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1.0 Introduction

Self-consolidating concrete (SCC) is an advancpd tf concrete that can flow under its
own mass without vibration, pass through intricggometrical configurations, and resist
segregation. The use of SCC can result in incokaesastruction productivity, improved jobsite
safety, and improved concrete quality. To achi8@C workability, the materials and mixture
proportions must be carefully selected. The ICARtume proportioning procedure was
developed as part of ICAR Research Project Hifjjregates in Self-Consolidating Concrete
This research project evaluated the workability draddened properties of SCC mixtures
composed a wide range of materials and mixturegtmms.

The ICAR mixture proportioning procedure is basedaofundamental, rheology-based
framework for concrete workability and is designedd written to be accessible and
comprehensible. The procedure provides specifideljues for each aspect of the mixture
proportioning process but intentionally avoids loregjculations or restrictive, discrete inputs.
Instead, deliberate laboratory testing is conduaetéti actual job materials to establish final
mixture proportions efficiently. All required t@sg is conducted with methods standardized by
ASTM International.

2.0 Definitions

Aggregate Compacted Voids Contefihe volume of voids between fully compacted aggtes

(100% - packing density). For purposes of thistarix proportioning procedure, the compacted
voids content is determined in accordance with ASTM9 (dry-rodded compaction) on the
combined aggregate grading. The compacted voidteobis calculated as shown in Equation

(2):

%oV0idS ompacted agg = 1- DRUW *100% (1)

(62'4%3) n (pi (SQ)D )i )

i=1

where DRUW is the dry-rodded unit weight of the timed aggregate (Ibfji pi is the volume
of aggregate fractiom divided by the total aggregate volume, &®{p) is the oven-dry
specific gravity of aggregate fraction

Angularity. The sharpness of the corners and edges of @lpar(iShape describes a particle on
the coarsest scale, angularity an intermediateeseald texture the finest scale.) For SCC, the
angularity characteristics of the aggregates andipoare relevant.

Filling Ability : The ability of concrete to flow under its own reasd completely fill formwork.

Passing Ability The ability of concrete to flow through confinednditions, such as the narrow
openings between reinforcing bars.

Paste VolumeThe volume of water, air, and powder.



Plastic Viscosity The resistance to flow once the yield stressxieeded. Mixtures with high

plastic viscosity are often described as “sticky”“oohesive”. Concrete with higher plastic
viscosity takes longer to flow. It is closely rgld to T and v-funnel time (higher plastic
viscosity  higher T and v-funnel time). It is computed as the slopthe shear stress versus
shear rate plot from rheometer flow curve measurgésne

Powder Solid materials finer than approximately #B (No. 200 sieve) including cement,
supplementary cementitious materials (SCMs), anterai fillers (e.g. finely ground limestone
or other minerals and dust-of-fracture aggregaterafines). (There is not a discrete size for
distinguishing solid materials that should be ideld in the paste; however, #n is a
reasonable and practical value.)

Rheology The scientific study of flow. In the context 8CC, rheology refers to the evaluation
and manipulation of yield stress, plastic viscqségd thixotropy to achieve desired levels of
filling ability, passing ability, and segregatiogsistance.

Segregation Resistanc&he ability of concrete to remain uniform in teyrof composition
during placement and until setting. SegregatiGistance encompasses both dynamic and static
stability.

Stability, Dynamic The resistance to segregation when external gnergpplied to concrete—
namely during placement.

Stability, Static The resistance to segregation when no exterrealggris applied to concrete—
namely from immediately after placement and uriting.

Thixotropy: The reversible, time-dependent decrease in \igciosa fluid subjected to shearing.
For SCC, thixotropy is important for formwork prass and segregation resistance.

Yield Stress The amount of stress to initiate (static yieldess) or maintain (dynamic yield
stress) flow. It is closely related to slump fldlewer yield stress higher slump flow). It is
calculated as the intercept of the shear stressuseshear rate plot from rheometer flow curve
measurements.

Shape The relative dimensions of a particle. Commoscd@tors of shape include flatness,
elongation, and sphericity. (Shape describes icfgaon the coarsest scale, texture the finest
scale, and angularity an intermediate scale.) K€, the shape characteristics of the aggregates
and powder are relevant.

Texture The roughness of a particle on a scale smalbar that used for shape and angularity.
(Shape describes a particle on the coarsest sexdeire the finest scale, and angularity an
intermediate scale.) For SCC, the texture chanatits of the aggregates and powder are
relevant.



Workability: The empirical description of concrete flow perf@nce. For SCC, workability
encompasses filling ability, passing ability, ardjegation resistance. Workability is affected
by rheology.

3.0 Framework

based on the representation of SCC as a suspeasion

aggregates in paste, as depicted schematicalligurd-1.

This representation provides a consistent, fundéahen ;-ﬂ a(i 2"

framework for evaluating mixture proportions. To :j.a %Oaé &
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proportion SCC, three factors are altered: the eggges, o=

- B )
the paste volume, and the paste composition. Th o g o &
aggregates are first selected based on gradingimmoax | ," ‘?’(@&O
size, and shape, angularity, and texture. Instefd «,?3:

g

£ 4

O
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Paste is defined to consist of water, air, andsalid ) ggrega_e
Figure 1: Schematic
Representation of Aggregate in
Cement Paste

o

The ICAR mixture proportioning procedure is Jpaste
3 2Y N\

materials finer than approximately 7Bm including
cement, cementitious materials, and mineral fillerd
minimum amount of paste must be provided to achieve
SCC properties. The required minimum paste volume
depends mainly on the aggregates and is largelgpirdent of the composition of the paste.
Lastly, the paste composition—namely the relativeants of water, powder, and air and the
blend of powder—is optimized to achieve the desga@uakcrete rheology and hardened properties.
Increasing the paste volume is not necessarily cegteol with increasing the cement or

cementitious materials content.

