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CHAPTER 1

INTRODUCTION

1.1 Definition of Self Consolidating Concrete (SCC)

Placement of concrete generally requires consolidation by vibration in the forms.
Self-Consolidating concrete (SCC) has been defined as "a highly flowable, yet stable
concrete that can spread readily into place and fill the formwork without any
consolidation and without undergoing any significant separation”, (Khayat, Hu and
Monty, Proceeding First International RILEM Symposium, SCC, Stockholm 1999).
An alternative specification suggest SCC as "a flowing concrete without segregation
and bleeding, capable of filling spaces and dense reinforcement or inaccessible
voids without hindrance or blockage"

The composition of SCC must be designed in order not to separate, e.g. to
create excessive bleedwater and settle out the coarse fraction (sedimentation). Air
entrainment is also possible for SCC to increase the concrete’s resistance to frost or
frost thawing salts.

The use of SCC in the actual structure has steadily increased in the recent
years and presents an excellent alternative to conventional concrete for high-density
or intricate reinforced sections and placement in narrow molds. SCC can also be
pumped from the bottom of a form or dropped from the top with a recommended
maximum fall height of 6 feet.

In general, SCC provides following advantages over conventional concrete:

- Simple placement in complicated formwork and tight reinforcement



- Reduced construction times, especially at large construction sites (due to
no compaction work)

- Reduced noise pollution (since vibrators are not necessary)

- Higher and more homogenous concrete quality across the entire concrete
cross-section, especially around the reinforcement

- Concreting deep elements in single lifts

- Improved concrete surfaces and finishes

- Typically higher early strength of the concrete (formwork can be removed
quickly)

- Higher moisture retention may aid curing

With these stated advantages, SCC usage is on the rise worldwide for cast in-place
and particularly for precast concrete construction. Many agencies worldwide have
shown interest and are working towards developing tests, specification and finally
adopting this type of concrete. Lot of initial work and investigation have been done
in Japan and Europe and it is important to develop the knowledge, understanding
and the usage of SCC in the United States for its adoption and enhancement of the

concrete products.



1.2 Requirements For Self-Consolidating Concrete
SCC must possess following three characteristics to meet its stated workability

requirements:

1. Filling ability: The ability of SCC to flow into and fill completely all spaces
within the formwork under its own weight.

2. Passing ability: The ability of SCC to flow through tight openings such as
between reinforcing rebars without segregation or blocking

3. Segregation resistance: The ability of SCC to remain homogeneous during

transportation and placing.

For the concrete to possess adequate filling ability, the interparticle friction of the
materials must be reduced. This can be achieved by reducing the surface tension
and optimizing the packing of fine particles. Resistance to segregation can be
improved by minimizing the free water to avoid bleeding and by making the liquid
phase more viscous to enhance suspension of particles. Viscosity modifying agents
(VMA) and/or higher fine content have been used to accomplish higher viscosity. In
addition to the above workability requirements, the concrete must also possess

adequate strength, durability and bleeding resistance.
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1.3 Test Methods to Measure Fresh SCC Properties

At present, there are no standard ASTM or AASHTO procedures or standard test
methods available to characterize the properties of SCC. ASTM Committee C09 on
Concrete and Concrete Aggregates met with various constituencies such as
concrete producers, engineers, transportation officials, manufactures etc. during
ASTM summer 2001 meeting in Norfolk, Va. to discuss SCC admixture standards.
A subcommittee (C09.47) was created to review specific standard requirements for
such mix agents, and scope for a basic standard.

Following is a brief discussion on the methods employed to measure the fresh
and hardened concrete properties. For the SCC tests, the current conventional tests
methods are employed with exception of compaction requirement during specimen
preparations. For tests such as air content measurement, compressive strength
sampling, rapid chloride penetration test sample preparation no tamping or vibration

will be used.

1.3.1 Workability (Rheology) Tests

There is no single test that can adequately measure the three workability
requirements mentioned above and hence it necessitates multiple testing. At the
time of writing this report, there were no standardized tests method or equipment
adopted by ASTM. Below is a list of test methods for workability properties of SCC
that has been employed in the past. These equipments and test method have been

employed by many researchers and agencies to investigate SCC rheology in past

11



with good success and experience. It is expected that these equipment will be

adopted “as-is” and standardized without much dimensional alterations.

Table 1 Test methods for workability properties if SCC

Test Method Property Measured
Slump-flow Filling ability
Ts0Slump-flow Filling ability

J-Ring Passing ability
V-funnel Filling ability

V-funnel at Ts minutes Segregation resistance
L-box Passing ability

U-Box Passing ability

Fill-box Passing ability

GTM screen stability test | Segregation resistance
Orimet Filling ability

Below is a short description of these workability test methods.

1.3.1.1 Slump-Flow Test

Slump-flow tests are used to determine flowability and stability of self -Consolidating
concrete. The equipment consists of one slump cone and one flow table (Figure 1).
A concentric diameter of 500 mm is marked on the table. The slump cone is filled
with concrete while pressing the slump cone to the table. Next, the slump cone is
lifted vertically and time measurement is started. Time for the concrete diameter to
reach 500mm (Tso) is recorded. When the concrete has stopped flowing, the final
diameter (D-final) of the concrete and if necessary any segregation border at the

concrete periphery is measured, see Figure 1.

12
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Figure 1 Slump Flow test Apparatus

1.3.1.2 J-Ring test
The test is used to determine the passing ability of the concrete. The equipment
consists of a open steel ring, drilled vertically with holes to accept threaded sections
of reinforcement bar. These sections of bar can be of different diameters and
spaced at different intervals. The diameter of the ring of vertical bars is 12in
(300mm), and the height of 4in (100 mm). The JRing can be used in conjunction
with the Slump flow or the Orimet test. These combinations test the flowing ability
and (the contribution of the JRing) the passing ability of the concrete. After the test,
the difference in height between the concrete inside and that just outside the JRing
is measured. This is an indication of passing ability, or the degree to which the
passage of concrete through the bars is restricted.

