Sirindhorn Inter national I nstitute of Technology
Thammasat University

Thesis BF-PhD-2007-01

FILLING ABILITY PREDICTION MODEL AND USE OF
INDUSTRIAL WASTES FOR SELF-COMPACTING CONCRETE

Ratchayut Kasemchaisiri



FILLING ABILITY PREDICTION MODEL
AND USE OF INDUSTRIAL WASTESFOR
SELF-COMPACTING CONCRETE

A Thesis Presented

by

Ratchayut Kasemchaisiri

Doctor of Philosophy
Building Facilities Engineering Program
Sirindhorn International Institute of Technology
Thammasat University
October 2007



FILLING ABILITY PREDICTION MODEL AND USE OF
INDUSTRIAL WASTES FOR SELF-COMPACTING CONCRETE

A Thesis Presented

By

Ratchayut Kasemchaisiri

Submitted to
Sirindhorn International Institute of Technology
Thammasat University
In partial fulfillment of the requirement for thegree of

DOCTOR OF PHILOSOPHY IN ENGINEERING

Approved as to style and content by the Thesis Cittexen

Chair and Advisor

Prof. Somnuk Tangtermsirikul, D.Eng.
Co-Advisor

Assoc. Prof. Amorn Pimammas, Ph.D.
Member

Assoc. Prof. Krishna Murari Neaupane, D.Eng.
Member

Assoc. Prof. Boonchai Satitmannaitham, D.Eng.

October 2007



Acknowledgement

The author wishes to express his gratitude ancksenappreciation to his advisor,
Prof. Dr. Somnuk Tangtermsirikul, for his invaluablguidance, patience and
encouragement throughout the duration of this sthidlyindefatigable and strong intention
is mostly appreciated. The author also truly tlsaik. Annop Tekajarin, Managing
Director of the Concrete Products and Aggregate, Ct. (CPAC) for offering the
opportunity to pursue his doctoral degree at Shard International Institute of
Technology (SIIT), Thammasat University and wouke Ito acknowledge the research
fund supported by the Metal and Material Technol@gnter (MTEC), National Science
and Technology Development Agency (NSTDA), Thailand

Sincere appreciation and gratitude are contributedAssoc. Prof. Dr. Amorn
Pimanmas, Assoc. Prof. Dr. Krishna Murari Neaupama Assoc. Prof. Dr. Boonchai
Satitmannaitham for devoting their valuable time sierve as members of the thesis
committee. A special thank is conveyed to Prof. ¥in-Wen Chan of National Taiwan
University for serving as an external examinerthos thesis.

Grateful acknowledgements are made to Dr. Pitisaannart, Dr. Taweechai
Sumranwanich and Dr. Jittbodee Khunthongkeaw, fomhoetoral students of SIIT, and to
Mr. Kulanan Thumasujarit, a master degree’s gradwdt SIIT, and to Mr. Sarawuth
Charoensirisatien, a former colleague at CPAC, th@ir numerous information and
suggestions for completing his thesis.

Special thanks are given to all secretaries ofSbtleool of Civil Engineering and
Technology, Sirindhorn International Institute acéchnology and all colleagues at CPAC
for their kind services and supports throughoutshisly.

Finally, the author sincerely dedicates this warkis beloved wife and parents for
their tenderness and encouragement during his stadiypest support in all of his life.



Abstract

The models for predicting three functional requieats of filling ability of self-
compacting concrete (SCC) i.e. deformability, sggtien and passing ability through narrow
spaces were proposed. Deformability was defineactade deformation capacity indicated by
slump flow and velocity of deformation measuredBycm slump flow time (). Models for
predicting slump flow and sy were developed based on the concepts of free waster
retainability of solid particles, and inter-pamidbrces in the concrete. It was found that slump
flow and Tso varied mainly with free water content and wer® aiffected by volume ratio of
paste to void of compacted aggregate phasewater retainability of solid particles, and
efficiency and dosage of superplasticizer (SP). dibpersion effect of SP was considered to
reduce water retainability of powders as well &diém and cohesion among solid particles.
Since static segregation has relationship with ditge a model for predicting bleeding
capacity which was formulated as a function of fnester content, effective surface area of
solid particles, and average degree of reactiorsnolers was adopted. It was found that the
increases of w/b andincreased bleeding due to the larger free wat@uaimBleeding of the
mixtures with naphthalene and melamine based St?saged with the increase of water
reducing efficiency when all other mix proportioarameters were kept constant. However,
polycarboxylate based SP showed lower bleedinggtinduaving higher water reducing
efficiency than the others. The bleeding capacfty) % was specified as the minimum
requirement for SCC to avoid static segregatiomdtel for predicting volume of aggregate
blocking through bridging at narrow openings wageaed from the previously proposed one.
The parameters considered in the previous moddizeedistribution and volumetric ratio of
aggregates, and clear spacing and size of theoreamhents. The effects of aggregate shape
and viscosity of the concrete were introduced theomodel in this study. It was observed that
the maximum L-box passing ability and width of thgtimum range of & for achieving the
highest passing ability were smaller in cases ghdu irregularity and larger volume of
aggregates. The verification tests confirmed thatgroposed models could be used to predict
slump flow, Tsp and bleeding capacity with satisfactory accuraciesvever, the accuracy of
model for predicting blocking conditions of SCC dhd prediction of bleeding of SCC using
polycarboxylate based SP should be further verified

This study is also aimed to investigate the effeatproperties of SCC of bottom ash
and very fine sand as partial replacement of nofimalaggregate. When using bottom ash in
concrete, water retainability is more practical being used in mix proportioning than water
absorption of the aggregate. A test method forroheteng water retainability was therefore
proposed. Test results of SCC mixtures with botash show that slump flow and L-box
passing ability reduced, whilgylincreased with the increase of bottom ash contéhts use
of bottom ash resulted in the reduction of compvesand splitting tensile strengths and
caused the increase of porosity. However, theggeptes were improved in long term by pore
refinement due to pozzolanic reaction when 10 %obotash content was used. Chloride
penetration, carbonation depth, shrinkage in drgngironment of the bottom ash mixtures
except for the mixture with 10 % bottom ash wergdathan those of the control SCC, mainly
due to higher porosity. On the other hand, thestaste to sodium sulfate was enhanced with
the increase of bottom ash content. It was fouatl ah 10 % very fine sand content, slump
flow and L-box passing ability were slightly hightelan that of the control SCC due to the
compatibility between void content and specificfate area of aggregates and reduced with
the increase of very fine sand content when varg 8and content were over 10 %. The
increase of very fine sand content increasgdlilie to the higher effective surface area of the
aggregates. As a result, it can be concluded Heabptimum replacements for the tested
bottom ash and very fine sand are about 10 % bghwer total fine aggregate.
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Chapter 1
| ntroduction
11 General

Durability of concrete structures, a major problefrtivil engineering, has become
a common interest and seriously focused duringpfst several decades. To make durable
concrete structures, sufficient compaction by sHliworkers is one of the requirements. In
the last few decades, self-compacting concretecdrabe compacted into every corner of a
formwork, purely by means of its own weight withdbe need of compaction has been
studied. Self-compacting concrete was firstly depedl by Okamura, Ozawa and
Maekawa at the University of Tokyo in 1986 (Okamuea al., 1993). As the concrete
during casting is not subjected to any externatgyneput from vibrators, tampering or the
similar actions, the concrete can be describedsaff-Compacting”. A widely adopted
acronym for Self-Compacting Concrete is SCC. Tdrent“Self-Consolidating Concrete”
is frequently used in North America. It is statbdttSCC can be used in most applications
where traditionally vibrated concrete is used. SiSGsuitable for high performance,
densely reinforced structures as well as for lessahding unreinforced applications for
instance in backfill. SCC can be fiber reinforcaad is equally applicable for in situ
construction as well as in pre-casting (Skarendz00).

A major motivation for the development of self-caawpng concrete was to solve
the problem of low durability caused by inadequatenogeneity of the cast concrete
(Okamura, H., et al., 1995). One of the main reador the difficulties of compaction
relates to the trend of increased congestion of réieforcement in many structures.
Increasing structural performance has led to irsgéa reinforcement volumes.
Furthermore, there is a tendency to use smallediaaneters to limit cracking. As a result,
the quality assurance of concrete construction atibBe improvement of homogeneity of
concrete, which is an important objective of the@edepment of SCC for structures with
congested reinforcement.

SCC has been proven for not only improved durahiiit also increased reliability
of structures (Domone, 2000, and Tangtermsirikukle 2000). Complete elimination of
the compacting work through the use of self-compgctoncrete increases speed and
simultaneously reduces cost, which thus improvespttoductivity. Increased speed is not
only important as a mean of reducing cost of plaa@nbut can also lead to shortening of
the total time of construction. With fresh concretquiring no external compaction, and
having predictable filling ability, increased degref automation and industrialization of
the concrete construction process is possible.uBeeof SCC thus plays an important role
in increasing the competitiveness of concrete coosbn through reducing cost and
increasing performance (Skarendahl, 2000).

Moreover, the working environment loading is highconcrete construction. One
of the most severe loads is from the vibration pssccausing the noise, either from
handhold vibrators, or form surface vibrators. nithation of vibrators is thus one of the
goals toward desirable working environment. Improeat of the working condition



increases the well being of the workers, and atsdme time reduces the society cost for
health care. As a result, the reductions of norsk \abration are advantages for both the
working environment of the construction workersvasl as the disturbance for building
site neighbors.

Additionally, there exist numerous situations wlaatess of vibrators is difficult
due to the formwork configuration or production gges constraints for examples inclined
components with double-sided formwork, confined amtlosed spaces and very high
casting heights. One typical situation is suchiegmir of the bottom side of a horizontal
slab or beam. The use of SCC improves the pog#bilof solving these situations in a
rational way.

1.2 Statement of Problem

Due to the above mentioned benefits, SCC is cuyr@npotential concrete used in
many countries. However, due to the relatively shatory of SCC, efficient methods for
mix proportioning are essential for promoting tiee wf SCC. A method, developed at the
University of Tokyo, is the prototype method thaishbeen extensively employed in the
first period of development. This simple methoduasss that SCC is generally supplied
from ready-mixed concrete plants, in which the seaand fine aggregate contents are
fixed, so that good filling ability can be achievby adjusting only the water to powder
ratio and superplasticizer dosage (Okamura, etl@b5). Some subsequent researchers
have modified the method with the aims of produaimgre efficient mixes from a wider
range of materials such as the methods of Delfvérsity, University College London, and
Ouchi et al. etc. (Domone, 2000).

Desirably, a good mix design method should covewide range of concrete
performances and be applicable to various availatdeerials. Based on several different
approaches, a number of SCC mix design methods lieere proposed with some inherent
limitations, either in the materials or in the rangf concrete performances. In addition,
traditional mix design methods requires makingrgdanumber of trial mixing batches as
the main process to choose suitable ingredientsontrete and determine their relative
quantities and to check the calculated mix propagifor the required properties such as
the workability, strength, and durability. For SAGCis not possible to attain this purpose
from such the traditional method of mix proportiogui A prediction model of concrete
properties is adopted as a mean of minimizing theproportioning process by reducing
the number of trial mixes. And it could be a usefpproach to establish the rational mix
design method.

Even though popularity of self-compacting conc(&€EC) in concrete construction
has increased in many countries, its use is stiitéd in Thailand due to the main reason
of its high cost. Industrial wastes and by-produwse been introduced in Thai concrete
industry to conserve natural resources and enviemiras well as to reduce the cost of
concrete. As an example, fly ash, a by-product ftbemmal power plants, has been widely
used in concrete as a pozzolanic material for ogpdaa part of cement due to its main
benefits on workability and durability (Tangternisid, 1998). The idea of using available
industrial wastes and by products to replace nhtaggregates is another alternative
solution to obtain a reasonable concrete costesabout 60 to 80 % of concrete volume is
occupied by aggregates.



1.3  Objectives and Scope of the Study

Main objectives of this study are to develop modetspredicting filling ability of
self-compacting concrete and to provide basic m#tion for using some available waste
materials in SCC mixtures in order to promote mapgplication of SCC in Thailand’s
construction.

To achieve self-compaction of fresh concrete, S@€th be designed to have good
filling ability that is defined as the ability tdlfformwork and encapsulate reinforcing bars
only through the self-weight with ensured homogsnédi can be simply described by three
functional requirements, including deformabilitygsistance to segregation, and passing
ability. Hence, the models for predicting deforntiépi segregation and passing ability
through narrow spaces are developed, which areidsmesl as the useful tool for
establishing a rational mix design method of SCle @evelopment scheme is illustrated
as in Fig. 1.1. The model for predicting deformidyiis developed based on the concepts
of free water content and inter-particle forceshi@ concrete. It includes prediction models
for deformation capacity and for velocity of def@tion. Segregation is considered to
have relationship with bleeding, so a predictiordeidor bleeding is adopted in this study.
Passing ability can be simulated by adopting a méatepredicting aggregate blocking
during SCC flow through narrow spaces. The pararsatonsidered in the model are size
distribution, volumetric ratio, shape and maximume 2f aggregates, as well as the effect
of viscosity of the concrete, clear spacing and siizthe reinforcement. It is noted here that
the proposed models are limited for self-compactingcrete without static segregation
and containing no viscosity agents.

Moreover, the locally available materials shallagplied with the achievement of
required performances and effective concrete costekpanding the use of SCC in
Thailand. Therefore, this study also focuses onutbee of some industrial wastes in SCC.
Effects of bottom ash and very fine sand on progef SCC are thus studied to compare
the properties of SCC mixed with either bottom amh very-fine sand as partial
replacement of fine aggregate with the propertfab® control SCC made from river sand.
Test methods for slump flow, 50-cm slump flow tilmed L-box passing ability are
performed to assess the filling ability. Some erties of hardened concrete i.e. porosity,
pore size distribution and compressive strengthirarestigated. To assess the durability,
chloride penetration, carbonation depth, dryingrédage, and expansion in sodium sulfate
solution are also observed.
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Fig 1.1 Diagrammatic illustration of a design agmio for mix proportioning of SCC
based on filling ability prediction models




Chapter 2

Theoretical Background and Literature Review

2.1 General

This study concentrates on the formulation of mddelpredicting filling ability
and the application of bottom ash and very finedsfan self-compacting concrete. Many
researchers have studied fresh properties of SQCuaa of some industrial wastes in
concrete, as well as proposed design approachesiforproportioning of SCC. The
followings are summaries of such studies.

22 Filling ability of SCC

According to the report of RILEM technical commét8CC-174, self-compaction
of fresh concrete is achieved by designing the @acto have suitable inherent filling
ability that is defined as the ability to fill forwork and encapsulate reinforcing bars only
through the self-weight of the concrete with regdiperformances and uniform-quality. As
a fresh state, filling ability can be characterizedelation to the functional requirements
which are deformability, resistance to segregatsnd passing ability (Tangtermsirikul, et
al., 2000).

2.2.1 Deformability of SCC

Under its self-weight, self-compacting concrete trhes able to deform or change
its shape very well. The meaning of the deformpbihicludes both the flow, in terms of
how far from the discharge the concrete can flonge&formation capacity, and the speed
with which it flows, or called velocity of deformah. An ideal SCC should have as large
as possible the deformation capacity and velocftydeformation. However, too large
deformation capacity and velocity of deformatiorll weésult in segregation. So, to attain
the preferred deformability, SCC should be desigioeldave proper values of deformation
capacity and velocity of deformation. With the sfuffow measurement, the deformation
capacity can be evaluated as the final flow diamefethe concrete measured after the
concrete has completely stopped deforming. By themes method, the velocity of
deformation can be evaluated as the time the ctentakes to reach a certain deformation
such as the flow diameter of 50 cm (Tangtermsiriktibl., 1992).

2.2.2 Resistanceto Segregation of SCC

Self-compacting concrete has to have enough defulityaand at the same time
enough resistance to segregation to perform imdilability efficiently. Resistance to
segregation means the ability of the particle sosipg to maintain homogeneity
throughout the mixing, transportation and castinacess (Skarendahl, 2000). SCC should
not have excessive segregation in neither statiaddgnamic states: bleeding, segregation
between paste and aggregate, and segregation iskecaggregate leading to blocking. To



avoid the segregation between water and solids kgsential to reduce the amount of
movable water in the mixture.