4.0 Criteria for Evaluating SCC

The required workability and hardened propertiesSGIC mixtures can vary widely
depending on the application. Workability shouéddvaluated in terms of filling ability, passing
ability, and segregation resistance. Each of thiesse workability characteristics should be
evaluated independently. The extent to which SGGtraxhibit filling ability, passing ability,
and segregation resistance should be establisheztl en the application Table 1. Hardened
properties should be evaluated in the same mamn#araonventionally placed concrete. The
relationships between hardened properties and ialgteand mixture proportions for
conventionally placed concrete generally apply ©©CS Certain modifications to mixture
proportions needed to ensure workability may affeantdened properties. These modifications
may include higher paste volume, increased sanceggte ratio, and reduced maximum
aggregate size. Conversely, requirements for in@dieroperties may result in limits on certain
parameters important to achieving workability, sasicement content, paste volume, and water-
cementitious materials ratio. In many applicatjah® low water-cementitious materials ratios
and use of SCMs required to achieve workabilityhteimn hardened properties that significantly



Table 1: Workability Criteria

Property Application Dependency
Low. Members with tight spaces—such as with narrodtlva or congested reinforcement—and
Filling |applications where concrete must flow long horiabdistances may require greater filling ability.
Ability  |High placement energy—such as that generated bypimgnor by gravity acting on a large mass of
concrete—may reduce filling ability requirements.
High. Applications may range from unreinforced or tighreinforced sections (no passing ability
requirements) to narrow sections containing higlaggested reinforcement (strict passing ability
requirements).
. |Low. All mixtures must exhibit segregation resistanBequirements for dynamic stability may be
Segregation,_. . I ; o X

. higher for sections with highly congested reinfoneat or applications were concrete is dropped
Resistance| . ; . ; .
vertical heights or required to flow long horizdmdéstances.

Passing
Ability

exceed design requirements. When possible, carelcslive taken to not unnecessarily over-
design for hardened properties.

The methods to test and achieve workability arerilesd in Table 2. To achieve filling
ability, concrete must have adequate paste volumlepaste rheology for the given combined
aggregate. Sufficient paste volume ensures thigsvioetween aggregates are filled and that
sufficient spacing is provided between aggregatsthe concrete contains insufficient paste
volume, the paste will not convey the aggregatgamdess of the rheology of the paste. In this
case, increasing the HRWRA dosage may result ip losv paste viscosity and severe bleeding.
Paste with very low viscosity will quickly flow outf the aggregates without mobilizing the
aggregates. In the slump flow test, the concretenat achieve the desired slump flow with
adequate stability, if it at all. Even with theoper paste volume, concrete must also have proper
rheology, which is directly affected by the padtealogy. Proper paste rheology ensures that
the paste can convey aggregates uniformly as therete flows and that the concrete can fill all
corners of the formwork. Concrete that is too e may be difficult to pump and place. Low
concrete viscosities may result in poor dynamibitg. Harsh concrete mixtures can occur
when the paste volume or paste viscosity is toa ldnvsuch a case, the concrete does not flow
smoothly and may not completely fill all cornerstbé formwork and produce a smooth top-
surface finish. Filling ability should be testedwthe slump flow test, including measurements
of the time to spread 50 mm ) and visual stability index (VSI). The slump flospread
ensures that the yield stress is sufficiently lawthe concrete to flow under its own mass. The
final adjustment of slump flow should be made byireg the HRWRA dosage. Minimum and
maximum limits should be imposed orsgFminimum limits ensure the concrete exhibits
adequate stability while maximum limits ensure tloacrete is not too difficult to place. The
VSI is a quick but approximate indication of thalslity of the mixture; however, an acceptable
VSI does not ensure adequate stability. In addliteovisual assessment of harshness should be
made. When testing concrete in the laboratoryrodycing it in the field, a constant slump flow
should be maintained for all mixtures because slufiggv is the main characteristic
distinguishing SCC from conventionally placed cater The value of the required slump flow
depends on the application. With the slump flomstant, the effects of changing proportions
on filling ability, passing ability, and segregatioesistance can be evaluated. Typically, the
range of HRWRA dosages corresponding to the rafgdump flows associated with SCC is
small.



Table 2: Methods to Test and Achieve SCC Fresh Prepties
How to Test .

Property Method Critera How To Achieve
Minimum slump flow Values can range |Aggregateimprove shape and
from 22 to 30 inches depending on the |angularity to reduce interparticle
degree of filling ability. Values of 24-27|friction, use finer grading to reduce
inches appropriate for most applicationsharshness or coarser grading to reduce
The ability to achieve higher slump flowwiscosity

Slump Flow |than needed without segregation is a [Paste Volumeensure sufficient
(ASTM C 1611)demonstration of robustness. minimum paste volume to fill voids

Inverted cone [Minimum and maximum 4. Minimum |between aggregates and reduce

orientation |values ensure stability; maximum valuegnterparticle friction between
recommended|ensure placeability. For inverted cone |aggregates
orientation, values of 2-7 s appropriate {Braste Compositiorensure viscosity is
most applications. not too high (sticky) or too low
Maximum VSL Can be used for severe |(instability); increase HRWRA dosage
cases of segregation. Values of 1.0 or [&séncrease slump flow
acceptable for most applications.
Maximum change in height from inside tAggregate reduce amount of larger
outside of ring Can be as low as no particles by reducing coarseness of
difference. Values of 0.5-1.0 inches |grading or maximum aggregate size,
acceptable for most moderately reinforgedprove shape and angularity to reduice
sections. No need to measure for interparticle friction
Passing J-Ring unreinforced or lightly reinforced elemelPaste Volumeincrease paste volume
Ability | (ASTM C 1621)(Alternate criterion: maximum differencereduce aggregate volume and
in slump flow with and without j-ring.) |interparticle friction between
Size and spacing of bars should be aggregates
constant, vary acceptable change in hej§aste Compositiomeduce paste
or in slump flow based on application. |viscosity or increase HRWRA dosag
to increase slump flow
Maximum segregation indexA value of |Aggregate Use more uniform grading
15% is appropriate for most applications(avoid gap gradings), reduce coarsel
but may need to be reduced in some |of aggregate grading or maximum
applications. aggregate size

Column For prequalification of mixtures, tests |Paste Volumeincrease paste volume
Segregation [should be performed the over range of |Paste Compositiorensure paste

Filling
Ability

D

Segregation

Resistance (ASTM C 1610)water contents and HRWRA dosages |viscosity not too high or too low,
possible during production. reduce slump flow (lower HRWRA
Proper sampling is crucial. dosage), optimize workability retentign

(accelerate loss of slump flow in
formwork), use VMA

Passing ability is primarily affected by the aggteg characteristics and the paste
volume. Reducing the maximum aggregate size amgseness of an aggregate grading and
improving the aggregate shape and angularity reésuticreased passing ability. Increasing the
paste volume reduces the volume of aggregates ehetes the interparticle friction between
aggregates. In addition, reducing the paste yé#less or viscosity improves passing ability.
Passing ability should be measured with the j-ringcause it provides an independent
measurement of passing ability. The j-ring test te evaluated by measuring either the
difference in height between the inside and outsidthe ring or the difference in slump flow
measured with and without the ring. It is strongdgommended that the difference in height be
measured because (1) the difference in slump fldv &and without the j-ring is often within the
precision of the slump flow test and (2) the difiece in slump flow may not reflect the extent of



blocking (such as when the thickness of the coadtetving out of the j-ring is thinner than for
the concrete tested without the j-ring—due to défees in blocking—but the spread is
approximately the same). The size and spacingeiofarcement bars should remain constant
while the maximum value for the change in heiglttudtt be established for the application.