The JRing is placed centrally on the base-plate with the slump-cone. The
cone is filled without tamping and lifted vertically to allow the concrete to flow out

freely. The final diameter of the concrete in two perpendicular directions is

13



measured. The difference in height between the concrete just inside the bars and
that just outside the bars is also measured. Slump flow with or without J-ring can be

measured.

Figure 2 J-Ring test apparatus

1.3.1.3 V-Funnel test

V-funnel test is used to determine flowability and stability of SCC. The equipment
consists of a v-shaped funnel according to Figure 3. The v-funnel is filled to its
upper level with concrete. After the concrete rests for one minute in the v-funnel, the
gate is opened. Time for the concrete to flow out of the v-funnel (Flow-time) is
recorded. The concrete is observed while it flows out and any blocking leading to

total stoppage of flow or temporary stops is noted

14
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Figure 3 V-Funnel test apparatus

1.3.1.4 L-Box Test

The principles of the L-shaped box are shown in Figure 4. With the L-shaped box, it
is possible to measure different properties, such as flowability, blocking and
segregation. The vertical part of the box, with the extra adapter mounted, is filled
with concrete. After the concrete has rested in the vertical part for one minute, the
sliding gate is lifted. The concrete will now flow out of the vertical part into the
horizontal part of the L-box. On its way, it has to pass the layer of reinforcement.
The gap between reinforcement bars is 1.5in (34 mm), but can be changed to other
gap sizes. After the sliding gate is removed the time for the concrete front to reach
8in (200mm) marking (T20), and the time for the concrete front to reach 16in
(400mm) marking, see Figure 3 (Ta4) is recorded.. When the concrete has stopped;
the distances Hy and H at 8in and 16in mark are measured. Acceptable values of

the so-called blocking ratio, Ho/H4, can be 0.80 — 0.85. Both blocking and stability

15



can be detected visually. If the concrete builds a plateau behind the reinforcement
layer, the concrete has either blocked or segregated. Blocking usually displays it
self by coarse aggregates gathered between the reinforcement bars. If coarser
aggregates are distributed on the concrete surface all the way to the end of the
horizontal part, the concrete can be regarded as stable.

-4,---_,_.1_00

s R e
1 T
| Rebars 3 012 mm
5101 Gap 34 mm

H1

Figure 4 L-Box flow Test Apparatus

1.3.1.5 U-Box Test

The test is used to measure the filling ability of self-consolidating concrete. The
apparatus consists of a vessel that is divided by a middle wall into two
compartments, shown by Ry and R; in Figure 5. An opening with a sliding gate is
fitted between the two sections. Reinforcing bars with nominal diameters of 0.5in
(13 mm) are installed at the gate with center-to-center spacing of 2in (50 mm). This
creates a clear spacing of about 1.5in (35 mm) between the bars. The left hand
section is filled with concrete then the gate lifted and concrete flows upwards into the

other section. The height of the concrete in the second section is measured. When

16



the concrete stops flowing, the heights “H4” and “Hy” in both compartments are

measured. H; - Hy, the filling height is calculated.

kligdie Wal

Shiding Door
1

Reinforning Bars
{D¥3mm}

- 28em AB@BCm=200m

Figure 5 U-box Test Apparatus

1.3.1.6 Fill-Box test

The apparatus consists of a container (transparent) with a flat and smooth surface.
In the container there are 35 obstacles made of PVC with a diameter of %in (20mm)
and a distance center to center of 2in (50mm). At the topside is a filling pipe
(diameter 4in (100mm) and height 20in (500mm)) with a funnel (height 4in
(100mm)). The container is filled with concrete through this filling pipe and the
difference in height between two sides of the container is a measure for the filling

ability.
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1.3.1.7 GTM Screen Stability Test

This test has been developed by the French contractor, GTM, to assess segregation
resistance (stability). It consists of taking a sample of 10 liter of concrete, allowing it
to stand for a period to allow any internal segregation to occur, then pouring half of it
on to a 5mm sieve of 350mm diameter, which stands on a sieve pan on a weigh
scale. After two minutes, the mortar, which passed through the sieve, is weighed,
and expressed as a percentage of the weight of the original sample on the sieve.
Calculate the percentage of the sample passing the sieve called the segregation

ratio.

1.3.1.8 Orimet Test

The Orimet was developed at the University of Paisley as a method for assessment
of highly workable, flowing fresh concrete mixes on construction sites. The
equipment is shown in figure 5. The test is based on the principle of an orifice
rheometer. The Orimet consists of a vertical casting pipe fitted with a changeable
inverted cone-shaped orifice at its lower, discharge end, with a quick-release trap
door to close the orifice. Usually the orifice has an 80 mm internal diameter, which is
appropriate for assessment of concrete mixes of aggregate size not exceeding 20
mm. Orifices of other sizes, usually from 70 mm to 90 mm in diameter, can be fitted
instead. Operation consists simply of filling the Orimet with concrete then opening
the trapdoor and measuring the time taken for light to appear at the bottom of the

pipe (when viewed from above).

18
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

An extensive literature review pertaining to Self-Consolidating Concrete (SCC) was
conducted. A wealth of information was found in the literature and was studied with
respect to different aspect of SCC, such as, fresh concrete, harden concrete
properties and mixture proportioning methods. Below is a short summary of various

reports, paper and article that were found to relevant to this study.

2.2 Mixture Proportioning Procedures
There are many procedures available in literature for proportioning Portland cement
concrete. ACI absolute volume method of mix proportioning ['] is one of the most
commonly used procedures by the concrete industry. Due to special needs of SCC
in its fresh state, the procedure used for normal concrete proportioning requires
modification or alteration. Typically, SCC in harden state has same requirement as
normal concrete and it is the fresh state that poses much challenge to the designer.
Generally, there are three different concepts of designing and producing
SCC. SCC can be produced using high powder content (powder type), using
Viscosity Modifying Agents (VMA type) or combination of the two (combination type).
Generally SCC also require higher dose of superplasticizer as compared to normal

concrete.
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Powder type SCC is popular in European countries due to readily available
bended cement with desire powder contents. Viscosity of SCC can be increased
with fillers such as flyash, glass filler, limestone powder, silica fume and quartzite
filler. In North America, VMA type SCC is most popular with many manufacturers of
VMA agents readily available.

