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A.E.A Air entraining agents.

Bp The volumetric ratio of water to powder at which all voids

among solid particles are just filled with water.

Static modulus of elasticity.

Ec
oo, Splitting tensile strength in MPa for cylinders of Yo+ mm
diameter.
Splitting tensile strength in MPa for cylinders of Y++ mm
Feo. diameter.
Compressive strength.
fe Fiber reinforced self compacting concrete.
FSCC High strength concrete.
HSC Metakaolin calcined for /Y hr.
| Metakaolin calcined for Y.+ hr.
I Metakaolin calcined for Y.° hrs.
i Civil mixes with sand.
MCS

Civil mixes with pigment.
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MCMK
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MHL
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SCCH

SCCC

SFRSCC

Civil mixes with limestone.
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Civil mixes with metakaolin.
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Housing self-compacting concrete mix.
Housing mixes with pigment.

Housing mixes with sand.

Housing mixes with limestone.
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Reference civil.

Reference housing.

Relevant standard (References).
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Abstract

The aim of this study is to find the influence of water to powder ratio,

type of filler and curing condition on workability of the fresh concrete and
some of the mechanical properties of self-compacting concrete made from
locally available materials. One type of concrete is designed in this work called
normal or housing concrete. To determine the workability, different test
methods are adopted in this research such as slump-flow, T®+ slump-flow, L-
box, U-box and V-funnel. The mechanical properties studied are compressive
strength, splitting tensile strength, flexural strength and static modulus of
elasticity. Further more, two non-destructive test methods, ultra-sonic pulse

velocity and rebound hammer test are used.

Based on the results of this work, it is possible to produce SCC from locally
available materials which satisfied the requirements of this type of concrete
and it can be stated that SCC produced is sensitive to the water to powder

ratio and the type of filler used.

The results of slump-flow range between (1YA-YYA) mm, T°+ range
between (Y.©-2.Y) sec., the blocking ratio (Hv/H,) of L-box ranges between
(+.A-+.9), the filling height (U,-Ux) of U-box ranges between (*-1.°) cm and the

funnel time of V-funnel ranges between (1-)Y.¢) sec.

The compressive strengths at vV, YA and 4+ days range between (YY.°-
YY.2) MPa, (YY-2A) MPa and (£°.2-1V.1) MPa respectively, splitting tensile
strengths range (£.Y-°.9Y) MPa, (£.A1-1.1Y) MPa and (°.Y°-Y.+) MPa, flexural
strengths range (Y.VY-1.9A) MPa, (Y.1¢-V.Ye) MPa and (¢€.))-)+.+°) MPa,

static modulus of elasticity ranges (Y°.Y)-¢),12) GPa at YA-days, U.P.V. ranges

VY
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(€.)Y-€.90A) km/sec, (£.£€717-2.Y4A) km/sec and (¢.AYe-2.2Y4) km/sec, and

rebound number ranges (Y+-£+), (YY-¢Y.®)and (Y1-£¢).

The results obtained from this study indicate that increasing W/P ratio
from (£+) to (1Y) decreases the compressive strength by YY.V %, splitting
tensile strength by Y3.% %, flexural strength by ¢% %, static modulus of
elasticity by 3.Y %, ultra-sonic pulse velocity by ) Y.1 % and rebound number by
Yo.A %. Also, it can be seen that there is enhancement in most of the
investigated properties of concrete when exposed to sprinkling curing at low

water to powder ratio and when using metakaolin type Il powder as filler.

YA
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The symbols used in this thesis generally are as follows:

Symbol ‘ Description

SCC Self-compacting concrete.

u.p.v Ultra-sonic pulse velocity.

SCCH Housing self-compacting concrete.
SCCC Civil self-compacting concrete.

SFRSCC [l Self-compacting concrete with steel fibre.

RH Reference housing.
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w/C Water to cement ratio.
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MHL Housing mixes with limestone.
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S/A Fine aggregate vol. to total aggregate vol.
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V.M.A Viscosity modifying agents.

A.E.A Air entraining agents.

wW/pP Water to powder (cement+filler) ratio.
NVC Normally vibrated concrete.

NSC Normal strength concrete.

HSC High strength concrete.

UHPSCC [ Ultra-high performance self-compacting concrete.
Ec Static modulus of elasticity.

f'e Compressive strength.
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Housing mixes with sand.
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MCMK
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MH

Sr.

S:.

Sy

Civil mixes with sand.

Civil mixes with pigment.

Civil mixes with limestone.

Civil mixes with cement.

Civil mixes with metakaolin.

Civil self-compacting concrete mix.

Housing self-compacting concrete mix.
self-compacting concrete mix with W/pP=-.Y,
self-compacting concrete mix with W/P=+.¢.
self-compacting concrete mix with W/P=+.°),
self-compacting concrete mix with W/P=+.1Y,
Metakaolin calcined for /Y hr.

Metakaolin calcined for Y.+ hr.

Metakaolin calcined for ).° hrs.
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In recent years, a lot of studies were done on how to improve the
performance of concrete, especially on topics regarding how to increase the
strength, durability and flowability of concrete. At the same time, there were a
number of reports published on how to evaluate and predict those
performances. High strength concrete has become one of the hottest topics
since Y4A+, and it is now possible to have structures that are built with
concrete over )++ MPa compressive strength ®) This kind of excitement has
also triggered further development on the construction techniques and
materials used for such concrete. At the same time, there was concern on the
maintenance of concrete structures and how it is possible to minimize the cost
of maintenance, and to prolong the life of concrete. There is a number of
activities at the moment on how to combine both strength and durability into

(Y)

flowability However, high workable concrete is still something quite
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unknown to many researchers, while conventional concrete tends to present a
problem with regard to an adequate consolidation in thin sections or areas of
congested reinforcement which leads to a large volume of entrapped air voids
and compromises the strength and durability of concrete. Using Self-
Compacting Concrete (SCC) can minimize this problem since it was designed to

. . ¥
consolidate under its own mass "

SCC describes a concrete with the ability to compact itself only by means
of its own weight without the requirement of vibration .It fills all voids,
reinforcement spaces ,even in highly reinforced concrete members and flows
free of segregation nearly to level balance (\")'SCC has been described as “the
most revolutionary development in concrete construction for several decades
". Due to its specific properties, SCC may contribute to a significant

improvement of the quality of concrete structures and open up new field for

the application of concrete )

SCC is different from the conventional concrete in that it has a lower
viscosity and thus, a greater flow rate even when pumped .As a consequence,
the pumping pressure is lower, reducing wear and tear on pumps and the need
for cranes to deliver concrete in buckets at the job site ®) The use of SCC offers
many benefits to the construction in the practice; the elimination of the
compaction works results to reduce the cost of placement, the shortening of

the construction time and therefore it is an improvement in productivity.

). ¥ Benefits and Uses of SCC: P

r_r,rb

)
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The use of SCC is spreading world wide because of its very attractive
properties in fresh state as well as after hardening .The use of SCC leads to a
more industrialized production ,reduce the technical costs of in situ cast
concrete constructions ,improve the quality ,durability and reliability of
concrete structures and eliminate some of the potential for human error .1t will
replace manual compaction of fresh concrete with a modern semi-automatic
placing technology and in that way improve health and safety on and around

the construction site " .
Further benefits of SCC are ":

). Self-leveling, fill all voids, no segregation, easy to deliver and its materials
are available locally.

Y. High performance, durability and workability.

Y. Improve surface finish, construction schedule and design flexibility.

¢. Reduce labor costs, equipment on job site, safety, shorten construction

time and reduce over all in-place costs.

1. 1. FUses: V

). Bridges and structural application.

Y. Pumped concrete and repair applications.

Y. Utility application and hard to reach areas.

¢. Pre-cast and pre-stressed, architectural applications and areas with

congested reinforcement such as columns and walls.

). ¥Research significance: b

Y'Y
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The main purpose for this research is to evaluate the effect of water to
powder ratio on some of the mechanical properties of SCC. The investigated
properties were ¥, YA and 9+ days compressive strength, splitting tensile
strength, flexural strength, static modulus of elasticity, Schmidt rebound
hammer test and Ultra-sonic Pulse Velocity (U.P.V), to ¢ water to powder
ratios. In fact, the main goal of this research is to furnish the mechanical
properties data of SCC to be defined as a set of requirements in terms of
hardened concrete and to develop a mix design process. Another aim in this
research is to assess the effect of curing conditions on some of the mechanical
properties of SCC in the hardened state. Another objective of the study is to
find the effect of the time of calcining metakaolin on properties of fresh and
hardened states for the SCC.A total of YA specimens of different series of SCC
with different: water to powder ratio, type of filler used, curing condition and
the calcining time of metakaolin were cast. Complementary tests have also
been done to characterize more precisely the mechanical properties of SCC to

select good combinations of components.

). £ Objectives and scope: V

The objective of this research is to produce a concrete having the
desirable properties in the fresh state to satisfy the SCC requirements by
combining flow properties of matrix in fresh state, while preserving the strain

hardening behavior. To satisfy the SCC performance in both fresh and

\RJ
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hardened states, the processing parameters which affect flow properties were
carefully controlled in order to minimize disturbance of the micromechanical

optimization for strain hardening performance of hardened SCC.

The fundamental objective of this research is to provide information on
the hardened properties of SCC produced using available local raw materials in
Irag to support the practical work in assessing the practicability of actually
building with SCC, and to facilitate the introduction of SCC technology into a
general construction practice. One basic category of concrete was considered,
namely, housing or normal concrete. The concrete was produced in civil
engineering laboratory, and the following mechanical properties were tested:
compressive strength, splitting tensile strength, flexural strength, and static
elastic modulus, in addition to, two non-destructive tests” Schmidt rebound

hummer and Ultra-sonic pulse velocity”.
From previous description it could be summarized these objectives:

). Evaluate the effect of water to powder ratio on fresh and hardened
properties of SCC.

Y. Investigate the effect of filler type on fresh and hardened properties of SCC.

Y. Investigate the effect of curing conditions on the mechanical properties of
SCC.

¢. Investigate the effect of time of calcining on efficiency of metakaolin in SCC.

). ® Thesis layout: V

The present research consists of five chapters:-

A
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Chapter Y is concerned with literature review on SCC. Chapter ¥ will go over
the tests carried out throughout the experimental work, the procedure

adopted and the properties of the materials used, Figure ()-)).

The results of the experimental work have been presented and
discussed in chapter £. The conclusions and a number of suggested

commendations for further researches have been mentioned in chapter °.

Yo
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Production of
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SCC was first developed in Japan Y3A: in order to reach durable
concrete structures. Since then, several investigation have been carried out to
achieve a rational mix design for standard concrete, which is comparable to

M scc is defined so that no additional inner or outer

normal concrete
vibration is necessary for compaction. It is compacting itself due to its self-
weight and is de-aerated almost completely while flowing in the formwork .
In structural members with high percentage of reinforcement it fills also
completely all voids and gaps. SCC flows like “HONEY” and has nearly a

horizontal concrete level after placing ),

With regard to its compaction, SCC consists of the same components as
conventionally normal concrete, which are cement, aggregates, water,
additives and/or admixtures. However, the high amount of superplasticizer for
reduction of the liquid limit and for better workability, the high powder
content, as well as the use of viscosity agents to increase the viscosity of
concrete are factors to be taken into account """, Flash-calcined kaolins had

higher water absorption capacities, and thus required more water to achieve

suitable workability 7.

In principle, the properties of the fresh and hardened self-compacting
concrete, which depend on the mix design, should not be different from the
properties of normally vibrated concrete. One exception is only the
consistency. Moreover, since normal slump method could not be used
effectively, a new evaluation method must be developed. With all these
uncertainties, it is necessary to quantify the most basic properties of the

concrete with the use of the mechanism of the particles, and fluid mechanics.

A%
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There is a need to develop a method or a way of measure to quantify the

flowability of this so called self-compacting concrete (SCC) ®)

Y. " Historical background: b

The data available indicated that self-compacting concrete, (self-leveling
and self-consolidating), and cohesive concretes were firstly studied in Y3Ve-
VAVT by Collepardi M. (7' At that time the maximum slump level admitted
by ACI " was YY° mm. Moreover, case histories concerning placing of self-
leveling concretes without any vibration at all were published after the year
YaA+ () with the advent of super-plasticizers, flowing concretes with slump
level up to Yo+ mm were manufactured with no or negligible bleeding. In the

(% to  define

middle of seventies, it was suggested by Collepardi
"rheoplastic" as a concrete which, besides being very flowable is also very

cohesive and therefore has a low tendency to segregation and bleeding.

The most important basic principle for flowing and cohesive concretes
including SCC is the use of SP combined with a relatively high content of
powder materials in terms of Portland cement, mineral additions, ground filler
and/or very fine sand. A partial replacement of Portland cement by fly ash was
soon realized to be the best compromise in terms of rheological properties,
resistance to segregation, strength level and crack freedom, particularly in
mass concrete structures exposed to restrained thermal stresses produced by

the heat of hydration of the cement (49,

Ozawa K. et al """ made the first international workshop on SCC held in

Kochi, Japan in Y4AA and then he authored his first paper on SCC in Y3A4, He

(')

and other collegues presented a paper on the same project at the

YA
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international conference on concrete held in Istanbul in Y34Y., These

presentations accelerated the international interest in SCC.

(YY) . .
, more Intensive

Throughout efforts by Ozawa and his collegues
research thrived, especially in large construction companies in Asia. Hence, SCC
was used in many structures, including buildings, bridge towers and bridge

(%)

girders . Positive attributes of SCC include safely, reduced labor and

construction time, and improved quality of the finished product.

Increasing the concrete strength was always one of the main desires of
concrete technology. Since more than Y+ years high strength concrete with
compressive strength ranging from ©+ MPa up to 'Y+ MPa have been used
worldwide in tall buildings and bridges with long spans or buildings in
aggressive environments. Building elements made of high strength concrete
are usually densely reinforced. The small distance between reinforcing bars

T high strength concrete is self-

may lead to defects in concrete
compacting, the production of densely reinforced building element from high
strength concrete with high homogeneity would be an easy work. SCC is a
concrete that flows and compacts only under gravity. It fills the whole mould
completely without any defects. The usual SCC has a compressive strength in

the range of (1+-V++) MPa (™).

Japan has used SCC in bridge, building and funnel constructions since
the early of Y33+, In the last five years, a number of SCC bridges have been
constructed in Europe. In the United States, the applications of SCC in high way
bridge construction are very limited at this time. However, the U.S pre-
cast concrete industry is beginning to apply the technology to architectural
concrete. SCC has high potential for wider structural applications in high way

bridges ),

va
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Y. ¥Selection and properties of Raw materials: ;

r.¥. ) Aggregates: V

r.F. 1.1 Fine g

The maximum size of the aggregate depends on the particular
applications and it is usually limited to ¢.YY mm. The particle size smaller than

+.YY°o mm contributes to the powder content ™

Dirch H. et al " studied ten different sands in the experimental
program; five natural and five artificial, each pair having identical grading
curves but a different particle shape and a surface texture. They concluded

that:

e Increasing the fineness of sand particles leads to increasing
yeild stress and plastic viscosity.
e Increasing the aspect ratio (fine/total) leads to increasing
yeild stress and plastic viscosity.
e The surface texture appears to be of minor importance.
Thus, the rheological properties of self-compacting mortars can be

tailored for special purposes by the choice of cement, filler and sand.