Segregation resistance encompasses both statidyaagnic stability. Static stability is
affected by the relative densities of the aggregate paste, the rheology of the paste with time,
the aggregate shape and grading, and the chasticterof the element (such as width and
spacing of reinforcement). Changing the pasteldggos generally the most productive means
of improving static stability. An SCC mixture withn aggregate that is well-graded for
segregation resistance can exhibit severe segoegdtihe paste rheology is improper. The
paste should have sufficiently high yield stresd plastic viscosity and should exhibit sufficient
thixotropy. Improving the aggregate grading isoalsffective for reducing segregation
resistance. Dynamic stability is mainly affectgdtbe cohesiveness and passing ability of the
concrete. Static stability should be measured with column segregation test while dynamic
stability is usually measured indirectly with meesuents of filling and passing ability.

Testing requirements vary between the laboratod, feeld. To qualifying mixtures in
the laboratory, the slump flow, j-ring, and colusegregation tests should be used to evaluate
filling ability, passing ability, and segregatioresistance, respectively. Additionally, the
robustness of each of these characteristics shmukl/aluated by varying the water content and
HRWRA dosage over the ranges expected to be ersraahin production. In the field, it is
often only necessary to perform the slump flow.teBhe slump flow spread should be used in
the field to verify that the HRWRA dosage is cotredile Tso should be used to evaluate
unexpected variations in mixture proportions (mdsdly water content). The j-ring test does
not normally need to be used in the field becausssipg ability primarily depends on the
aggregates and paste volume and to a much lesst @n paste rheology. As long as the
aggregates and paste volume remain reasonablystemisin the field and the slump flow test is
used to ensure proper concrete rheology, it isnecessary to measure passing ability in the
field. The column segregation test is too timestoning for use in the field. In performing the
column segregation test in the laboratory, repitadee sampling is crucial. When using the
column segregation test to qualify mixtures, iegpecially important to test at a range of water
contents and HRWRA dosages because (1) segregasatance is highly dependent on paste
rheology and (2) it is possible for the paste rbgglto vary substantially due to small variations
in HRWRA dosage and water content (such as fronatrans in aggregate moisture conditions).
If tests are conducted in the laboratory with tlaege of paste rheology expected to be
encountered during production—by varying the watartent and HRWRA dosage—no further
segregation testing is required in the field preddhe slump flow test is used to monitor
concrete rheology indirectly (with slump flow angh)l

Rheology can be used to characterize concrete @baracteristics and to optimize
mixtures for filling ability, passing ability, andegregation resistance. Rheology involves
measuring yield stress, plastic viscosity, and dtiopy. Yield stress describes the stress to
initiate (static yield stress) or maintain (dynargield stress) flow. The yield stress should be
near zero to ensure concrete flows under it ownsma&astic viscosity describes the resistance
to flow once the yield stress is exceeded. Midumih high plastic viscosity appear sticky and
cohesive. Plastic viscosity should not be too lasich would result in instability, or too high,
which would result in mixtures that are difficui pump and place. Thixotropy describes the
reversible, time-dependent reduction in viscosity & concrete subjected to deformation



(shearing). Thixotropy is caused by the build-dipacstructure in fresh concrete at rest. This
structure, which provides an initial resistanced&formation, is destroyed upon application of
sufficient deformation to the concrete. Thixotropyhich is manifested in the difference
between static and dynamic yield stress or thekidi®@an area between upward and downward
rheometer flow curves, contributes to increasedegggion resistance and reduced formwork
pressures. Too much thixotropy; however, redutasepbility.

Concrete rheology is a function of the aggregapaste volume, and paste rheology.
Angular and poorly shaped aggregates increase sisdds and plastic viscosity. Increasing the
paste volume reduces vyield stress and plastic sitscolf the aggregates and paste volume are
held constant, changes in paste rheology are dgnenatched in concrete rheology (e.g.
increasing paste yield stress and viscosity ine®a®oncrete yield stress and viscosity). To
increase filling ability and passing ability, théeld stress and plastic viscosity should be
reduced. If the yield stress and plastic viscoaiy/too low; however, the concrete may become
unstable, resulting in reduced filling and passbdities. To increase segregation resistance, the
yield stress and plastic viscosity should generdadlyncreased.

Rheology is normally measured with a rheometer; dv@s, certain empirical tests are
correlated with rheological parameters. Specifjcakductions in yield stress generally result in
higher slump flows while increases in plastic viatpgenerally result in highersgand v-funnel
flow times. Even if rheology parameters are notasueed with a rheometer, considering
workability in terms of rheology is often useful.

5.0 Methodology

The ICAR SCC mixture proportioning procedure cotssi®f three steps: select
aggregates, select paste volume, and select pasiposition. The procedure is conducted in
this order because paste volume depends primanilhe aggregate characteristics and paste
composition depends on the aggregate characteretid paste volume. The role of each factor
is summarized in Table 3 and the specific tasksefimh step are listed in Table 4. Table 5
indicates how changes in mixture proportions afépetcific aspects of SCC workability.