SCC in its fresh state requires high fluidity and segregation resistance ability
among other important requirements. Okamura [ initially proposed a method,
which requires tests to be conducted on cement paste and mortar for their properties
and compatibility of various ingredient materials. However this was not found
convenient for ready-mix concrete producers and Japanese Ready-Mixed Concrete
Association (JRMCA) [°] proposed a standardized mix design method of SCC based
on Okamura’s procedure. Table 2 below shows the specification proposed by
Japanese Society of Civil Engineering (JSCE) [*].

Laboratory Central Des Ponts et Chausses (LCPC) [’], the Swedish Cement
and Concrete Research Institute (CBI), has developed a mix design procedure
based on BTRHEOM rheometer and related software.

In Taiwan, the method proposed by Hwang [°] involves a densified mixture
design algorithm, which is derived from the maximum density theory and excess

paste theory.
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Table 2 SCC Specification of Japanese Society of Civil Engineering.

Class of filling ability of concrete 1 2 3
Min gap between
30-60 60-200 >200
Construction reinforcement (mm)

Condition

Amt of reinforcement

5 >350 100-350 | <100
(kg/m)

Absolute vol of coarse aggregate per unit
vol of SCC (m*/m?)

0.28-0.30 | 0.30-0.33 | 0.3-0.36

Flowability Slump flow (mm) 650-750 600-700 | 500-650
Time to flow through V-
10-20 7-20 7-20
Segregation funnel (s)
resistance Time required to reach
5-25 3-15 3-15

500 mm slump flow (mm)

Nau Su proposed a simple mix design methods in []. The main focus of the method

is fill voids in loosely filed mineral aggregate with paste of binder. The procedure is

summarized as below.

Step 1:
Step 2:
Step 3:
Step 4:
Step 5:
Step 6:
Step 7:
Step 8:

Step 9:

Calculate the coarse and fine aggregate contents
Calculate the cement content

Calculate mixing water based on cement content
Calculate Flyash and GGBFS contents

Calculate the mixing water needed in SCC
Calculate the Superplasticizer dosage

Adjust Mixing water due to aggregate moisture
Trial Mixes and test SCC properties

Adjust Mix proportion

22



Author defined the packing factor (PF) of aggregate used in Step 1 as the ratio of
mass of aggregate of tightly packed state in SCC to that of loosely packed state. A
higher PF, indicates greater amount of aggregate content, which will require less
binder and generally will have less flowability and vice versa. JSCE recommends
minimum amount of cement for producing normal and the high durability concrete as
455 Iblyd® (270 kg/m®) and 490 Ib/yd® (290 kg/m?), respectively. Upon conclusion of
the study, the author found that the aggregate PF determines the aggregate content
and influences the strength, flowability and self-consolidating ability. In their design
method, the volume of sand to mortar was in the range of 54-60% and they found
that PF value was the controlling fact for filling height of U-box test.

A. Saak et al [*] presented a new segregation-controlled design methodology.
The theory assumes that for a given aggregate particle size distribution and volume
fraction, the rheology and density of the cement paste matrix dictate the fluidity and
segregation resistance of concrete. It was also concluded that a minimum paste
yield stress and viscosity must be exceeded to avoid segregation under both static
and dynamic conditions, respectively. Authors defined a segregation-resistant and
yet high workability region as rheological self-flow zone (SFZ). The applicability of
the theory for designing SCC was tested by measuring flow properties of concrete
using U-Box. The aggregate particle size distribution and volume fraction were held
constant and the yield stress, viscosity and density of cement paste were measured.

Su, J. K. et al [] studied the effect of sand ratio (fine aggregate volumeftotal
aggregate volume) on the elastic modulus of SCC. Various SCC mixes with differing

S/A ratio were cast and tested. Elastic moduli were compared to normal concrete.
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Authors concluded that the flowability increased with S/A ratio and elastic modulus
of not significantly affected by S/A ratio when total aggregate volume was kept
constant.

Sari, M. ['°] presented a new method based on the use of two admixtures: a
nanometric, amorphous, silica SiO; (for reactivity with cement paste), combined with
a specific polysaccharide (for its suspending ability). The process involved enriching
the granular skeleton of the mix with ultra fine elements by using precipitated silica
slurry and keeping aggregates well suspended by using liquid form polysaccharide.
The trials confirmed the feasibility of high strength concrete mix designs with
demoulding time as short as 10 hours and concrete with excellent finish.

Bui V. K. et al. ['"] presented a simple apparatus and a rapid method for
testing segregation resistance of SCC. The extensive testing showed the
usefulness of this apparatus in assessing the segregation resistance in both vertical
and horizontal direction. For evaluating the vertical segregation resistance, the
conventional compacting factor test apparatus is used, while for horizontal
segregation resistance, horizontal leg of L-Box is used. A penetration test with a
head of 1.90z (54g) weight is then performed on these collected samples. The
samples are then washed and particles larger than 0.37in (9.5mm) are separated,
dried and weighed. The average mass of the coarse aggregate is calculated and
compared. A difference of 10% or less between samples from front of reinforcement
bars and end of L-box indicates satisfactory segregation resistance. It was

proposed that concrete with penetration depth (measured after 45s of releasing the
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head) of less than equal to 0.31 (8mm) would have satisfactory segregation
resistance.

Bauzoubaa N. et al ['?] studied 10 mixes of varying w/c ratio and fly ash
content and presented the findings of fresh and harden concrete properties. Wi/c
ratio varied from 0.35 to 0.45 and flyash replacement was varied from 40% to 60%.
Slump test and v-funnel test were conducted to measure flowability. The
segregation test developed by Fujiwara consisting of gently pouring a 0.53 gallon (2
liter) container of fresh concrete over a 0.2in (5mm) mesh, and measuring the mass
of the mortar passing the screen after 5 min was also performed. A stable concrete
should not pass more 5% segregation index. In addition to this, bleeding, setting
time and autogenous temperature rise were also monitored.