2.2.3 Passing Ability of SCC

In cases where there are narrow openings or spadbs formwork or where the
reinforcement is congested, an extra requiremesntdde fulfiled namely passing ability
or the avoidance of blocking of coarse aggregdtesugh bridging. So, passing ability is
defined as the ability of the concrete to passaubss like narrow sections in formwork,
closely space reinforcing bars etc. without gettihgcked by interlocking of aggregate
particles (Skarendahl, 2000). There must be a etibijity between the size and amount
of large solid particles in the self-compacting cmte and the clear spacing between
reinforcing bars and formwork openings that thectete must flow through.

2.3  Researcheson Deformability of SCC

Tangtermsirikul, et al. (1992) studied the veloodl deformation of SCC and
proposed a method for evaluation of velocity ofadefation by adopting the slump flow
test. The velocity of deformation was defined as #verage velocity of deformation
measured from 40 cm to 60 cm of the concrete flbwas found that the velocity of
deformation decreased with the increase of amofintiszosity agent even though the
amount of superplasticizer was increased to obtaixtures with the maximum filling
ability for each content of viscosity agent. In didda, the velocity of deformation
decreased with the increase of time after mixinger€ were a correlation between velocity
of deformation of the concrete and viscosity of tberesponding mortar and a good linear
correlation between the v50, which was definedh&ssecant velocity of deformation at
slump flow of 50 cm and the average velocity ofaodefation. Therefore, the v50 was
utilized as the simple parameter for evaluatingeiy of deformation.

Ouchi, et al. (1996) investigated the effect of esppasticizer on the balance
between flowability and viscosity of mortar in setimpacting concrete. From his
experimental results, the ratio of funnel speeflio area of mortar with a fixed amount of
superplasticizer was found to be almost constadgpendent of the water-powder ratio. A
higher amount of superplasticizer resulted in aglowtio of funnel speed to flow area. The
ratio was proposed as an index for the effect pegplasticizer on mortar flowability and
viscosity from the viewpoint of achieving self-coagpability. This index was convenient
for evaluating the amount of superplasticizer faper flowability and viscosity of mortar
using only one set of experimental results. Thati@hship between superplasticizer
amount and its effect was found to differ dependimg the type of powder or
superplasticizer. The difference could be indicajedntitatively by the proposed index.

Domone, et al. (1999) focused on properties of anddr SCC. The results reported
that many of the important parameters that inflgetiee performance of SCC could be
assessed by test on mortars, on which the workahbilid workability retention depends on
a combination of factors, including the powder cosipon and the dosage and type of
superplasticizer. In addition, it was found thaingy blends of powder had potentially
very useful properties in this respect. They aéqmorted that the two most commonly used
single point tests, the spread and V-funnel flawetj had been shown to be closely related
to the Bingham constants of yield stress and glasticosity respectively, and therefore the



use of either of these individually did not givesatisfactory indication of the mortar’s
performance.

Saak, et al. (1999) investigated the influenceasfous admixtures on the rheology
of cement paste for being used in self-compactiagcrete. It was reported that the
viscosity of cement paste was dependent on ther stigary of the sample. The results
showed that at the same vyield stress, the melab@red superplasticizer had a lower
equilibrium viscosity than the naphthalene supetpiezer. Also, the yield stress and
equilibrium viscosity increased significantly foagie containing 30 % silica fume by
volume as the superplasticizer dosage was decreaSett stress and viscosity increased
in a similar manner due to small additions of stefaoated cellulose powder. At zero
yield stress, replacement of cement by 30 % silioae by volume led to a 36 % reduction
in equilibrium viscosity compared to cement pasistaining only superplasticizer, which
could be attributed to an increase in the solikpacdensity and spherical morphology of
the silica fume particles. Additionally, at thensa yield stress, a lower viscosity was
possible through adjustment of superplasticizeagesr cellulose content.

Yahia, et al. (1999) investigated an effect of fhgixal parameters on self-
compactability of concrete containing various matexdmixtures. It was found that when
incorporated at a fixed coarse aggregate volum&0d¥o, by unit volume of concrete, in
mixtures made with 45 % sand by volume of mortad @repared with a w/c ranging
between 0.83 and 1.03, by volume, high deformgbiMas achieved. Also, the fresh
properties of concrete were in good agreement thitse of the matrix of mortar. On the
other hand, rheological properties of the matrixnadrtar, sampled form concrete mixer
before adding coarse aggregate, were lower thaetbbtained with original mortar mixed
with Hobart mixer. Moreover, self-compactability odncrete was roughly related to the
couple value of yield stress and plastic viscosityhe matrix of mortar. Low vyield stress
and optimum plastic viscosity were required to aehi accurate deformability. And
suitable range values for rheological propertiethefmatrix of mortar that could be used to
proportion self-compacting concrete were estabtistog a given range of materials and
mixture proportioning. Additionally, fly ash coukkcure higher viscosity and lower yield
stress than limestone powder for mixtures preparigd a w/c ranging between 0.83 and
1.03, by volume.

Golaszewski, et al. (2002) presented the influemde chemically different
superplasticizers on the rheological properties stdndard mortars. The rheological
parameters of mortars, yield value and plasticoggyg, were determined using rotational
rheometer. The influence of the performance of glpsticizers was investigated taking
into account following factors: chemical base gbexplasticizers (i.e. naphthalene sulfonic
acid, polycarboxylate acid, policarboxylate esteslyperplasticizer dosage, wi/c ratio,
cement type, cement physical and chemical properdied temperature. The results
presented that by testing rheological parametennartars with rotational viscometer, it
was possible to precisely determine the performafseperplasticizers.

Wallevik (2006)concluded that a relationship between the yieldsstrand slump
depended on the concrete mixture proportions. Mmexisely, a particular trend line
between the yield stress and slump seemed to dependlume fraction of matrix used in
the concrete. The study showed a low correlatiawéxen the slump and plastic viscosity.



Felek@lu, et al. (2006) studied the selection of amourd gype of powders from
the viewpoint of fresh state rheology. The influenof powder materials on self-
compactability, viscosity, and strength were corapawith a properly designed set of test
methods (mini-slump, V-funnel tests, viscosity meaments, and compressive strength
tests). It may be advised that, for each cementdpowplasticizer mixture, a series of test
methods could be used to determine the optimumeotrdnd type of materials for a
specified workability.

Sahmaran, et al. (2006) showed that the use ofraliaemixtures such as fly ash
improved the workability properties of SCC. Reptacpart of the binder with fly ash not
only caused a reduction in the dosage of cemensaperplasticizer. Properties in the fresh
state of SCC with high volumes of high-lime and Jlimve fly ash replacements were
investigated. The fresh properties of the concretee observed through slump flow and
diameter, V-funnel time, L-box, GTM sieve stabilityetting times and the rheological
parameters relative yield stress and relative iglagscosity. It was observed that the
geometry and surface characteristics of the fly aféfcted the workability properties of
SCC mixtures. As a result, it was possible to poed®CC incorporating fly ash
replacement volumes of up to 70 % with sufficiemeisgth.

24  Researcheson Bleeding and Segregation of Fresh Concrete

Soshiroda (1981) studied the segregation tendehcpmcrete containing a high-
range water-reducing admixture and its effects e Homogeneity of the concrete after
hardening. Segregation during placing was investtjady means of a modified remolding
test. Segregation during and after placing, incigdbleeding, was investigated by
examining the variation of internal structure ofdened concrete caused by segregation
and bleeding. The anisotropy in the direction dfticey and the heterogeneity relative to the
depth were examined as the variation on 150-mm cpeeimens and 150- by 150- by
450-mm columns, respectively. For the former, #resiie anisotropies were determined by
the splitting test changing the loading directiéor the latter, splitting tensile strengths,
unit weights and coefficients of water absorptietative to the depth as well as coarse
aggregate contents of both the top and the bottmiops were determined. There was no
great difference in the resistance to segregatiaring placing and the effects of
segregation on the homogeneity after hardening dmsiwthe concrete containing the
admixture and the conventional air entrained cdeongthout the admixture when slump,
water to cement ratio and fine aggregate perceraeg@eld constant. Excessive dosage of
the high-range water-reducing admixture tendedrtonpte segregation of fresh concrete
and subsequently tended to increase the heteragefdéiardened concrete with the depth.

Hoshino (1989) investigated the relationship betwbkeding, coarse aggregate,
and specimen height of concrete. The coarse aggré@gaoncrete had a slight effect on
bleeding water. This was based on assumption teatling water was affected directly by
the surface area of the particles and the surfeeze @er unit weight of aggregate particles
was far smaller than that of the cement and fingregate particles, the influence of the
cement on the amount of bleeding was thus gre#itavas found that, the amount of
bleeding water decreased with the increase of the of the coarse aggregate. The
influence of the shape of coarse aggregate on tkeding water was that irregular
aggregate caused more seepage water to be retaitted the concrete than spherical
aggregate does, so lower bleeding was achieved.



Tangtermsirikul (1989) studied the influencing tast which are surface area of
solid particles, water to cement ratio, air contmbleeding rate and bleeding capacity and
found that the larger the total surface area ofigmdrticles in the fresh concrete mixture
was, the lower permeability of the fresh concreigtume is. Therefore, smaller bleeding
rate could be expected. For effect of water to cematio w/c, cement pastes with higher
w/c ratio gave higher value of bleeding rate fameat pastes made from same cement and
it could be expected that the cement paste witlhdrigv/c ratio gave higher bleeding
capacity than that with lower w/c ratio since cemmeaste with higher w/c ratio contains
larger amount of water in the mixture. For effetsample height, the higher sample gave
rise to larger bleeding capacity.

Whiting, et al. (1992) reported that the effects vaditer reducers on bleeding
depended on the chemical composition of the admaxtd reduction of bleeding could
result in the difficulties for finishing the flaugaces when rapid drying conditions were
present. The effectiveness of water reducers ogretsmwas a function of their chemical
composition, concrete temperature, cement compasétnd fineness, cement content, and
the presence of other admixtures.

Nabil (1999) studied the effect of blended fly agiment on the bleeding of fresh
mortars. It was reported that when using a grolyma@gh in mortar, the bleeding of fresh
mortar depended on the original fineness of thedlly and decreased significantly with an
increase in the fineness of the fly ash.

Assaad, et al. (2004) proposed test methods teaske resistance to segregation
and surface settlement during the plastic stag8@E. The methods included evaluating
surface settlement, aggregate segregation, andteniogi in-place changes in electrical
conductivity. The surface settlement test is appabg to assess the stability over the
dormant period. The column segregation test isuligef determining the distribution of
coarse aggregate throughout a column of fresh eteand can be adopted for testing SCC
at the batching plant or at the job site. The sgajten index from this test could be related
to the apparent yield value g and torque plastscosity h determined using a concrete
rheometer. SCC was found to possess a suitablegsgm index of 2 to 4% when the g
and h parameters ranged from 0.3 to 1.7 N.m andol30 N.m.s, respectively. An
electrical conductivity test was shown to offer arenprecise way to monitor the in-place
stability of mortar taken from the SCC. Sensitindexes deducted from the conductivity
curves could help to interpret the overall stapilf the system and provided relevant
information on internal water migration and segtegaof solid particles in the plastic
system.

Fumoto (2004) studied an evaluation index for sgafien resistance and the
qualities of powder relating to the index. The aadion was proposed as the ratio between
coarse aggregate weight in concrete containedaraWwer part of cylindrical vessel and
that in upper part after tamping by a steel rodsThdex more accurately expressed the
segregation potential under construction. Plasigcosity of mortar and volumetric
percentage of coarse aggregate in concrete maifilenced the index. The influence of
fly ash, Blast-furnace slag powder, limestone pawdeished stone powder, and recycled
concrete powder on properties of a mortar was tiyated. It was found that the flow of
mortar mixed with powder having rough surface laygkecreased with increasing plastic
viscosity due to the increase of quantity of powder



Safawi, et al. (2004) studied the effect of vibwaton segregation tendency of high
fluidity concrete. It was reported that the vistpsif concrete must be enhanced to balance
the flowability of concrete and the coarse aggregitribution at the same time. Concrete
flowability and viscosity were quantified by theastlard slump test and V-funnel test,
respectively. Despite being flowable, the studyateded that concrete viscosity was an
important parameter in determining the tendencycé@arse aggregates to segregate. Large-
sized coarse aggregates were affected more byibhation process than the small-sized
ones.

El-Chabib, et al. (2006) presented an extensiveerx@ntal program to evaluate
the segregation potential of a wide range of SCQtures. A simple test method for
quantitatively evaluating the segregation of SCCswmoposed and its results were
compared to that of other test methods in thedlitee. The large created experimental
database was also used to train an artificial meoetwork (ANN) that was able to
accurately predict the segregation resistance Wf$E€C mixtures unfamiliar to the model.
ANN response in simulating the effect of basic migtingredients of SCC on its resistance
to segregation were compared to those obtained) asitual experimental results.

Thumasujarit (2006) conducted comprehensive expmarisn to clarify the
mechanisms of bleeding of fly ash concrete. The pnoportion of concrete was designed
based on variation of ratio of paste volume to woadlime of aggregate phase, water to
binder ratio, type and replacement percentageyodsh and limestone powder, type and
dosage of water reducing admixtures, height ofisp&t and concrete temperature in order
to investigate the effect of these parameters @edahg. Moreover, as the analytical
parameters, the amount of free water, effectivdasararea of solid particles, average
degree of reaction, and water retainability coefht of powder materials were computed
and investigated for their effects on bleeding.wias found that the increasing of
replacement percentage of fly ash, water to bind&o, ratio of paste volume to void
volume, dosage of admixture caused increasing eédahg. Fly ash with lower water
retainability also caused increasing of bleeding.

25  Researcheson Passing ability and Aggregate Blocking

Noguchi, et al. (1999) investigated the rheologiapproach for passing ability
between reinforcing bars of SCC. It was found thhhen fresh concrete passed through
narrow spaces, the reduction of relative excestepghgckness due to the increase of the
volume fraction of aggregate increased the rheoddgtonstants. The behavior of fresh
concrete passing through narrow spaces could beostpically interpreted as changes in
its rheological properties. By using a box-shapeadsmg ability tester, the experimental
equations determining volume fraction of aggre@atoncrete were obtained as a function
of the altered volume fraction of aggregate in cetecewhen passing through a space, ratio
of relative clearance between reinforcing bars, @adtic viscosity.

Ouchi, et al. (1999) proposed a simple evaluati@thod for interaction between
coarse aggregate and mortar particles in SCC. Thenkel speed of mortar with coarse
aggregate and that without coarse aggregate wemgpared. To avoid the blocking
occurrence, glass bead with the diameter of 10 nmam adopted as the model coarse
aggregate with the 20 % content in total volumenafrtar. As a result, the index for the
interaction was proposed as the ratio of the fuspelked of mortar with glass beads.¢R
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to that without glass beads (R It was found that the index.Jg§Rm was constant on
condition that the deformability or viscosity of ntar itself was in the range for achieving
self-compactability of fresh concrete, as well agppsed evaluation method by examining
the sand content in mortar to determine the setigarctability.

Petersson, et al. (1999) investigated the blockingelf-compacting concrete with
different maximum aggregate size and use of visgoagent instead of filler. The
investigation showed that the L-box was sensitiveblbcking. It also showed that the
blocking was more severe when using more that 8 ibathe L-box, which concluded that
the greatest influence was the number of bars. WiEng aggregate with smaller
maximum sizes the blocking was more severe in tkger@ments compared to the
calculations in the blocking model. This led to thkeommendation to keep the amount of
reinforcement constant (3 bars) and to use l1l.4stithe gap to the wall. The relative
concrete area constant should be constant e.gretsipve area = 0.21. With respects to
concrete properties, reduction of filler by usingiscosity agent indicated that up to about
10 % of filler could be replaced. The investigat@lso showed that when using viscosity
agent the workability by elapsed time decreasedpeaoad to mixes with only fillers. This
is a difficulty when using viscosity agent for seimpacting concrete. Also, the use of
viscosity agent thus gives better stability but ocahreplace the filler in the model. When
blocking is not the main problem then the viscoaignt can be used with of without extra
filler to keep the stability.