Table 3: Role of Factors to Control in Mixture Proportioning

Factor Objective Sub-Factorsg Target Typical Values
¥ or 1 inch for most
Maximum | Reduce for passing ability applications; reduce to as
Size or segregation resistance  low as 3/8 inch for
Minimize voids content challenging passing ability
(increase packing density) and Uniform gradings with
Aggregates r(_edgce int_erparticle friction; _ None universally optimal]  high packing density
limit grading as needed for | Grading | best depends on aggregate preferred, 0.45 power
passing ability and segregation and application curve or finer, S/A=0.40
resistance 0.50
Shape, Equidimensional, rounded
Angularity, |Reduce interparticle frictign aggregates preferred byt
Texture any can be accommodate
- . . Filling Fill voids and lubricate
Ensurg f|II|ng.an<_j passing abil Ability aggregates
by filling voids in compacted . _
Paste : Passing | Reduce aggregate volumeTotal paste volume = 28t
Volume aggregates and separating Ability and interparticle friction 40%
aggregates (lubrication), provi B
additional paste for robustnessrobustness M|n|m|z¢ effects of chan_g(
in materials and proportions
w/p for rheology, w/c for
Water early-age hardened | w/p = 0.30-0.45, may be
properties, w/cm for long higher with VMA
Ensure adequate concrete term hardened properties
rheology (yield stress, plastic Relative amounts of | h sl ilica f
Paste viscosity, thixotropy) and cement, SCMs, and minera yas d ?ag, f' |caf_|1|1me,
Composition hardened properties (strength, Powder fillers for economy, d%g’z-uor:‘-frggz sreoge Ireerz;ue
stiffness, durability), optimize strength, durability, and to microfinesgg 9
economy fill paste volume
Same requirements as for
Air As needed for durability| conventionally placed

concrete

Adjust HRWRA dosage to reach desired slump flowvelfi/stress for self-flow)




Table 4: Summary of ICAR SCC Mixture Proportioning Procedure

1. Select individual aggregate sources (fine, intetiated coarse sizes)
2. Evaluate various aggregate blends.

STEP 1. a. Maximum aggregate size
Aggregates b. Grading (0.45 power curve, percent retained on sagle)
¢. Shape and angularity (visually rate on scale af 3)t
3. Determine compacted voids content of each blend.
1. Determine minimum paste volume for filling and pagsability. Select the larger.
a. Paste volume for filling ability (Calculate frommpacted voids content and visual
rating of shape and angularity. Confirm with tesith various paste volumes and
STEP 2: constant paste composition. Concrete should letaldchieve target slump flow

Paste Volume

without bleeding or segregation.)

b. Paste volume for passing ability (Establish witstsewith various paste volumes

and constant paste composition.)

and long-term hardened properties. If mineragfillaffect hardened properties, specify

2. Add paste volume for robustness.
1. Select cement, SCMs, and mineral fillers.
2. Select maximum w/c and w/cm and maximum and minin®@®M rates for early-age

STEP 3: maximum and minimum rates.
Paste 3. Select air content for durability (assume 2% if antentrained).
Composition 4. Select wip (typically 0.30-0.45, may be higher witklA) and powder blend (subject tp
limits on hardened properties) for workability.
5. Calculate paste composition.
6. Evaluate trial mixtures and adjust paste compasitiased on Table 5.
Table 5: Effects of Mixture Proportions on SCC Worlability
. . - . . o Segregation
Slump Flow Viscosity Filling Ability |Passing Ability Resistance
" Maximum Size
8 - .
T ) ngher Pkg. H|gher pkg. ) ) Uniform or finer
=) Grading density; oarser o density or gap Finer grading: .
o o o grading:
> gap grading: grading:
()]
< | Improved Shape

Increased Angularit

Paste Volume

Paste Composition

Water/Powder

Not too high or
too low:

Fly Ash

Slag

Silica Fume (Low %

Silica Fume (High %

VMA

HRWRA

Air

Notes:
1. There are exceptions for every case.

2. Slump flow is inversely proportional to yield stsesViscosity is proportional tos§ or v-funnel time.

3. This table reflects trends over the range of vatypial for SCC and may not apply for extreme eslu
For instance, increasing water/powder to extrerhigdi values will not improve filling or passing
abilities. Stated effects assume mixtures aresteljuto achieve SCC slump flow before and aftengha|




51 Selection of Aggregates

Aggregates should be selected to maximize aggregatent for the given application
because aggregates are the lowest-cost componil® fism water and higher aggregate
contents are often associated with improved hantigmeperties. The three sub-factors for
selecting aggregate characteristics are maximura, gizading, and shape, angularity, and
texture. Additionally, certain clays present irgeggates may increase HRWRA demand for a
given slump flow. Both grading and shape, angtyaend texture are important: consideration
of one at the exclusion of the other is inapprdprialhe properties of the combined aggregates
should be considered.

Maximum Size. The maximum aggregate size should usually bectsgleas large as
possible provided the workability requirements ¢enachieved. Larger maximum aggregate
sizes are beneficial for workability to the extéimat they increase the range of aggregate sizes
and result in improved grading. The maximum aggregize can be reduced to increase passing
ability and segregation resistance. A maximum @gate size of % or 1 inch is acceptable for
most applications. The maximum aggregate size Imeayeduced to as low as 3/8 inch to ensure
passing ability.

Grading. There is not a universally optimal grading forGGCThe best grading depends
on the application and the aggregate. For exangplgrading with a large fraction of coarse
particles may reduce HRWRA demand and plastic gisgdut result in poor passing ability.
Further, the net effect of adding a poorly shapggregate to improve grading may be adverse.
In general, uniformly graded aggregate—namely with@ deficiency or excessive amount of
material on any two consecutive sieves (Figure 2)d-gradings with high packing densities are
favorable. Gap gradings often result in lower ecetee HRWRA demand and plastic viscosity;
however, they should normally be avoided becausg ithsult in increased segregation. In many
cases, the 0.45 power curve is a favorable grada@tguse it provides high packing density and
is associated with low concrete HRWRA demand aadtja viscosity. The 0.45 power curve is
developed on a plot of percent passing versus wizere the sizes are raised to the 0.45 power.
A straight line is normally drawn from the origio the maximum aggregate size, as shown in
Figure 2. This approach; however, results in gdarolume of material passing the No. 200
sieve, which should more appropriately be consiig@@wvder and accounted for as part of the
paste. Therefore, in constructing the 0.45 powewe; the straight line should be drawn
between the No. 200 sieve and the maximum aggregage Gradings finer than the 0.45 power
curve are also usually preferred to coarser gradberause they reduce harshness. As a first
approach when combining two aggregates, the sagieggte ratio should be set between 0.40
and 0.50. It is often favorable to blend threenmre aggregates in cases where combining fewer
aggregates would result in a gap grading. Becanssler aggregate sizes are commonly used
for SCC (e.g. % or 1 inch), problems with gap gngdi may not be as severe as if larger
maximum aggregate sizes were used (e.g. 1.5 inches)