Su K. et al """, studied the effect of sand ratio (S/A= fine aggregate
volume to total aggregate volume) on the elastic modulus of self-compacting
concrete. They used various S/A ratio concretes which were cast and tested
then the modulus of elasticity of SCC was compared with the modulus of
elasticity of normal concrete. Slump flow test, slump test and U-box test were

carried out to evaluate concrete flowability. They found that the flowability of
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SCC increases with the increase in S/A. However, the modulus of elasticity of
SCC is not significantly affected by S/A when total aggregate volume was kept

constant.

Cho W. et al " found that, when a higher volume fraction of aggregate
is used in the mix, the elastic modulus of the composite should be computed
by introducing a third phase (voids) into the composite. For the mix with lower
volume fraction of aggregate, because the volume of voids are relatively small
in comparison with the volume of other components, two phases approach are

appropriate for evaluating the elastic modulus of the composite.

r.r. 1. Y Coarse aggregate: V

During the production of SCC, tests on coarse aggregate grading and
moisture content should be carried out more frequently than usual concrete,
since the SCC is more sensitive than normal concrete to variations in such
properties. It was noticed that an increase in surface moisture content by (1) %
will lead to an increase in slump flow by about () **) mm. The normal size of
the coarse aggregate used to produce SCC is generally between (°-Y+) mm.
During producing SCC, particle shape, size and surface texture are very

important to be considered and controlled ™),

Aggregate makes up (1+-A+) % by volume of normal concrete, thus, the

properties of hardened concrete are influenced considerably by the aggregate,

&)
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while in SCC the coarse aggregate makes up (Y+-Y¢) % of the concrete volume;

therefore, it has a lower effect on the properties of hardened SCC.

Budi and Karsten " found that the modulus of elasticity of gravel
influenced more significant the modulus of elasticity of concrete specimens.
This was caused by the high volumetric content of aggregate in concrete
composite. They concluded that, for the production of unconfined high
performance concrete with ductile behavior, the compressive strength of
aggregate must be as maximum in the range about Y times of the planned
concrete strength. And the modulus of elasticity of aggregate in the range of
maximum ).° times that of the cement matrix. A very high compressive
strength of aggregate is not useful, besides, using a proper amount of silica
fume with compatible super-plasticizer is absolutely necessary I In
consequence, bond failure is avoided and the fracture surfaces pass through
the aggregate as well as through the hardened cement paste under both,

compressive and tensile loading ™,

When the volume of coarse aggregate in concrete exceeds a certain
limits, the opportunity for collision or contact between coarse aggregate
particles increases rapidly and there is an increase in risk of blockage when the

concrete passes through spaces between steel bars mn,

The optimum coarse aggregate content depends on the following

parameters:-

e Maximum aggregate size. The lower the maximum aggregate
size, the higher proportion of coarse aggregate.
e Crushed or round aggregate. For round aggregate a higher

content can be used than for crushed aggregate.

&y
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Aggregate surface moisture content may affect the content of free water

in two ways:

e Aggregate surface moisture content is higher than expected.
e Aggregate surface moisture content is lower and / or the

aggregate absorbs moisture ()

r,r',r;

The friction between the aggregate limits the spreading and the filling
ability of SCC, this is why SCC contains a high volume of paste (cement +
additions + water + air), typically (*¥+-£++) kg/m’, the role of which is to
maintain aggregate separation (no blocking). SCC also has a high volume of fine
particles (< A+*) ~'1) m in order to ensure sufficient workability while limiting
the risk of segregation or bleeding. Nevertheless, in order to avoid excessive
heat generation, the Portland cement is generally partially replaced by mineral

admixtures like limestone filler or fly ash (cement should not be used as a filler)

(o)

Jianxin and Holger ™) found that the replacing of ¥+ % of cement by
quartz powder, the slump flow increased from ¢+ mm to 1Y+ mm and
because of high binder content, (¢ kg/ m' of cement + filler) and low water
to powder ratio, concrete shows a higher autogenously shrinkage than

conventional concrete.

Selection of the type of cement will depend on the over all requirements
for the concrete, such as strength, durability, etc.C+A content higher than Y+ %
may cause problems in poor workability retention. The typical content of

cement is (Yo+-£2+) kg/m'. More than (°++ kg/m') increases the shrinkage,

¢y
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less than (Yo« kg/mr) may only suitable with the inclusion of reactive filler type

such as fly ash, silica fume, etc (),

Hanehara and Yamada " pointed out that slight fluctuation of cement
characteristics affect the performance of super-plasticizer, and to clarify which
characteristics affect the performance of super-plasticizer, several kinds of

cement should be used to produce the compatibility phenomena.

r.F. ¥ Admixtures: V

Super-plasticizers are essential components of the SCC to provide the
necessary workability. Other types of admixtures may be incorporated as
necessary, such as viscosity modifying agents (VMA) for stability, air entraining
admixtures (AEA) to improve freeze-thaw resistance, retarders for control of
setting, etc. V.M.A. admixtures are not specially covered in EN AY£-Y; Yoo,
like other admixtures do, but should conform to the general requirements in
the standard of test methods of SCC. The most important admixtures are the
super-plasticizers (high range water reducers), used with a water reduction
greater than Y+ %. The use of V.M.A. gives more possibilities of controlling
segregation when the amount of powder is limited. These admixtures help to

provide a very good homogeneity and reduce the tendency to segregation ),

™) nhoticed that a super-plasticizer was very important

David and Sheinn
to lower the water demand while achieving high fluidity. It is a surface active
agent causing dispersion there by reducing the friction between and among
the powder particles. The common super-plasticizer used was a new

generation type based on polycarboxylated polyether.

¢¢
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™ concluded that the application of new super-

Jianxin and Holger (
plasticizers and powders in a high performance concrete gives the opportunity
to produce SCC that reaches a compressive strength of more than (Y°+ MPa).
These concretes show a very good workability in the fresh state, also the

hardened concrete shows excellent quality.

Orjan P. ™) concluded that the use of higher admixture contents to
increase the blocking ratio can be obtained however to the cost of a significant
separation tendency of recipe and the use of viscosity agent increases mainly
the viscosity and makes the concrete more cohesive with fewer risks for

separation.

r. . £ Additions: g

Additions are commonly used in SCC due to the need for substantial
contents of fine particles. All additions conforming to EN standards are suitable
™ Due to the special rheological requirements of SCC, both inert and reactive
additions are commonly used to improve and to maintain the workability, as
well as to regulate the cement content and so reduce the heat of hydration (),

Additions are generally divided into:
). General suitability as type | (semi-inert) addition is established for:

® Filler aggregate conforming to EN YY Y1+,

® Pigments conforming to EN Y YAVA,
Y. General suitability as type Il (pozzolanic or latent hydraulic) addition is

established for:

® Fly ash conforming to EN €+,

¢o
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® Silica fumes conforming to EN YYY1Y,

® Ground granulated blast furnace slug conforming to
BS 11419,

Collepardi M. (+) suggested that the important basic principles for
flowing and cohesive concretes including SCC is the use of SP combined with a
relatively high content of powder materials in terms of Portland cement,
mineral additions, ground filler and / or very fine sand. A partial replacement
of Portland cement by fly ash was soon realized to be the best compromise in
terms of rheological properties, resistance to segregation, strength level and
crack freedom, particularly in mass concrete structures exposed to restrained

thermal stresses produced by the heat of hydration of cement.

Chiara F. et al " reported a study on the influence of mineral
admixtures on rheology of cement paste and concrete by using six types of
fillers. They found that some of the fillers give an improvement in rheological
properties like ultra-fine fly ash while silica fume represent the worst. It was
found that the replacement of cement by silica fume results in an increase in
the water demand to maintain the rheological properties of the control mix.
And other mineral admixtures like metakaolin, coarse fly ash, fly ash, and fine

fly ash gave results between silica fume and ultra-fine fly ash.

Paul and Robert ‘") found that the characteristics of the calcined shale
were found to improve the cohesion of the concrete mixture and therefore
provide better control of segregation, without the necessary of VMA, in
addition, the total cementitious content needed in the natural-pozzolan-
modified concrete was found to be some what lower than the Portland cement

content required for the conventional SCC mixtures. A natural pozzolan

e
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content of (Y+ %) by weight of cement was found to be optimum for

preventing segregation and achieving sufficient early age strength.

The calcining temperature plays a central role in the reactivity of the
resulting metakaolin product. Joy M. Y found the effects of calcining
temperature on the strength development of metakaolin-lime pastes. He
reported that V++ °C to be optimal and later showed that calcination below
this temperature results in a less reactive material containing more residual
kaolinite. Above A+ °C, he reported, recrystallization began and reactivity
declined, as kaolin had begun to convert to relatively inert ceramic materials,
such as spinel, silica, and mullite. Samples of approximately ¢°+ mg were
heated to 9++ °C at a rate of Y+ °C/min in dry air atmosphere. The heating

process, illustrated by differential thermal analysis (DTA), is shown in Figure (Y-

).

o Metakaolin—e-Spinel
2(Al, Oy » 28i0, ) RN
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Figure (Y-)): Thermogram of kaolin )
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f. £ Mix design: b

In designing the SCC mix it is most useful to consider the relative
proportions of the key components by volume rather than by mass. In the
event that satisfactory performance can not be obtained, then consideration
should be given to fundamental redesign of the mix "". Depending on the
apparent problem above, the following courses of action might be appropriate

to:

® The use of additional or different types of filler.

® Modify the properties of sand and gravel.

® The use of VMA, if not already included in the mix.
® Adjust the dosage of SP and / or VMA.

® The use of alternative types of SP (and / or VMA) which may be more

compatible with local materials.

® Different dosage rates of admixtures to modify the water content, and
hence the water / powder ratio.

(£7)

Okamura suggested an example of designing SCC mixes. The

sequence is determined as:
). Designation of desired air content:

Air content may generally be set at Y % by concrete volume, or a higher

value specified where freeze-thaw resistance is to be desired.

Y. Determination of coarse aggregate volume:

¢A
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Coarse aggregate volume is defined by bulk density. Generally coarse

aggregate content (D>°mm) should be between (¢+-1+) % of total mix.
Y. Determination of fine aggregate content:

Sand, in the context of the mix composition procedure is defined as: all
particles which are larger than (*.)Y°mm) and smaller than (®mm). Sand
content is defined by bulk density. The optional volume content of sand in the

mortar varies between (£ +-°+) percent depending on paste properties.
¢. Designing paste composition:

Initially water to powder ratio, (W/P) for zero flow (Bp) is determined in
the paste, with the chosen proportions of cement and additions. Flow cone
tests with water to powder ratios by volume are performed with the selected
powder composition. (Bp) as shown in Figure (¥-Y) is the volumetric ratio of
water to powder at which all voids among solid particles are just filled with

water.
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Figure (Y-Y): Determination of W/P ratio ‘",
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©, Determination of the optimum volumetric water to powder ratio and super-

plasticizer dosage in mortar:

Tests with flow cone and V-funnel for mortar were performed at varying
water to powder ratios in the range of (A+-%+) % depending on the amount of

powder content in the mixture.

David and Sheinn " reported that mix designs of SCC must satisfy the
critiria on filling ability, passing ability and segregation resistance. The most
common method of mix design to satisfy these critiria is the (general method )
developed by various researchers at the univercity of Tokyo (%) Since then
many attempts have been made to modify this method to suit local conditions.
Experience in Japan and Europe showed that there were wide variations of
materials and proportions that could be used to produce satisfactory SCC, with
certain key factors fall within certain limits. These limits are summarized in
Table (Y-)). In achieving economical mixes, the powder content should be kept

to a minimum because the cement and some of fillers are expensive items.

Table (Y-)): Range of mix constituents %),

Constituent By volume % By weight (Ilg/m')
Gravel (F+-Y¢) ——-av. (TY) vd._ay.

Sand (¢+-2+) of mortar vol....av. (£V) VY4
Powder | e 0.0 g(00v)
Water (Yor-Yeu)V/m" - av.(YA+) ¥: FOR TN
Paste (Vé-£+) —--av. (¥O) L
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Klaus and Yvette ‘" summarized a mix coposition of SCC in coparison

with normal vibrated concrete (NVC) as shown in Figure (Y-Y).

admixture

st
-
—
—
-

mix proportion [Vol.=%]
oL
=

air

water

60

.

aggregate
grainsize 2/16_
.--—"ﬂ-------
‘40 ___f-"'_--
.-""-J---
- aggregate
20 grainsize D_.-"_E_____
_— filler
cement
]
normal vibrated self=compacting
concrete concrete

Figure (Y-¥): A comparison between SCC and NvC "),

r. ¢ Mixing procedure: P

There are no requirements for any specific mixer type. Forced action
mixers, including paddle mixers, free fall mixers, including truk mixers, and
other types can all be used. The mixing time necessary should be determined
by practical triales. Generaly, mixing time need to be longer than conventional
mixes ".Time of addition of admixtures is important, and procedures should
be agreed with the supplier after plant triales. If the consistence has to be

adjusted after initial mixing, then it generaly be done with the addmixtures.

Jianxin and Holger ™) summarized a mixing consequence that all
concretes have been mixed in an intensive mixer with the following procedure:
all dry materials were mixed till a homogeneous mixture was built up, ¥ minute
after mixing, water and SP have been added and the mixture was mixed about

1 min. till a flowing and homogenous concrete was formed.
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Dirch H. et al ™ suggested this mixing procedure:

Aggregate and Y/Y of the water.

1+ seconds of mixing .

Y * minutes rest in order to achieve saturation of the aggregate.
cement and filler are added immediately before the final mixing .

the remaining /Y of the water, including additives, are added

during the first ) © sec of the final mixing period.

4+ sec mixing.

Bernabeu and Laborde " reported a mixing sequence as below:

air entraining agent +water+° + /. of aggregate +cement +filler+SP
mixed for Y+ sec. and then adding the remaining aggregate .

mixed for ¥+ sec.

For the preparation of fresh SCC mixes, all of the dry particles were

mixed in a llobart mixer equiped with a planetary rotating blade. Water was

added to form the basic mortar matrix. To ensure the adsorption of the SP

used onto the cement particles, the SP was first added as a solution, followed

by the V.M.A (% The separate addition of water and SP prevents a sudden

increase in the viscosity as caused by false setting. Figure (Y-¢) shows a mixing

procedure at the ready mixed concrete plant for full size pours (£)

oy
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Sand+ Gravel + +.Y° water

A 4

® minutes rest

for absorption

A 4

Addition all the cementitious

materials +*.Y° water

Y
Addition of the
super-plasticizer

A\ 4
The addition of fibers if found

A 4

® minutes mixing

Figure (Y-¢): Mixing procedure according to Sonebi et al (£,

Y. " Workability measurement: V

The American Society for Testing and Materials (ASTM) and the
American Concrete Institute (ACl) are curently working on identifying proper
SCC test methology ') The characteristics of SCC, resistance to bleeding and
segregation, high early and ultimate strengths as well as fluidity, make this new
creature in construction materials a little challenging to create uniform tests

methology.