Tangtermsirikul, et al. (2002) studied on the optimaggregate phase based on
deformability and blocking criteria of SCC. It wasported that to attain the minimum
paste volume of SCC mixture, the concept of maxinaggregate particle distance based
on the void ratio-total surface area of the aggeeghase could be employed. Additionally,
they also proposed the blocking criteria which tedlethe aggregate blocking volume ratio
to the ratio between reinforcement clear spacirgdiameter of aggregate particle fraction
and the ratio between reinforcement diameter anxirman size of aggregate particle, as
well as coarse aggregate type. This was basedediatks that blocking was easier to occur
when coarse aggregate content was larger, maxinmemo§ coarse aggregate was larger,
clear spacing of steel was smaller, size of stexd larger and aggregate shape was more
angular. It was also evident that the proposedkigccriteria could be used to obtain SCC
which had minimum paste and had no blocking.

McBride, et al. (2006) examined the effect of agate content and gradation on
passing ability of SCC. The tested mixtures rangeel two uniform aggregate sizes, two
aggregate contents, two different mixture desigitopbphies, and a well-graded aggregate
mixture. Passing ability tests, slump flow testsrizontal flow tests, and stereology tests
were performed on these mixtures. Stereology idatisgcal counting technique used
primarily by natural scientists. Concrete reseastiave used this to describe bubble size
and distribution in concrete. A vertical flow boxagvdeveloped by McBride to determine
the passing ability of the various mixtures. Vasdaar spacing were tested. It was reported
that two stereology parameters could be correlatedhe minimum bar spacing that
allowed SCC to pass. These parameters were tlreafathaximum aggregate size to mean
aggregate free distance and the ratio of maximuyneggte size to mean aggregatedom
spacing.
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26  Prediction Modelsfor Workability

Kitticharoenkiat (1998) proposed a slump predictiorodel based on water
retainability and free water concepts and modiffeeimodel proposed by Pongcorncharoen
for predicting the workability of fresh concretehd major parameters utilized for
predicting the slump value of fresh concrete wéwe free water content (M) ratio of
paste volume to void content of aggregate phasesrface area of aggregate phasgy(S
and surface area of powder materiajo¢$ The volume of free water was obtained by
deducting the water retained in and on the surfeiceghe powder materials and the
aggregates from the unit water content of the aeteamix. It was confirmed that the slump
of fresh concrete varied linearly with free watentent (W) in the mixture when the is
constant. The verification of the model with thetuat results obtained from various
researchers showed that the model could be usa@dict the slump of fresh concrete with
satisfactory accuracy.

Khunthongkeaw (2001) modified the model proposedKiiticharoenkiat (1998)
for predicting workability of fresh concrete. It wdound that the factors influencing the
four analytical factors (viz. Wy, Sigg and Sow) for predicting the workability of fresh
concrete were not adequate to cover all physicathem@sms. The major additional
physical mechanisms introduced into the model wie filling effect of ultra-fine
particles, the lubrication ability of spherical pwev particles, effect of porosity, shape and
gradation of powder on water retainability of powdad environmental temperatures. The
filling effect of the fillable powder releases thater trapped in the voids among cement
particles and increases the free water conterfieofrtixture. The amount of minimum free
water required to initiate slump was consideredhas result of inter-particular surface
forces among solid particles in the mixtures arehtformulated to have relationship with
of the effective surface area of the solid particlethe mixture. Moreover, the lubricating
effect of the spherical powder particles reduces ittier-particular friction amongst the
larger particles and this reduces the amount ofirum free water required to initiate
slump. It was confirmed that the slump of fresharete varied linearly with free water
content in the mixture and non-linearly with théioaof paste volume to void content of
aggregate phase. He thus proposed a model forcgregdiworkability of concrete and
mortar with and without mineral and chemical admmigf in which the relationship
between free water content in mixture and slumpealas extended to relate free water
content and other quantitative workability measginnethods, such as flow spread, slump
flow, and Vebe time. It was found that flow spreatt slump flow varied linearly with
free water content, but Vebe time of roller-compdctoncrete has non-linear relationship
with free water content.

Wangchuk (2003) proposed the model for predictmtal slump of fresh concrete
to consider the effect of water reducing admixtuaed the slump loss of fresh concrete.
The water reducing efficiency had been introducgtha indicator to categorize the water
reducing effectiveness of water reducing admixtutesvas considered that the water
reducing admixtures increased the slope of sluree-fwater content curves, reduced the
water retainability coefficient of the powder maaés and reduced the effective surface
area of the powder materials. It is beneficialhié tslump of concrete mixture at various
times after mixing can be predicted so that thekability leading to uniformity of
concrete can be achieved. It was found that wighetflapse of time after mixing, the water
retainability of the powder materials increased #nd was considered to reduce the free
water content in the mixture. It was also considdtet the effective surface area of the
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powder materials increased with time and causedfrie water content required for
initiating slump to increase.

Bui, et al. (2002) proposed a rheological model $3&C, developed based on the
paste rheology criteria that include minimum appareiscosity, minimum flow, and
optimum flow-viscosity ratio. The rheology criterid the cement paste matrix are related
to the average aggregate diameter and aggregatmgpanhich are influenced by physical
properties and content of aggregates. The propedie SCC were characterized by
guantitative measures of segregation and flow. ploposed model was developed by
testing more than 70 concrete mixtures.

2.7  Mix Design Approachesof SCC

Okamura and Ozawa (1995) proposed the first origima design method of SCC,
which was developed at the University of Tokyo. Tim@in features of the method included
the determinations of air content, coarse aggregaitent, fine aggregate content, water to
powder ratio, and dosage of superplasticizer. Ha#se aggregate content was set as 50 %
of the dry rodded weight in the concrete. The faggregate content was fixed at 50 % of
the resulting mortar volume. All particles largdran 0.09 mm were considered as
aggregate, while all equal to and smaller than @9 as powder. The ratio of water to
powder and dosage of superplasticizer were detednny testing mortar with the spread
and V-funnel tests. The measurement of spread lamdtime were converted to relative
area ['m) and relative flow time (R). The superplasticizer dosage and water to powder
ratio were adjusted untll',=5 and R, is between 0.9 and 0.11. These proportions were
then used as the starting point for trial mixeshaf concrete. A slump flow of 65 cm was
considered adequate. Since this prototype methadapplicable to mixtures containing a
limited range of Japanese materials, it had bebsesuently modified and developed by
many researchers for achieving more efficient mires a wider range of materials.

Ouchi, et al. (1998) proposed the method of det@ngia satisfactory combination
of water to powder ratio and superplasticizer desadnich was modified from the original
method. Each parameter used in the method waswatst independently, resulting in the
reduction of the number of the required tests. Bintio the original method, the main
concept involved the spread and V-funnel tests aftan, expressed in the forms of relative
area [m) and relative flow time (R), respectively. Test results showed that the
relationship betweem', and R, was linear for any particular value of superptazsér
dosage by weight of powder (B) and was of the form & AL,2# for any particular
value of water to power ratio by volume{¥y). This resulted in a single combination of
water to power ratio (MVp) and dosage of superplasticizer,/8§ for any particular
combination of",, and R.

Skarendahl (1998) summarized that the mix desigimadeof SCC used in Sweden
was developed based on the mix proportioning asi$ t&f mortar, similar to the original
method proposed by Okamura and Ozawa (1995). Thieosheonsisted of the fallowing
steps: identification of design criteria, deterntioi of the fine mortar volume, formulation
of the fine mortar composition, and formulationtieé concrete composition, respectively.
Deformability, spacing between steel bars, streragth durability of SCC mixture were
considered as the design criteria. The volumerad fnortar was determined by using the
tested void content of compacted aggregates angzama blocking criteria of SCC. The
composition of fine mortar was formulated by deteing water to powder ratio and
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measuring the rheology of the tested fine morttie Targeted properties of SCC mixture
was verified and modified by doing trial mix batsh&@he deformability of SCC mixtures

was achieved by using fines and superplasticizescogity agents were rarely used, but
might be considered as a way to obtain SCC wits Emnsitive to variations, e.g. in

moisture content of aggregates.

Walrawen (1998) reported that the original methbthe University of Tokyo was
adopted to be employed with Dutch circumstancesnmaattrials in particular a maximum
aggregate particle size of 16 mm, which was intdridebe applied to powder-typed SCC.
The mix proportion according to the general appnoa@s determined by the steps of
determination of air content (A), coarse aggregateme (G), fine aggregate volume (S),
water to powder ratio, and dosage of superplasticizspectively. The coarse aggregate
volume (G) was fixed at 50 % of total aggregatetuwe in the concrete. The fine
aggregate volume (S) was determined at 40 % ofmibwtar volume. The water to powder
volume ratio (\/Vp) was determined from the test of relative mortawfand relative
mortar V-funnel flow time. The adequate dosageupiesplasticizer was estimated by tests
on concrete with a slump flow of 65£5 cm. It wascafound that the quantity of coarse
aggregate could be increased to 60 % of the drgeddbulk density, which corresponded
to the maximum packing degree of the aggregateumaxtAt this aggregate content, the
required paste content was about 10 % less thaobit@ned by using the original method.

Chan, et al. (1998) developed a self-compactingnereged cementitious composite
(ECC) by optimizing the micromechanical parametessich control composite properties
in the hardened state, and the processing paranetdrich control the rheological
properties in the fresh state. In the developmericept of self-compacting ECC,
micromechanics was adopted to properly select @ueixnfiber, and interface properties to
exhibit strain hardening and multiple cracking bgba in the composites. With the
selected ingredient materials, the self-compadtaluf ECC was realized by the controlled
rheological properties of fresh matrix and the amf dispersion of fibers. The controlled
rheological properties of fresh matrix, includingfarmability, flow rate, and self-
compactability, was a result of adopting an optioc@hbination of a superplasticizer and a
viscosity agent. According to the measurementsuohg flow and the result of self-placing
test, the developed ECC was proven to be self-cotimga Flexural test demonstrated that
the mechanical performance of self-compacting EC&3 wisensitive to the externally
applied consolidation during placing, which confaun the effectiveness of the self-
compactability in maintaining the quality of theusttural elements.

Domone (1999) also extended the original methothefUniversity of Tokyo to
apply with U.K. materials. The main differenceghe original method were the increased
sand contents of mortar. A maximum ratio of watepbwder for segregation resistance
was obtained from powder characteristics measuitdtive spread test. The method was
applicable for SCC mixtures containing fly ash, G&Band/or limestone powder. Dosage
of superplasticizer was obtained from mortar teassjn the original method. Trial mix
process of the resulting concrete was still requiieg adjusting mix proportion to obtain
the specified values of slump flow, V-funnel timedaJ-box height.

Edamatsu, et al. (1999) proposed the mix-desigrhadefor SCC considering
interaction between coarse aggregate and mortdiclparby means of the relationship
between filling height of fresh concrete and raiforelative funnel speed of mortar with
glass beads (R) to that without glass beads{R Rny/Rm, obtained by a simple evaluation
method, and the influence of the physical propertieparticles in mortar on8/Rm. The
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results were summarized that it was possible tol@eynihe simple evaluation method for
the mix proportioning of self-compacting concretecéuse there was a close correlation
between filing height and R/Rn. Also, it was found that R/R, with the same
volumetric ratio of fine aggregate to mortar volueeluding air (V) was affected by
the physical properties of the fine aggregate avgay. Whereas, the tendency fordiRm

to decrease with increasing/V, over a certain value and then decrease sharplynotas
affected by the physical properties of the matsriabed. And the certain material
properties, which are the particle shape and trexage particle diameter of the fine
aggregate, had an influence oppfR, with the same YV, in the case of the same powder
used. On the other hand, in the case of the sameeaggregate, these influencing
properties were particle size distribution, powparticle shape, and coarse particles in the
powder. In order to establish a rational mix desigethod for self-compacting concrete, it
was necessary to quantify the relationship betwRgpR, and WV, by using these
physical material properties.

Su (2001) proposed a mix design method for SCCthgyproposed method, the
amount of aggregates required was determined,renpaste of binders was then filled into
the voids of aggregates to ensure that the obtaswttrete had flowability, self-
compacting ability and other desired SCC properfidee amount of aggregates, binders
and mixing water, as well as type and dosage oérplgsticizer (SP) to be used are the
major factors influencing the properties of SCQngb flow, V-funnel, L-flow, U-box and
compressive strength tests were carried out to meathe performance of SCC, and the
results indicated that the proposed method cowdduare successfully SCC of high quality.
It was also reported that compared to the methedldped by the Japanese Ready-Mixed
Concrete Association (JRMCA), this method was senpéasier for implementation and
less time-consuming, requires a smaller amountrafdss and saves cost.

Saak, et al. (2003) introduced a segregation-cledradesign methodology for
SCC. According to the theoretical assumption of teiudy, aggregate segregation is
governed by the yield stress, viscosity, and dgmdithe cement paste matrix. The concept
of a rheological self-flow zone (SFZ) for concretas introduced where aggregate
segregation was avoided, yet the concrete hadhavinogkability. The applicability of the
theory was studied by systematically changing temlogy of the cement paste matrix of
fresh concrete. The yield stress and viscosityhdd different types of pastes incorporating
silica fume and a cellulose thickening agent weeasnred as a function of density. A U-
tube apparatus was then used to determine the &F2ohcrete made with the different
cement paste compositions. The results suggesatdhd new segregation control design
theory could be used to produce SCC. The slump aofcrete produced using this
methodology was 29 cm, with no segregation of @aggregate even at the periphery of
the slumped material.

Sonebi (2004) reviewed statistical models obtaiinech a factorial design that was
carried out to determine the influence of four krameters on deformability, passing
ability, segregation, and compressive strength.s&hgarameters are important for the
successful development of medium-strength SCC.pEnameters considered in the study
were the contents of cement and pulverized-fue) astter-powder ratio, and dosage of
HRWRA. The responses of the derived statistical efmavere slump flow, fluidity loss,
rheological parameters, Orimet time, V-funnel tirhdjox, JRing combined with Orimet,
JRing combined with cone, fresh segregation, amdpcessive strength at 7, 28, and 90
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days. The models were valid for mixtures made Wi88 to 0.72 w/p, 60 to 216 kgfmf
cement content, 183 to 317 kg? of PFA, and 0 to 1 % of HRWRA, by mass of powder.

Kampmann, et al. (2006) proposed theoretical migigite methodology for SCC
based on minimizing the water quantities and usieqy generation superplasticizers. The
mix design took into consideration basic raw matgsroperties and required water content
for surface-saturating individual concrete ingretse A case study was performed using
locally available limestone material in Florida fealidating the mix design methodology.
The rheological properties of fresh concrete wevaluated using specific SCC test
procedures. The hardened concrete engineering mpiegpewere also evaluated for
representative mix designs.

2.8 Useof Industrial Wastes as Concrete Aggregate

Kourd (1989) studied the influence of natural amdshed stone very fine sand
(finer than 75 micron) on the performance of fresid hardened concrete. The study
indicated that the water demand increased rapidignamthe VFS replacement was more
than 5 % in natural sand concrete and more the# irbcrushed stone sand concrete. Data
of bleeding water indicated a definite beneficifet from the incorporation of more VFS
in the fine aggregate. Furthermore, the compressirength of constant slump concrete
decreased linearly with increasing percentage db Véplacement; the flexural and bond
strength were similarly affected. For concreteshwibnstant water to cement ratio,
incorporation of VFS resulted in significant redoaotin slump. Although the compressive
strength of natural sand concrete was not sigmfigaaffected by the incorporation of
VFS, crushed stone sand concrete indicated anaselia strength.

Baguant (1995) investigated the properties of catecwith bagasse ash as fine
aggregate. Bagasse is the fibrous residue of suzyes, which is burned for energy leaving
various types of ashes as waste residue, of whiate gash was found to be the most
suitable for use in concrete. Grate ash showed phemical reactivity with portland
cement, making it not very effective as a pozzalanaterial. It can, however, be used as a
fine aggregate of concrete. The use of only theaashne aggregate gave harsh concrete
with low workability and poor cohesion. This waspiraved by blending about 25 %
normal sand with the ash. Bleeding was less thah camparable with that of normal
concrete. Grate ash concrete, in particular theetastrength mixes, had 10 to 18 % higher
initial drying shrinkage, which require more stmmg curing precautions than normal
concrete. For a given strength, the grate ash etscequired more cement than normal
concrete. In comparison with normal concrete, gagh concrete had similar strength
development and shrinkage, slightly lower modulélasticity, and about 40 % lower
creep deformations. Grate ash concrete also sheiwethr durability properties to normal
concrete, in terms of their resistances to mechamibrasion, water absorption, chloride
diffusion, and carbonation. However, due to theopity of the grate ash particles, the
concrete had a much better resistance to freezidghawing attack than normal concrete,
even though all concretes were non-air-entrained.