10
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Figure 2: Example Percent Retained Plots and 0.450Wer Curve Plot

Shape, Angularity, and Texture. The shape and angularity of aggregates can
significantly affect workability by influencing thaggregate compacted voids content and the
interparticle friction between aggregates. Equehsional, well-rounded aggregates are best for
workability; however, aggregates of all shape anguéarity can be accommodated in SCC by
increasing the paste volume. Once the paste voismgfficient for a given aggregate, concrete
workability can be further enhanced by adjusting plaste composition. Texture has minimal
effect on workability. A visual examination is tgplly sufficient for characterizing aggregate
shape and angularity. Table 6 should be usedsigraa single visual rating, on a scale of 1 to 5,
representing both shape and angularity. (An agdgeegource may have good shape but poor
angularity or vice versa. A single rating represgn both shape and angularity should be
assigned). A single rating should be assignecth eombined grading. For instance, a crushed
coarse aggregate with a rating of 5 blended witteli-shaped natural sand with a rating of 1
would receive a rating of 3 for the combined grgdinWhen possible, historic data on the
performance of a particular aggregate in SCC id#s guide for assigning the visual shape and
angularity rating.

To select aggregates, various aggregate sourcesdsh® considered (fine, intermediate,
and coarse sizes). Various blends of the aggregditeuld be evaluated in terms of maximum
aggregate size, grading, and shape and angulafitye compacted voids content and visual
shape and angularity rating should be determinedalbraggregate blends. Measuring the
compacted voids content on a series of aggregatelgl—such as for a range of S/A values—
can be used to identify the minimum voids contefibe minimum voids content (maximum
packing density) may not be optimal in all casesabise other considerations—such as passing
ability, segregation resistance, or harshness—reawdre important.
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Table 6: Guidelines for Assigning Visual Shape andngularity Rating

Visual Shape and Angularity Rating (Rs.a)
<Vell—8haped, Well Rounded Poorly Shaped,ighly Angula>
1 2 3 4 5
, few particles
e most particles not L : )
. modest deviation - : equidimensional;
most particles nedr equidimensional by some flat and/or
e . from . | abundance of flat
equidimensional - . also not flat or | elongated particles
equidimensional clonaated and/or elongated
Shape 9 particles
sub-angular or suh- .
well-rounded rounded rounded angular highly angular
partially crushed |well-shaped crushg crushed coarse c;usr;gde&(éaéfe
. ._ | river/glacial gravel{ coarse aggregate pr aggregate or 9greg
most river/glacial manufactured san
Examples | or some very well{ manufactured sandmanufactured sand .
gravels and sands , . with many corners
shaped with most corners | with some corners o
o o 90° and large
manufactured sands 90 90
convex areas
5.2 Selection of Paste Volume

A minimum paste volume must be provided to ensilliag ability and passing ability.
Without the minimum paste volume, SCC workabilitpgerties cannot be achieved, regardless
of the composition of the paste (e.g. power contesp, use of VMA, etc.). The minimum
required paste volume should be determined separatefilling ability and passing ability.
Additional paste volume in excess of the minimunguieed for filling or passing ability
increases robustness.

The minimum paste volume for filling ability is deped conceptually in Figure 3.
Concrete without the minimum paste volume for ridji ability may not achieve the desired
slump flow regardless of the HRWRA dosage, may lghlh viscous, may exhibit severe
bleeding and segregation, and may appear harstertAin amount of paste must be provided to
fill the voids between compacted aggregates. Iy ¢ims amount of paste were provided, the
concrete would not flow due to the significant npi@rticle friction between aggregates.
Therefore, additional paste must be provided t@sgp aggregates. This paste used to separate
the aggregates provides lubrication by reducingrparticle friction between aggregates.
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Figure 3: Schematic Representation of Aggregate i@Gement Paste

Aggregate

The total amount of paste for filling ability/{aste-filing_abiii) 1S the sum of the paste to fill

the voids Vpaste-void} and to provide spacing between aggrega@ssi-spacin}y as expressed in
Equation 2

\% =V +V

paste filling _ ability paste voids paste spacing (2)

The minimum amount of paste needed to provide sgaoetween aggregates depends
primarily on the shape and angularity of the coraliraggregate and ranges from 8% for
equidimensional, well-rounded aggregates (visuapshand angularity rating of 1) to 16% for
poorly shaped, angular aggregates (visual shapeaagdlarity rating of 5). (Aggregates with
extremely poor shape and angularity characteristiay require even more than 16%.) The
minimum paste volume for filling ability is largelywdependent of the paste composition—
provided the paste composition is within the ranfeypical SCC mixtures. The total paste
volume for filling ability (expressed as a percggaf concrete volume) can be calculated as a
function of the paste volume for spacing (expressed percentage of concrete volume) and the
percentage of voids in the compacted aggredat®i0Sompacted_agg€Xpressed as a percentage of
the bulk aggregate volume), as shown in Equatigir(8r! Reference source not found.

(100- V

_ 00_ paste spacing

)(100_ %VOidS:ompacted_agg)
10C

\Y (3)

paste filing _ability —

The amount of spacing paste can be calculated finermisual shape and angularity ratifRg.g),
as indicated in Equation (4):

Vv 16- 8

(Rs- AT 1) (4)

paste spacing = 8 +

Equation (3) indicates that the paste volume fongd ability can be reduced by reducing
the compacted aggregate voids content (by incrgabie maximum aggregate size, improving
the grading, improving the shape and angularitypyimproving the shape and angularity to
reduce the volume of spacing paste. It is recongd®@nhat tests with various paste volume be

13



conducted to confirm the calculated minimum pastieime. For instance, if a minimum paste
volume of 32% is calculated with Equation (3), Ithatches should be measured at 30, 32, and
34% to determine the minimum sufficient paste vatuimot necessarily the optimal workability
because proper paste composition must be estatlisls®). Because the minimum paste
volume for filling ability is largely independent the paste composition, the paste composition
should be near that expected in the final mixturé should be held constant as the paste volume
is varied.