Ho, D, et al.["®] studied the utilization of quarry dust for SCC applications.
Rheological measurements on pastes and mixes were made and compared to SCC
mix with limestone powder. It was found that quarry dust could be used for SCC
production, but required higher dosage of superplastizer.

Okamura and Ozawa developed a mix design method in Japan in 1995,
which is based on the characteristics of material used, and their mix proportions ['“].
The coarse and fine aggregate content are fixed while the water-cementitious ratio
and superpasticizers content is adjusted to achieve self-consolidation in the fresh
concrete. Typical steps involved are

Step 1: The coarse aggregate content is fixed at 50% of solid volume of the

concrete

Step 2: the fine aggregate content is fixed at 40% of the mortar volume
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Step 3: w/c ratio is assumed to be 0.9-1.0% by volume depending on the
properties of the binders
Step 4: the superplasticizer dosage and final w/c ratio are determined to

ensure self-consolidation.

Petersson and co-workers ['°] developed a model for mix design of SCC and
involve following items:

Void content: The minimum paste volume required for coarse and fine

aggregate is calculated by measuring the void content for different

combinations of coarse and fine aggregate using the modified ASTM C 29

method. The minimum paste volume should fill and voids between aggregate

particles while covering all aggregate particles surfaces.

Blocking criteria: A model to calculate the limiting total aggregate content of a
non-blocking concrete mix was developed based on grading and maximum

aggregate size.

Mortar Proportions: The optimum proportions of the mortar within the mix is
determined by adjusting the w/cm ratio, superplasticizer, viscosity-modifying
agents and sand content until the required yield shear stress and plastic

viscosity are obtained using the viscometer.
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Concrete Proportions: Mix proportions are then determined by means of the
model developed for calculating the maximum total aggregate content of a

mix without the risk of blocking.

Sedran ['®] proposed mix deign method based on solid suspension model.
The principle of solid suspension model is that part of the water in concrete is used
to fill the voids between the skeleton (binder and coarse aggregate); the remainder
is used to control the workability. By minimizing the void space between the
Skelton, the workability of a mix can be increased for same water content. This
model can predict the packing densities of combined dry materials from their indicial
bulk densities, grading, curve, packing density and mass proportion in combination.
A rheometer (BTRHEOM™) was developed to measure the shear yield stress and
plastic viscosity of the concrete and mortar. The mains steps of the method are as
follows:
Step 1: Specification of the concrete is determined on the basis of slump flow
or using the BTRHEOM.
Step 2: A combination of binders is fixed based on previous knowledge to
satisfy compressive strength requirement and material availability
Step 3: The saturation level is determined and half this amount is used to
prevent segregation
Step 4: The water demand of the binder combination with superplasticizer is
determined with previous knowledge of material properties and water

reduction effect.
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Step 5: The solid Suspension Model is used to optimize the proportions of
binder and aggregate. The water content is minimized and an
arbitratorily relative viscosity if chosen

Step 6: A sample of concrete is batched and water concrete is adjusted to
obtain the target viscosity

Step 7: The superplasticizer dosage is adjusted to achieve a suitable slump
flow

Step 8: The potential compressive strength of the concrete may be calculated
using the generalized Fret’'s formula

Step 9: The fresh properties of the concrete such as filling and passing ability

are studied.
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2.3 Examples of SCC mix Design around the World
Following tables illustrate the typical SCC mix types and their typical composition
17].

around the world[

Table 3 Examples of SCC Mixes in Japan.

Ingredients Mix J1 Mix J2 Mix J3
(Powder type) (VMA Type) (Combination Type)
Coarse Aggregate 1327 1388 1469
Fine Aggregate, Ib 1263 1463 1181
Cement, Ib 891 370 502
Fly Ash, Ib 118 0 346
Silica Fume, Ib 0 0 0
Ground Granulated 0 484 0
Blast Furnace Slag, Ib
Water, Ib 294 278 294
HRWR, Ib 15.29 7.65 17.6
VMA, Ib 0 6.88 0.15
Slump Flow test 24.6 23.6 23.6
Spread, in

Mix proportions are for 1 yd® of concrete

Table 4 Examples of SCC Mixes in Europe

Ingredients Mix E1 Mix E2 Mix E3
(Powder type) (VMA Type) (Combination Type)

Coarse Aggregate 1261 1261 1261

Fine Aggregate, Ib 1455 1463 1177

Cement, Ib 471 555 521

Fly Ash, Ib 0 0 320

Limestone Powder, Ib 412 0 0

Silica Fume, Ib

Ground Granulated 0 226 0

Blast Furnace Slag, Ib

Water, Ib 320 323 336

HRWR, Ib 7.03 9.94 10.93

VMA, Ib 0 0 12.46

Slump Flow test 23.6 - 29.5 23.6 -29.5 23.6 -29.5

Spread, in

Mix proportions are for 1 yd® of concrete

Table 5 Examples of SCC Mixes in USA.
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Ingredients Mix Ul Mix U2 Mix U3
(Powder type) (VMA Type) (Combination Type)
Coarse Aggregate 1038 1153 1504
Fine Aggregate, Ib 1773 1578 1711
Cement, Ib 688 602 701
Fly Ash, Ib 76 0 0
Silica Fume, Ib 0 0 0
Slag, Ib 0 201 0
Water, Ib 293 303 260
HRWR, ml 1602 2500 2616
VMA, Ib 0 0 542
Slump Flow Spread, in | 28 26 24

Mix proportions are for 1 yd® of concrete

2.4 Viscosity Modifying Admixtures (VMAS)
The viability of SCC was greatly increased upon introduction of Viscosity Modifying
Admixtures (VMAS) in late 1990’s. There are two basic types of VMAs['?]
1. traditional pumping aids chemically based on modified cellulose or
hydrolyzed starches
2. Polyethylene -glycol and biopolymers which appear to be most effective
for SCC
Hydrogen bonds between two glycoside rings causes significant increase in
the viscosity of aqueous phase and these polymers are readily adsorbed on the
surface of cement particles. The resulting bridging effect increases the yield stress
of the cement paste and the subsequent cohesiveness of concrete mixture at rest or
under moderate shear stress.
Khayat, K. [19], provided an excellent overview of viscosity enhancing
He concluded that by

admixtures (VEAs) used for cement-based materials.

adjusting the combination of VEAs and HRWR, a fluid, yet washout-resistant,
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system can be produced. This can enhance in situ properties of underwater-cast
grout, mortar, and concrete, reduce the turbidity, and increase pH of the surrounding
water.