Ghafoori, et al. (1997) studied the use of lighitsed bottom ash as a fine
aggregate in structural grade concrete. Bottomcasitrete was combined with portland
cement, crushed limestone coarse aggregate, ared teaproduce concretes with cement
contents ranging from 297 to 475 kd/end uniform slump of 100 mm. The engineering
characteristics of mixtures made with bottom ashreweompared with those of
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conventional concretes in order to evaluate thecéffeness and suitability of bottom ash
as a possible fine aggregate in portland cemergebasxtures. It was concluded that the
use of bottom ash increased the demand for mixiagemwin obtaining the required
workability. As a consequence, both fresh and heedeproperties were impacted,
particularly for mixtures with low cement contelthen a water reducing admixture was
used, the engineering properties of bottom ashretex were similar, and in most cases
superior, to those of control concretes.

Bakoshi (1998) studied the strength and durabdgftgoncrete using bottom ash, an
industrial by-products discharged from coal-firedrmal power stations, as replacement of
fine aggregate. The concrete mixed with bottom fagim O to 40 % in volume for fine
aggregate was investigated. The test results ofctimerete strength indicated that the
compressive strength and tensile strength of botssmconcrete generally increased with
the increase of replacement ratio of fine aggregate curing age. The freezing and
thawing resistance of concrete using bottom ashlawasr than that of ordinary concrete
and the abrasion resistance of bottom ash conevate higher than that of ordinary
concrete. The use of bottom ash in amounts of YD % as replacement for fine aggregate
was effective in improving the concrete propertesept for the freezing and thawing
resistance.

Uchikawa, et al. (1998) examined the workabilityesgth development, hydration
of cement, composition and structure, and harmfaments of High Volume Waste
Concrete (HVWC). Incineration ash of urban refusd sintered coal ash were used as the
substitution for fine aggregates, while sinteredage sludge and glass cullet were used as
the substitution for coarse aggregates. It wasroted that HYWC could keep good
workability without segregation and developed higsteength than ordinary concrete even
though the amounts of waste-derived aggregatesriorete exceeded 600 kg/nincrease
in combined water in hardened HVYWC and the produactf cement hydrates i.e. C-S-H
with age was normal and the influence of trace el contained in waste-derived
aggregates on the cement hydration was negligibdéerease in the amounts of Ca(QH)
and increase in C-S-H, which was estimated from gbee volume of 3 to 6 nm in
diameter, was recognized in later age in the casenvblast-furnace slag or fly ash was
used as a binder. Non-uniformity in distributionagfgregate, large pore and microgroove
between aggregate and cement paste which might dgcthe use of large amounts of
waste-derived aggregate was not observed. Ther@ovemmarkable difference in type and
quantities of elements between HVWC and ordinancoete dissolved from them.

Ghafoori, et al. (1998) reported the behavior tolatory-made roller compacted
concretes (RCC) containing pulverized coal combuskigh-calcium dry bottom ash as a
fine aggregate. Different RCC mixtures with cememritents ranging from 9 to 15 %, and
coarse aggregate contents of 50, 55, and 60 % kg ofaotal dry solids were prepared at
the optimum moisture content and were consolidateti water-cured at different ages for
six months. It was concluded from test results B@C samples containing dry bottom ash
offered excellent strength, stiffness, and deforomaproperties, considering the range of
the used cement factors. In term of durability oftbm ash RCC, resistance to sulfate
attack, rapid freezing and thawing, and wear wenproved with increases in cement
and/or coarse aggregate contents.

Jianxiong, et al. (1999) studied on SCC mixed witiperfine sand and pozzolanic
materials. It was found that it was feasible to enaelf-compacting high performance
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concrete with superfine sand which fulfils the regunents for strength, durability and
construction work in which SCC with a slump of 180250 mm, slump flow 400 to 680

mm, and 28 day strength 50 to 68 MPa were madaanaboratory by using superfine
sand in combination with 30 to 60 % slag and fljp.asThus the cement content in the
concrete could be reduced by 30 to 60 %. Also, glmnd pozzolanic materials and
suitable superplasticizers played important roles making self-compacting high

performance concrete with superfine sand with Satisulfate resistance.

Jaturapitakkul, et al. (2003) studied the poterdfalsing bottom ash from tinae
Moh power plant in Thailand as a pozzolanic makefihe bottom ash samples were
improved its pozzolanic property by grinding utitié particle size retained on sieve # 325
was less thab % by weight and were used to replace Portlanceogtypel in mortar and
concrete mixtures. The results indicated thatparticle of bottom ash was large, porous,
and irregulashapes. The grinding process reduced the parizdeas wellas porosity of
the bottom ash. Compressive strengths of maxataining 20 to 3 % of bottom ash as
cement replacement were mueks than that of cement mortar at all agesthmituse of
ground bottom ash produced higher compressive gittitiian the cement mortar after 60
days. When ground bottoash was used at a 2 % replacement of cemenake concrete,
the concrete with higher cement content producgtidrpercentage compressive strength
as well as a higher development rid@n those of the low cement content concretesh Wit
the cement content in ground bottom ash concrete of @260 kg/ni, the concrete
needed 14 and 60 days, respectividydevelop higher compressive strength than that of
the concrete without bottom ash. As a result ofdbmpressive strengths, it was concluded
that ground bottom ash could be used as a good|zriez material.

Naik, et al. (2004) studied the use of high volurag8ly ash, bottom ash, and used
foundry sand in the manufacture of pre-cast coacpedducts such as wet-cast concrete
bricks and paving stones. ASTM Class F fly ash wsed as a partial replacement for O
(reference), 25, and 35 % of Portland cement. Botash combined with used foundry
sand replaced 0O (reference), 50, and 70 % of rlegaral. Tests for compressive strength,
freezing-and-thawing resistance, drying shrinkagnel abrasion resistance were conducted
on the wet-cast concrete masonry units manufactatradcommercial manufacturing plant.
It was concluded that all wet-cast bricks couldused for both exterior and interior walls
in regions where freezing and thawing is not a eamcand for interior walls in regions
where freezing and thawing is a concern. None ef iet-cast paving-stone mixtures,
including the reference mixture, satisfied all &&TM requirements for paving stones.

Bai, et al. (2005) investigated the strength aryihdrshrinkage of concrete with the
natural sand replaced with furnace bottom ash (F&A), 30, 50, 70, and 100 % by mass,
at fixed water to cement ratios and fixed slumpgemn The results showed that, at fixed
water to cement ratios, the compressive strengthtlae drying shrinkage decreased with
the increase of the FBA content. However, at fiwaatkability, the compressive strength
was comparable with that of the control concrethilavthe drying shrinkage increased
with the increase of the FBA sand content beyond@3feplacement level. Nevertheless,
30% of the natural sand could be beneficially repthwith the FBA sand to produce
concrete in the compressive strength range frono460 N/mnf without detrimentally
affecting drying shrinkage properties of the cotere
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Chapter 3

Experimental Program

31 General

Generally, development of models to predict defdnifitg, segregation, and
passing ability of SCC requires understanding bfedhted mechanisms and relationships
between various influencing parameters.

Various parameters considered, in the model, tmente deformability of fresh
SCC are ratio of paste volume to void content ofsééy compacted aggregate phgse
free water content, water retainability of aggregaand powder materials, surface area of
aggregate and powder materials, type and dosageapefrplasticizer, and water reducing
efficiency of superplasticizers. Prediction model bleeding is formulated based on
concept of free water, surface area of solid pagiin concrete and degree of reaction of
binders. The parameters considered in model fodigirg passing ability are size
distribution, volumetric ratio and shape of aggtega The effect of viscosity of the
concrete, clear spacing and size of the reinforoermee also considered for passing ability
through narrow openings.

In formulation of models for predicting slump flowp-cm slump flow time and
bleeding, the constituents of the tested SCC mastuvere proportioned by varying water
to powder ratio, ratio of paste volume to void @mttof aggregate phase, replacement ratio
of fly ash and limestone powder, type and dosagsupgtrplasticizer. Shape and size of
coarse aggregate, and diameter of steel bars vesredvto study their effects on L-box
passing ability of the tested SCC mixtures to fdateua prediction model for passing
ability.

To study effects on properties of SCC of bottom asti very fine sand as partial
replacement of total fine aggregate, the mix proporof SCC was determined by fixing
the ratio of paste volume to void content of depseimpacted aggregate phase and the
water to powder ratio. The mixture using only rigand as fine aggregate was considered
as the control concrete. Bottom ash and very farelsvere used to replace fine aggregate
at various percentages.

3.2 Materials Used

321 Cement
Ordinary Portland cement Type 1, Elephant Brandfaroning to ASTM C150-92

Type 1, and manufactured by the Siam Cement (K&mgCo., Ltd., Thailand was used
throughout the study.

19



3.2.2 Flyash

Lignite fly ash collected from Mae Moh Lignite Powielant in Lampang Province
was used.

3.2.3 Limestone Powder
Limestone powder from the Siam Mortar Co. Ltd., ildral was used.

The chemical compositions and physical propertiesement, fly ash, and lime
stone powder used in this study are summarize@eTA-1 of Appendix A.

3.2.4 Bottom Ash

Bottom ash | collected from the power plant of ThAairylic Fiber Co., Ltd. in
Saraburi province of Thailand was used to studyeffects of bottom ash on properties of
SCC. Bottom ash Il collected from Mae Moh powernplan Lampang province and
expanded clay lightweight aggregate imported fronkaCo., Ltd. of Spain were used to
confirm the reliability of the test method develdpa this study for water retainability of
porous fine aggregate. The chemical compositiomspdnysical properties of both bottom
ashes and expanded clay used in this study aed listTable A-2 of Appendix A.

3.25 FineAggregate
Fine aggregates were categorized into two typésllasvs.

1) Normal sand was used as the control fine agtgedais natural river sand
passing sieve no. 4 and has the fineness moduydasifis gravity, and absorption of 2.78,
2.65, and 0.7 %, respectively. Its properties cgmpth ASTM C33-92a..

2) Very fine sand was used as partial replacemietatal fine aggregate to study its
effects on the filling ability of SCC. It is alsatural river sand but having the fineness
modulus 1.2 to 1.7, which is normally employed laspering or decorated purposes. It is a
by-product from the production process of normaidsased in concrete industry. The
gradation of normal sand and very fine sand usethig study is shown in Table A-4.
Specific gravity and absorption of very fine sanel 2.65 and 0.8 %, respectively.

3.2.6 Coarse Aggregate

Crushed limestone with maximum sizes of 12, 19, 2manm from a single source
were used. The coarse aggregate was washed to eedimdvand subsequently stored in
clean and sealed buckets. Gradations of crushessione are summarized in Table A-6
and its specific gravity and absorption are 2.7@ @5 %, respectively.

3.2.7 Mixing Water

Ordinary tap water was used throughout the study.
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3.2.8 Superplasticizer

Four bases of water reducing admixture and supsipizers from different sources
and different lots as shown in the Table 3.1 wesedu The properties of water reducing
admixture and superplasticizers are shown in TAblen Appendix A.

Table 3.1 Type and source of water reducing admastu

Base ASTM | Trade Name Source Designated
Type as in this study
Lignosulfonateg D Daratard 500 W R Grace (Thailand) Retarder
F Mighty MX | Kao Industry (Thailand)] Naphthalene (1)
Naphthalene =< o ment FE Sika (Thailand). Naphthalene (1)
Melamine F Sikament FB Sika (Thailand) Melamine
Polycarboxylate F ABVA 105 W R Grace (Thailand) Polycarboxylate

3.3 Determination of Material Properties
3.3.1 Cementitiousand Powder Materials

Chemical compositions of cement were analyzed ¢oraance with ASTM C 114-88.
The specific gravity and specific surface area efment and limestone powder were
analyzed in accordance with ASTM C 188 and ASTM @-22, respectively. The
chemical compositions and physical properties ya8h and bottom ash were analyzed in
accordance with ASTM C 311-98b.

3.3.2 Aggregates

The specific gravity of fine aggregate and coarggregate were tested in
accordance with ASTM C 128-97 and ASTM C 127-88pestively. Sieve analysis was
carried out according to ASTM C136. Compacted vomhtent of mixture of fine and
coarse aggregates was performed following ASTM C29M-91a.

Since there is still no standard test to directgasure the specific surface area of
aggregates, the specific surface area was caldulledm the gradation curve by assuming
that the aggregate has a spherical shape and pipéyirg a shape factor to account for the
irregularity of the particles (Kitticharoenkiat, 98, Khunthongkeaw, 2001, and Wangchuk,
2003).

34  Determination of Mix Proportions
Mix proportion of the investigated SCC mixturestins study was determined by

varying the ratio of paste volume to void volumedehsely compacted aggregate phase (
which is defined as

y= paste (31)
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where

Y Is ratio of paste volume to void volume of degsebmpacted
aggregate phase.

Vpaste IS Volume of paste, including volume of air vqids a unit volume
of fresh concrete, M

Vwid IS volume of void in the densely compacted t@gyregate phase
(fine and coarse aggregate) in a unit boundary melwf the
aggregate, m

The volume of paste can be derived as,
Vpaste = Ve + Vi + Vy + Vair (3.1a)
where

Ve Vi, Vi, Vair are volumes of cement, fly ash, water, and air,
respectively.

All mixtures of concrete tested in this study weesigned to have values in the
range from 1.4 to 1.8 and water to powder ratigjwarying from 0.25 to 0.45. It is noted
here that the mixtures with high w/p were intensilbyy determined to study the behaviors
of bleeding and aggregate blocking. Sand to tatgregate ratio by weight (s/a) was
controlled at 0.50 which was a little higher thae tatio giving the minimum void content
of the densely compacted aggregate phase waseskliecminimize paste content of the
mixture and to control the amount of coarse agdeeddy ash was used to replace total
powders at the ratios of 0 %, 30 % and 50 %. Liomestpowder was used to replace total
powders at 10 %. To investigate the effect of tymel dosage of superplasticizer on
deformability and segregation, the amount of egple bf superplasticizer was varied with
the dosage from 0 % to 2.0 % by weight of powder.

3.5 Determination of Water Retainability of Powder Materials

Tangtermsirikul and Kitticharoenkiat (1999) intradal an easy method for
estimating the water retainability of powder matksriby finding a point of lowest water to
powder material ratio by weight that initiates spuof paste using a mini-slump test.

A metal mold, in the form of a frustum of a conghwdimensions as follows: 48+4nm
inside diameter at the top, ®+mm inside diameter at the bottom and F%#m in height,
and a metal tamper, weighing 34®&+g and having a flat circular tamping face 25%m
in diameter, are used in the mini slump test.

The test is conducted by mixing the powder pasth wiguessed value of water to
powder material ratio starting from low ratio saattithe mixture has no slump. The
mixture, approximately one third of the volume b&tmold, is placed in the mold and
tamped 25 times with the tamper. The other twoipostof mixture are placed and tamped
until the mold is full. The excess is struck offdatihe mold is immediately removed by
raising it carefully in the vertical direction. Tl'ump of the mixture is measured. The
entire process is repeated by increasing the watpowder material ratio until slump is

22



initiated. The water to powder material ratio, whidnitiates slump, is the water
retainability coefficient[f) of that powder material.

3.6  Determination of Water Reducing Efficiency of Superplasticiser

The water reducing efficiency of water reducing aduores is tested on powder
paste i.e. cement, fly ash, and lime stone powaetegs. Test method developed by
Wangchuk (2003) was adopted to obtain water reduefficiency of superplasticizers in
this study. It is determined by using a metal maldhe form of a frustum of a cone with
dimensions as follows: 43+mm inside diameter at the top,_B0mm inside diameter at
the bottom and 753-mm in height.

A similar method for determining the water reduceffciency of admixtures has
been described by Meyer and Perenchio (1979) ubiegnini-slump technique that was
developed by Kantro at the Portland Cement Assoadiat

The test is performed as follows: Powder pasteh witguessed value of water to
powder ratio that would give a flow diameter ab®80+5 mm is placed in the mold. After
filling, the mold is removed immediately by raisiiigarefully in the vertical direction and
the diameter of the flow of the cement paste issuesd. The water to powder ratio is
varied till the required flow diameter of 189+4nm is obtained. This is firstly tested for
control mixture without water reducing ladmixtur@hen for a given dosage of water
reducing admixture (the value of 0.5 % was recondrdnby Wangchuk (2003)), the
guantity of water is varied and the test repeatethé required flow diameter as that of the
control mix is obtained.