For passing ability, sufficient paste volume is degk to reduce the volume of coarse
aggregates and to reduce interparticle frictionveen aggregate particles. The amount of paste
depends mainly on the aggregates (higher maximues sand coarser gradings increase the
amount of large particles that must pass, redupimgsing ability; angular and poorly shaped
aggregates increase interparticle friction betwaggregates, reducing passing ability) and the
paste volume (higher paste volumes decrease theneobf aggregate that must pass and reduce
interparticle friction between aggregates, incnegspassing ability). The amount of paste
needed depends to a lesser extent on the rheofdhg paste (lower paste viscosity and higher
slump flow result in increased passing ability)o determine the amount of paste needed for
passing ability, it is recommended that testingcbaducted with the j-ring at various paste
volumes with constant paste composition (the pesteposition should be near that expected in
the final mixture). The determination of minimunaste volume for passing ability for
unreinforced or lightly reinforced sections is ucessary.

If the minimum paste volume for passing abilityhigher than that for filling ability, it
may be beneficial to modify the aggregate gradipglécreasing the maximum aggregate size or
decreasing the coarseness of the grading (e.gehigh). This change would reduce the overall
minimum paste volume needed by decreasing the mamimpaste volume for passing ability,
even though the minimum paste volume for fillingligowould likely be increased.

The larger of the paste volumes required for fjlor passing ability should be selected.
Additional paste can be used to increase robustriBlss amount of paste needed for robustness
depends on the level of quality control and expetgiations in materials.

5.3  Selection of Paste Composition

With the paste volume determined, the compositioin® paste is selected to achieve the
required workability and hardened properties. &alg the paste composition involves selecting
the relative amounts of water, powder, and air génedblend of powder (Table 7). The paste
composition is the stage where the distinction ketwpowder-type and VMA-type SCC is made
(Table 8). Powder-type SCC consists of high powatartents—with a large portion of the
powder content comprised of SCMs and fillers—amomawater-powder ratio. VMA-type SCC
utilizes lower powder contents and higher water-g@mratios and, therefore, must incorporate a
VMA to ensure stability. The minimum paste volufoe filling ability is the same for powder-
type and VMA-type SCC.
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Table 7: Selection of Paste Composition

Parameter Purpose

Water/Cement Early-age hardened properties
Water | Water/Cementitious Materials Long-term hardenegeries

Water/Powder Workability

Cement Strength and durability

Powder SCMs Improve workability and durability, reduce headuce cost

Mineral Fillers Improve workability, reduce costduce heat
Air Air Content Durability

Water Content. The water content is established by selectingtdimmn water/cement
(early-age hardened properties), water/cementitroagerials (long-term hardened properties),
and water/powder (workability). The high degreepoiwder dispersion achieved with high
dosages of HRWRA may increase the w/c or w/cm retéalea given strength level compared to
conventionally placed concrete with no or low desagf HRWRA. If the powder consists only
of cement and SCMs, the w/p is equal to the w/drhe total water content per unit volume of
concrete (e.g. Ib/y)l is usually similar to that in conventionally pét concrete. The w/p
typically varies from 0.30 to 0.45. Higher valuesw/p can be used; however, a VMA is
typically required. Increasing the w/p decreabesHRWRA demand for a constant slump flow
and reduces plastic viscosity. As the paste volignecreased for a given aggregate, the paste
viscosity should be reduced. As a first approxiorgtthe total water content per unit volume of
concrete should be held constant as the paste edkiincreased.

Powder Blend. Given the high powder contents required to achi®8CC workability, it
is often necessary to include SCMs or mineralrglias part of the powder. The powder content
must contain a minimum amount of cement for stieragid durability. SCMs can be used to
improve workability and durability, reduce heathgfdration, and reduce cost. Mineral fillers
significantly finer than cement typically enhanceriability and may contribute to accelerated
strength gain. Mineral fillers approximately thamse size of cement typically have minimal
effects on workability and do not contribute tcesigth.

Air Content. Air content requirements for SCC—namely total@ntent, bubble size,
and bubble spacing—are similar to those for conwaatly placed concrete.

To select the paste composition, limits on soméheffactors listed in Table 7 can be
used to compute the relative amounts of water, powahd air. Typical ranges of values for
powder content and water-powder ratio are giveifable 8. This table should be used as a
general guideline only; trial batches of concretewsd be used to establish final proportions.
Table 5 describes how to adjust paste compositiachieve desired workability properties. In
achieving the correct workability, the paste conijpms should be adjusted to reach the proper
slump flow and viscosity. Slump flow is adjustegt Barying the HRWRA dosage. The
HRWRA demand for a given slump flow can be reduogdarying the paste composition, paste
volume, and aggregates. The viscosity determihesetse with which the concrete can be
placed and should not be too low (poor stabilityjam high (sticky and cohesive). Tests can be
conducted on paste or mortar to evaluate the velafifects of various constituents; however, the
final paste composition should be established mcoete mixtures because (1) the required paste
composition depends on the aggregate characteriatid paste volume and (2) paste tested
separately from concrete behaves different tharsémee paste in concrete. Examples of paste
composition calculations are shown in Table 9. t§der filling ability, passing ability, and
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segregation resistance should be performed priselcting final mixture proportions, if not on

every trial batch.
Workability retention should be considered in eksaling the paste composition.

Factors affecting workability retention are shownTable 10.

Table 8: Typical Paste Compaositions

Powder-Type VMA-Type

Powder Content 650-900 IbA/d <650 Ib/yd

Water/Powder 0.30-0.45 >0.45
Admixture HRWRA only HRWRA and VMA

Note: These values are given as a general guidasirtbere is not a
discrete distinction between powder- and VMA-tyfeCS Mixtures
near the transition between powder and VMA-type inagrporate
aspects of each type (e.g. combination type)

Table 9: Sample Calculations for Paste Composition

w e Parameters Proportions (Ib/yd)

S Specified Paste Fly |Mineral| ,. Mineral | Fly :

O| Parameters volume w/p |w/cm| w/c Ash | Eiller Air Water |Cement Filler | Ash Coarse| Fine

1| wicm 0.60 | 32% | 0.40 0.40 | 0.40] 0% 0% | 2%| 281.8 704.5 --| 0.0 1489.41489.4

2| wicm 0.60 | 32% | 0.37 0.37 |0.52930% | 0% | 2%| 260)7 493.1 --|211.6 1489.4 1489.4

3| wicm 0.60 | 32% | 0.40 0.60 | 0.60] 0% | 33.3%| 2%| 269|4 449.0 224.4 --| 1489.4 1489.4

4 | e 9901 3006 | 0.40 0.40 | 050 20% | 0% | 2% 274[2 5484  |137.] 1489.4 14894

5 | Vom 090 | 3606 |0.3250325| 050 35% | 0% | 2%| 27419 5498  —|296.] 14014 1401 ¢
w/cm 0.40,

6| w/c 0.50 | 32% | 0.40/ 0.40 | 0.50[ 20% | 0% | 6%| 237)6 475.3 --1118.8 1489.4 1489.4

6% air

Case 1Hardened properties do not control. The maximwom is set for 0.60; however, the w/p must be lotee
ensure workability. Since cement is the only powddp=w/c=w/cm.