Rixom R. [*°] discussed the four areas where concrete chemical admixtures
have made an economic impact on the concrete industry. Admixtures presented
included, air entraining admixtures, water reducing agents, superplasticizers (with
respect to SCC) and accelerator. It cited a study that documented the savings in
labor time at each stage of production of residential concrete slabs. An overall labor
savings of 33% and improved quality of concrete in terms of compressive and

flexural strength and flathness was observed.

2.5 Selecting The Appropriate SCC Performance Targets

Constantiner, D. describes a practical framework for the selection of flowing
properties that will best suit an application and deliver optimum performance. First
the applications are classified based on ratings of various characteristics of the
element being cast including flow distance, level of reinforcement, shape, potential
for segregation, and appearance. These requirements are then mapped into a range
of flow and stability properties of SCC. Placement techniques can also influence
the mixture design process and are discussed in the paper from the perspective of
SCC mixture performance. Figure 7 below shows relationship matrix between
element characteristics and flow properties. Dark boxes in The Figure 7 are

combinations unlikely to work.
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Flow Properties
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Figure 7. Relationship matrix between element characteristics and flow properties.

2.6 Guidelines and Specifications

EFNARC,[?'] The European Federation of Producers and Contractors of Specialist
Products for Structures, published “Specification and Guidelines for Self-Compacting
Concrete” in early 2002. The EFNARC Specification defines specific requirements

for the SCC material, its composition and its application. The Annexes also include a
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wealth of useful advice to designers, concrete manufacturers, contractors, specifying
authorities and testing organizations.

Peterson et al, [*] under Brite-EuRam project BRPR-CT96-0366 titled
“Rational Production And Improved Working Environment Through Using Self
Compacting Concrete” has produced extensive reports on various aspects of SCC.
The project was subdivided in two parts. The first part was concerned with the
development of self-compacting concrete with or without steel fibers. The second
part dealt with full-scale experiments in civil engineering and housing. The main
target was to develop production and transport methods suitable for the SCC and to
optimize construction site organization to achieve more competitive production and
lower construction costs. The results from the work showed that it is possible to
produce a self-compacting concrete both with and without steel fibers and that, the
estimated cost for self-compacting concrete seems reasonable. The useful reports

on various completed task are available online at http://scc.ce.luth.se/.

PCA recently updated its bibliography series [*’] pertaining to SCC and
includes over 250 references to technical reports, journal articles, conference
presentations, and links to web documents. A new section on “Standards and
Guidelines: Established and Under Development” lists standards activities worldwide
related to SCC, with links to documents and specific contact information.

Following are the references to Standards and Guidelines either established and

under development:
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American Concrete Institute (www.aci-int.org) Subcommittee 236B, formed in
2002, is preparing a state of- the-art report on SCC. Subcommittee Chair,

Joseph A. Daczko, Master Builders, email jdaczko@mbt.com.

American Society for Testing and Materials (www.astm.org) Subcommittee
C09.47 on Self-Consolidating Concrete, formed in 2002 to develop a standard
for SCC in the U.S. Subcommittee Chair, Martin Vachon, Axim Concrete
Technologies, email mvachon@essroc.com

Brite-EuRam project BRPR-CT96-0366, Rational Production and Improved
Working Environment Through Using Self Compacting Concrete, Guidelines

(2000), http://scc.ce.luth.se/public/report/quidelines. BRITE (Basic Research

in Industrial Technologies for Europe)-EuRam is a cooperative research
program under the European Commission.

EFNAR guidelines, “Specification and Guidelines for Self-Compacting
Concrete,” at http://www.efnarc.org/efnarc/publications.htm. EFNAR is a
European member organization providing support in the implementation of
the new European Specifications and Regulations.

Japan Society of Civil Engineers Concrete Committee, “Recommendation for
Self-Compacting Concrete” (1998). English translation available on CD, order
free at http://www.jsce-int.org (under Guidelines) or email pub@)jsce.or.jp.
National Cooperative Highway Research Program, Transportation Research
Board, Project 20-30, NCHRPIDEA 89: “US-Specific Self-Compacting
Concrete for Bridges.” Project Manager, Jencks, Crawford F., (202) 334-

2379. The final report will provide recommended specifications and guidelines
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for the design and sue of self-compacting concrete for highway structures in
the U.S.

Precast/Prestressed Concrete Institute (www.pci.org) guidelines for the use of
SCC in precast/prestressed applications. Contact: Jason Krohn, PCI, (312)
360-3231.

RILEM Technical Committee 188-CSC: Casting of Self-Compacting Concrete,
formed Sept. 2000. Chair, Prof. Skarendahl (Sweden). Web site:

http://www.rilem.org/tc_csc.php.
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CHAPTER 3

LABORATORY TEST PROCEDURES AND RESULTS

3.1 Introduction

After the completion of the literature review, it was determined that the objectives of
the project can be achieved with completion of the following three broad categories,
namely, 1) investigation of flow characteristics and fresh concrete properties, 2)
investigation of harden concrete properties and 3) Investigation of economic impact
(cost comparison with Normal concrete) and guideline development. Within each

category, following subtask were carried out.

1) Investigation of Flow Characteristics and Fresh Concrete Properties
Literature Review
Study the S/A ratio effect, workability test procedures
Study the effect of Fly ash
Study the effect of w/c ratio
Study the effect of GGBFS

Study the effect of Silica Fume

2) Investigation of Harden Concrete Properties

Study the strength behavior of SCC

Study the durability behavior of SCC
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3) Investigation of Economic Impact And Guideline Development.
Study the economics of SCC

Develop the specification and guidelines for SCC using FL material

This final report summarizes the findings of fresh and harden concrete properties of
SCC investigated. As noted earlier, SCC essentially uses the same material as
used in the production of conventional concrete. The main difference is in the fresh
state where it is highly fluid. The harden concrete properties of SCC are generally
expected to be similar to that of a normal concrete with some concerns associated
with drying shrinkage and creep due to higher cement content usage. These

properties were not measured in this phase of the project.