Slump testing, widely used for identifing the workability of concrete, is

not applicable for SCC. It has flow charactristics that the slump test does'nt

oy
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currently measure properly. One possible test method is the “slump-flow test”,
which measure the slump flow in diameter. A nother suggested test method is
the “U-flow test”. This test simulates the flow of concrete through a volume
containing reinforcing steel bars. Other test methods, include the “V-flow, J-

ring, L-flow, Flow box and rheometers (™),

The workability of SCC is higher than the highest class of consistence

described within EN Y+ and can be characterized by the following properties:

® filling ability.
® passing ability.

® segregation resistance.

Filling ability: is the ability of SCC to flow into and fill compeletely all
spaces within the formwork, under its own weight. Passing ability: is the ability
of SCC to flow through tight openings such as spaces between steel reinforcing
bars without segregation or blocking. Segregation resistance (Stability): is the
ability of SCC to remain homogenous in composition during transporting and

CTNT CFor the quality control, two test methods are generally

placing
sufficient to monitor production quality. Typical combinations are slump-flow
and V-funnle or slump flow and J-ring. With consistent raw material quality, a
single test method operated by a trained and experienced technician may be

sufficient (™.

Lars G. " reported some suggestions on suitability of test methods as

shown in Tables (Y-Y), (Y-Y) and (Y-¢) respectively.

Table (Y-Y): Some suggestions on suitability test methods o

o¢
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Method Mobility | Passibility | Segregation | Viscosity
Resistance
Slump-flow XX n.a X n.a
Te+cm n.a n.a n.a X
L-box n.a XX X X
GTM n.a n.a XX n.a
Notations: XX=suitable X=acceptable

n.a= not applicable

Table (Y-Y): Suggestions on suitability of different test methods for fibre

reinforced SCC "),

Method | Mobility | Passibility | Segregation | Viscosity | Steel fibre
distribution
Slump- XX n.a n.a n.a n.a
flow
TO+cm n.a n.a n.a X n.a
J-ring X XX n.a n.a n.a

00
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L-box X X n.a n.a n.a

GTM n.a n.a XX n.a n.a

Fibre n.a n.a n.a n.a X
content

Table(Y-£): Test methods of SCC ™™,

Property Methods
Laboratory Field Modification of test
according to max agg
Mix design (QC)
Filling ability Slump flow Slump flow None
T.., T..,
Passing L-box J-ring Different openings
ability
U-box L, U, J-ring
Segregatio GTM, V GTM, V funnel ¢ None
resistanc| funnel © min min

Table (Y-°): Description on suitability of different test methods for SCC, not

including steel bars ™)

Methods Site Lab. | Mobility | Blocking | Segregation | Viscocity
Slump- X X X N X N
flow

o1



CHAPTER ONE . ..ovveetite e et et ettt et INTRODUCTION

Te+cm X X N N X XX
L-box X N XXX XX X
Orimet X X X XX XX
V-funnel X X X XX XX
J-ring X X XX N N
O+) X X X XX XX XX
GTM XXX

Notations:

XXX=most suitable XX=suitable

X=acceptable N=not relevant

r. 1.1 Limitations and criteria of workability tests: ;

SCC should have slightly different criteria than normally vibrated
concrete depending on what kind of construction it is used for, and if the part
of construction is horizontal or vertical. Construction with a high demand on
surface without pores can have more special demands on rheological behavior

or/ and casting process .

Y. 1. 1.1 Criteria for slump-flow and T° + cm: ;

Civil engineering, (high strength) SCC has for strength and durability
reasons a lower W/C around ., in this case the criteria could depend on the

total fines amount and of course the W/C ratio. When the amount of the filler

oV
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and cement is as high as (°°¢+-1++) kg/m‘~ it could permit slump-flow to reach
between (1V+-YY+) mm. Other wise the criteria (1**-Y++) mm is normally
valid. May be (1++) mm could be to low in some cases. If the precision in
production was high the criteria could be (1¢+-Y++) mm because optimum
slump-flow was near (Y++) mm. When casting horizontal constructions the
target value for the slump-flow was lower than the vertical constructions if a
finishing device was used or a slope should be constructed. T®+ was very
dependent on W/C, for vertical constructions SCC with slump-flow of (V)
mm, T®+ could be around (¢) second. For horizontal constructions SCC with

slump-flow of (1©+) mm, T®+ could be around (V) sec.

Housing building SCC, (normal strength concrete) has a relatively high
W/C; the slump-flow value should reach between (1++-Y++) mm. Over (V* )
mm the risk for segregation of coarse aggregate is high, at least when only
filler was used to control the viscosity of paste. T®+ could be lower than for
SCC for civil engineering, (depending on admixture). The stability criteria

should always be reached.

f. 1.1, YL-box and V-funnel: V

The only criterion for L-box is the blocking ratio (Hv/H,), which mean the
ability of SCC to pass between steel bars. This ratio should be more than +.A
regardless what type of construction that should be built. The shape of the L-
box can be different depending on construction type as in civil and house
building. The stability criteria should always be reached. Table (Y-1) shows a

suggestion of criteria for different test methods.

oA
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Table (Y-1): Suggested criteria values for workability tests "

Application L-BOX Slump flow T.. V-funnel Orimet
% (mm) Sec Sec Sec
Civil eng.
Vertical o A qo..YYo Y.V o.yo Y_Y
Civil eng.
Horizontal A Teelon AR o_Vo Y_Y.
Housing
Vertical A Tee Ve Y.o o_\o Y_Y.
Housing
Horizontal A TeeVano .o o_Vo Y-Y.

Other researchers '™ " ™" gave these requirements to be fulfilled at the
time of placing. Likely changes in workability during transport should be taken

into account in production.

Table (Y-VY) remarked some typical acceptance criteria for SCC with max
aggregate size up to (Y *) mm. Special care should always be taken to ensure no
segregation of the mix was likely as, at percent, there was not a simple and
reliable test that gives information about segregation resistance of SCC in all

practical situations "

o9
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Table (Y-VY): Acceptance criteria for SCC with maximum aggregate size upto ¥*

(YY, YV, TY)
METHODS UNIT TYPICAL RANGE VALUES
Minimum Maximum
Slump flow mm e Ao
T.. slump flow Sec Y °
J-ring mm . Yo
V-funnel Sec 1 VY
V-funnel at © min. Sec . ¥
L-box % A Yo
U-box mm . .
Fill box % 4 Yoo
GTM screen stability % . Yo
Orimet Sec . °

(")

David and Sheinn suggested some major limits according to

workability tests in Table (Y-A).
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Table (Y-A): Some major limits according to workability tests 4,

Test Properties Limits

Slump-flow | Filling ability, visual observation of Diameter>1° mm
segregation

To <Y sec.

L-box Filling, passing, visual Hy/Hy>+ A Filling

observation of segregation height>Y++ mm

U-box Filling ability,passibility Flow time ) +-Y *sec.

V-funnel Segregation resistance Surface settlement <+.© %

Surface settelment

Segregation resistance

Penetration depth

<A mm

Penetration Test

Segregation resistance

Segregation coef.< V %

Segregation

Segregation resistance

Y+« mm column

T. 7. Y Rheology of SCC: V

The rheological behavior of a fluid such as cement paste, mortar or
concrete is most often characterized by at least two parameters, T. and N, as

defined by the Bingham equation N,

Where: T=shear stress , T.=vyield stress

N= viscosity , Y=shear rate

The yield stress and plastic viscosity were the Bingham parameters that

characterize the flow properties of material. For special concretes, such as SCC,

1)
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a third parameter might be necessary to correctly represent the shear rate-
shear stress relationship ") Other equations have been used for describing the
concrete flow, because uncertain circumstances concrete flow does not obey

the Bingham equation " °". The cement paste on the other hand was either
described as a Newtonian fluid (T.= *, N>*) or a Bingham fluid (T.> +, N>*), as

shown in Figure (Y-°). Figure (Y-°) explained why if only one of the two
parameters was determined, prediction of a material field performance might
not be correct. To determine the yield stress and the viscosity of the cement
paste, mortar or concrete, the instrument must be able to measure stresses
generated at a minimum of two different shear rates ®%) Therefore, only one of

the two parameters can be estimated.

Tattersall G. " was the pioneer in developing a concrete rheometer
with controlled shear rates capable of measuring the stresses in concrete.

Presently, three commercially available rheometers exist capable of varying
shear rate (V). Figure (Y-1) shows some of the idealized types of curves that

can be obtained when shear stress is plotted against shear rate. All the curves

depicted could be described by one of the equations of the Table (Y-9).

A A
Stress Stress Plastic
(Pa) / (Pa)
Yield Stress
4—

Shear rate (™) Shear rate (S™)
a=Identical yield stress but b=identical plastic viscosity
different plastic viscosity. but different yield stress.

Ty
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Figure (Y-°): Definition for Bingham parameters for concrete flow

.................... INTRODUCTION

(o, °Y)

Power law n>)

Shear

Stress /r/ ..............................

(Pa)

Newtonian

Bingham

Power law n<)

Shear rate (S")

Figure (Y-1): Bingham Rheology model ",

Table (Y-4): Equations relating shear stress and shear rate

(YA, £, 0Y)

Equation name Equation
Newtonian T=p*y
Bingham T=T.+u*y

Vom Berg and Ostwald W.

=1+ B sinh™ (y/c)

Robertson and Stiff

t=a(y +c)°

Eyring

t=a y+ B sinh™ (y/c)

Power equation

=A%*y
n=) Newtonian flow
n<) shear thickening

n>) shear thinning

Herschel and Bulkelly

T=T.+k*y

Where: t= shear stress

ay

T.=vyield stress
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K= viscosity y=shear rate

A a B b .c k= constants

Fat R )

Y. Y The effect of curing conditions: b

The surface of SCC tends to dry faster than the conventional concrete
because there is little or no bleed water at the surface. Initial curing should
therefore be commended as soon as few hours after placing in order to
minimize the risk of plastic shrinkage cracking ™ In order to obtain good
concrete, the place of an approximate mix must be followed by curing in a
suitable environment during the early stages of hardening. Curing is the name
given to procedures used for promoting the cement hydration, and consists of

. . \4
temperature control and moisture movement from and into the concrete .

Saeed " examined three types of curing on high-strength concrete,

which they were:

A. Moist curing in water for ¥ days followed by air curing inside the
laboratory at (Y1-Y+) "C until testing age.

B. Moist curing in water until testing age.

C. High temperature curing; by placing the specimens in a water
curing tank placed in a controlled temperature room. The curing
temperature was (1++Y) C for six days then these specimens
were air cured.

She found that the compressive strength for B curing was more than A
curing at v days and the rate of increase in YA and 9+ days compressive
strength for HSC was greater than those of NSC. The rate of increase in

strength was (Y-)Y) % for all mixes, as shown in Figure (Y-V), also, the results of

¢
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YA days splitting tensile strength for concrete with different strength levels and
curing types showed that the splitting tensile strength was more affected by
drying than compressive strength, and the effect of curing conditions on HSC
was greater than NSC. The reduction in YA days splitting tensile strength was
(Y-Y+) % for all mixes as shown in Table (Y-)+); this was because the

mechanism of failure involves the direct tension and drying shrinkage.

60

40 —

Compressive strength (MPa)

30 —
—A&— A-curing
7] —Jl— B-curing
—@— C curing

I ' I ' I '
0 20 4 0 80 100

20 T T T

(o] 6
Age (days)

Figure (Y-Y): Compressive strength development of Y+ mm cubes with age for
mixes cured at varying conditions N,
Table (Y-) +): Splitting tensile strength in MPa for different specimen size and

curing conditions at YA days N,

10
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Mix Method of curing
A B C

Fivo.=Y. AL Y. Y.av

Y.¢ Y.40 y.4

Y £1¢ ¢ o €Y
Y.Ve ¢0 ¢yy

Y ¢V o1 o
¢.0 oY o \Y

¢ ¢ 9 o o oA

Fi1o.= Splitting tensile strength in MPa for cylinders of Y©+* mm diameter.
F:y..= Splitting tensile strength in MPa for cylinders of ) * + mm diameter.

Sonebi M. et al " investigated the effect of curing conditions on
strength development of the SCC and reference mixes, and the air cured
strengths relative to water cured strengths as presented in Figure (Y-A). They
found that the compressive strength of air-dried specimens was lower than
that of the corresponding water cured specimens. However, the extent of
strength reduction due to the insufficient curing (in air) up to an age of 4+ days
depending on the strength grade and the type of filler in the mix. It appears
that the SCC mixes, with limestone filler were less affected by air curing, and
that air cured strengths were reduced less than those of reference concretes.
As shown in Figure (Y-A), at YA and %+ days, the relative strength ratios for
housing SCC were higher than those for the corresponding reference mix (RH)
of about (Y)-1°) % respectively. This difference could be attributed to the
acceleration effect of the limestone powder and also possibly the enhanced
water retentivity of the SCC mixes. For civil SCC, the strengths up to the age of

1+ days were more affected by air curing, and the strength reduction due to

N
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the air curing was greater than the corresponding reference mix. Such a
difference in sensitivity to curing conditions was normal for mixes containing
reactive fillers, as continued presence of water was required for the cement

hydrates- filler reaction to continue.

100

90 —

80 —

70 —

60 —

50 —

Air cured strength as % of water cured strength

40 T | T

0 20 40 60 80 100
Age (days)

Figure (Y-A): Effect of curing conditions on compressive strength (£,
RH=reference housing.

SCCH= housing self compacted concrete.

RC= reference civil.

SCCC= civil self compacted concrete.

FSCC= fiber reinforced self compacted concrete.

Y.A Mechanical properties: V

v
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It is well known that the properties of concrete are affected by
cementitious matrix, aggregate, and the transition zone between these two
phases. Reducing the water to cement ratio and the addition of pozzolanic
admixtures like silica fume are often used to modify the microstructure of the
matrix and to optimize the transition zone. The reducing of the water to
cement ratio results in a decrease in porosity and distribution of capillary pores
in matrix . In high performance concrete, water to cement ratio ranges
usually between (*.YA-+.YA), while in ultra-high performance concrete the
water to cement ratio is even lower than (~.Y)‘°A). On the other hand,
decreasing water to cement ratio negatively influenced the flowing ability of
the fresh concrete. Special attention must be paid to ensure the extremely
high flowing ability required in SCC. According to the design method for
conventional SCC proposed by Okamura H. et al " the volume of coarse
aggregate, fine aggregate and paste consisting of powder, (<= +.YY®) mm, plus
water are approximately Y+ % by volume, ¢+ % by volume and Y+ % by

volume respectively.

In the case of ultra-high strength SCC with very low water to powder
ratio, paste volume should be increased. Another way to increase concrete
flowing ability was minimizing the voids among the particles of the powder
mixture composed with cement, filler and other fine components. Voids
among powder particles could be evaluated by the water demand Bp. Bp was
the volumetric ratio of water to powder material, at which all voids among
solid particles are just filled with water. It can be determined according to the
relationship between relative slump-flow and volumetric water to powder
ratio V,,/ Vp as shown in Figure (Y-Y). SP was Y % in powder mass. The intercept

point with the ordinate is Bp. The Bp with a low value of +.Y) 4 indicates a high

TA
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packing density of the granular mixture composed from cement, micro silica

and quartz powder.