Fig. 3.1 Measurement of flow diameter of powdestpan the determination of water
reducing efficiency of superplasticizer

The water reducing efficiencyp’) of superplasticizer is subsequently given by
(Wangchuk, 2003) :

W
'=]-—wa 3.2
¢ W (3.2)

woa
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where

o is the water reducing efficiency of water reducing
admixtures.
Wuwoa Wwa  are the quantities of water required to attaffoa diameter
of 80+5 mm for paste without water reducing adnmetand
for paste with 0.5 % dosage of water reducing atimex
respectively.

3.7  Determination of Dispersion Factor Dueto Superplasticizer for SCC

By introducing superplasticisers into the concrgtywder particles are dispersed.
This dispersion force improves deformation of migtand is considered in the model by
introducing a factor called dispersion factor. Tdispersion factordfps is introduced to
account for the effect of dispersion due to theafsguperplasticizers on water retainability
of powders and inter-particle contacts in concréteom slump flow test, this factor can be
determined by the ratio of slump flow value of S@ixture with superplasticizer and that
of the same mix proportion without superplasticizerthe following expression.

SFvvoa
SE

wa

¢dps = (34)

where

ddaps IS the dispersion factor

SFuwa Is the slump flow of SCC mixture without watedoeing admixture,
cm.

SFKua is the slump flow of SCC mixture with water redwgcadmixture,
cm.

The effects of influencing factors on the dispeandiactor, i.e. ratio of paste volume
to void content of densely compacted aggregateeghaster to powder ratio, type and
dosage of superplasticizer, and water reducingieffcy of the superplasticizers, was
investigated and discussed in section 4.4.4 intenap

3.8  Determination of Filling Ability of SCC

In this study, the quantitative deformability of S€an be measured by slump flow
test. Measurements of bleeding water and staticegagon were performed to study
segregation of SCC. Passing ability of SCC thronglrow openings was measured by
using L-box apparatus.

3.8.1 Determination of Deformability

Deformability was defined and represented in thiglg by two terms which are
deformation capacity and velocity of deformatiory. tBe slump flow test, the slump flow
value, measured from the final flow diameter of te@crete, is a useful index to evaluate
the deformation capacity. Unlike the value of slutegt measured in the vertical direction,
the slump flow value is however determined from thameter of mixture after stop
flowing. The velocity of deformation can be measupg the 50-cm slump flow time £J),
simply obtained by recording the time the conctates to reach the flow diameter of 50
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cm after lifting the cone. The tests for slump flamd 50 cm-slump flow time were carried
out conforming to the standard method of RILEM Treéchl Committee-174, which was
based upon the original study of Tangtermsirikugle(1992).

3.8.2 Determination of Bleeding and Static Segregation

Measurement of bleeding water was performed folhgWASTM C232-99 Method
A (sample consolidated by tamping). A cylindricaintainer of 14.16 liters in capacity,
having an inside diameter of 254 mm and insidehiesd) 279.4 mm was used in this test.
After casting concrete into the container, draw (@fith pipette or similar instrument) the
water that had accumulated on the surface, at Iutes intervals during the first 40
minutes and at 30 minutes intervals thereafted natisation of bleeding.

Since there is no standard test to directly meah@&asegregation of fresh concrete,
both visual inspection test and the test method bgeAssaad, et al. (2004) were adopted
and modified to assess the static segregatiorisrstady.

Test for segregation by visual inspection was cotetliby examining the appeared
condition of fresh concrete during the slump fl@stf compared with the criteria of degree
of segregation as prescribed in the Table. 3.2.

Table 3.2 Criteria of degree of segregation byafisnspection test

Degree of Concrete Condition
Segregation

Non-Segregation | - - Coarse aggregate particles are
well dispersed thorough the
concrete flow area, especially at

the edge of the flow spread

- No bleeding water

Slight Segregation - Coarse aggregate slightly gathe

at the center of the concrete flow

=

S

- Appearance of a little bleeding
water at the edge of the concret
flow

117

25



Degree of Concrete Condition
Segregation

- Coarse aggregate significantly
gathers at the center of the
concrete flow and having very
little or no coarse aggregate
particles at the edge of the flow
spread

Segregation

The modified method based on the study of Assdaal, €2004) is another method
used in this study. It was conducted by examinireg\tariation of coarse aggregate along
the height of sample caused by static segregatyn.this concept, the volumetric
percentage of coarse aggregate in concrete manflyences the indication of static
segregation; therefore the distribution of coamggragate throughout the sample height is
investigated. The test was performed followinglie&w procedure:

After finishing bleeding water measurement (appmately 4 hrs.), the concrete
sample of the bleeding test was removed from thdagwer and equally separated into
three portions along the height of container iagg, tmiddle, and bottom. The concrete
weights of top and bottom portions were measureskidally, the segregated concrete
showed different coarse aggregate contents betweerupper and lower parts of the
container as illustrated in Figs. 3.2 and 3.3.

5,20 S>>0 /_ Bleeding Water
Q Qb 4 B e G,
feiad S S T
5 AQ g 4 T A
"""" La e
ag b G
Ailes g% 4 a ’

a) Homogenous Concrete ) Sdgregated Concrete

Fig. 3.2 Distribution of coarse aggregate alorghhight of concrete sample after finished
bleeding test
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b) Bottom portsd concrete sample

‘ a) Top portonof concrete sample

Fig. 3.3 Conditions of the top and bottom portadrconcrete sample removed from the
container

Subsequently, these two portions of the sample wiereed by using sieve no. 4 to
separate coarse aggregate from the other compoogkttie concrete. The weights of the
separated coarse aggregate are recorded. Thematibeof coarse aggregate to total
concrete by weight of the top and bottom concreigigns (G and G) were calculated in
percentage. Finally, the difference of coarse aggjee weight ratio to total concrete
between the top and the bottom concrete portiogswas employed to indicate the degree
of static segregation. The zero value @f iBdicated no static segregation of the tested
concrete, while the acceptable resistance to satjoegwas defined in this study by the S
value of not more than 10 % which was assessed-bgxLpassing ability with 20-mm
steel bars and 33-mm clear spacing to provide goasking ability through narrow
openings (more than 60 %). It can be calculatethbyollowing equation.

S = 6-G (3.3)

where
S is difference of coarse aggregate weight ratiotdtal concrete
between the top and the bottom concrete portions, %
Gp is weight ratio of coarse aggregate to total cetecof the bottom
concrete portion, %
Gt is weight ratio of coarse aggregate to total cetecrof the top
concrete portion, %

3.8.3 Determination of Passing Ability through Narrow Openings
The L-box apparatus was used to measure the paabitity of SCC through

narrow openings. It was installed with the vertioats to provide three narrow openings of
33 mm as seen in Fig. 3.4.
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Fig. 3.4 L-box test apparatus used to evaluat@assing ability through narrow openings

The test was commenced by filling the concrete th apparatus. After 1 to 2
minutes to let the concrete undergo static segrygdt there was, the gate was lifted in
order to allow the concrete to flow through thenfeicing bars.

Its test result is expressed in percentage of pgsbility calculated from the ratio
of the drop height (h) at the end of flow to thégmral height before the flow. A larger
value of h, the descent of the sample head, ineBcatbetter narrow-opening passing ability
of the tested concrete. In this study, the judgroeéfnot pass” or “blocking” for the L-box
test was defined by the passing ability value skléhan 60 % (Tangtermsirikul, et al.,
1995).

3.9 Experimental Programs

The experimental programs in this study were desigo explore the influencing
factors and their mechanisms and effects on fillaglity of SCC for formulating the
prediction models, as well as the effects of botawh and very fine sand on properties of
SCC. It is noted here that the amount of wateruipesplasticizer was also used to adjust
the unit water content and included in the cal¢cohet of concrete volume and mixture
parameters such as w/p and aggregate-to-pasts katged on 50 percent solid content of
SP. The solid content in the superplasticizer igasred in volume calculation and was
considered to have no effect on concrete propettiego its small quantity.

3.9.1 Effectsof Free Water on Deformability

Various mix proportions used for studying the efffet free water on the slump
flow and 50-cm slump flow of SCC were designedawdy values varying from 1.4 to 1.8
and water to powder ratio (w/p) varying from 0.260t45. Fly ash was used to replace
cement at the ratios of 0 %, 30 % and 50 %. Thagm®f superplasticizers was varied
from 0 % to 2.0 % by weight of powder. The testetk roportions of concrete are
summarized in Table B-1.
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3.9.2 Effectsof Superplasticizer on Defor mability

By introducing superplasticizers into the concr@wder particles are dispersed.
This dispersion force improves deformation of migtand is considered in the model by
introducing a factor called dispersion factor. Thgpersion factordgpy for modifying the
slope of deformation vs. free water content curgestroduced to account for the effect of
dispersion due to the use of superplasticizers atemretainability of powders and inter-
particle contacts in concrete.

An experimental program was designed to investijaesffects of the influencing
factors including the ratio of paste volume to voahtent of densely compacted aggregate
phase water to powder ratio, type and dosage of supstigizer, and the water reducing
efficiency of the superplasticizers on the disparseffect. The tested mix proportions of
concrete are summarized in Table B-1 in Appendix B.

3.9.3 Effectsof Free Water on Bleeding and Static Segregation

Test results of bleeding and static segregatioth@fmixtures were carried out, for
formulating the relationship between free watertewaetainability of powders, effective
surface area of solid particles and rate of hydratis. bleeding and segregation. The SCC
mixtures tested for this objective were designedvéiying they value, water to powder
ratio, replacement of fly ash, type and dosageupkegmplasticizers as shown in Table B-2.
To study the effect of concrete temperature onditeg the tests were performed at various
concrete temperatures i.e. 25, 35, an8&5

3.9.4 Effectsof Characteristicsof Coarse Aggregate and Size of Reinfor cementson
Passing Ability through Narrow Openings

A test program was designed to investigate thecsffef maximum size and shape
of coarse aggregate particles, and clear spacidgsie of the reinforcement as well as
viscosity of the concrete on L-box passing abilifjre slump flow of the tested mixtures
was controlled in the range of 65 - 70 cm withoisu®l segregation by varying dosage of
superplasticizer. The mix proportions are summadrize Table B-3. Crushed limestone
with maximum sizes of 12, 19, and 25 mm from alsisgurce were used for this purpose.
In this study, angularity factor proposed by Pow@®868) is used to account for the effect
of particle shape of aggregates {see Eq. (4.7d&ermination of the angularity factor}.
The coarse aggregate having the maximum size ahdBwith various particle shapes
were incorporated in the SCC mixtures for invesiigp its effects on passing ability
through narrow openings. The particle shapes ofctteese aggregate prepared for the
study include various shapes such as general, ahmasded, flaky, and elongated with the
angularity factor of 1.31, 1.13, 1.51 and 1.55pessively, as shown in Fig. 3.5.
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v =1.13

General crushed limestone Elongated
v =131 y =155

Fig. 3.5 Crushed limestone coarse aggregate witbusparticle shapes

Moreover, size of the steel bars installed in L-lpassing ability tester is varied to
observe its influences on the aggregate bridginthatvicinity of clear spacing between
steel bars. The L-box testers equipped with thegyambade from the steel bars with
diameters of 12, 20 and 25 mm and clear spacii®@ ohim were used (see Fig. 3.6).

——— . g - - i TP

a) Steel Diameter of 12 mm b) Steel Diameter off20 c) Steel Diameter of 25 mm
Fig. 3.6 Various diameters of the steel bars qupdgn the L-box apparatus

3.9.5 Development of the Proposed Test Method for Water Retainability of Porous
Fine Aggregate

As a porous fine aggregate, bottom ash was us#ei®CC mixture in this study.
Two main problems for the use of porous aggregatetlae moisture property of the
aggregate which is usually higher than that of ibemal aggregate and the difficulty to
measure the true moisture properties. In this stadyew test method to determine water
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retainability of porous fine aggregates is devetbpath the acceptable reliability within
reasonable time of testing.

Consistency of test results obtained from the psedaest method was evaluated
by comparing the standard deviation values of wagtainability from the proposed
method within a group of four test results carroed by four different persons with those
of the water absorption according to ASTM C 128reEnhfine porous aggregates, i.e.
bottom ashes | and Il (BA-I and BA-I1I) collectedin two sources in Thailand i.e. Saraburi
and Mae Moh Power Plant, and an expanded claywgght aggregate (EC) were used.
Chemical compositions and physical properties ef riraterials are shown in Table A-2.
Figure 3.7 shows the enlarged pictures of theseegates’ particles. River sand was used
as the control aggregate. The ASTM C 128 test noethias performed to obtain the
absorption of the fine aggregates to compare viighwater retainability achieved by the
proposed method. To prepare test samples, the wateprepared from 3 % to 60 % of dry
aggregate weight to mix with the oven-dried poraggregate.

In order to find the optimum test period, the pdsiof 6, 12, and 24 hours were
tested for the static method and the periods @624, and 36 minutes were performed for
the accelerated (vibration) method.

a) Bottom ash | (Saraburi) b) Bottom ash Il (Maeiy1  c) Fine expanded clay

Fig. 3.7 Bottom ash | (BA-I, Saraburi), Bottom dE(BA-Il, Mae Moh) and Fine
expanded clay (EC)

3.9.6 Application of the Proposed Test Method for Water Retainability of Porous
Fine Aggregate

Reliability of the developed test method was conéid by comparing the concrete
properties of the mixtures proportioned by usingewaetainability obtained from the
proposed test method with those prepared usingvéter absorption from ASTM C 128
method. Two types of bottom ash (BA-I and BA-ll)daan expanded clay lightweight
aggregate (EC) were used as partial replacemenfirfer aggregates of conventional
concrete (CVC) and self-compacting concrete (ST8¢. river sand concrete was regarded
as the control concrete. To eliminate effects ef éiggregate gradation on fresh concrete
properties, each gradation of river sand used hier dontrol mix were modified to be
identical to those of the combined river sand wahch porous aggregate and the
replacement levels (10 % and 20 %). CVC was dedigoéhave the values of 1.2 and
1.3, while SCC had thevalues of 1.5 and 1.7. Three porous materials weee to replace
fine aggregate at the ratios of 0 %, 10 %, and 20rB& dosage of superplasticizer was
fixed at the same percentage of binder content.té@ted mixture proportions of concrete
are summarized in Table B-4 in Appendix B.
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Tested properties of CVC and SCC proportioned bgguthe ASTM C 128 test
method and the proposed test method are slump of,Blump flow of SCC, and
compressive strength conducted according to BS:18&1 116.

3.9.7 Effectsof Bottom Ash as Partial Replacement of Fine Aggregate on Properties
of SCC

The effects of bottom ash on properties of SCC werestigated by comparing the
test results of SCC mixed with bottom ash with ¢ha$ the control SCC made of river
sand. Mix proportion was determined by fixing thealue at 1.5 and the water to powder
ratio at 0.31 in order to maintain the same pastdent. The mixture using normal river
sand as fine aggregate was considered as the kootrcrete and was prepared to have the
minimum slump flow of 65 cm without visual segragatand the minimum L-box passing
ability of 60 %. Bottom ash was used to replace figgregate at the ratios of 0 %, 10 %,
20 %, and 30 % and the notations of mixtures weexified as SCC-BA 0% (control),
SCC-BA 10 %, SCC-BA 20 %, and SCC-BA 30 %, respetyi The dosage of
superplasticizer was fixed at the same percentddender content. The tested mixture
proportions are summarized in Table B-5.

Tests for slump flow, 50-cm slump flow time, andbbx passing ability were
performed to assess the filling ability. Segregatiaf SCC was observed by visual
inspection during the slump flow test.

Some physical and mechanical properties i.e. piyr@sid pore size distribution,
compressive strength, tensile strength and modofusupture were measured. Total
porosity and pore size distribution in hardened ccete were tested using mercury
intrusion method at the concrete ages of 28 andby6. Compressive strength and splitting
tensile strength of SCC were tested according tdl8%L: Part 116 and ASTM C 496-96,
respectivelyModulus of rupture was obtained from test of beavitk third point loading
arrangement, prepared and cured in accordanceAsitiM C 78-94.