3.2 Materials Used

3.2.1 Cement

All types of cement are suitable for SCC. For all mixes in this project, Type Il
cement meeting the requirements of the applicable AASHTO and FDOT
specifications section 921 were used and were obtained from the FDoT approved

supplier.

3.2.2. Coarse Aggregates
Maximum size depends on the actual application but generally limited to % inch for
the production of SCC. No. 67 Limestone aggregate meeting the requirements of

section 901 from FDOT approved aggregate supplier was obtained and used for all
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the mix production. The test procedures and properties observed for this coarse

aggregate are as summarized in Table 6.

Table 6 Measured Coarse Aggregate Properties

Property Test Procedure Value
Reducing Samples to | FM 1-T 248 -
testing Size

Sampling Coarse and | FM 1-T 002 -

fine aggregate

Dry-Rodded Unit Wt FM 1-T 019 88.16 pcf
Specific gravity FM 1-T 085 2.58
Absorption capacity FM 1-T 085 2.15%

The particle size distribution was determined using FDOT FM1-T 027 procedure on
dry samples and the results are summarized below. The Table 7 and Figure 8 show
the particle size distribution along with FDOT specification for No. 67 coarse
aggregates. The results of the tests verified that the aggregate met the gradation

requirements of FDOT specifications.

Table 7 Coarse aggregate gradation (Percent passing)

Sieve Size FDOT Sect. Average Percent Passing
1 100 100

3/4 90-100 99.3

1/2 - 73.6

3/4 20-55 42

#4 0-10 4

#8 0-5
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A typical average particle size distribution of the used coarse aggregate is shown in

Figure 8.

3.2.3 Fine aggregate
All conventional concreting sands are generally suitable for SCC production. Silica
sand meeting the Florida State specification section 902 was used to prepare SCC

mixes with properties as shown in Table 8 and Table 9.

Table 8 Measured Fine Aggregate Properties

Property Test Procedure Value
Specific gravity FM 1-T 084 2.58
Absorption capacity FM 1-T 084 0.4%
Fineness Modulus FM 1-T 027 2.73

Table 9 Average Fine Aggregate Gradation (Percent passing)

Sieve Size | FDOT Sect. Average Percent passing
#4 95-100 100

#8 85-100 99.99

#16 65-97 89

#30 25-70 324

#50 5-35 5.5

#100 0-7 0.2

#200 0-4 0.1
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Figure 8 Average Particle Size Distribution for No. 67 Coarse Aggregate.

A typical average particle size distribution of the used fine aggregate is shown in

Figure 9. The fine aggregate obtained for this project meets the FDOT specification.
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Figure 9 Average Particle Size Distribution for Fine Aggregate
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3.2.4 Supplemental Cementitious Materials

Active as well as inert fine materials have been utilized to improve SCC performance
and stability. Fly ash, silica fume, slag, lime rock dust, granulated blast furnace slag
(GGBFS), ground glass filler etc. are some of the commonly used material. In this
project effect of inert mineral such as fly ash, GGBFS and silica fume were
investigated. Class F fly ash was obtained from an FDOT approved supplier and it
met the applicable Florida State specification section 929. GGBFS of type 120 and
Force 10,000® D, (Grace Construction Products), a dry, densified silica fume

powder were also obtained from approved sources.

3.2.5 Chemical Admixtures

Chemical admixtures are essential component of any SCC. They are used to meet
the necessary workability, stability and air-entrainment requirements. Of these
Superplasticizers (High Range Water Reducers (HRWR) Admixtures) are most
important. When mineral fillers are not used, viscosity-modifying agents (VMA) are
generally necessary to impart stability to the mix. In recent past, many HRWR and
VMA have been specifically developed for the use in SCC production and are readily
available in the market. At the time of review, there were at least five different
companies that produce and market admixtures specifically for the use in SCC and
are readily available in the United States. Table 7 provides a general idea about
many of the product offered by these companies with their brand names and typical

dosages.
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Table 10 SCC Admixtures Currently Available in the US.

Manufacturer

Product Names™

Typical Dosage
(0z/100 Ibs)

AXIM Concrete

Technologies

Catexol SUPERFLUX 2000
PC

3-10

Euclid Chemical Visctrol 2-20 oz/yd® (for 0.35-0.40)
20-60 oz/yd® (for 0.40-0.45)
Grace Chemicals  |[ADVA 530 3-10
ADVA 540
MasterBuilders High Range Water Reducer ml/ 100 kg (fl.oz./cwt)
Glenium 3000 FC 260 — 780 (4-12)
Glenium 3030 NS 65-1170 (1-18)
Glenium 3200 HES 130 - 190 (2-14)
Viscosity Modifying Agent
Rheomac VMA 358 135 - 650 (2-10)
Rheomac VMA 362 135-910 (2-14)
Rheomac VMA 450 32 - 260 (0.5-4)
Sika ViscoCrete 5000, 3-8
ViscoCrete 6000 16 for max water reduction

Although most of these admixtures were investigated in the lab and were able to

produce trial SCC mix with desired rheological properties (discussion found in next

section), it was determined that it would not be practical to replicate all the design

factorial for each of these admixtures separately. So a decision was made to

evaluate SCC mixes for one randomly chosen SCC admixture. Axim’s Superflux

was thus chosen as the SCC admixture for the main study. As for HRWR, again a
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decision was made to use same brand of admixture for all mixes, irrespective of the
manufacturer. HRWR chosen was Euclid Chemical Co’s, Plastol-5000. Plastol
5000 is a HRWR that fully complies with the requirements of ASTM C-494, Type F
admixture. Plastol 5000 contains no added chlorides. It was clear from the
preliminary testing that the HRWR (Plastol 5000) used was compatible with all SCC
admixtures tested and no harmful effect was observed on the fresh concrete
properties.