Flow tests were carried out on pastes containing different water to
powder ratios or different SP dosages with a flow cone as in conventional SCC.
The results showed that the SP dosage of more than ¥ % of powder mass could

not improve the flowing ability of the paste any more. The relative slump-flow

v
was calculated from measured slump flow as following: £.,=(d/d.) -\
.......... (Y-Y)

Where: £..: is the relative slump flow

d: the flow diameter= (d\ + dv)/ ¥

d.: flow cone diameter.

roA Compressive V

In all SCC mixes compressive strength of standard cube specimens were
comparable to those of traditional vibrated concrete made with similar water
to cement ratios- if any thing strengths were higher. There is a little difficulty in

producing SCC with characteristics cube strength up to (1 + MPa) (+2),

Frank D. et al ") summerized these results from ¢+ mm cubes and
(Yo +«*Y++) mm cylinders. The specimens were cured in water for YA days to
avoid changing in curing conditions. They noticed that the high early
compressive strength and the high splitting tensile strength of the SCC were

due to the use of fly ash. Such concrete types normally have slower strength

!
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development because of the lower hydration rate of he fly ash. Therefore, it is
difficult to compare the compressive strength with conventional concrete aged

YA days ).

Klaus and Yvette ‘" found that after YA days the reached compressive
strength of SCC and normally vibrated concrete of simimlar composition does
not differ significantely in the majority of the test results. Isolated cases,
however, showed that for the same water to cement ratios, slightly higher
compressive strengths were reached for SCC. The comparison of hardening
process shows that the strength development of SCC and conventional
concrete was similar . Some of the published test results showed that the
increase in the cement content and a reduction in the filler content at the
same time increases the initial concrete strength and the ultimate strength

C% For young SCC aged up to Y days, the relative compressive strength

(™).

spreads to a greater extent as given in the CEB-FIB Model Code Y44+
FER L] (7 AR R —— (Y-T)

Where: Ec= modulus of elasticity in GPa

fc= compressive strength in MPa

whereas higher values as well as lower ones were reached, especially, if
limestone powder was used, higher compressive strengths were noticable at

the beginning of the hardenning process.

Sonebi M. et al " measured a standared cube measuring Y°+* mm
demoulded one day after casting and cured with wet hessian and plastic
sheeting. Specimens were then cured in water at Y+ 'C, until testing age. The
results of standared compressive strength at YA days showed that the specfic

characteristics cube strength was Y MPa for housing mixes and 1+ MPa for
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civil mixes. The results indicates that the actual strength of SCC mixes were at
the upper end of the normal range for the designed strengths, while the
reference mixes were at the lower end. As normal concrete, the compressive
strength of SCC was strongly affected by water to cement ratio and filler type.
Results indicated that at similar water to cement ratio, strengths of SCC mixes,
using limestone powder as a filler, were significantely higher than the
corresponding reference mixes. The relatively faster strength development for
housing SCC mixes, particularly at early ages, was believed to be mainly due to
the inclusion of fine particles of limestone powder, which may have an
accelerating effects on C:S hydration and early strength ™M) The civil SCC mixes,
which contained ground granulated blast slag instead of limestone powder,
had a lower strength at Y and Y days than the corresponding reference mix but
developed significantely higher strength at YA dys and beyond. This was due to
the slower, but prolonged reaction (hydraulic and pozzolanic) between cement
hydration products and slag filler, which contribute significantely to strength
") Results also indicated that there was no significant difference in pattern of

strength development for all the mixes studied.

Y.A. ¥ Splitting tensile strength: V

The tensile sfrength was assessed indirectly by the splitting test on
cylinders and flexural test on prisms. For SCC, both the tensile strength
themselves, and the relationships between tensile and compressive strengths
were of a similar order to those of traditional vibrated concrete U, All

parameters which influence the characteristics of the microstructure of the

Y
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cement matrix and of interfacial transition zone were of decisive importance in

respect of tensile load bearing behavior )

Klaus and Yvette """ found that, in about ¥+ % of all data points a higher
splitting tensile strength was stated compared to CEB- FIP Model code 4: for

normally vibrated concrete, as shown in Figure (Y-):

Where: ft= splitting tensile strength (MPa).

fe= compressive strength (MPa).

/

A

SPHEtING | e Range of splitting
Tens. V / tensile strengthfacc.
to CEB-FIB Mlodel
Stren. Code 4+

,,,,,, T

(MPa) 1 _—

Vo Yo Yo $0 oo "o Vo Ao

Figure (Y-9): Splitting tensile strength of SCC in comparison to CEB- FIB Model

Code Y44+ (*Y),

Hence it appears the tendency of a higher splitting tensile strength of
SCC than the normal vibrated concrete was given by the better microstructure,

especially the smaller total porosity and the more even pore size distribution

Yy
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within the interfacial transition zone of SCC. Further, on denser cement matrix
was presented due to the higher content of ultra-fines. The time development
of tensile strength of SCC and normal vibrated concrete were subjected to a
similar dependence, only few publications about SCC referred to more rapidly

increase of the tensile strength opposite to the compressive strength.

Frank D. et al agreed with this trend. They noticed that the high early
compressive strength and the high splitting tensile strength of SCC were due to
the use of fly ash. Such concrete types normally have a slower strength
development because of the lower hydration rate of the fly ash. Therefore, it is
difficult to compare the splitting tensile strength and compressive strength
with conventional concrete aged YA days ") Within the test results series, the

concrete properties would be measured after 7 days.

Jianxin and Jorg ™ determined the mechanical properties of ultra- high
performance SCC. The compressive strength, splitting tensile strength and
modulus of elasticity are shown in Table (Y-))). The specimens were
demoulded Y days after casting, and then they were cured in water at Y+ "C till
Y days before testing. In Table (Y-1)), it could be seen that the difference
between compressive strength determined on cubes and cylinders was not
significant. This indicates that the compressive strength of ultra-high
performance SCC was not so strongly depending on slenderness of test
specimens as conventional high strength concrete. This was the same case as
in conventional SCC. This phenomenon could be explained by the high powder

coarse aggregate. content and the small size of

\Ax
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Table (Y-Y)): Composition and properties of Ultra-High Performance Self-

Compacting Concrete, (UHPSCC) at YA days ™.

Mix No. Unit \ A Y 1 ¢ °
Water to powder ratio % L EY) LEY) EAY C oY CEAY VL EAY
Density of concrete kg/m" YYY. YoYo YouA Yoq. Yosv Yout
Cube

MPa | Y¢9 A YoV | 1y Y.
Compressive | Y+ +*Ye

Strength Cylinder

- MPa | YooY | Yeod | Yoy e | YeAV | Yoy Y you
Splitting Cylinder

MPa | - AY A A
Strength | Ye«+*Y..
E-modulus | Cylinder

GPa 12 ovY CARR) =0 I Y- I —

\O.*Yl~~

Kong J. et al 4 reported that, to verify the strain-hardening behavior of
the SCC specimens made without any external consolidation, the specimens
were cured in air for ¢ weeks, following by water curing for Y days. From the
tensile stress-strain curves, the first crack strength, ultimate tensile strength
and ultimate tensile strain were measured. They concluded that the tensile
strength increased to (V.A-£.1) MPa with the formation of multiple cracks,
after the formation of the first crack at (Y-Y) MPa, the ultimate tensile strain

was approximately (1-1.Y) %. The mechanical performance of SCC, however,

V¢
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was not as good as that of high strength SCC prepared at a lower W/C ratio of
+.YA, a higher fibre volume fraction of +.* ¢, and a fibre length of Y4 mm. The
ultimate tensile strain was Y.¢ %. The reduced performance was likely due to
lower interfacial bonding force and fibre volume fraction in the SCC. Therefore,

further improvement of mechanical performance of SCC was recommended.

r. A rFlexural strength: V

The flexural strength behavior of SCC specimens was examined by Burge
T. et al ", They reported that, moist cured specimens have higher flexural
tensile strength or modulus of rupture than air dried specimens. Moist cured
specimens were tested at the age of 4+ days, had a flexural strength in the

range of Y+ % of the ACI ¥1YR-4Y recommended equation’™":

Ec=Y.YY(f) "+ 1.9 (Y-0)
Where: Ec=the modulus of elasticity (GPa)
f.= the compressive strength (MPa)

Typical cracking patterns of SCC and referenced beams at ultimate load
were very similar with four point flexural tests of the beam. At the service load
level, cracking in the flexural span was composed predominantly of vertical
cracks perpendicular to the direction of maximum principle stress produced by
pure moment. Cracking outside the pure bending zone starts similar to flexural
cracking but, as the shear stresses became important, more inclined cracks
appeared Y Series housing and civil engineering concrete gains more flexural
strength than that for normal vibrated concrete due to the formation of new
hydration products in the pores and microcracking, and less pores in the

microstructure of the concrete of all mixes. This was due to the fact that SCC
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includes more paste and less coarse aggregate, and includes filler powder and

much water reducing admixtures.

Malhotra ") found that the flexural strength of mixes studied varies from
(1-A.Y) MPa. The beams were moist cured and then tested in flexural according
to BS YAAMY; part VYA, provides for a similar test procedure, except that the

standard specimens dimensions were (Yo +*Yo+*¥Yo ) mm,

Habeeb " reported different relationships between modulus of rupture

and compressive strength as follows:

AP
fm C YTHECYFY AR (Y-1)

e N e (Y-Y)

Victor C. et al " used four point bending test to evaluate the
mechanical properties of SCC. The specimen dimension was ().YV*V. 1*Y. o)
cm. The specimens were loaded with a constant cross head speed in two steps.
In fact, the test results showed slightly lower modulus of rupture for the
specimens with vibration applied. This could be attributed to the possible
phase separation in a fresh mix caused by vibration. The four point load test
confirmed that strain hardening behavior and strength of composite material
were in sensitive to the presence or obsence of the external consolidation

process using the SCC developed in that research.

Y. A. £ Modulus of elasticity: V

As it is known, the modulus of elasticity of normally vibrated concrete
depends on the proportions of the Young’s moduli of the individual

components and their percentages by volume. Thus, the modulus of elasticity

\a
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of concrete increases for high contents of aggregate of high rigidity, whereas it
decreases with increasing hardened cement paste content and increasing
porosity. A relative small modulus of elasticity could be expected, because of
the high content of ultra-fines and additives as dominating factors and,
accordingly, minor occurrence of coarse and stiff aggregates at SCC. Indeed, it
was shown by analyzing the data base that the modulus of elasticity of SCC can
be up to Y+ % lower compared with normal vibrated concrete having the same
compressive strength and made of the same aggregates %) Nevertheless, it
was mainly still in the range of the CEB-FIB Model Code 4+, equation (Y-Y), for

normally vibrated concrete as shown in Figure (Y-) +).

O

// Range of Ecacc. to CEB-FIB

Ec €. model code 4+

i
(GPa) v /__//
v
V .
\ Y Y ¢ o T % A q

Figure (Y-)+): Modulus of elasticity of SCC in comparison to CEB-FIB Model

Code 4+ Y,

Sonebi M. et al " determined the static modulus of elasticity in
compression. End capped (Y°+*Y++) mm cylinder specimens were cured in

water and tested at ages of (£ to 'Y) months for different mixes as shown in

\a%
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Table (Y-YY). They concluded that the static modulus of elasticity of civil
engineering mixes was higher than those of housing and corresponding
reference mixes by YA.1 % and YV.? % respectively. For easier comparison, the
ratios of (Ec), modulus to square root of cylinder compressive strength for all

0

the mixes were also included, as a relationship in the form of Ec/ (f.) has
been widely reported. They found that the results in Table (Y-)Y), indicated
that the SCC mixes had the same relationship between modulus of elasticity
and compressive strength as the reference mixes. The Ec/ (f.) =~ were also
close to the value of ¢.YY recommended by ACI YYA-ie for structural

calculations, applicable to normal weight concrete (£,

Ec= ¢£.V¥ (f) ° (Y-M)

Where: Ec=the modulus of elasticity (GPa)

YA
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f.= the compressive strength of cylinders (MPa)

Table (Y-)Y): Static modulus of elasticity of different SCC mixes compared to

. (£9)
reference mixes

Concrete mix

Test results

RH | SCCH | RC | SCCC | FSCC
Age at
testing VY $ A ) ) vy
E.GPa | - vey | V5| gva | rvy
¢
E/(f) " ratio | ----- ¢4y | ¢4 | ¢¢y | oy

Abed """ found that, static modulus of elasticity for concrete mixes
containing limestone as a filler was higher than that of cement, fine sand and
pigment by (Y, ),)+.Y) % for civil concrete and (.Y, 1.Y, ©) % for housing
concrete at ages YA and 4+ days respectively, while concrete mixes containing
metakaolin as a filler were higher than those of limestone, cement, fine sand

and pigment by (+.Y, +.3,£.0Y.7) % and (*.A,*.1,2.2,0.2) % for civil concrete

va
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mixes at ages YA and 4+ days respectively. The values of modulus of elasticity
at age of YA days range from (YY.Y-YV.¥) GPa and (Y1.4-YA.A) GPa for housing
and civil engineering concrete respectively, while the values of Ec of age 4+
days ranged from (Y°.A-YAY) GPa and (YV.1-Y4.9) GPa for housing and civil

engineering concrete respectively as shown in Figures (Y-1)), (Y-Y) and (Y-
H‘)_

38 —

\\

36 —

Ec (GPa)

34 —f

20 40 80 100

60
Age (days)

Figure (Y-))): Relationship between static modulus of elasticity and age of

housing concrete ),
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Figure (Y-)Y): Relationship between Ec and age for civil engineering concrete
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Figure (Y-)Y): Relationship between the static modulus of elasticity and

compressive strength on

r.A. @ Non- destructive V

r.A.6.1 Schmidt rebound hammer V

The surface hardness of concrete members was tested by the “Schmidt
rebound hammer”. This testing by hammer estimates the surface hardness by
rebound number which could be taken as a measure of the concrete strength
and percentage of voids. A few, if any, number of research work had dealt with

the effect of water to powder ratio on the non-destructive testing of SCC o,

Sonebi M. et al " investigated the in-situ characteristics of SCC using a
digital apparatus, namely, Digi-Schmidt hammer, which automatically records
the rebound number for each testing. Testing was carried out at the ages V,
and YA days, and minimum of ¢+ readings were taken at each location along
the height of columns and along the length of beams. Variations of rebound
number along the height of the columns and along the length of beams, all SCC
and reference concretes used were recorded and presented in Table (Y-)Y).
The quality of in-situ concrete properties in the columns and beams were
assessed by rebound hammer number, for uniformity in near surface
properties. They concluded that the housing SCC mix containing lime stone
powder achieved significantly higher in-situ strength than corresponding
reference mix (RH), properly due to the accelerating, and densifying effect of

the filler. There were no significant differences in uniformity of in-situ

AY
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properties between the SCC mixes and the corresponding reference mixes; the

properties of the SCC mixes were marginally more uniform.

