. It was a solution with a
specific gravity of 1.06 and a solid content of 35%. The VMA (methyl-hydroxy-ethyl
cellulose) used had a specific gravity of 1.00 and a solid content of 35%.

As shown in Table 3.2, a total of fifteen mixtures were tested to study the effects
of slump flow, aggregate volume, size, gradation, and packing density, chemical
ad