In term of durability, chloride penetration, carlagion depth, drying shrinkage, and
expansion in sodium sulfate solution were also oiesk The test method of rapid chloride
permeability was performed following ASTM C 1202tla¢ concrete ages of 7, 28, and 56
days. Each measured value was obtained from theage chloride charge pass of three
specimens for each mixture. For measuring carbomatepth, the accelerated test method
was conducted in accordance with the recommendatidRILEM Committee CPC-18,
TC14-CPC. The concrete specimens were moist-cucgd28 and 56 days before
carbonated in the accelerated carbonation chandvepdriods of 2 and 4 weeks. The
temperature and relative humidity in the carbomatchamber with carbon dioxide
concentration of 4% (40,000 ppm) were controlled4&C and 55%, respectively.
Shrinkage in drying environment of specimens waasueed accordingly to ASTM C 387-
99. The specimens were cured in water for 1 daytlag put in the control room with the
condition of 55 % relative humidity and 30°C, amern the length change of specimens
was measured at the drying ages of 1, 2, 3, 44,728, 56, 91, 182, and 356 days by using
the length comparator. Concrete deterioration stjeto sodium sulfate (N&Q,, NS) is
usually exhibited in term of concrete expansiordieg to cracking. Therefore, the test
method for expansion of concrete specimens submdrgsodium sulfate solution was
performed according to ASTM C1012. Sodium sulfaikition (N&SQOy) which contains
50g of NaSO, (SO of 33,800 ppm) in 1.0 liter of solution was pregzhrfor sulfate
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expansion test. The initial length of the specimeras obtained by using the length
comparator in accordance with the ASTM C 490 afi8rdays of curing in saturated

limewater. After that they were placed in the sadisulfate solution and the length change
was measured at 2, 3, 4, 8, 13, and 16 weeks dafiracsliifate exposure. After 16 weeks,
the subsequent measurements were made every twthsnohsodium sulfate exposure.

Each expansion test result was obtained from tkeage of three specimens.

3.9.8 Effectsof Very fine Sand as Partial Replacement of Fine Aggregate on
Properties of SCC

This study focused on the effects of very fine sasgartial replacement of normal
river sand on filling ability of the SCC mixtureBhe gradation of very fine sand compared
with that of normal sand is shown in Table A-5 ipp&ndix A. The tested mixtures
incorporate very fine sand by replacing total famggregate at the ratios of 0 %, 10 %,
20 %, and 30 %, with the mixture notations of SCESV0% (control), SCC-VFS 10 %,
SCC-VFS 20 %, and SCC-VFS 30 %, respectively. Graas of the normal sand mixed
with various very fine sand contents are shown abl& A-5 in Appendix A. Mix
proportion was determined by fixing the powder eoit$ at 520 and 540 kgimnand the
ratio of sand to total aggregate (s/a) of 0.45 the¢s the minimum void content of the
combined mixture of fine and coarse aggregateshaan in Table B-6 in Appendix B.

Void content of the compacted mixtures of fine @odrse aggregates was tested
according to the ASTM C29/C29M-91a to investigdte effect of very fine sand on the
void content of the combined aggregates phasetheo8CC mixtures with very fine sand,
slump flow, 50-cm slump flow time, and L-box pagsability were measured.
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Chapter 4

Model for Predicting Defor mability

4.1 General

Deformability of SCC is described as the ability fofsh concrete to deform or
change its shape under its self-weight. In thigl\stit was defined and represented by two
terms which are deformation capacity and velocityleformation. Deformation capacity
indicates how far the concrete can flow from théenpof discharge, while velocity of
deformation represents the flowing speed. An i®&2C should have as large as possible
the deformation capacity and velocity of deformiatislowever, segregation is often found,
if SCC has too large deformation capacity and vglaaf deformation. So, to achieve the
preferred deformability, proper values of deformatcapacity and velocity of deformation
should be considered for mix proportioning of SCRtare (Tangtermsirikul, et al., 2000).
Using the slump flow test, the slump flow value,asigred from the final flow diameter of
the concrete, is a useful index to evaluate therdeition capacity whereas velocity of
deformation can be measured by the 50 cm-slump flove (Tsg), simply obtained by
recording the time the concrete takes to reachattezage flow diameter of 50 cm after
lifting the cone (Tangtermsirikul, et al., 1992)

Prediction models for deformation capacity and ojo of deformation were
developed based on the concepts of free water mipntater retainability of solid particles,
and inter-particle forces among the solid partialeshe concrete. Various parameters
considered to influence the deformability of freSEC are ratio of paste volume to void
content of densely compacted aggregate phastee water content, water retainability of
aggregates and powder materials, surface areagoé@ate and powder materials, and type,
dosage and water reducing efficiency of supermliasti. A model for predicting
deformability of SCC was proposed as one of theelmrediction models for the functional
requirements of filling ability of SCC. However,i# noted here that the proposed model is
limited to powder-typed self-compacting concreteéhaut viscosity agents, which is the
type of SCC mainly used in Thailand.

4.2 M odea Formulation

The main factor affecting consistency of concraté&esh state is free water content
of the mixture, since by adding water beyond théeweetainability of all solid particles
into the mixture, the inter-particle distance oflidoand the lubrication among solid
particles are increased. It has been confirmed &yynstudies that free water content has a
unique relationship with various types of consisiemeasurement (Ozawa, et al. 1992,
Malier, 1992, Tangtermsirikul, et al., 2001, Khumgkeaw, et al., 2001, 2003, and
Wangchuk, et al., 2003). As an example, the raeiatipp between initial slump and free
water content of conventional concrete had beepgsed by Tangtermsirikul, et al. (2001)
and is shown in Fig. 4.1.
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Fig. 4.1 Relationship between slump of normal ceteand volume of free water in the
mixtures (Tangtermsirikul, et al., 2001)

Consequently, an equation has been introduced ladereonsistency of those
concrete with free water content by consideringfedénce in unit and method of
consistency measurement as in the following eqoatio

a
X = ax.(Wfr - Wo) + b (4.1)
where
X is deformability measuring value of fresh corterédifferent unit
according to method of consistency measurement).
Olx is slope of deformation of fresh concrete or moKs. free water

content curve.

Wi is volume of free water in the mixture, kj/nf the mix.

W, is minimum free water content required for irtiig deformation,
kg/m® of the mix.

a, b are the constants encountering differentamitmethod of
consistency measurement.

It is noted here that this relationship is limifed no-segregation fresh concrete and
mortar.

From previous studies, this equation had been addipt predicting various types
of deformability. The linear equations for predicfislump value of conventional concrete
and flow table spread of mortar, which were devetbpy Tangtermsirikul, et al. (2001)
and Wangchuk, et al. (2003), are expressed in Eg8) and (4.3), respectively while
non-linear equation for predicting Vebe time ofleolcompacted concrete proposed by
Khunthongkeaw, et al. (2003) is shown in Eq. (4.4).

SL = {dpsOsL- (Wi — Wo) (4.2)
FTS = ddpsarrs (Wi — W) + 45 (4.3)
VB = ave. (Wi — W) *%-2.7 (4.4)
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where

SL is slump value of conventional concrete, cm.

FTS s flow table spread of mortar, mm.

VB is Vebe time of roller-compacted concrete, sec.

aers  is slope of flow spread vs. free water contenvepmm/kg/ni of

mortar.

as.  is slope of slump value vs. free water contemveucm/kg/ni of
concrete.

avs is slope of Vebe time vs. free water content eursec/kg/m of
concrete.

daps  Is dispersion factor due to the use of water caupadmixture for
modifying the slope of consistency vs. free watentent of fresh
concrete or mortar, encountering different unit ameéthod of
consistency measurement.

It is known that introduction of the water reduciagmixtures into the mixture
causes a force system, resulting in dispersionowfder particles in the matrix (Neville,
1995). The action of the water reducing admixtusasthe powder particles reduces the
water retainability of powder materials and the bemof possible contacts amongst the
particles, as well as changes the slope of comeigtes. free water content curves in
Eq. (4.1). These effects cause additional defoonattd concrete mixtures. Therefore, in
model formulation for predicting consistency ofdiiemortar and concrete with the use of
the water reducing admixture, three parameters iderest in this study i.e. water
retainability coefficient, effective surface are& tbhe powder materials, and slope of
consistency vs. free water content curves were fieddito include these effects by
incorporating the reduction factors for the watetainability coefficient ¢,) and for the
effective surface area,() of powder materials and the dispersion factggs( for the slope
of consistency vs. free water content curves inmtioglel. The details of these parameters
will be discussed in section 4.3.

In this study, Eq. (4.1) was adopted and extendedpfedicting deformation
capacity of SCC. It was also found that free watartent in mixture had relationship with
50-cm slump flow time of SCC. As a result, it isenable to formulate the model for
predicting velocity of deformation based on the capt of free water content too. Flow
charts showing the process for predicting deforomatiapacity (slump flow) and velocity
of deformation (50-cm slump flow time) proposedhrs study are shown in Figs. 4.2 and
4.3, respectively.

36



Prediction of Defor mation Capacity (Slump Flow) of SCC

Mix Proportion

Propertiesof Materials

1. Powder Materials
(kg/nT of the mix)
1.1 Cement
1.2 Fly Ash
1.3 Limestone Powder

1.2 Water (kg/fofthe mix)

1.3 Fine Aggregate
(kg/n° of the mix)

1.4 Coarse Aggregate
(kg/n° of the mix)

1.5 Water Reducing
Admixture (cc)

1. Powder Materials

Physical Properties

- Blaine’s Fineness

- Specific Gravity

- Particle Shape

(Angularity Factoryy)

Chemical Properties

Calcium Oxide

Content (%CaO)

- Degree of Reaction
of Each Compound
in Binder

2. Fine and Coarse
Aggregates

2.1 Gradation

2.2 Specific Gravity

2.3 Particle Shape
(Angularity Factoryy)

2.4 Void Content of
Densely Compacted
Aggregate Phase
(Vvoid)

3. Water Reducing
Admixture
3.1 Water Reducing
Efficiency (')
3.2 Dosage of Water
Reducing Admixtures
©

A

A

A

A

Computing Volume
Ratio of paste to void of
Aggregates Phase)(

Computing Specific
Surface area of Total
Powder Materials (9

Computing Specific
Surface Area of
Aggregate (8 &)

\ 2

A 4

A 4

Computing Lubrication
Coefficient due to Fine
and Spherical Fillers (L)

Computing Water
Retainability Coefficient
of Powder )

Computing Water
Retainability Coefficient

of Aggregatesfis, B)

Determination of
Reduction Factors for
Water Retainability
coefficient of powder
materials ¢,,) and
Effective Surface area of
solid Particles ) due
to WRA

N\

Y v

A

A

A

Computing Extra Free
water due to Ultra-Fine
Particles (W,

Determination of Water
Retainability of Powders
Materials (W)

Determination of Surface]
Water Retainability of
Aggregates (W)

Computing Effective
Surface Area of Solid
Particles (Sf)

A 4

Computing of Free
Water (W)

A

A 4

Determination of Secant
Slope of Slump flow vs.
Free Water Content

Curve Qsp)

Computing Minimum
Free Water Content

Required for Initiating
Deformation (V)

Free Water Content (\

Determination of
Dispersion Factor for
Modifying Slope of
Deformation vs. Free

Water Contentdy,d

A

4

Computing Defor mation

Capacity (Slump Flow, SF)

Fig. 4.2 Flow chart for predicting deformation cejpa (slump flow)
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Prediction Velocity of Defor mation (50-cm Slump Flow Time) of SCC

Mix Proportion

Propertiesof Materials

1. Powder Materials
(kg/nT of the mix)
1.1 Cement
1.2 Fly Ash
1.3 Limestone Powder

1.2 Water (kg/fofthe mix)

1.3 Fine Aggregate
(kg/n° of the mix)

1.4 Coarse Aggregate
(kg/n° of the mix)

1.5 Water Reducing
Admixture (cc)

1. Powder Materials

Physical Properties

- Blaine’s Fineness

- Specific Gravity

- Particle Shape

(Angularity Factoryy)

Chemical Properties

Calcium Oxide

Content (%CaO)

- Degree of Reaction
of Each Compound
in Binder

2. Fine and Coarse
Aggregates

2.1 Gradation

2.2 Specific Gravity

2.3 Particle Shape
(Angularity Factoryy)

2.4 Void Content of
Densely Compacted
Aggregate Phase
(Vvoid)

3. Water Reducing
Admixture
3.1 Water Reducing
Efficiency (')
3.2 Dosage of Water
Reducing
Admixtures ()

A

A

A

A

Computing Volume
Ratio of paste to void of
Aggregates Phase)(

Computing Specific
Surface area of Total
Powder Materials (9

Computing Specific
Surface Area of
Aggregate (8 &)

\ 2

A 4

A 4

Computing Lubrication
Coefficient due to Fine
and Spherical Fillers (L)

Computing Water
Retainability Coefficient
of Powder )

Computing Water
Retainability Coefficient

of Aggregatesfs, ;)

Determination of
Reduction Factors for
Water Retainability
coefficient of powder
materials ¢,,) and
Effective Surface area of
solid Particles ) due
to Supereplasticizer

N\

Y v

A

A

A

Computing Extra Free
water due to Ultra-Fine
Particles (W,

Determination of Water
Retainability of Powders
Materials (W)

Determination of Surface]
Water Retainability of |
Aggregates (W)

Computing Efective
Surface Area of
Powders and
Aggregates (i, S)

A 4

A 4

A 4

Computing Free Water
Content (W)

Computing Minimum
Free Water Content

Required for Initiating
Deformation (W)

Effective Surface Area of]
Powders and Aggregates

(S’ Sa) I

Determination of
Dispersion Factor for
Modifying Slope of
Deformation vs. Free
Water Contentd,d

A

Computing Velocity of Defor mation (50-cm Slump Flow Time, Tsg)

Fig. 4.3 Flow chart for predicting velocity of defeation (50-cm slump flow time)

38




4.3 Parameters Used in Model Formulation

According to the studies on workability of fresmceete by Tangtermsirikul (1989 to
2003), major mechanisms and concepts considerfednmulation of the model include water
retainability of solid particles, free water cortteand inter-particle forces among solid
particles in the concrete. The below mentioned eptscand parameters had been proven by
Tangtermsirikul, et al. (1989, 2001, 2003), Khumijeaw, et al. (2001, 2003), and
Wangchuk, et al. (2003) to be applicable for vasitypes of deformability and therefore
were used to formulate the model for predicting SQieformability in this study.

431 FreeWater Content in Fresh Concrete

Free water means the amount of water that is fisea being restricted by all solid
particles and can travel independently from thelgadrticles in the fresh concrete (Ozawa,
1992 and Tangtermsirikul, 2001). It consists of plaet of water excluding water absorbed in
and adsorbed on the surface of the solid parti&leme very fine powder particles can fill in
the voids among cement particles. They replace daivé out the water that is initially
entrapped in those voids. This driven-out watecassidered as the extra amount of free
water and consequently reduces water requiremeheahixture. Free water is considered to
affect the consistency of fresh concrete and ittmnbtained from the equation proposed by
Tangtermsirikul, et al. (2001) and Khunthongkeatgle(2003) as follows

Wfr = Wu - er - Wra' + Waa (45)
where

Wi is free water content of the mixture, kﬁ/oi concrete.

W, is unit water content of the mixture, kg/of concrete.

W, is water restricted by powder materials, kythconcrete.

W4 is restricted water on the surface of aggreg&tgsy of concrete.

Wa.a is extra free water due to filling effect of ultiae particles, kg/m
of concrete.

4.3.2 Water Retainability of Powder Materials

Water retainability of powder is the water resgattby powder material which
includes water absorbed inside the powder parteteswater retained on their surfaces. It
depends on many parameters, such as porositycsurtandition, shape, size distribution
and loss on ignition of the powder (Tangtermsirjlatial., , 2001 and Khunthongkeaw, et
al., 2003). The total amount of water restrictedalypowders (W) can be obtained from
the summation of the product of weight of each pemahd its water retainability as:

Wip =" Bpi Wy (4.6)
i<
where
W, is water restricted by powder materials, kirhiconcrete.

Bpi is water retainability coefficient of powder miaa type i, g/g of
dried weight.
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Wpi is absolutely dried weight of powder material typekg/m’ of
concrete.
n is total number of powder types in the mixture.