Table (Y-1Y): Statical variations of rebound number for columns and beams at

YA days V.
In-situ Results for columns Results for beams
rebound
mean| V% | No.of | mean| V;% | No. of
Number _ _
points points
RH| Yv.¥ Y Yi.| YYY| Ao A
SCCH YoV Y.V Y N/A | N/A N/A
RC| €10 19 Yilo | fY Y] ¢ A
SCCC € ¢y VY. iv ol AN A
FSCC N/A N/A N/A| &Y.Y| V.o A
Note:

N/A=not applicable.

r. A, 6. Y Ultra-Sonic Pulse Velocity: V

The U.P.V. test is a useful tool for assessing the uniformity of concrete

and detecting cracks, voids or honeycombing. It gives useful information about
the size of micro-cracked zone and on crack growth and the interior structure
of the concrete element. The pulse velocity of concrete is affected by variety of

factors; the composition and maturity of concrete, the geometry of section

AY
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being tested, and condition at test time all affect the measured pulse velocity

of Portland cement concrete ",

SCC is denser than normally vibrated concrete because of its reduced
porosity, which favors the ultrasonic pulse velocity travel to be faster than
normally vibrated concrete. The pulse velocity is affected by number of factors

which are:

e Smoothness of the contact surface.

e Path length; decreasing path length increases the pulse velocity.

e U.P.V. is not sensitive to temperature in the range of © to ¥+ 'C. At
higher temperatures, the pulse velocity decreases, and the
temperature below freezing, pulse velocity increases.

e Pulse velocity increases with the increase in the moisture content.

e For a given pulse velocity, the compressive strength is higher for older

%) "as shown in Figure (Y-) £).

specimens
Abed " observed that there was an increase in U.P.V. values with age
for all mixes. Series MHL, MHS and MCMK show an increase in U.P.V. at ages
YA to 4+ days while less increase was seen for other mixes, as shown in Figure
(Y-Y2). This could be attributed to the continued hydration and dissolution of

various filler particles, and the increase in the density of concrete. The results

were ranged between (Y.A%-2.YYY) km/sec. for all the SCC mixes.

A¢
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(m/s)

YA
va4. _
T Y¢
A months

YeY
Y+ Compressive

YAO .
Strength

Compressive

\Y (MPa)

Strength  YYA.
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AR YA A REAY 1P AAZY
Pulse velocity (ft/s) *)+"

Figure (Y-)¢): Influence of age of concrete on the correlation between pulse

velocity and strength by Stirrup V. et al e,

Ao
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Figure (Y-)2): Relation between U.P.V and age for housing concrete ™M,

saeed " found that the results of U.P.V were ranged between (£.YY-
©.VY) km/sec for all cylinders and cubes with different sizes and curing
conditions. She noticed that for medium strength level concrete, U.P.V
increased more than for high strength concrete due to the higher heat of
hydration for mixes containing higher cement contents which may result in
internal fissures or micro cracks due to the difference in the coefficient of
thermal expansions of concrete ingredients. This trend showed that lean
concrete mixes were more favorable for continuous moist curing than those of
rich concrete mixes. Further, moist cured specimens showed an increase in
U.P.V values as compared with specimens which moist cured for Y days then
air cured at laboratory. This could be attributed to the fact that wave travels

faster through water-filled void than through air-filled one.

AT
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CHAPTER THREE

MATERIALS AND EXPERIMENTAL WORK

£ The experimental V

In order to study the effect of water to powder ratio on mechanical
properties of SCC, compressive strength, splitting tensile strength, flexural
strength, static modulus of elasticity as well as the determination of rebound
number and pulse velocity were carried out on the SCC produced from locally
available materials. The compressive strength of concrete specimens was
tested on )+ * mm cubes; the splitting tensile strength was tested on cylinders
with a diameter of )+ * mm and a height of Y++ mm, while Y°+ mm diameter
and Y+« mm height of cylinder specimens were tested for the modulus of

elasticity, the flexural strength was tested on prisms of (Y + +*)++*& o) mm.

The work consisted of four series of SCC mixes, namely Sv., S¢., Sey and

S~y, to investigate the effect of several factors. The factors are water to
powder ratio, curing conditions, type of filler and time of calcening metakaolin

on the mechanical properties of SCC. The details of the test series are shown in

Table (Y-)).

Table (Y-)): Details of test series.

AY
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Mix Notation Type of filler | W/P
(%)
Limestone
Sr. Metakaolin | ¥
Metakaolin |
Metakaolin Il
Limestone
S:. Metakaolin | £
Metakaolin I
Metakaolin Il - V
Limestone
Sy Metakaolin | ) rr V
Metakaolin |
Metakaolin Il
Ordinary
Limestone Portland
Sy Metakaolin | 1Y Cement
Metakaolin I (0.r.C.)
Metakaolin Il manufactured
by the new

cement plant of Kufa was used throughout this investigation. This cement
complied with the Iraqi specification No.°/ Y4A¢ (RS)). The chemical and

physical properties are presented in Tables (Y-Y) and (Y-Y) respectively.

AN
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Table (Y-Y): Chemical composition of cement. The test was made in the

constructional materials laboratory of University of Babylon.

Oxide % | 1Qs™"
No.°:Y4A¢
CaO Tev4
SiO« v..ve
Al Ox 1.7,
FeyOr Yo
MgO &) <o
5o- Y.YY ZY A
Free lime -2
L.O.I T <t
Compound 1qQs ®s"
No.o:V4A¢
Composition %
C+S Yv.¥1
C.S vy ¥va
CA Yy Yo
C:AF 1Y
L.S.F VAN Ry Y

Table (Y-Y): Physical properties of cement. The test was made in the

constructional materials laboratory of University of Babylon.

A4
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Physical Test| 1Qs®"
oroperties results | No.®: Y4 A¢
Fineness, BIaine,cmv/gm Yave AR
Setting time, Vicat
method y-5o Vier s
Initial; hrs:min Y1 Yervo
Final ; hrs:min
Compressive strength
MPa
Y days Y. >\o
Y days % >YY
YA days vy

r. 1. Y Fine aggregate: V

Natural sand from AL-Akaidur region was used. The results of physical
and chemical properties of the sand are listed in Table (Y-£). Its grading

conformed to the BS AAY: Y44Y (RSY) type F.

Table (Y-£): Properties of fine aggregate.

Sieve size | Passing| BSAAY:) aay(®sT

(mm) % Limitations
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O v Yoo A=Y v
y.¥1 q¢ TeoY e
Y YA A¢ Yo Yoo
e 11 R
Y A% oV
+ Yo \ VYo

Properties | Results | M Y:V44. (") gg

S+ content LETY <+.0
Clay V.Y <.
Specific gravity Y.le
Absorption % V.1

F. 1. Coarse aggregate: b

The coarse aggregate was AL-Nibaee gravel with a maximum size of )¢
mm as shown in Table (Y-°). The coarse aggregate used in this research is

complying with BS AAY: Y44Y (RSY),

Table (Y-°): Properties of coarse aggregate.

Sievesize| Passing | BS AAY: Ya4ay (RS

In (mm) % Limitations

0N
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Y. A Yoo
V¢ v Qe e
A0 At o._A0
o 1 R
pan . .

Properties Results | BS AYY: Y44 . (RST)

Sulphate IERA R < v
content

Sor %

P
IA
—

L]

Clay %

y.a¢

Specific gravity

Absorption %

r. 1. ¢ Water: ;

Tap water was used for both mixing and curing of concrete.

F. f. 2 Super-plasticizer: P

ay
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To achieve high workability needed to produce SCC, super-plasticizers
(high range water reducers) were used. A super-plasticizer known as Ura-plast

SF was used in producing SCC.

According to ASTM C£4¢-3Y (RS¢), this SP is classified as type F and G,
because it has the capability of more than )Y/ water reduction for a given
consistency and it has a retarding effect on the SCC. The normal dosage for the
Ura-plast is between - liters per )+ + kg of cement. The typical properties of

SP are shown in Table (Y-1).

Table (Y-1): Properties of SP.

Main Concrete

Action Super-plasticizer
Subsidiary effect Hardening retarder
Form Viscous liquid

Color Dark brown

Relative density YhatY: 'C
Viscosity YYA+/-Y+ cpsat Y+ 'C

pH value 1A
Transport not classified as dangerous

qy
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rFrT Limestone V

Limestone powder which has been brought from market city is used to
increase the amount of powder content (cement + filler) in the SCC mixes. The
particle size less than +.YY® mm was used to increase the workability and
density of the SCC. This type of filler conformed to BS Ao+ .-Y, £ ¢ (RS1). The

chemical composition of limestone powder is shown in Table (Y-V).

Table (Y-V): Chemical composition of limestone powder. The test was made in

the environmental laboratory of University of Babylon.

Oxide %
Cao oY . v1
SiOv V.&.
AlyOr Y
MgO AR

C VY

q¢
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FeyOr Y.
SOr| fr.1
L.O.l

F. .Y Metakaolin: V

Metakaolin is a highly pozzolanic material produced by calcining the clay,
using an oven at temperatures of (Y¢¢ 'C). The particle size should not be
more than .Y mm in order to achieve high workability and reactivity when

added as a part of cement weight.

To evaluate the time of calcining metakaolin on mechanical properties

of SCC, three types of metakaolin namely, “type |, type Il and type IIl”, were
used to enhance the workability of concrete. Type | was calcined for % hr, type
Il was calcined for Y.+ hr and type lll was calcined for Y.® hrs at the same
temperature (Y¢¢ 'C) for all three types. All types shall conform to BS Ao+ +-Y,
¢.¢ (RS1). The chemical composition of kaolin and the three types of

metakaolin are shown in Table (Y-A).

q0
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Table (Y-A): Chemical composition of kaolin and metakaolin. The test was

made in the environmental laboratory of University of Babylon.

Oxide | Kaolin | Type | Type | Type

SiOy | OY.YY [ TAAEL VY AA|VE v
FeyOr YAY | YooY | f A £ A

ALO. | VY AT [IYVEL 4an | v vA

Can| Ve.o| TNE[ eav] et
MgO ol TNT| oNA| ¢to
© vy | AT VY] Y YA
. .
Yoeo | YYq | vy
Yé o1 : : :
L.O.l .

¥. ¥ Mix Preparations: b

F.*. ) Mix design: V

Four groups of self-compacting concrete mixtures with water to powder
ratios of (+.Y, +.¢, «.) and +.1Y), namely (S+., S¢., Ssy and S-v) were designed
and tested. Water to powder ratio was defined as the weight of water divided

by the weights of cement and filler.

41
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The concrete was designed according to the Japanese mix design system

), During the first ¢A hrs, the specimens were left in the molds

¥. .  Mix Proportions: b

then cured

in water until the time of testing.

The proportions of concrete mixes are summarized in Table (Y-9).

Mix | Cement Filler Sand | Gravel | W/P SP by
Notation | (kg/m') | (kg/m") | (kg/m’) | (kg/m") | (%) weight of
cement (%)
Sr. Eon Ae Y V1. Y. ¢
S:. Ean Ao 9y Y AR s $
Se Eoe A+ Y At o) ¢
Suvy Eon A )y Vi Y ;

Table (Y-4): Mix proportions (kg/m").

lot
of
trial
mixe
S
were

done

in the constructional materials laboratory to find a suitable mix that satisfy the

requirements of self-compacting concrete in the fresh state as well as at

hardening. Table (Y-):) shows the mix proportion details of fresh and

hardened concrete properties in preliminary investigations.

Table (Y-) +): Mix proportions in preliminary investigations.

Test

series

Mix

v
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Proportions Units
Cement kg/m' | Yoo | YYo [ YAY [ YA FTIALYY. Y.
Filler kg/m' | YVE| YTe [ AFe | YEo VT VT Y.
Sand kg/m" | YT Y| AA | ATe | AL Ay 1Y

Gravel kg/m‘“ You | Y| AYA| You | YAO | V1. YA
w/C op | t-E| E| o cuE b oeo) Ve o
\ \ ) °
¢ Y . i . i
W/F % : : _
| Y Y Al
° \
A A
SP |/mv
v § Y
§ ) A A
U'bOX cm 1 2 —e o o T‘ Y
L-box %| --—-| | YY| W[ | A%e Ao
V-funnel sec| | | Yol | __ Y Y

aA
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Compressive Strength

Y-days MPa Vo ‘4
V-days MPa v A
YA-days MPa YA vy

¥. ¥ Mixing of concrete: b

A total of sixteen batches based on the mix design of self-compacting
concrete discussed earlier in Table (¥-4), have been prepared in this research.

The procedure used for mixing the batches was as follows:

e Predetermined quantities of fine aggregate (sand) and /Y water were
added to the mixer and mixed for Y minute.

e Predetermined quantities of cement, filler and /¥ (water plus SP)
were added to the mixer and mixed together for ¥+ sec.

e A half of the gravel and /Y (water plus SP) were added and mixed for
Y+ sec.

e The final half of gravel and /Y SP were added to the mixer and mixed
for Y minute.

No vibration or compaction has been applied to the SCC specimens; all

specimens have been cast and cured according to BS YYA: ¢: Y44+ (RS®),

r. £ Testing of fresh concrete: V

19
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It is important to appreciate that none of the test methods for SCC has

yet been standardized, and the tests described are not yet perfected or

definitive ', The methods presented here are descriptions rather than fully

detailed procedures, which have been devised specially for SCC. In considering

these tests, there are a number of points which should be taken into account:

One principle difficulty in devising such tests is that they have to assess
three distinct, thought related, properties of SCC- its filling ability
(flowability), its passing ability (Passibility) and its segregation
resistance (stability). No single test so far devised can measure all
three properties.

There is no clear relation between test results and performance at site.
The test methods and values are stated for max aggregate size of up to
Y+ mm; different test values and/or different equipment dimensions
may be appropriate for other aggregate sizes.

In performing the tests, concrete should be sampled in accordance

with BS ©YYA:€:144+ (RS©).

r. £, ) Slump flow test and T ° + cm test: V

The slump flow is used to assess the horizontal free flow of SCC in the

absence of obstructions (flowability, stability).
Procedure

About 1 litters of concrete are needed to perform the test.

Moisten the base plate and the inside of slump cone.
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Place base plate on level stable ground and the slump cone centrally
on the base plate and that a concentric diameter of ¢+ cm is marked
on the plate.

Fill the cone with the scoop, do not tamp, simply strike of the concrete
level with the top of the cone with trowel.

Remove any surplus concrete from around the base and cone.

Raise the cone vertically and allow the concrete to flow out freely.
Start the stop watch and record the time taken for concrete to reach
the @+ cm spread circle, (thisis T+ cm).

Measure the final diameter of concrete in two perpendicular
directions.

Calculate the average of the two measured diameters, (this is slump-

flow in mm).

F.£. TL-box test: V

This test assesses the flow of concrete, and also extent to which it is

subjected to blocking by reinforcement. It indicates the slope of concrete when

at rest. This is an indication of passing ability, or the degree to which the

passage of concrete though the bars is restricted. This apparatus is made

according to the Japanese design for under water concrete described by

(Vo)

Petersson' ', as shown in Figure (¥-)).

Procedure

Set the apparatus level on firm ground, ensure that the sliding gate can
open freely and then close it.