Rheological test apparatus are not readily available in the market, but were
simple enough to fabricate. The equipment such as L-box, U-Box, V-Funnel, J-Ring,
flow table were fabricated in the lab using flexi glass and wood as appropriate with

generally accepted dimensions determined from the literature review.

3.3 Mixture Proportioning

The American Concrete Institute (ACIl) method ['] was adopted to obtain the control
mixture proportion. These proportions were then adjusted to provide the desire
“Sand-to-Total Aggregate” (S/A) ratio while maintaining the original total aggregate
volume. S/A value ranged from a low of 0.45 to high of 0.55 in 0.025 increments

where appropriate.
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3.4 Influence of Sand-to-Total-Aggregate Ratio

SCC generally requires high fine content and or viscosity modifying admixtures.
One the important factor affecting SCC rheological behavior is the sand to total
aggregate ratio (S/A ratio). Conventional concrete has a typical S/A ratio ranging
from 0.35 to 0.45 by volume. Such conventional concrete can be made flowable
using appropriate admixtures but generally has very poor segregation resistance.
So, the first major undertaking in this project was to determine the optimum S/A
ratio, which would be eventually used to study the effect of fly ash, silica fume and
GGBFS as well as evaluate the workability test apparatus and procedures.

To accomplish this, a control mix was first determined using the ACI method
with consideration to the FDOT specification section 346. After, studying the
minimum requirements of various classes of concrete as per FDOT specification
section 346, it was decided to design a concrete mixture for a maximum w/c ratio of
0.37, a minimum cement content of 752 Ib/yd> and target air content of 2%. Using
ACI| method and FM of sand, two control mixes (for two different cement content)

were designed with mix proportion as shown in Table 11.

Table 11 Mix Proportion Of Control Concrete (for w/c =0.37, c=572 and 900 Ib/yd?)

w/c =0.37
Cement= 752 Ib/yd® Cement= 900 Ib/yd®
Mix ID= A Mix ID=B
Coarse Agg. (Ib/yd®) 1500.00 1500.00
Fine Agg. (Iblyd®) 1298.66 1036.35
Adjusted Water (Ib/yd®) 315.68 369.41
S/A ratio 0.464 0.409
Total Aggregate Vol. 18.175 ft/yd® 16.545 ft/yd®
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These proportions were then modified to provide different S/A ratio ranging from
0.45 to 0.55, while maintaining the total aggregate volume to that in the two control
mixes. Table 12 below shows the details of the different mixes studied. Later, the

influence of fly ash was studied by substituting certain percent of cement by weight.

Table 12 Mix Proportions for S/A investigation (w/b=0.37, A=752, B=900 Ib/yd®)

Designation | S/A Cement | Fly Ash Coarse | Fine Water
Ib Ib Agg. Agg. Ib
Ib Ib

A (control) 0.464 752 - 1500 1298.66 | 315.68
A50 0.50 752 - 1403.4 1403.4 314.03
A525 0.525 752 - 1336.00 | 1476.60 |313.63
A55 0.55 752 - 1268.20 | 1550.10 | 311.71
A525F1 0.525 676.8 75.20 (10%) | 1336.00 | 1476.60 | 313.63
A525F2 0.525 601.6 150.4 (20%) | 1336.00 | 1476.60 | 313.63
A525F3 0.525 526.4 225.6 (30%) | 1336.00 | 1476.60 | 313.63
B (control) 0.409 900 - 1500.00 | 1036.35 | 369.41
B45 0.45 900 - 1399.5 1145.25 | 367.65
B47 0.475 900 - 1338.75 | 1211.40 | 366.75
B50 0.50 900 - 1277.55 | 1277.55 | 365.58
B52 0.525 900 - 1216.35 | 1344.15 | 364.50
B55 0.55 900 - 1154.70 | 1411.20 |363.47
B45F 0.45 720 180 (20%) | 1399.5 1145.25 | 367.65
B475F 0.475 720 180 (20%) | 1338.75 | 1211.40 | 366.75
B50F 0.50 720 180 (20%) | 1277.55 | 1277.55 | 365.58
B525F 0.525 720 180 (20%) | 1216.35 | 1344.15 | 364.5

B55F 0.55 720 180 (20%) | 1154.70 | 1411.20 | 363.47

* Mix proportions are for 1 yd® of concrete
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3.4.1 Mixing Procedure

All Concrete batches were prepared in rotating drum mixer. First, the aggregates
are introduced and then one-half of the mixing water was added and rotated for
approximate two minutes. Next, the cement (and fly ash where applicable) were
introduced with HRWR admixture already mixed in the remaining water. VMA and
any additional amount of superplasticizer were introduced in the rotating drum as
needed. Most manufacturers recommend at least 5 minutes mixing upon final
introduction of admixtures.

Once, the mix was determined to have sufficient visual attributes of SCC, the
rheological tests were performed in quick succession. Typically, the order of testing
employed was as follows:

1. U-box (height of concrete in each compartment)

2. V-funnel (time to empty)

3. L-Box (T20, T40 and heights at 20 and 40cm)

4. Flow Test with Inverted Cone (spread and T50)

5. Flow Test with Regular Cone (spread and T50)

6. density (Unit weight)

7. Air Determination (using pressuremeter)

8. Casting of Specimens
After the flow test was conducted, concrete’s visual stability index (VSI) was

determined. Criteria used for VSI rating is described in Table 10.
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Table 13 Visual Stability Index (VSI) Rating Criteria

VSI Criteria
0 No evidence of segregation in slump flow patty, mixer drum or wheelbarrow
1 No mortar halo in slump flow patty, but some bleeding on the surface of

concrete mix drum or wheel barrow

2 A slight mortar halo (<3/8in (10mm)) in slump patty and noticeable layer of

mortar on the surface of resting concrete in mixer

3 Clearly segregating by evidence of large mortar halo(>3/8in (10mm)) and a

thick layer of mortar and bleed water in the surface of resting concrete.

3.4.1 L-Box Index

L-Box Index, I, is defined as the ratio of heights of concrete at 8in (200mm) and
16in (400mm) mark after the concrete has stopped moving. An index of 1.0
indicates a self-leveling concrete. Generally, an index of 0.8 or higher indicates an

excellent flowability in SCC.