Regarding particle shape of powders and aggregatesyregular particle has
greater amount of restricted water than the spaledoe. In this study, angularity factor
proposed by Powers (1968) is used to account fereffect of particle shape on water
retainability and other physical properties of pevwsland aggregates. The angularity factor
of a certain size group is related to the void eonntof particles as expressed by the
following equation (Tangtermsirikul, et al. 2001):

v =1+4.44c-0.42) 4.7)
where
\V Is angularity factor of powder or aggregate ges.
€ is void content in the loose state of a singeegroup of the solid
particles.

The approximate values of angularity factor forieas types of powder materials
and aggregates had been recommended by Tangtéuhsat al. (2001), Khunthongkeaw
(2001), and Wangchuk (2003) as follows

= 1.0 for spherical materials, such as sphefigalsh and silica fume.

= 1.1 for near spherical materials, such as mvavel and river sand.

= 1.2 - 1.3 for semi-round or semi-granular ponated aggregate.

= 1.4 for granular powder and aggregate, suckrashed limestone
aggregate and powder, and ground granulated hiaside slag.

€ <€ €<

Specific surface area is another parameter afigatiater retainability of powder.
The effect of specific area of powder on water ingflility had been investigated by
Khunthongkeaw, (2003) and it was found that theewedtainability coefficient varied with
specific surface area of powders and type of powadeshown in Fig. 4.4.

0.40
%\ Limestone Powder
T 0.351
=
2
‘s 0.30 A
jel
© 0.25-
S 0204
'g ' Non-classified fly ash
& 0.15+

0.10 . .

0 5000 10000 15000

Specific Surface Area (c#fg.)

Fig. 4.4 Relationship between computed water retaiity of several types of powder and
their specific surface area at same specific gygiihunthongkeaw, 2003)
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As a result, the water retainability coefficient @ément, fly ash and limestone
powder has been separately formulated to havdaesdtip with angularity factor, specific
gravity, specific surface area, and loss on ignjtias in the following empirical equations
(Khunthongkeaw, et al., 2003).

Bp = 0.004y %7482 / o049 for cement (4.8a)
Bp = 0.028.8°%(2.98 + LON*"™/ p,>3*  for fly ash (4.8b)
Bp = 0.045.8"2° | p,>% for limestone powder (4.8¢)
where

Bp is water retainability coefficient of powder, gifdried weight.

Pp Is specific gravity of powder.

S is specific surface area of powder,%n

\V is angularity factor.

LOIl is loss on ignition of fly ash, %.

The action of water reducing admixtures, causirgpelision of powder particles,
affects the system of forces inducing fresh comcrdeformation. As a result, the
deformation of fresh concrete is increased by reduinter-particle forces due to the larger
distance between powder particles and by incredsdegwater content due to the reduction
of water retainability of powder materials. A retan factor is introduced to incorporate
the effect of water reducing admixture on the wagtainability of powder materials. It
was found by Wangchuk (2003) that this reductiartdiavaries as a function of the dosage
and the water reducing efficiency of the admixtuaeseen in Fig.4.5.
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R= —*—Lignosulfonate (I
=81, ——Naphthalene (I)
5 & ——Polycarboxylic (1)
- QO
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S 2

L= 0.8 —d

c 3 \A\A\A\f

S g

03 \
=

X o6 , ,

0.0 0.5 1.0 15 2.0
Dosage of Admixture (% of binder)

Fig. 4.5 Reduction factor for water retainabilityefficient of cement due to the
application of water reducing admixture (Wangch2(0Q3)

The reduction factor for the water retainabilityetfecient of powders ) due to
the application of water reducing admixture camérmined by the following expression.

Bp' = Orb-Pp (4.9)
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where

By’ Is water retainability coefficient of powders Wwitvater reducing
admixture, g/g of dried weight.
Bp Is water retainability coefficient of powder watit application of

water reducing admixture, g/g of dried weight.
Orb is reduction factor for the water retainabilityeficient of powders
due to the application of water reducing admixture.

Since the effects of water reducing admixtures dfferént types of powder
material are different, the reduction factor hagrbeseparately proposed by Wangchuk
(2003) for cement, fly ash and limestone powdegiasn in the following equations.

dp=1—(0.08 +0.7%" +°) ¢ (©51-06%) for cement (4.10a)

bp=1—(0.06 + 0.7 33) ¢ (°3¢-04%") for fly ash (4.10b)

b= 1 — (0.24p"— 0.014 )p (©00004) for limestone powder (4.10c)
where

Orb is reduction factor for water retainabilty coei@int of powder
materials due to the application of water redu@dmixtures.

o’ Is water reducing efficiency of water reducingrextures, which can
be obtained by the test explained in section 3éhapter 3.
[0) Is dosage of water reducing admixtures, % by latedf powder.

4.3.3 Surface Water Retainability of Aggregates

Since standard condition of aggregate for mix propoing is saturated surface-
dried, the restricted water in addition to the absd water in the aggregate particles is
considered as surface water retainability of agapesy (W), which can be determined
from the following equation (Tangtermsirikul, et,&0001 and Khunthongkeaw, et al. 2001,
2003):

Wra’ = Bs’ Ws’ + Bg' Wg’ (411)
where
Bs Is surface water retainability coefficient ofdiaggregate , g/g of
SSD aggregate.
By is surface water retainability coefficient of ceaaggregate, g/g of

SSD aggregate.

A is saturated surface-dried weight of fine aggiegey/nt of
concrete.

Wy’ is saturated surface-dried weight of coarse aggee#g/ni of
concrete.

It had been reported by Tangtermsirikul, et al.0@Oand Khunthongkeaw, et al.
(2001, 2003) that the surface water retainabilagfticient varies with specific surface area
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of aggregate. It is assumed that the water rdtditya of aggregates depends on
irregularity and size of the particles so that #ipesurface area can be considered as an
appropriate parameter. As a result, the derivethseirwater retainability coefficients of
aggregates including fine and coarse aggregatessafellows (Tangtermsirikul, et al.,
2001):

Bs =2x10°(S)°° (4.12)

By =2x10°(S)°° (4.13)
where

Bs, By are surface water retainability coefficients (eding absorption) of
fine and coarse aggregates, respectively, g/g bf &f§jregate.

S S artne2 specific surface area of fine and coarseeagges, respectively,
cm/kg.

4.3.4 Additional Free Water Dueto Filling Effect of Ultra-Fine Particles

If very fine powder is used in the concrete, sorh¢hese particles can fill in the
voids among cement particles. This filling powdemcdrive away the water that is
entrapped in those voids. The driven-out wateroissidered as the extra amount of free
water (Malier, 1992). The volume of additional fneater (W) is equal to the volume of
the filling particles in the voids among cementtigées. Then, the mass of this extra free
water content due to filling effect is determinesl @angtermsirikul, et al., 2001 and
Khunthongkeaw, et al., 2001, 2003):

Waa= Vil X pw (4.14)
where

W,, is additional free water due to filling effectwtra-fine particles,
kg/m® of concrete.

Vi is volume of the filling particles in the voidsiang cement, fh

Pw is specific gravity of water.

Amount of filling powder depends mainly on amoumtcement, because higher
cement content provides more voids to be filledhi®yfiner powder. Therefore, the volume
of the filling particles in the voids among ceméNt;) can be derived as the product
between solid volume of cement and a coefficienfilbhg, as shown in the following
equation proposed by Khunthongkeaw, et al., (22003):

Vi = F XV (4.15)
where
F is filling coefficient.
Ve is volume of cement, frof the mix.

The filling coefficient (F) is affected by the ratbetween size of filler particles and
size of cement particles, indirectly representedhgyratio of specific surface area of the
filling powder to that of cement (R), and also by tamount of the filling powder,
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represented by replacement ratio (r), as showngn4£6 (Khunthongkeaw, et al., 2001,
2003):

0.15
< 0.121
3
é 0.09 x r=0.05
0 or=0.10
© 0.064 or=0.25
= _
= 0.03- ar=0.35

0

0.5 1.0 15 2.0 2.5 3.0

Normalized Ratio of Specific Surface Area
of Filing Powder to Cement (R')

Fig. 4.6 Relationship between filling coefficiemicanormalized ratio of specific surface
area of filling powder to cement (Tangtermsiriketial., 2001)

According to the shape of fine powder materialshesigal fine powder is
considered to have higher ability to fill voids thaon-spherical fine powder for the same
specific surface area. Therefore, specific surkaea ratio of filling powder to cement (R)
had been modified to be the normalized specifi¢aser area ratio of filling powder to
cement (R, by incorporating angularity factor of powdep)(to take into account the
effect of particle shape. The mentioned factors banobtained from the following
equations, which were proposed by Khunthongkea®l2R2003):

F =0.25-0.69 / exp(R (4.16)
where
a =06 (@* (4.16a)
R =1+3.0R-1)* (4.16b)
R=5/&% (4.16¢)
where
R is specific surface area ratio of filling powdercement.
R’ is normalized ratio of specific surface area ilfn§ powder to

surface area of cement.
r Is replacement ratio by weight of powder to ltp@avders.
S, & are specific surface areas of filling powder aathent, respectively,

cnv/g.

\V is angularity factor.
4.35 Minimum Free Water Content Required for Initiating Defor mation
A certain amount of free water is required for @eening inter-particle forces to

initiate deformation of the fresh concrete. Thecés vary with the number of feasible
contact among the solids. Particles with largefasar area result in more contacts. Hence,
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the inter-particle surface forces vary with surfacea of the solids. Then, the amount of
water for overcoming these inter-particle surfaocecés (W) had been formulated by
Tangtermsirikul, et al. (2001) and Khunthongkeainale(2001, 2003) as a function of the
effective surface area of solid particles as showkig. 4.7.

80

W, =8 x 10°. S 0.76 / L
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Effective Surface Area g( x10 cm2/m.3)

Fig. 4.7 Relationship between amounts of free waguired for initiating deformation and
effective surface area of solid particles (Tangsnkul, et al., 2001 and

Khunthongkeaw, et al., 2001, 2003).

The empirical equation for the amount of water faancing the inter-particle
surface forces among solid particles is given lyftlowing equation which was proposed
by Tangtermsirikul, et al. (2001) and Khunthongkeatal. (2001, 2003):

W, =8x 10 S’ %™/ L (4.17)

where

W, is the minimum free water content required foritiating
deformation, kg/mof concrete.

Se' s effective surface area of solid particles?/omi of concrete.

L is lubrication coefficient.

Furthermore, fine fillers and spherical fillers caeduce inter-particle friction
among larger particles, known as lubrication effgane, 1983, Tangtermsirikul, et al.,
2001 and Khunthongkeaw, et al., 2001, 2003). Swjdation coefficient (L) is introduced
to account for the lubrication effect of the findefs (lubricating powders). Figure 4.8
shows that the lubrication coefficient is influeddaey the ratio of specific surface area of
the lubricating powder to that of cement for diéfet ratio of total powder replacement by

lubricating powder (r).
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Fig. 4.8 Relationship between lubrication coefinti@and ratio of specific surface area of
powder to cement for different ratio of powder dtat powders (Tangtermsirikul,
et al., 2001 and Khunthongkeaw, et al., 2001, 2003)

So, it can be expressed as in a function of the ddtspecific surface area of the
lubricating powder to that of cement, the replacetmatio of the lubricating powder in the
total powder materials, and the angularity facésr follows (Tangtermsirikul, et al., 2001
and Khunthongkeaw, et al., 2001, 2003):

L=1+(1.4-y) (227 7)) RO%E-08T) (4.18)
where

L is lubrication coefficient.

R is ratio of specific surface area of the lultiitg powder to that of
cement.

r Is replacement ratio of the lubricating powdertle total powder
materials.

\V Is angularity factor.

4.3.6 Specific surface area of solid particles

Specific surface area, which is the surface areaipié mass, of cement and other
powder materials is here determined by Blaine $jgesurface area technique whereas the
specific surface area of aggregates (sand and Iyriavealculated from their gradation
curves. The surface area of solid particles in uneg can be derived as (Tangtermsirikul,
et al., 2001 and Khunthongkeaw, et al., 2001, 2003)

Sp = 1oooi Spi Wpi (4.19)

Sa = 1000 (SW + SWg) (4.20)
where

S =Vys So (4.20a)

Sy =Wg* Syo (4.20b)
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where

Sy, is surface area of total powder materials in ritie, cnf/m® of the
mix.

S.  is surface area of total aggregates in the nmix/ro* of the mix.

Wpi is absolutely dry weight of powder material typkg/m® of the mix.

ws, Wy are saturated surface-dry weight of fine aggregatd coarse
aggregate, respectively, kgfof the mix.

Soi is specific surface area of powder material type’/g.

S,S are specific surface areas of fine aggregate caadse aggregate,
respectively, crilg.

n is total number of types of powder materialsdusethe mix

Vs, yg are angularity factors applied to account for itmegularity of the
particles of fine and coarse aggregates, respéctive

S0 S0 are specific surface area of the assumed sphéineaand coarse
aggregates, respectively, ¥ which can be derived from :

6000

S = 4.21
° Duxp (#.21)
where
>D:M;
Dav = |\I/| :
2 M; (4.21a)
where

S is specific surface area of aggregate on spHesfizge basis, cify.
Day  is average diameter of the aggregate partictas, c

Di Is average dimension between the upper sievetlandieve i on
which aggregate particles are retained, cm.

M; Is weight percentage of aggregate retained onctreesponding
sieve of the aggregate size group i, %.

p Is specific gravity of the aggregate.

It is noted here that the water retainability ofus® aggregate can be practically
neglected due to its small value when comparelabdf the fine aggregate.

437 Effective Surface Area of Solid Particles

Effective surface area of solid particles indingdtidicates the number of feasible
inter-particle contacts among the fine aggregatasarse aggregate and powders;
consequently it is related to inter-particle suefdorces including friction and cohesion
among solid particles in fresh concrete. It hadnbpeposed by Tangtermsirikul (1992)
and confirmed by Khayat (1999) that mixture havimgher calculated effective surface
area required more amount of water for initiatiefodmation. The effective surface area of
solid particles (& ') can be determined from the summation of surfaea af aggregates
and surface area of powder materials that effdgtisentact around the aggregate as in the
following equations which were proposed by Tangwarikul, et al. (2001) and
Khunthongkeaw, et al. (2001, 2003).

Sert' =Sa" + S’ (4.22)
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where
Sa' = Na Sa (4.22a)
Sp’ =Npdm-Sp (4.22b)

where

Se' is effective surface area of solid particles in thitore, cnf/m® of
the mix.

S. s effective surface area of aggregates in theurex cnf/m? of the
mix.

Sy is effective surface area of powder materialshia mixture with
application of water reducing admixture, m® of the mix.

Sa Sp are surface area of total aggregates and tovati@omaterials in the
mix, respectively, cAim® of the mix.

Na Mp are effective contact areas ratio of aggregate @advder,
respectively, which can be obtained from Eqgs. (4.&3d (4.24),
respectively.

Orn Is reduction factor for the effective surfaceaaod powder materials
due to the application of water reducing admixtwhjch can be
determined from Eq. (4.25).
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Fig. 4.9 Relationship between the effective contata ratio of aggregates and total
volume ratio of powders to aggregates in conci€heiithongkeaw, 2001)

The effective contact area ratio of aggregatg) (indicates the degree of
effectiveness of surface area of aggregates, wisiakffectively contactable among the
aggregates and it had been found to have relaingith volume ratio of powder to
aggregate as shown in Fig. 4.9 and can be derivedh fthe following equation
(Khunthongkeaw, et al., 2001, 2003).

ta

Vv -531
Na = o.o{ij +011 <10
(4.23)
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where

Na Is effective contact area ratio of aggregate.
Vy  is total volume of powder, #m® of concrete.
Vi s total volume of aggregate 3fm® of concrete.

The effective contact area ratio of powder materig),) indicates the ratio of
surface area of powder material contacting effetyiwith aggregates to the total surface
area of powder materials. It had been formulatedkbynthongkeaw, (2001) to have
relationship with total surface area of aggregatsteown in Fig. 4.8 and in the following
equation.