Case 2The same requirement as case 1, but 30% flysassed for economy. The w/p ratio is reduced teepvthe
reduction in viscosity due to fly ash. Since ainglers are cementitious, w/p=w/cm

Case 3The same requirements as case 1, but minee (ithicrofines) is used, resulting in the specifigdm.
Case 4 The maximum w/cm is set for long-term propertes wi/c is limited to ensure sufficient eadge strength
The fly ash content is maximized while maintainthg specified w/cm and w/c.

Case 5The same requirements as case 4, but passinty abiuirements dictate a higher minimum pasteira.
The paste volume is increased by adding fly asltiag in a lower w/p and w/cm. The viscosityajgproximately
unchanged because the increased paste volumeyaghftontent reduce viscosity, while the lower infpeases
viscosity.

Case 6 The same requirements as case 4 but with 6% air.

16



Table 10: Factors Affecting Workability Retention

Factor Role in Workability Retention
Polycarboxylate-based HRWRA admixtures can be desidor various
HRWRA type and dosage amounts of workability retention. Increasing tlesage increases

workability retention.

Retarders may increase, decrease, or have no effaebrkability
Retarder type and dosage retention, depending on the chemical compositiothefretarder.
Increasing the dosage generally increases thet eff¢lce retarder.

Cement, filler, and SCM types and The physical and chemical properties of the powdasstituents affect
amounts workability retention.

Concrete rheology Mixtures that are more viscond te have longer workability retention.

Hot and dry conditions accelerate the loss of woitkg. Agitation may

Other (weather, agitation) increase or decrease workability retention.

6.0 Optimization of Mixtures

Mixtures should be optimized to achieve desiredingl ability, passing ability,
segregation resistance, hardened properties, egonanad robustness. The optimization of
mixtures is often an iterative process, as inditateTable 11. For instance, if the paste volume
is too high, resulting in poor economy and redubartened properties, the aggregates can be
improved. When the paste volume and aggregateshargged, it may be necessary to adjust the
paste composition to achieve proper workability.abl@ 5 provides specific guidelines for
adjusting mixture proportions to achieve SCC woilikgb

Table 11: Optimization of Mixtures

Step Tasks Adjustments

Evaluate various aggregates and gradings

STEP 1 determine voids between compacted Paste volume too high? Adjust aggregates.
Aggregates
aggregates
STEP 2 Evaluate passing ability and filling ability fqr Aggregates Changed? Adjust pate volume.

range of paste volumes, maintain constant
paste composition

©

Paste Volume Poor robustness? Increase paste volum

With paste volume and aggregates set, va
paste composition for workability and
hardened properties

STEP 3
Paste Composition

b aste volume or aggregates changed? Adjust
paste composition.

7.0 Examples
The following examples illustrate the ICAR SCC maipd proportioning procedure.
7.1 Example 1: Precast, Prestressed Concrete

Requirements

A SCC mixture is needed for precast, prestressathbe The 16-hour release strength
must be 5,000 psi based on a specified temperhistery; the 28-day strength is specified as
9,000 psi. For filling ability, the specified slgnflow is 26-28 inches with as§ between 3 and 7
seconds and a VSI of less than 1.0. For fillingitgbthe j-ring change in height from inside to
outside of the ring is specified as less than (h6@es due to the highly congested strands and
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bars. For segregation resistance, the segregatawx from the column segregation test is
specified as less than 15%. No air entrainmerdgsired.

Step 1: Aggregates

Two coarse aggregates (3/4” maximum aggregate siEe)to be considered: a well-
shaped river gravel (specific gravity = 2.59) amdsbed limestone coarse aggregate (specific
gravity = 2.59). A well-shaped natural sand isdugeth both aggregates (specific gravity =
2.58). The aggregates are considered at S/A valti€s40 to 0.50. The visual shape and
angularity index is determined to be 1.0 for thesrigravel-natural sand blend and 3.0 for the

crushed limestone-natural sand blend.
considered acceptable for SCC.

The aggregeadings, shown in Figure 4, are

River Gravel Blend (Rs.4=1.0) Crushed Limestone Blend (R»=3.0)
25% 25%
-+ S/A=0.40 ——S/A=0.40
-+ S/A=0.50 -+ S/A=0.50
20% -+ 20% -+
o o
) @
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[} [}
@ @
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o o
[} [}
o o
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oo Sieve oo Sieve
B892 Q9 «© z z B SB8B0 9O «© z z :
HEE g e 3 BN % HEg g e 3 BN OF oo
100% ‘ o 100% ‘ P
o] 1 1 4 00% b R <A
[ | | | | | | | [ | | | | | |
80% | 1|1 || | | 0% | 11 A
@ 70% 1 o0 o0 l l l @ 70% 1 0o 0 l /a l
% [ | | | | | | a [ | | | | | |
«»n 60% -+ [ | | | | | | o 60% - [ | | | | | |
® [ | | | | | | | @ [ | | | | | | |
O 50% 4 : L l O 50% 4 L l
@ A% 11 ‘ L l @ 40%{ 111 : L l
© e A I I I I © A I I I I
()] 300@— [ | | | | | | ()] 300@— [ | | | | | |
a 20% 7777”7:7 7‘777:7777: 777777 liii—Power0.457 o 20% 7777:7:7:7 7‘777:7777: 777777 :iii—Power0.457
TS -S040 TS -S040
10% -4+ r - 1=~ |+ SIA=0.50 [ 10% -+ @ r—A- - 1=~ | S/A=0.50 [
0 e 1 . . 0w Lo 1 o
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 8.465 0.8 1
[Size (in)] ®*° [Size (in)] *

Figure 4: Example 1 Gradings
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Step 2: Paste Volume

The paste volume is computed for filling abilitysed on Equation (3) for each
aggregate, as indicate in Table 12. Passing\alsliévaluated by varying the paste volume with
constant paste composition and evaluating j-rirgplte. As indicated in Figure 5, the paste
volume for passing ability is reduced with reduce@drse aggregate volume (higher S/A) and
improved shape and angularity (river gravel versusshed limestone). Due to the highly
congested reinforcement, passing ability requirasmeontrol the selection of minimum paste
volume. Additional paste volume of 1% is addeédach blend for robustness.