3.4.2 U-Box Index

U-Box Index. ly, is defined as the ratio of heights of concrete in the two
compartments of U-box after the concrete has stopped moving. Again, an index of
1.0 indicates a self-leveling concrete. Generally, an index of 0.8 or higher indicates
an excellent flowability in SCC. Traditionally, the SCC worthiness is measured from

the heights recorded during these tests and since the concrete volume used could
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differ slightly between tests, these proposed indexes provide an easier visualization

and usage.

3.5 Experimental Findings
The rheological test results of the mixes studied are summarized in Table 14 below.
As can be seen from Table 14, it was found difficult to obtain a concrete mix that met
all the SCC attributes readily at 752 Ib/yd® cement content. With fly ash substitution,
the results were much more favorable. At 900 Ib/yd® cement content, it was
observed that a SCC type concrete could be obtained at most levels of S/A ratio.
The quality of SCC dramatically improved with increased S/A ratio. It was generally
observed that if the mix passes the U-box test, i.e., if the concrete self-level on both
sides of U-box, it will generally pass other test favorably. Part substitution of cement
with fly ash favorably contributed to all aspect of fresh concrete tests. Presence of
fly ash reduced the air content, improved stability of concrete and made concrete
more viscous and segregation resistance.

Also, noted was the fact that for mixes without fly ash and lower cement
content, the measured air content were excessive and typically in the range of 8-
10%. Upon stopping the mixer, these concrete would “bubble” for certain duration

and air would continue to escape during regular handling.
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Photograph 1 Typical low fine unstable mix with excessive bleeding
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Photograph 2 Typical Spread Test Result For An Unstable Mix

Photograph 3 Example of a mix with VSI rating of 3
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Photograph 4 A Typical Stable Showing Homogenity.

Photograph 5 Example of a mix with VSI rating of 0
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Photograph 7 A mix with Extremely high Passing Ability (Self levels)
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Photograph 8 A mix with No Passing ability (in U-Box)
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Table 14 Rheological Test Results Of S/A Ratio Investigation.

Mix ID | VMA | HRWR | Air Unit Slump Time Slump Spread | U-Box L-Box V-Box | VSI
(ml) (ml) (% | Weight | Reg. Invert | Reg Invert | Iy T-20 | T-40 | I, (s)
(Ib/ft) | (s) (s) (in) (in) (s) |(s)

A 500 |275 10 | 145.3 7 NP 2165 | NP B e 13 3
A50 500 | 155 9.5 [ 144.6 7 NP 2200 |NP B 15 2
A525 120 | 355 10 | 146.1 8 NP 2284 | NP 0583 |3 [6 1.0 15 1
A55 500 | 120 10 [ 141.4 10 NP 22.00 | NP 0733 |6 |15 0.818 |15 1
A525F1% [ 110 |75 2 [147.8 10 NP 24.40 | NP 1.0 5 [12 1.0 150 |0
A525F2% [ 110 |75 2.5 [ 146.1 17 NP 2323 | NP 097 |4 |14 1.0 120 |0
A525F3" [ 110 |65 2 [1444 11 NP 2480 | NP 1.0 5 |15 1.0 105 |0
B 50 |50 4 1429 | KK Bl (2000 (0929 [3 |11 0.545 | 31 NP
B45 50 |75 3.5 | 144.1 4 6 26.00 |26.00 [1.0 1 |4 1.0 9 2
B475 25 |75 251(141.0 B 7 Bl 204 Bl 2 5 075 |42 NP
B50 50 |75 3.5[144.8 7 7 22.00 [24.01 [1.0 1 13 1.0 1
B525 55 |50 4 1452 8 5 20.00 [20.87 [1.0 1 |4 1.0 0
B55 95 |95 4 1432 4 4 2520 [24.40 [1.0 1 |3 1.0 8 1
B45F Data Not Used

B475F 45 |75 3.5 [143.4 - 6 - 22.00 [1.0 2 |7 0.824 [10 1
B50F 55 |90 15[ 142.8 3 3 2835 [29.13 [1.0 1 |2 1.0 4 3
B525F 125 |50 3 [ 1421 3 5 29.13 [25.60 |[1.0 2 |4 1.0 22 0
B55F 50 | 100 5 [139.2 4 5 2755 [2716 |0.962 [2 |4 1.0 15 0

NP=Not Performed, |JJJlf = Blackened cell indicate failed mixes
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As seen from the plot above and the results of L-Box and VSI rating, a S/A
from 0.5 to 0.55 is more suitable for SCC mixes. Mixes at or below S/A of 0.475
showed propensity for blocking (in L-box test) and poor stability with bleeding readily
observed on the surface of freshly mixed concrete (Photographs 1-8). Based on the
above observation and result of literature review, a S/A of 0.525 was adopted for the
further tasks. Other researchers have also used this S/A of 0.525 in the past with
success. In FDOT development specification, a maximum value of 0.50 for S/A is
specified.

Also, noted was the fact that for mixes without fly ash and lower cement
content, the air content measured were excessive and typically in the range of 8-
10%. As seen from the Figures 9-11 and the results of L-Box and VSI rating, a S/A

from 0.5 to 0.55 is more suitable for SCC mixes. Mixes at or below S/A of 0.475

56



showed propensity for blocking (in L-box test) and poor stability with bleeding readily
observed on the surface of freshly mixed concrete. Based on the above observation
and the literature review, a S/A of 0.525 was adopted for the further study.

T-50 slump flow time of 5 or less is desired and for most mixes, it was easily
obtained. From the literature review and discussion with others who have worked
with SCC, it was found that the spread test was done by some with cone inverted
and by some with cone upright. To compare these two techniques, the spread time
and slump flow were measured in both configuration and the difference was not
found to be significant for concrete that meets all SCC attributes.

Also, noted was the effect of fly ash on VSI rating. Generally, for same S /A
ratio, fly ash improved the VSI rating and mixes were easier to handle and were
more stable. From the V-funnel data, smaller time to pass is not necessarily a good
indicator of SCC properties. In fact, mixes 