Moisten the inside surface of the apparatus, remove any surplus water.
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e Fill the vertical section of apparatus with ) Y.V liters of concrete.

e Leave it to stand for Y min.

e Lift the sliding gate and allow the concrete to flow out into the
horizontal section.

e When concrete stops flowing, Hy and Hy are measured.

gate

- 2 or 3 x 12 ¢ smooth bars

/ Gaps between bars 59 or 41mm

&00)

200 = 100
K <>‘
1
»

ﬂ

All dimensions mm

- x test "7,
r. £, U-box test:

This test is used to measure the filling ability of SCC. According to the

technology research centre of the Taisei Corporation in Japan ™) the

apparatus is presently made.
Procedure

e Set the apparatus on firm ground, ensure that the sliding gate can
open freely and then close it.

e Moisten the inside surface of the apparatus, remove any water.

e Fill one of the compartments apparatus with Y+ liters of SCC.

e leave it to stand for ) min.
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e Lift the sliding gate and allow the concrete to flow out into the other
compartment.

e When concrete is rest, measure the height of the concrete in the
compartment that has been filled, in two places and calculate the
mean H,. Measure also the height in the other compartment Hy as
shown in Figure (Y-Y).

e Calculate (Hy-Hy), the filling height.

20

450

/' Unit mm

/) |Rebars 3 x 213
Distonce 4 x 50 mmi

590

149

All dimensions in mm

Figure (Y-Y): The U-box test """

r. £, £ V-funnel test: ;

The V-funnel test is used to determine the filling ability (flowability) of

the concrete with a maximum aggregate size up to Y+ mm. This apparatus is

made according to the Japanese efforts by Okamura et al (&1

Procedure

e Set the V-funnel on firm ground.

e Moisten the inside surface of the funnel.
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e Keep the trap door open to allow any surplus water to drain.

e Close the trap door and place a bucket underneath.

e Fill the apparatus shown in Figure (Y-Y) completely with concrete
without compaction or tamping; simply strike off the concrete level in
the top with trowel.

e Open within )+ sec. after filling the trap door and allow the concrete to
flow out under gravity.

e Start the stop watch and record the flow time.

00

Vol. =Y liters $o.

All dimensions in
mm

VY

Trap door

Figure (¥-): The V-funnel test ",

¥. @ Curing Conditions: V

Since, SCC was made with low water to powder ratios; water curing is
very essential due to the high amount of ultra-fine materials (cement + fillers).

Three types of curing are simulated:-

e Sprinkle curing in which all specimens were sprinkling by water once a

day until testing age inside the lab.



CHAPTER ONE . ..ovveetite e et et ettt et INTRODUCTION

¢ Moist curing in water until testing age.
e Air curing in the laboratory until testing age. The test ages were v, YA

and 4+ days.

¥. "Hardened Concrete Tests: P
r. 1. ) Compressive Strength Test: ;

Compressive strength was carried out and tested according to BS YAAY:
part YY1 YAAY (RSY). A total number of Y¢¢ cubes of Y+ + mm were tested by
using a hydraulic compression machine of Y+ kN. All specimens were cured
in water until testing age, except those which sprinkled or air-dried. Each result

of compressive strength obtained is the average for three specimens.

r. 1. Y Splitting Tensile Strength Test:

The splitting tensile strength was determined according to the procedure
outlined in BS YAAY: part YYV: YAAY (RSA). A total number of 27 cylinders
(Y++*Y++) mm were tested. Cylinders were cast, demolded and cured in a
similar way as the cubes. Each splitting tensile strength result was the average
of strength for tow specimens. The splitting tensile strength is calculated from

the equation:

G=£ ————————— (3-1)

LD

Where:
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P=the applied compressive load.
L=the cylinder length.

D=the cylinder diameter.

F. 7. ¥Flexural Strength Test: V

Concrete prisms of dimensions () ++*)++*&++) mm were cast according
to BS °YYA:¢:1Y44+ (RS®) procedure. A total number of 27 prisms were tested.
The prisms were cast, demolded and cured in a similar manner as the cubes.

Modulus of rupture test according to BSYAAY:YYA:YAAY (RS) were performed

using two-point load as shown in Figure (¥-¢). P/Y P/Y
AN ION
—>le Sl
e >
Y‘cm Y’icm Y‘Cm

Figure (Y-¢): Two-point load flexural strength test.

Each value of the modulus of rupture was the average of the test results

for two specimens. Modulus of rupture is calculated from the simple beam

bending formula:

|
R:ﬁ% ————————— (3-2)

Where:
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p=maximum applied load , |=span length
b=specimen width , d=specimen depth

This equation is valid only if failure line is within the middle third span. If
failure line is outside middle span by not more than ¢ % of the span length, the
equation below is used:

R_3pa

“bd? (-9

Where:

a=the average distance between the point of fracture and the nearest support.

r. 1. £ Static Modulus of Elasticity: V

The static modulus of elasticity was determined according to BS
YAAMYAYYVAAY (RSY ) specifications. A total number of YY cylinders
(Yo «*Y++) mm were tested. All specimens were cast, demolded and cured as
for the compressive strength cubes. A hydraulic compression machine of Y+«
kN is used to apply a compression load until ¢+ % of the ultimate load. The
proving rings used which have a gauge length of Y++ mm and gauge with an
accuracy of *.+) mm, is made according to BS YAAY:YYY:AY (RS)+). The
recorded results were the average of readings for two cylinders. The modulus

of elasticity may be calculated as follows:

SZ_Sl
&~ &

E =

C

——————— (3-4)

Where:

E.=modulus of elasticity (GPa).
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Sv=stress corresponding to £+ % of ultimate load (MPa).
Sy=stress corresponding to the longitudinal strain of ©+*) " (MPa).

=longitudinal strain produced by Sv. ¢,

A
=0 ¥y,
&

. 1.2 Non-Destructive Tests: ;
. 7.2, 1 Schmidt Rebound Hammer Test: ;

Schmidt hammers were used to estimate the surface hardness of
concrete specimens by recording the rebound number, which could be used as
a measure of the concrete strength and percentage of voids. The test method
is prescribed by BS YAAY:Y.Y:Y4AT (RSY)) specifications. The test results of

rebound number were the average of five readings to each point.

r. 1.2, Y Ultra-Sonic Pulse Velocity: P

This test is carried out according to BS YAAY: part Y+ Y: YA4AT (RSVY), using

the portable ultra-sonic non-destructive digital indicating tester (PUNDIT) with
frequency of Y1 kHz to determine wave velocity in concrete specimens. The
transit time is recorded in microseconds. Pulse velocity, V, in km/sec is

calculated as follows:

vl (3-5)

T

Where:
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V=ultra-sonic pulse velocity, km/sec.
L=path length, mm.

T=transit time, u sec.

CHAPTER FOUR

RESULTS AND DISCUSSION

£, 1 Introduction: V

The experimental program was divided into two parts. In the first part
sixteen mixes of different ( water to powder ratio, and filler type) were made
to be tested in the fresh state, (workability tests), they were, slump-flow, T..
cm slump-flow, U-box, L-box and V-funnel, in order to evaluate the filling
ability, passing ability and segregation resistance of the fresh concrete. In the
second part, the mechanical properties (compressive strength, splitting tensile
strength, flexural strength, static modulus of elasticity in addition to two non-
destructive tests, Schmidt rebound hammer test and ultra-sonic pulse velocity)

have been studied and discussed.

A total number of Y¢¢ cubes of (Y++*)++*Y++) mm for a compressive
strength determination, 41 cylinders of (Y++*Y++) mm for a splitting tensile
strength determination, Y'Y cylinders of (Y¢+*Y++) mm for a static modulus of
elasticity determination, 3% prisms of (Y:+*)+«+*¢v¢) mm for the flexural

strength determination.

£, ¥ The fresh concrete results: V

£, 1. 1Slump-flow and T° + cm: V




CHAPTER ONE . ..ovveetite e et et ettt et INTRODUCTION

The consistency and workability of the SCC were evaluated by using the
slump-flow test. Because of its ease of operation and portability, the slump-
flow test is the most widely used method for evaluating concrete consistency
in the laboratory and at job sites. The diameter of the concrete flowing out of
the slump cone is obtained by calculating the average of two perpendicular

measured diameters for determining the slump-flow of the SCC.

The results of the slump-flow range between (1YA-YYA) mm and the
results of T.. cm range between (Y.2-°.Y) seconds. These results show that the

Y o 14 YY
(Y, 2,4, )and

SCC used is complying with the requirements found in literature
the SCC used is found to have a good consistency and workability at fresh

state.

The water to powder ratio has a small effect on the flowability and
workability of the fresh SCC. The results shown in Figures (¢-Y), (¢-Y) show that
increasing the water to powder ratio from ¥+ % to 1Y % increases in the slump-
flow by 'Y %, while T.. cm decreases by ¢+ %. This behavior can be explained
by the high workability of the SCC gained by the additional water content in
the mix. The very high flowability of the SCC is due to the use of ultra-fine
materials, high sand to aggregate ratio, the use of superplasticizer and low
particle size of coarse aggregate. As the particle size decreases, the surface
area of the particles increases. The increase in specific surface area of paste

gives an indication of workable mixture produced ",

The type of filler influences the workability of the SCC. The limestone
powder gives more workability than metakaolin type (I, II, lll) by (*.A-Y.A) %,

(V.Y-Y.2) % and ().A-2.+) % for slump-flow while less by (Y-9.Y) %, (YY.V-Y1) %

\RK
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and (Y+-Y+) % for T.. cm respectively as shown in Figures (£-Y) and (¢-Y). This
is due to the shape and size of metakaolin particles which are long, hexagonal
plates making obstructions in the fresh mix. Rather, these materials deform by
viscous flow, the same manner in which liquid deform; this characteristic
property for viscous flow, (viscosity) is a measure of a non-crystalline materials
resistance to deformation . The chemical composition of metakaolin
particles consists of two layers of (SivO.) connected together by weak van der
Waals forces. Therefore, as the water to powder increases, the sliding between

these two layers becomes easy.

160
120 ]
€ j
£
=
S 680
S
£
E i
(9p]
640 — —4
Eon T | T | T | T | T
20 30 10 50 60 10

WIP (%)

Figure (¢-)): Relationship between slump-flow and W/P ratio at
fresh state.
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T50cm (sec)
I

20 30 10 50 60 10
W/P (%)

Figure (£-Y): Relationship between T®+ cm and W/P ratio at fresh
state.

L= self compacting concrete with limestone.
| = self compacting concrete with metakaolin calcined for +.° hr.

Il = self compacting concrete with metakaolin calcined for Y.+ hr.

Il1= self compacting concrete with metakaolin calcined for Y.° hr.

The time of calcining metakaolin is one of the important variables in this
research; it refers to the duration period in which the metakaolin powders get
fired. Figures (¢-Y) and (¢-£) show that when time of calcining metakaolin
increases from (+.© to ).*) hrs and (+.°-).°) hrs the slump-flow decreases by
(+.2Y.Y) % and (Y.)-Y.*) % while T.. cm increases by (¥.*-V¥.Y) % and () .°-
YV.%) % respectively. The kaolinite used is calcined at a temperature of (V¢¢)
'C. During the firing operation, the density is farther increased (with an

attendant decrease in porosity) which means, very high softness of the
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metakaolin is reached, therefore, leading to limit the workability (just like
cement). This is when water content is constant. When clay-based materials
are heated to elevated temperature, some rather complex and involved
reactions occur. One of these reactions is the breaking of some weak van der
Waals forces which make the metakaolin obtains more softness. This trend

agrees with that obtained by William A,

150

125 —

100 —

Slump-flow (mm)

615 — .\1\-
650 —
625 T | T | T | T | T | T
03 05 0.8 10 13 15 18

Time of calcening (hrs)

Figure (£-Y): Relationship between slump-flow and time of calcining
metakaolin.
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Figure (£-¢): Relationship between T¢+ cm and time of calcining
metakaolin.

£, 1, YU-Box resul

The properties of fresh concrete are presented in Table (£-)). U-box test
is one of the fresh concrete tests which are used to assess the self-
compactibility of SCC. The results presented in Table (¢-)) show that the
concrete used can be described as self-compacting due to the fact that after
opening the sliding gate, the concrete rises in the other half of the U-box to a
height greater than +.A® of the maximum possible height, (Hv-H,) ranges from

(+-Y) cm.

According to Table (¢-)), the results of U-box range between (+-).°) cm,
which is an acceptable limit, and metakaolin type Il SCC shows a decrease in

the workability by (Y+, ¢+, and 1+) % compared to metakaolin type (ll, I) and
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limestone powders SCC respectively. This behavior is due to the shape and
composition of metakaolin particle; long hexagonal plates, and as time of
calcining metakaolin increases the softness increases by breaking these long

plates to smaller ones. This trend is in agreement with other researchers (e

YY, YV, and Vo)

Table (£-)): Properties of fresh concrete.

Mix Type of filler U,-Ur | Hy/Hy | V-time
notation (cm) (%) Sec.
Limitations Y LAY o_\o
Limestone . e 1
Metakaolin type | ' AY \
Suv = = |l ¥ Ao v.oe
_ ol A¢ A
Limestone . AA v.o
Metakaolin type | ' Ao A
So\ = = ¢ AY A A
- = 1 o A AY q
Limestone | *.¢ Ao q
Metakaolin type || .7 AY | 40
S:. - = | o A AY e
- = 1 Y. AY V.0

AR
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Limestone | *.V AY R

Metakaolin type | | Y.* AY | W).e

S: . _ =l o Aoy
_ ol e Al VY e
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£, 1. F'V-funnel results: b

From the results shown in Table (£-)) it can be seen that the recorded V-
time is between (1-)Y.¢) sec. for all mixes, where shorter time indicates
greater flowability. This gives an indication for the high flowability of the SCC
mixes, which complying with the requirements of Bilal A. ™ Okamura H. et al

™ and David and Sheinn ™.

Increasing the water to powder ratio from (*.¥ to +.¢), (+.Y to *.®Y)) and
(+.Y to *.1Y) results to decrease the V-time by (Y°.Y-YAY) %, (YV.¢-YY.A) %
and (Ye.0-¢2.0) % respectively. Moreover, metakaolin type Ill SCC has the
longer V-time whereas limestone shows the shortest V-time. The increase in V-
time for metakaolin type (I, Il, 11l) SCC than limestone powder SCC is by (¢.°-
YY) %, (3.)-Y°) % and () Y.Y-YY.¥) % respectively. This is due to the high
softness of metakaolin used which increased during the firing process and
because of the shape and composition of metakaolin particle; long and

hexagonal plates. This is in agreement with Paul R. et al (1),

£, 1. ¢ L-Box results: b

The recorded results in Table (¢-)) show that the blocking ratio (Hv/H\)
ranges between (A+-3+) percent for all the SCC mixes. Like other fresh test
results, the blocking ratio decreases for metakaolin SCC compared to limestone
powder SCC. When time of calcining increases, the fresh mixture becomes
stiffer at the same water to powder ratio. This conforms to the other fresh

concrete investigations (slump-flow, T.. cm, U-box and V-funnel).
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From the results shown in Table (¢-)) it can be seen that the decrease in
the blocking ratio for metakaolin type Il SCC compared to those of type (ll, )
and limestone SCCis by (Y-).Y) %, ().Y-Y.1) % and (Y.2-Y.Y) % respectively. This
behavior can be attributed to the shape and composition of metakaolin
particles and to the higher softness gained during the firing process. These
results show that increasing the water to powder ratio from (*.V to *.¢), (*.¥
to *.2Y) and (*.Y to +.7Y) leads to increase the blocking ratio by ().Y-Y.1) %,
(V.Y-V.Y) % and (°-1.A) % respectively. The higher blocking ratio means more
workability and if the concrete flows as freely as water, at rest it will be in level

(Hy/Hy=)Y.+), therefore the closer to this value, the better the flow of concrete.