Table 12: Example 1 Required Paste Volumes

River Gravel Crushed Limestone
S/A Voids Reg'd Paste Volume Voids Reg'd Paste Volume
Content Filling Passing | Content | Filling Passing
0.40 23.9 30 36 23.9 33 41
0.50 23.2 29 32 22.7 32 36
River Gravel Blend (Rs.4=1.0) Crushed Limestone Blend (R»=3.0)
3.0 3.0
ol

al il =
N R

DHeight, Inches

I e e R I M-
|

J-Ring: DHeight, Inches
- -
o 5

o
)

o
S

25% 30% 329 35%369% 40% 459 25% 30% 35%350 40% 4104 459
Paste Volume Paste Volume

Figure 5: Example 1 Minimum Paste Volume for Passig Ability

Step 3: Paste Composition

A Type lll cement (specific gravity = 3.15) and &3aF fly ash (specific gravity = 2.33)
are selected to comprise the powder. To achieveatuired 16-hour compressive strength, the
w/c must be 0.41 for the river gravel and 0.45 tfee crushed limestone. Fly ash is used to
improve workability, reduce heat of hydration, irape durability, and improve economy. The
final mixture proportions for each blend are shownTable 13, based on the results of trial
concrete batches. The w/p is set for workabilitycreasing the paste volume or fly ash rate for
a given aggregate requires a lower w/p for the sapmoximate workability. Because all
powder is cementitious, the w/cm is equal to thp.wh this example, the microfines content is
low and can be neglected in computing the w/p aastgpvolume. The w/cm is more than
adequate to achieve the 28-day compressive streagtirement of 9,000 psi.
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Table 13: Example 1 Paste Composition

Parameters Proportions (Ib/yd)
Mixture Vzﬁjséee w/p (w/cm| w/c ;2{1 Air (Water [Cement] ;ls};] Coarsg Fine
River Gravel, S/IA=0.40| 37%| 0.28 0.28 0.4B2%]| 2% | 260.8 633.3298.01649.5 1095.4
River Gravel, S/IA=0.50| 33%| 0.33 0.33 0.4P®%| 2% | 257.3 623.8156.01461.8 1456.7
Limestone, S/A=0.40 42% 0.27 0.27 0.45 4020 | 287.8 639.6426.41518.5 1008.5
Limestone, S/A=0.50 36% 0.30 0.30 0.483%|2% | 270.4 603.8297.41374.5 1369.7

7.2 Example 2: Ready Mixed Concrete

Requirements

A SCC mixture is required for use in a lightly reirced slab on grade. The
specifications require a maximum w/cm of 0.50 afd éntrained air content. Because the
concrete may need to flow long horizontal distant®s slump flow is set to 26-28 inches with a
Tso Of 3-6 s and a VSI 1.0. A maximum segregation index for the coluragregation test is
specified as 15%.

Step 1: Aggregates

A rounded, well-shaped fine aggregate (specifizvitya= 2.60) and a crushed limestone
coarse aggregate with a %’ maximum aggregate speific gravity = 2.60) are selected. The
visual shape and angularity index is determinellet@.0. After considering blends of these two
aggregates at S/A values of 0.40 to 0.50, the bleitid an S/A of 0.50 is selected because it
results in the minimum compacted voids content2®%. The higher S/A results in more of
the well-shaped sand and less of the angular, yarhped coarse aggregate, which allows
lower paste volume and improved workability. Tlsulting grading, shown in Figure 6, is
reasonably uniform and is finer than the 0.45 posueve.
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Figure 6: Example 2 Aggregate Grading
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Step 2: Paste Volume

The volume of spacing paste and total paste arguatad in Equations (5) and (6).

16- 8 16- 8

Vpaste spacing =8+ (Rs A 1) =8+ (3' 1) =12 (5)
V - - =100- (100- Vpaste SDaCing)(loo_ %VOids:ompacted_agg)
paste filling _ ability
10C (6)
~100- (100- 121(;?0- 239) ~330

Because the concrete is to be used in a lighthfessed slab, it is unnecessary to check
passing ability requirements. Concrete mixturesaraluated at paste volumes of 31, 33, and
35% to confirm the minimum required paste volumkEhe mixture with 31% paste volume is
viscous and exhibits severe bleeding, suggestiageiquate paste volume for filling ability. The
mixture with 33%, however, has adequate paste wlufhe 33% paste volume required for
filling ability is increased by 2% to 35% to assubbustness.

Step 3: Paste Composition

A Type | cement (specific gravity = 3.15) and Clasity ash (specific gravity = 2.40) are
selected to comprise the powder. Trial mixtures eraluated by varying the fly ash rate and
w/p, as shown in Table 14. The fly ash is used @dte of 35% of the powder mass to improve
economy and workability while the w/p is set at®t8 establish the target workability. In this
example, the microfines content is low and can égletted in computing the w/p and paste
volume.

Table 14: Example 2 Paste Composition
Parameters Proportions (lb/yd)
Paste Fly Fly Comments

Trial w/p (w/cm| w/c Coarsg Fine
Volume

Ash Air [Water |Cement Ash

1 35% | 0.40, 0.40 040 O 5%281.§ 704.5 0.01423.7 1423.7

Uneconomical (cement tqo
high)
Viscosity too low (Eg=
1.2s), should reduce wi/f
35% | 0.38 0.38 0.5885%|5% | 262.3 448.§241.51423.7 14237 /ISCOSItY t00 low Fo=
2.4s), should reduce wi/g

4 35% | 0.36] 0.36 0.5585%)| 5% | 255.9 461.4248.31423.1 1423.7 Good, FINAL MIXTURE

2 35% | 0.40, 0.40 0.615%| 5% | 268.§ 436.9235.11423.1 1423.7
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