The time of calcining metakaolin has a significant effect on workability
and flowability of the concrete. Increasing the duration period affected the
workability of fresh concrete and there is an urgent need for additional water

because of the increase in the surface area due to the existence of powders.

£, YHardened concrete results: V

£Lr Compressive V

Concrete cubes of )++ mm were tested at ages of V, YA and 4+ days.
Each value of tests results is the average of three specimens. The average of
the tests results are shown in Figures (£-°) to (£-1Y) for normal (housing) SCC
mixes of different (water to powder ratio, type of filler used, time of calcining
metakaolin and curing conditions). The compressive strength results range
between (YY.2-YY.®) MPa, (YV-°A) MPa and (£°.2-1V.1) MPa at v, YA and 4

days respectively.



CHAPTER ONE . ..ovveetite e et et ettt et INTRODUCTION

From the results of compressive strength shown in Figures (£-°) to (¢-V)
it can be seen that the use of super-plasticizers leads to increase the
compressive strength due to the decrease in water to powder ratio. Moreover,
a decrease in the water to powder ratio from (+.7Y to +.®)), (+.7Y to *.¢) and
(+.7Y to +.Y) leads to increase the compressive strength by (°.¢-YY.1) %, () *-
YY.V) % and (YV.e-£+.Y) % at YA days respectively. This is due to lower initial
volume of voids that is needed to be filled by the hydration products and the
better dispersion of the powders in the mix. Thus, the SCC used has doubled
the compressive strength with respect to that of reference normal vibrated
concrete found by Sonebi M. et al ") and lies under high strength concrete as
shown in Figure (£-))) due to the inclusion of filler powders which gives a
strong, homogenous and dense interface zone between matrix and aggregate.

This is in agreement with what is stated by Budi and Karsten ™) and Abed .

37 — 1

28 —

- \

2“ l T l T l

0.4 0.5 0.6
WI/P ratio

Compressive strength (MPa)
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Figure (£-°): Relationship between compressive strength at Y-days
and W/P ratio for SCC with different filler types.

10 —

Compressive strength (MPa)
1 I 1

3" T I T I T I T I
0.2 03 04 0.5 0.6

Figure (£-1): Relationship between compressive strength at YA-
days and W/P ratio for SCC with different filler types.
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Compressive strength (MPa)
1 I 1 I 1

45 l T l T l

0.4 0.5 0.6
WIP (%)

Figure (£-V): Relationship between compressive strength at 4 «-
days and W/P ratio for SCC with different filler types.

Figures (¢-A) to (¢-)+) show that increasing the time of calcining
metakaolin from (*.° to ).+) hr leads to increase the compressive strength by
(6.Y- MY A) %, (Y.°-9.v )% and (£.+-Y.®) % at ¥V, YA and 9+ days respectively and
increasing this time from (*.° to ).°) hrs increases the compressive strength by
(Y N-VA) %, (V1.Y-Y+.A) % and (V).1-)1.+) % at ¥, YA and %+ days
respectively. This behavior can be explained by the densifing effect of
metakaolin with a decrease in the porosity at early ages, while at later ages, in
addition to the densifying effect of metakaolin by firing, a pozzolanic reaction

with calicum hydroxide released from cement hydration and the filling effect in
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the voids among cement and other powder particles enhance the strength of

concrete.

34

32 —

28 —

Compressive strength (MPa)

2 I ' I ' I

0.5 1.0 13
Time of calcening (hrs)

Figure (£-A): Relationship between compressive strength at Y-days

and time of calcining metakaolin.
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Figure (£-1): Relationship between compressive strength at YA-

days and time of calcining metakaolin.
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Figure (£-) +): Relationship between compressive strength at 4 «-

days and time of calcining metakaolin.

The surface of SCC tends to dry faster than NVC because; there is little or
no bleed water at the surface due to using of ultra-fine materials and using low
water to powder ratio. From the results shown in Figures (£-)V) and (¢-)Y) it
can be seen that sprinkle cured specimens improve compressive strength more
than moist and air cured specimens by (Y *-VY) %, (YY-Y£) %, ().¥-).1) %, (YA.-
Y+) %. (+.Y-Y) % and (Y4.Y-YY) % at vV, YA and %+ days for S:. and S.,
respectively, while moist cured specimens show larger compressive strength
than sprinkle cured and air cured specimens by (©.2-YY.Y) % and (Y%.°-Y1) %

for S<v at YA and 2+ days respectively, as shown in Figure (¢-)Y).

Like normally vibrated concrete, the compressive strength for specimens
with air curing is lower than that of the corresponding water cured and moist
cured specimens. However, the extent of strength reduction was due to the
insufficient curing for air cured specimens up to an age of 1+ days depends on
water to powder ratio, (as the volume of voids increases when increasing the
W/P) and the type of filler in the mix. It appears that the SCC mixes with
calcined metakaolin type Il are more affected by air curing compared to other
types of curing conditions, (sprinkled and moist), as continued presence of
water is required for the cement hydrates-pozzolana reaction to continue.
Thus, the difference in the compressive strength between sprinkle and moist
cured specimens can be attributed to the gel stiffining by drying for sprinkle

curing, on the other hand it may be due to relaxtion in gel of filler type due to

ARK
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the presence of water by moist curing. This is in agreement with what was

stated by Sonebi M.et al (£

110

10 —

Compressive strength (MPa)

30 —

"l I I I I I

0 30 60 90
Age (days)

Figure (£-))): Relationship between compressive strength and age
of Il SCC with different curing conditions of W/P=".¢.
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Figure (£-))): Relationship between compressive strength and age
of Il SCC with different curing conditions of W/P=+.2).
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Figure (£-))): Relationship between compressive strength and age
of 1l SCC with different curing conditions of W/P=+.1Y,

£ r. 1 Splitting tensile strength: V

The results of splitting tensile strength for mixes with different (water to
powder ratio, time of calcining metakaolin and curing conditions) are shown in
Table (¢-Y) and Figures (£-)¢) to (¢-Y4). Two cylinders of (Y« +*Y+«+) mm are

testedt ¥, YA and 4+ days.

From the recorded results in Table (¢-Y) it can be seen that increasing
the water to powder ratio from (+.¢ to +.2)) decreases the splitting tensile
strength by (-Y.¢) %, (Y-V.%) %, and (Y.)-AA) % at ¥V, YA and %+ days

respectively, and increasing the W/P ratio from (*.¢ to *+.1Y) % decreases the

\YY
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splitting tensile strength by (1°.34-Y3.9) %, (V.¢-YV.Y) % and ("\Y.A-YY. 1) % at Vv,
YA and 4+ days respectively. This is due to the high initial volume of capillary

voids in the mix. this increases when increasing the water content.

Table (£-Y): Splitting tensile strength of SCC specimens.

Mix Type of Splitting tensile strength (MPa)
Notation Filler Vdays | YA-days 1+ -days
Limestone ey, €A o Yo
Sny Metakaolin type | ¢.0n oY °.¢)
e e " $ Y o Y o AN
Limestone °NA ERE oA
So\ Metakaolin type | oY, 0.0) Y
Metakaolin type I o o.V. YV
Metakaolin type Ill | - AR 1A
Limestone oV o ¢o 1YY
S.. Metakaolin type | °.Yo °.0A ey
Metakaolin type Il .1 °.4¢ v
Metakaolin type Il °.4Y 1Y A\
RH
According Limestone powder | --—--- I 2 R —
to
Sonebi "

Figures (£-)¢) to (¢-)1) show the splitting tensile strength development

with age for different curing conditions. From these figures it can be seen that

YYA
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sprinkling cured specimens have higher splitting tensile strength than moist
cured specimens by (£.A€-Y.Y) %, (Y.2-1.Y) %, and (Y.£¢-2A) % at ¥V, YAand 4+
days respectively, and sprinkling cured specimens have higher splitting tensile
strength than air cured specimens by (A.V-YV.€) %, (YY.)-Y2,A) % and ()).3Y-
YY.Y) % at ¥, YA and 9+ days respectively. This behavior can be explained by
the stiffining process in the gel when drying or by relaxation in the gel when
moist curing. Whereas for specimens with air curing, the insufficient curing
leads to the insufficient of hydration products in concrete which minimizes the

splitting tensile strength.

7.0

6.5 —

6.0 —

55

Splitting tensile strength (MPa)

5.0 —

0 20 40 60 80 100
Age (days)

Figure (£-) £): Splitting tensile strength development of S¢ + with
age for different curing conditions.
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Figure (£-)©): Splitting tensile strength development of S with
age for different curing conditions.
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Figure (£-)1): Splitting tensile strength development of S1Y with
age for different curing conditions.

The results shown in Figures (£-)V) to (£-)14) show that, when the time of
calcining metakaolin increases from (+.© to ).+) hr there is an increase in the
splitting tensile strength by (°.Y-4.A) %, (.V-Y°.V) %, and (A.)¢-Y+.2) % at Vv,
YA and 9+ days respectively, and when the time of calcining metakaolin
increases from (+.° to ).°) hrs the splitting tensile strength increases by (Y.Y-
EAE) %, (YWY VY) % and (Y.e-V.+) % at ¥, YA and 4+ days respectively. At
early ages, the higher splitting tensile strength is due to the better
microstructure of the SCC, especially the smaller total porosity and more pore
size distribution within the interfacial transition zone. While, at late ages, a

pozzolanic reaction occurs with calcium hydroxide released from cement

AR
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hydration and filling voids among and between cement particles. This trend is

similar to what detected by Klaus and Yvette (=4,

6.0

5.6

4.8 —

Splitting tensile strength (MPa)

4.4

0.5 1.0 1.5
Time of calcening (hrs)

Figure (£-1V): Effect of time of calcining metakaolin on splitting

tensile strength at V-days.
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Figure (£-)A): Effect of time of calcining metakaolin on splitting
tensile strength at YA-days.
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Figure (£-) 3): Effect of time of calcining metakaolin on splitting
tensile strength at 4 +-days.

£, ¥, FFlexural strength: V

The flexural strengh was measured by ()« +*Ye:*eeo) mm self-
compcting concrete prisms of different (water to powder ratio, filler type and

curing conditions) as shown in Table (¢-Y) and Figures (£-Y+) to (¢-Y°).

From the results in Table (¢-Y) it can be seen that S:. shows higher
flexural strength than those of S.y and S.v. Furthermore, increasing the water
to powder ratio from (*.¢ to +.1Y) decreases the flexural strength by ()V.Y-
£€1.0) %, (Y).Y-Yo.¥) % and (1°.£-YY.V) % at V, YA and 9+ days respectively.
This is due to the high early volume of capillary voids when using high water

content in the mix. This observation was noticed by Victor et al Y and

Malhotra "),
Table (£-Y): The flexural strength of SCC specimens.
Mix Flexural strength (MPa)
Type of filler
notation V-days | YA-days | 9:-days

ARE
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Limestone Y.vY A% £
Sy Metakaolin type| | Y.Y1 YA £.YA
: . < A A . ¢ A SV
Limestone AR €Yy o v
S Metakaolin type | | £.*V £.0A oY
: .- . I . A VY A Q.
Limestone o8 o1 1Y
S:. Metakaolin type | | ©°.YVY oV, 1YY
BAAntalianlin +iina il o1y 1 Y. 1 4A
RH
According Limestone powder | --—-- V.o ALY
to
Abed "

Figures (£-Y+) to (£-YY) show the flexural strength development with age
for different curing conditions. From these figures, it is clear that all specimens
are significantly affected by air curing due to the insufficient hydration
products that fill all voids in concrete. Moreover, sprinkling cured specimens
have higher flexural strength than that of moist cured specimens by ().)-Y.12)
%, (1.4-Y.Y) %, and (*.3-).*) % at ¥, YA and 2+ days respectively, and sprinkling
cured specimens have higher flexural strength than that of air cured specimens
by (°.0-Y) %, (1.Y-YY.A) % and (Y €.Y-YA.2) % at ¥V, YA and 9+ days respectively.
This is due to the gel stiffining by drying for sprinkle cured specimens, while on
the other hand it may be due to the presence of water by moist curing. When
water to powder ratio is very high (+.1Y), moist cured specimens gain more

flexural strength than sprinkle cured specimens by (Y-Y.Y) %. This behavior can

AR
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be explained by the large volume of voids at early ages and the contineous
moving of water providing the sufficient amount of water needed to complete

all cement reactions.

7.0

Flexural strength (MPa)

o o

(@] a

1 I 1 I 1
N

5.0 T l T l

Age (days)

Figure (¢-Y+): Effect of curing conditions on flexural strength of
S¢+ specimens with metakaolin type Il filler.
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Figure (£-Y)): Effect of curing conditions on flexural strength of
S°) specimens with metakaolin type Il filler.

AR




CHAPTER ONE . ..ovveetite e et et ettt et INTRODUCTION

5.6

= 5.2 —

o

=

p ]

S

S 4.8 —

I

s i

>

>

D

L 4.4 — ‘//A

—4¢ Sprinkl

40 T | T |

0 30 60
Age (days)

Figure (£-YY): Effect of curing conditions on flexural strength of

S1Y specimens with metakaolin type Il filler.

From the results shown in Figures (¢-YY) to (¢-Y°) it can be seen that
increasing the time of calcining metakaolin from (.2 to Y.+) hr increases the
flexural strength by (A.Y-Y4.0) %, (Y ¢.V-Y¢)) %, and (YY.Y-Y+.¥V) % at ¥, YA and
4+ days respectively, and increasing this time from (*.° to .°) hrs increases
the flexural strength by (Y +.0-YY.1) %, (Y1.£-YV.¥) % and (YY.4-Y4.Y) % at v, YA
and 4+ days respectively. This is caused by the better microstructure of the
SCC, especially the smaller total porosity and the better pores distribution
within the interfacial transition zone at early ages when increasing the time of
calcining metakaolin as it becomes more soft and viscous. At later ages (YA

days and more), a pozzolanic reaction occurs between pozzolana in metakaolin

VYA
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and calcium hydroxide Ca(OH)y released from cement hydration which fills

voids among and between cement particles.
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4.0 —

Flexural strength (MPa)
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Figure (£-YY): Effect of time of calcining metakaolin on flexural

strength at V-days.
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Figure (£-Y¢): Effect of time of calcining metakaolin on flexural

strength at YA-days.
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Figure (¢-Y°): Effect of time of calcining metakaolin on flexural
strength at 4+-days.
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£, r, £ Static modulus of elasticity: V

The secant modulus of elasticity is defined as the slope of the chord of
the uniaxial stree-strain curve between the point corresponding to ¢+ percent
of the maximum stress and the point corresponding to a strain of +.++++© N,
Table (¢-¢) shows the results of the static modulus of elasticity for SCC

specimens.

From the recorded results in Table (¢-£) it can be seen that the YA-days
modulus of elasticity for concrete cylinders ranges between (Y°.VY-¢Y,Y2) GPa
for all the SCC specimens. However, increasing the water to powder ratio from
(+.Yto *.¢)and (*.Y to +.©)) leads to a reduction in the static modulus by ().V-
¥.2) % and (°.+-3.Y) %. This behavior is due to the large early volume of voids
in concrete in higher W/P ratios. On the other hand, the densifying effects of
fillers reduce the pore size in low water to powder ratio. The inclusion of filler
powders in the voids among and between cement particles makes strong,
homogenous and dense interface zone between matrix and aggregate.
However, the static modulus of elasticity for SCC specimens lies under the high
strength concrete as shown in Table (¢-¢) because of the fact that the modulus

of elasticity increases with the increase in compressive strength of concrete.

Table (¢-£): Static modulus of elasticity of SCC at YA-days (GPa).

Mix Type of Ec

Notation Filler | (GPa)
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Limestone | Yo.V)
Metakaolin type | | ¥*.* ¢
5o Metakaolin type Il YY.AA
Metakaolin type IlI YAV
Table (£-¢): continue.
Limestone | Y.+
S:. Metakaolin type | | ¥V.*71
Metakaolin type Il | 4.9+
Metakaolin type IlI e
Limestone | YV.Ye
Sr. Metakaolin type | | ¥9.¢Y
Metakaolin type I1 | ¥3.Y7
Metakaolin type Il | *'-°
SCCC
According Limestone powder | £).4+
to
Sonebi "

Figure (¢-Y1) shows the relationship between the time of calcining

metakaolin and the static modulus of elasticity at YA-days. It can be seen that

increasing the calcining time from (+.2 to ).*) hrand (*.¢ to ).°) hrs results to

increase the static modulus of elasticity by (+.1-£.Y) % and (¢.A-3.A) %
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respectively. This is due to both, increasing the softness of metakaolin by
calcining at early ages and to the pozzolanic reaction at later ages.

42

40 —

38 —

Ec (GPa)

36 —

34 T

[ T [
0.4 0.8 1.2 1.6
Time of calcening (hrs)

Figure (¢-Y1): Effect of time of calcining metakaolin on static

modulus of elasticity at YA-days.

From the results shown in Figures (¢-YVY) to (¢-Y+) it is clear that the
ascendig part of the stress-strain curves for all the concrete specimens
becomes more linear and steeper when the water content decreases. This

behavior is similar to that reported by Mohammed ™Y,
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Figure (£-YV): Effect of W/P ratio on stress-strain behavior of
specimens containing limestone powder.
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Figure (¢-YA): Effect of W/P ratio on stress-strain behavior of
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Figure (¢-Y4): Effect of W/P ratio on stress-strain behavior of
specimens containing metakaolin type |l powder.
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Figure (¢-Y+): Effect of W/P ratio on stress-strain behavior of
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£, £ Non-Destructive results: b

£, £, ) Ultra-sonic pulse velocity: P

The results of U.P.V. measured on )+ * mm cubes with different (water to
powder ratios and time of calcining metakaolin) are plotted in Figures (¢- Y))

to (¢-Y1).

From the results shown in Figures (£-Y)) to (¢-YY) it can be seen that
increasing the W/P ratio from (*.¢ to *.°)) decreases the pulse velocity by
(Y.Y-o.V) %, (+.3-A.Y) %, and (Y.*-Y.*) % at V¥, YA and 4+ days respectively, and
increasing the W/P ratio from (*.¢ to *.1Y) decreases the pulse velocity by
(6.A-2.0) %, (V.3 Y. 1) % and (Y.A-2.Y) % at ¥, YA and 9+ days respectively. This
reduction in U.P.V. with the increase in W/P ratio is due to the large early
volume of voids in concrete body, which obstructs the pulse transition and

prolongs the transit time.
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Figure (¢-YY): Relationship between U.P.V and W/P ratio at
1 +-days.

Figures (¢-Y¢) to (¢-Y1) show that increasing the time of calcining
metakaolin from (+.2 to ).*) hrand (*.° to ).°) hrs leads to increase the pulse
velocity by (*.YV-Y.¥) %, ().*-Y.Y) %, ().+-°.Y) %, (V.¢-V.1) %, (1.)-V.3) % and
(V.7-2.1) % at vV, YA and 4+ days respectively. This is caused by the more
softness of metakaolin by calcining at early ages, and to the pozzolanic
reaction with calicum hydroxidate at later ages. It is clear that different types
of filler help to improve the structure of the mortar aggregate interface, to get

high density as that of the bulk mortar due to the continued hydration and

Y EA
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dissolution of different filler particles and then increases the density of the SCC

specimens. This behavior is similar to what is reported by Mohammed ™),

5.2
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N
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Figure (£-Y¢): Effect of time of calcining metakaolin on U.P.V at
V-days.
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The surface hardness of the Y:* mm SCC cubes is assessed by the,
"Schmidt rebound hammer test", according to the BS YAAY: part Y+); YAAT,
The results of the rebound number for the concrete specimens of the three
series of water to powder ratio are shown in Table (£-°). While, Figures (£-YV)
to (£-Y1) show the relationship between rebound number and time of

calcining metakaolin powder.

From the recorded results in Table (£-°) it can be seen that the rebound
number for the SCC specimens ranges between (Y+-¢+), (Y¥-¢Y.0) and (Y1-£¢)
at v, YA and 9+ days respectively. On the other hand, increasing the water to
powder ratio from (*.¢ to *.©)) and (*.¢ to *.7Y) results in a reduction in the
rebound number by (°.V-Y+) %, (Y£.Y-Y0.A) %, (£.V-V.4) %, (V.©-)+.2) %, (V.¢-
1T.A) % and (Y.1-1.A) % at v, YA and 4+ days respectively. This behavior can be
explained by increasing the volume of voids in the concrete structure and to
the use of ultra-fine particles in the mix. The estimated compressive strength
from rebound number is less than that measured on cubes by () +-Y+) %. This is
due to using high amount of fine materials and decreasing the size and amount
of coarse aggregate used in the mix. This is why the Schmidt hammer test is

not favorable to this kind of concrete, "Self-Compacting Concrete"

From the results shown in Figures (¢-YV) to (¢-Y4) it is clear that
increasing the time of calcining metakaolin from (+.¢to ).*) hrand (*.2 to ).?)
hrs increases the rebound number by (1.)-A.1) %, (2.)-Y€.Y) %, (°.Y-AA) %,
(VY. Ao V)%, (2.Y-2.Y) % and (1.2-)).€) % at ¥, YA and 9+ days respectively.
This is due to the densifying effect of metakaolin which increses by increasing
the duration of firing process on metakaolin at fresh state, on the other hand,
at later ages the pozzolanic reaction with calicum hydroxidate and filling effect

of voids among and between cement particles. This is in agreement with

Vo)
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Sonebi “" and Mohammed . Figure (£-¢+) shows the relationship between

compressive strength and rebound number with a coefficient of determination

of (AY, 92 and AY.®) % at v, YA and 9+ days respectively.

Table (£-°): Rebound number values of SCC.

Mix Type of Rebound number
notation Filler V-days | YA-days| 9:-days
Limestone n.a vy 1

Sy Metakaolin type | ¥ Y¢ YA
Metakaolin type I vY vy £
Metakaolin type IlI ve 4 ¢)
Limestone n.a Ve A

Soy Metakaolin type | \RJ Yo YA
Metakaolin type I ve YA .0
Metakaolin type IlI v £..0 ¢)
Limestone n.a A YA

S:. Metakaolin type | Yo YA Y40
Metakaolin typell YA X 1.0
Metakaolin typelll ‘. ‘Y o »

Yoy
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Figure (£-YV): Effect of time of calcining metakaolin on rebound
number at V-days.
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Figure (¢-¢+): Relation between compressive strength and

rebound number at different ages.

¢, 9 Mathematical m

In order to obtain a useful mathematical relationship, that gives the best

predicted values for compressive strength, linear multiple variables regression

of statistica © program is used. This makes it possible to choose the best

combination of variables to be introduced into the regression.

The standard error and the coefficient of correlation were also

determined for each regression to check its statistical significance. The

exponential equation used was of the following general form:

Yoo
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Y=a,* x3 *x2*x2........ X, (¢-1)

where:

Y=Dependent variable.

Xy, XY, X¥eeerrens X,=Independent variables.
a., ay, ay, ar.......a,=Constants.

The regression for prediction of Fc can be writen as follows:

Fc=a.* (Rn)™ *(T)" *(W/P)" *(UPV)* *(A)*"* ——(¢-Y)
Where:

Fc= compressive strength in MPa.

Rn=rebound number.

T = time of calcining metakaolin in hrs.

W/P= water to powder ratio.

U.P.V= ultrasonic pulse velocity in km/sec.

A = age of concrete specimens in days.

Table (£-1) gives the values of the constants (a., ay, av, ar.....a,) for the
regressions for Fc. This Table also gives the values of coefficient of correlation
and the standard errors. From the values of coefficient of correlation obtained,
it can be concluded that these regressions are statistically significant. The size

of the investigated data is of Y7, each with © independent variables. From this

Yo
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Table the following equations could be used to estimate the corresponding
values with good coefficient correlation and less variables introduce in it and it

could be estimated that eq. (£-°) is the best for practical work:

Fc= ©.¥ +*(Rn)™ "*(T) " "*(W/P)" “*(U.P.V) " " *(A) " ceroeereee (£-7)
Fe= €. V¥(T) " *(W/P) " *(U.P.V) ™ *(A) e (£-%)
Fe= .Y Y¥(W/P) " *(U.P.V) T *(A) T e ceseeeseenne (£-°)
FC= Y.YY¥(UPV) T H(A) e ensssssssssssssssssssseens (£-1)

Where:

C.C=coefficient of correlation.

YoV
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S.E=standard error.

CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

%, 1 Conclusions: V

Based on the tests results of the present study on the influence of water
to powder ratio, time of calcening metakaolin and curing conditions on some

mechanical properties of SCC, the following conclusions can be drawn:-

Y. With the carefull in proportioning and mixing, SCC can be produced with
locally availble materials without any inner or outer vibration in order to
fill all the concrete body.

Y. The water to powder ratio has a small effect on the workability. It can be
seen that increasing the W/P ratio from (Y+ to 1Y) % increases the
slump-flow by VY % and decrease the T+ cm by ¢+ %.

Y. The limestone powder SCC have higher flowability compared to
metakaolin type (I, Il and I1I) SCC by (*.A-Y.A) %, (1.Y-Y.3) % and ().A-2.+)
%, and lower T+ cm by (Y-9) %, (Y Y.V-Y1) % and (Y *-Y +) % respectively.

¢. When the time of calcining metakaolin increases from (+.2-1.°) hrs the
slump-flow decreases insignificantly by (+.°-Y) % while T®+ cm increases
by (Y-YV.°) %.

©. The filling height for the SCC (U,-Ux) is between (+-).®) cm for all the
mixes and it decreases by 1+ % while increasing the W/P ratio from Y+ %

to 1Y %.

YoA
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1. The blocking ratio (Hv/H,) ranges between (*.A-+.%) as measured by L-
box test.

Y. The V-funnel time is (1-)Y.¢) sec. Increasing the W/P ratio by YY %
results to decrease the V-time by ¢+ %.

A. All the SCC tests in the fresh state can be done in the laboratory or at job
site.

4. Increasing the W/P ratio from (*.¢ to *.1Y) results to decrease the
compressive strength by (V).), YY.Y and YY) % at V, YA and %+ days
respectively.

Yoo Increasing the time of calcining metakaolin from (+.°-)1.2) hrs
increases the compressive strength by (V, Y¢.Yand Y+.7) % at v, YA and

4+ days respectively.

. SCC is more affected by air curing compared to other curing
conditions.
VY, Sprinkle curing is more favorable at low W/P ratio (+.°) and less).

The increaments in the compressive strength for specimens with
sprinkle curing range (Y+-'Y) %, (YY-Y¢) %, ().V-).1) %, (YA.N-Y+) %,
(+.Y-Y)% and (Y4.Y-YY) % at V, YA and 4+ days respectively as compared
to moist and air curing.

VY. The values of splitting tensile strength range (¢.Y-2.2Y) MPa,
(¢.AT-11Y) MPa, and (©.Ye-Y.««) MPa at v, YA and 2+ days respectively.

Ak The values of flexural strength of the SCC range (Y.YY-1.4A) MP3,
(V.1¢-Y.Ye) MPa and (¢.94)-Y+.+°) MPa at VY, YA and 94+ days
respectively.

Yo, Specimens in flexure and splitting show similar behavior to those

in compressive.

Yo{
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1. The YA-days Ec ranges (Y°.Y)-¢) Vo) GPa. Increasing the W/P
ratio from (*.Y to *.¢) decreases the Ec by ().V-Y.°) %, while from (*.Y
to *.2)) decreases the Ec by (°.+-9.Y) %.

YV, Increasing the time of calcining metakaolin from (+.°-)1.2) hrs
increases the Ec by (+.7-1.A) %.

YA, When the W/P ratio increases from (+.¢-+.1Y) the U.P.V decreases
by (Y.Y-4.1) %, (+.7-YY.1) % and (Y-.Y) % at Vv, YA and %+ days
respectively.

V4, The Schmidt rebound hammer test is not favorable to SCC at early

ages because of the high softness of the surface.

%, Y Recommendations for further researchers: V

Y. Further work is required to investigate the use of other reactive filler
types rather than that used in this study like rise hask ash, to produce
SCC.

Y. Further research projects are rquired to interpret the influence on the
hardened properties of SCC more precise as the cement type, aggregate
size and bond between matrix and aggregate.

Y. Admixtures where the time for concrete strength grouth can be
determined and controlled, especially in hot weather, need to be
developed.

¢. Further development of production methods and equipment suitable for

handling, treatment and curing of SCC.

Y
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RELEVANT STANDARDS

. 1QS No.¢/Y4A¢" Specification for Portland Cements".

. BS AAY:V44Y" Specification for Aggregates from Natural Sources for

Concrete".

. BSAYY:V44." Methods for Determinaion of Physical Properties".
. ASTM C¢ 4 £-3Y" Specification for Chemical Admixtures for Concrete".

. BS @Y YA:£:3." Specification for the Procedures to be Used in Sampling,

Testing and Assessing Compliance of Concrete".

. BS Ao«.:Y:¢ ¢" Additional Requirements For Limestone Powder and

Metakaolin Powder For Concrete".

. BS YAMYIAYTAY!" Method for Determination of Compressive Strength

of Concrete Cubes".
BS YAAYVIVYVIAY" Method for Determination of Tensile Splitting

Strength ".

. BSYAAYIVYAAY" Method for Determination of Flexural Strength .

BS YAAYAAYVAY" Method for Determination of the Static
Modulus of Elasticity in Compression".
BS YAAY:Y . ¥Y:A1" Recommendations for Surface Hardness Testing

By Rebound Hammer".

Y14



CHAPTER ONE . ..ovveetite e et et ettt et INTRODUCTION

VY. BS YAAY:Y.Y:AN" Recommendations for Measurement of

Velocity of Ultra-sonic Pulse of Concrete".

YV