— -310" (S.)
n, = 0.026e (4.24)

where
Np is effective contact area ratio of powder.
Sa is surface area of total aggregates in the nmi/ro® of the mix.
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Fig. 4.10 Relationship between the effective cangaea ratio of powders and total surface
area of aggregates in concrete (Khunthongkeaw,)2001

Powder particles are well dispersed and the clpgeoach of the particles to one
another is prevented when incorporating water neduadmixtures (Neville, 1995). This
dispersion effect causes not only the reductionvater retainability of the powders but
also the reduction of friction and cohesion amoolgdarticles. It results in the reduction
of possible powder to powder and powder to aggesgabntacts, in other words, the
effective surface area of solid particles, assediatith powders, is reduced. A reduction
factor () is therefore introduced to incorporate the reiduncin the effective surface area
of the powder due to the application of water réagicadmixtures and is considered
applicable only to the effective surface area ofiger particles, as the dispersion force due
to water reducers is not effective for dispersing figgregate particles. The reduction
factor for the effective surface aredi,] was formulated by Wangchuk (2003) from the
analysis of test results shown in Fig. 4.11 andctbe obtained from:

O =1- (0.2 + 2p").0 >0.4 (4.25)

49



where

Orn Is reduction factor for the effective surfaceaacd powder materials
due to the application of water reducing admixtanel its valueis
limited between 0.4 and 1.0.

o’ is water reducing efficiency of water reducing ainres.
[0) is dosage of water reducing admixtures, % by ktedfj powder.
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Fig. 4.11 Reduction factor for effective surfaceeaarof powder particles due to the
application of water reducing admixture (Wangchz(Q3)

4.3.8 Dispersion Factor dueto the Use of Water Reducing Admixtures

The system of forces in the mixture is altered by &ction of water reducing
admixtures, resulting in the dispersion of powdartiples. The dispersion effect improves
deformation by increasing free water content duthéoreduction of water retainability of
powder materials and reducing inter-particle forde®e to the larger distance between
powder particles. This dispersion effect on theslof consistency vs. free water content
curves of fresh concrete in Eq. (4.1) is considdngdhtroducing a factor called dispersion
factor @gp9 in the model.

Since the dispersion effects due to the applicatiowater reducing admixtures on
different types of concrete are different due te thfferences in unit and method of
consistency measurement, the dispersion factoriresjuor modifying the slope of
consistency vs. free water content curves for gegticular type of concrete is separately
derived. Also, types of superplasticizers with @iéint effectiveness are considered in the
formulation of dispersion factor due to the difieces of their mechanisms. For examples,
the dispersion factors for modifying the slope loigp value vs. free water content curves
of conventional concreter§ ) and that of flow table spread vs. free water enhturves of
mortar @ers) in EQs. (4.2) and (4.3), repectively, were pragab®y Wangchuk (2003),
which are applicable for all types of powder matksriand for all types of water reducing
admixtures, as shown in the following equations.

For slump value of conventional concrete with thee wf lignosulfonate and
naphthalene based WRA,
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_ 05 104 279 4.9
dops =1+ 83.9-9°°- ¢ -y (wip) (4.26a)

For slump value of conventional concrete with tise wf polycarboxylate based

WRA,
39 119 31
Ggpe =14 2x10°- 0@ T gy 0003 (4.26b)
exp(535- ¢) (w/p)
For flow table spread of fresh mortar;
(I)dps =1+ 12744)' 0.334(p 0.24 (426C)

where

daps IS dispersion factor for modifying the slope afnsistency (with
consideration of the difference in unit and metlodbaneasurement)
vs. free water content of fresh mortar or concrete.

o’ is water reducing efficiency of water reducingraxtures.
[0) is dosage of water reducing admixtures, % by wedfjpowder.
Y is ratio of volume of paste to volume of voidghe compacted

aggregat@hase and its value is limited from 1.1 to 1.3.
w/p  is water to powder ratio.

4.3.9 Water-Reducing Efficiency of Admixtures

Water reducing admixtures are surface-active agants are adsorbed on the
powder particles causing dispersion of the powdartigles. Therefore, the powder
particles have greater mobility and the water tepn the flocculated system is freed.
Superplasticizer or high range water reducing atimes are commonly used in production
of SCC. Melamine sulphonate, naphthalene sulphoratd polycarboxylate acid are
examples of popular types of superplasticizer whiednder different dispersion
mechanisms and effectiveness. The water reducifigieeicy (') of water reducing
admixtures is therefore introduced to account fi@irteffectiveness in this study and can
be obtained by the test method and from Eq. (3vB)ch is explained in section 3.6 in
Chapter 3.

4.4  Effectsof Superplasticizer on Deformability of SCC
4.4.1 Effect of Typeand Dosage of Superplasticizer on Defor mability

It was confirmed from Figs. 4.12 to 4.17 that, whetroducing superplasticizer
into the mixtures, the dispersion of powder paeBchltered deformation capacity due to the
increase of the mobility of powder particles. Indae seen that slump flow of all tested
mixtures increased with the increase of dosageupérmplasticizers. It was because the
actions of the higher dosage of superplasticizessilted in the increase of the free water
content in the mixtures by reducing the water nethility of powder materials, as well as
caused the reduction of the minimum free watereantequired for initiating deformation
by altering the number of possible contacts amotigstparticles including friction and
cohesion forces among solid particles.
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Fig. 4.12 Relationship between dosage of admixame: slump flow for different types of
superplasticizer of the mixtures wigh= 1.4 and w/p = 0.35
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Fig. 4.13 Relationship between dosage of admixaue: slump flow for different types of
superplasticizer of the mixtures wigh= 1.4 and w/p = 0.45

52



y=1.6 and w/p =0.25
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Fig. 4.14 Relationship between dosage of admixamek slump flow for different types of
superplasticizer of the mixtures wigh= 1.6 and w/p = 0.25
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Fig. 4.15 Relationship between dosage of admixaue slump flow for different types of
superplasticizer of the mixtures wigh= 1.6 and w/p = 0.35
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Fig. 4.16 Relationship between dosage of admixame: slump flow for different types of
superplasticizer of the mixtures wigh= 1.8 and w/p = 0.25
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Fig. 4.17 Relationship between dosage of admixame slump flow for different types of
superplasticizer of the mixtures wigh= 1.8 and w/p = 0.35

On the other hand, Figs. 4.18 to 4.22 revealedThatf all tested mixtures reduced
with the increase of dosage of superplasticizetss Tvas again due to the dispersion
effects from the presence of superplasticizershenatater retainability of powders and the
number of possible contacts amongst the partidlegi¢n and cohesion forces among
particles).
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different types of superplasticizer of the mixtuvgth y = 1.4 and w/p = 0.35
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Fig. 4.19 Relationship between dosage of admixt@amd 50-cm slump flow time for
different types of superplasticizer of the mixtuvath y = 1.4 and w/p = 0.45
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different types of superplasticizer of the mixtuvgth y = 1.6 and w/p = 0.35
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Fig. 4.22 Relationship between dosage of admixt@amd 50-cm slump flow time for
different types of superplasticizer of the mixtuvath y = 1.8 and w/p = 0.35

Clearly, it can be seen from Figs 4.12 to 4.22 thia¢ polycarboxylate
superplasticizer is more effective than the napétieaand melamine based superplasticizers.
It is known that the mechanisms to cause dispersibn polycarboxylate typed
superplasticizer are different from the others,steric hindrance and electrostatic repulsion.

4.4.2 Effect of Water to Powder Ratio on Defor mability

In mix proportioning of the powder-typed SCC, lovater to powder ratio (w/p) is
normally recommended to enhance cohesiveness amihtmize bleeding for eventually
achieving resistance to segregation and passingityal{Okamura, et al.,, 1995,
Tangtermsirikul, et al., 2000, and Domone, 20(BY.considering the mixtures with low to
medium w/p ratio (0.25 to 0.45 as tested in thislg), Figs. 4.23 to 4.26 indicated that at
the similar ratio of volume of paste to volume aids in the compacted aggregate phase
(y) and dosage of superplasticizer, all types of qulasticizer were more effective at the
higher water to powder ratio.
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Fig. 4.23 Relationship between dosage of naphtkaldrased superplasticizer and slump
flow for different ratio of water to powder (w/p)
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Fig. 4.24 Relationship between dosage of naphtkalebased superplasticizer and slump
flow for different ratio of water to powder (w/p)
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for different ratio of water to powder (w/p)
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Fig. 4.26 Relationship between dosage of polycarade based superplasticizer and
slump flow for different ratio of water to powdev/p)

Test results in Figs. 4.27 to 4.30 also revealetldhthe similay value and dosage
of superplasticizer, sp reduced with the increase of the water to powedé&o rdue to the
higher free water and the lower content of the mum free water for initiating
deformation in the mixtures caused by the dispargfiect due to superplasticizers on
powder materials. However, the differences gf af the mixtures with different w/p ratios
became smaller at high superplasticizer dosage.
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Fig. 4.27 Relationship between dosage of naphtkaldrased superplasticizer and 50-cm
slump flow time for different ratio of water to paer (w/p)
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Fig. 4.30 Relationship between dosage of polycailatx based superplasticizer and 50-cm
slump flow time for different ratio of water to pder (w/p)

4.4.3 Effect of Ratio of Paste Volume to Void Content of Compacted Aggregate
Phase on Defor mability

It was found from Figs. 4.31 to 4.33 that at thaiksir water to powder ratio and
dosage of each type of superplasticizer, mixtuessny larger paste content encountered
larger superplasticizer effect. This was becausenrtixtures containing larger paste content
had better deformability in nature.
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Fig. 4.31 Relationship between dosage of naphtkdldrased superplasticizer and slump
flow for different ratio of paste volume to voidrdent of compacted aggregate

phase)
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Fig. 4.32 Relationship between dosage of naphtkalebased superplasticizer and slump
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phase)
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Fig. 4.34 Relationship between dosage of polycarlade based superplasticizer and
slump flow for different ratio of paste volume t@id content of compacted

aggregate phase)(

Figs. 4.35 to 4.38 revealed that at the similar wjiio and dosage of
superplasticizer, s reduced with the increase of the ratio of volurheaste to volume of
void in the compacted aggregate phase. The diftereiso became smaller at higher
superplasticizer dosages. This is because, atatime $ree water content, the increase of
paste content reduces the number of possible dsribetween aggregate particles, so the
aggregate-to-aggregate frictions are reduced.
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Fig. 4.35 Relationship between dosage of naphtealdrased superplasticizer and 50-cm
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4.4.4 Dispersion Factor

In this study, the dispersion effect due to theoacof superplasticizer on powder
materials was considered by introducing a paranmeerely dispersion factor to modify
the slope of deformation vs. free water contentvesirin the model formulation. The

dispersion factor of each particular type of sufssticizer ¢qp9) Was formulated from the
analysis of the experimental data in Table B-1 asation of ratio of paste volume to void

volume of the compacted aggregate phage water to powder ratio, water reducing
efficiency and dosage of superplasticizer as irBye. (4.27) and (4.28).

For SCC mixture with the use of the naphthaleneraal&mine based
superplasticizer;

ddps =1+ {13_9_@0.68,(p,1.41_y1.03_ (W /p) 113 044 (4.27)
For SCC mixture with the use of the polycarboxyladsed superplasticizer;

dps exp(003- )

- 0.9} (4.28)

where

daps IS dispersion factor for modifying the slope @farmation vs. free
water content relationship.

o} Is water reducing efficiency of water reducingraxtures.
[0) is dosage of superplasticizer, % by weight of ger
Y is ratio of volume of paste to volume of voidstiee compacted

aggregate phase and its value is limited fromd 4.8.
w/p  is water to powder ratio.
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Eq. (4.27a) is for naphthalene and melamine bagpdrglasticizers in which the
dispersion mechanism is electrostatic repulsionredse Eq. (4.27b) is for polycarboxylate
based superplasticizer with the steric hindrancehaueism. It is noted here that there is no
guarantee that Eq. (4.27a) will be good for all espfasticizers with the electrostatic
repulsion mechanism or that Eq. (4.27b) will be dydor all superplasticizers with the
steric hindrance mechanism.
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Fig. 4.39 Dispersion factodys of different types of superplasticizers for SCC

Fig. 4.39 shows the relationship between the dssperfactor and dosage for
different types of superplasticizer. It was confh that polycarboxylate based
superplasticizer has the highest dispersion fdottmwed by naphthalene based and others.

The dispersion factor will be used in the equatifamgpredicting slump flow value

(EQ. (4.28)) and 50-cm slump flow time (Eq. (4.2@)sections 4.5 and 4.6, respectively. It
is noted here that although the values of dispersiotor, 44,9, One of the main parameters
in the proposed model, was obtained from back amalyf the experimental data of the
author’'s own test results, the verification testsusing test results from other researchers
showed that the proposed models could be usecethigbithe of slump flow andsg with
satisfactory accuracies (see details in the seafoNerification). This shows that the
dispersion factqrpqpg can be applied not only for the SCC mixturesaedty the author.

445 Modifications for Ratio of Volume of Paste to Volume of Voids in the

Compacted Aggregate Phase Due to the Filling Effect of Very Fine Sand
Particles

Test results of the effect of very fine sand onodeftion capacity of SCC in
section 7.4.2 in Chapter 7 indicate that the repfant of normal sand with a few percent
of very fine sand (for example 10 %) increases pldiow due to filling ability of the finer
particles among the aggregate particles. In addiitowas found in section 4.5.1 that the
larger paste content results in the larger slurop.flit was therefore assumed that when
very fine sand is used to partially replace toiakfaggregates at small percentage by
weight, the slump flow is improved by the additibpaste volume as very fine sand can be
a part of the paste. The ratio of volume of pasteolume of voids in compacted aggregate
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phase |) has to be modified to incorporate this fillingesft and is determined in Egs.

(4.29) and (4.30).

where

where

Yo

Yvis

Vp-vfs

Vvoid

Y =Y + Vis (4.29)
\/
p-vfs
Yuis =,
v Vvoid
(4.30)

is the modified ratio of volume of paste to voluwfevoids in the
compacted aggregate phase due to the use of af fesvyofine sand
to replace fine aggregates.

is ratio of volume of paste to volume of voidsthee compacted
aggregate phase of the mixture without very finesa

is ratio of additional volume of paste to volumkwoids in the
compacted aggregate phase due to the use of aeimsn of very
fine sand to replace fine aggregates.

is additional volume of paste due to the use f@wapercent of very
fine sand to replace fine aggregated ofithe mix.

is volume of void in the densely compacted t@gyiregate phase
(fine and coarse aggregate) in a unit boundary melwf the
aggregate, rof the mix.

The volume of additional paste due to the use of fire sand (Y..ts) was assumed
to be equal to the volume of very fine sand that the abilities to fill in the voids among
the aggregates particles and to behave like a powdiée concrete (Ms.ii) which was
derived from the analysis of test results in secffo4.2 in chapter 7 as the following

equation.

where

Vsl =Q.Vss (4.31)

Vsl 1S volume of the filling particles of very finersdin the voids among

vas
Q

compacted aggregates® of the mix.
is volume of very fine sand, hof the mix.
is filling factor due to the use of very fine sand.

The filling factor due to the use of very fine sgfy was found to be 0.32 for 10 %
very fine sand replacement of the total fine aggtes) The proper function f6¢ should
be determined by conducting more tests in the éutur

45 Mode for Predicting Deformation Capacity of SCC

Slump flow value is generally used as the measuwahge for deformation capacity
of self-compacting concrete. Test results fromghevious study by Ozawa, et al. (1992)
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confirmed that free water content in mixture haslationship with the slump flow of SCC.
Therefore, the model for predicting slump flow wiasmulated based on the concepts of
free water content in the mixture as mentioned figeffo section 4.2.

45.1 Relationship between Sump Flow and Free Water Content

It was found that the relationship between freeewabntent and slump flow of
SCC existed as seen in Fig. 4.40. The figure dwovs that the greater slump flow was
obtained from mixture with the larger paste contanhtconstant volume of free water
content, in other words, the secant slopes of slfimp vs. free water content curve
increased with the increase of ratio between pasiteme and void content of compacted
aggregate phase)( In addition, by introducing superplasticizetsg dispersion of powder
materials caused the secant slopes of slump flawfrge water content curves to even
increase, due to the increase of mobility of powaeticles.

100
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—~ 801
§ 70 sy=14
%’ 60 - "y=15
L 50+ Aay=1.6
£ 40 °y=17
& 307 xy=18
20 1 °ey=19
10 1
0 T T T T T T T T

0 20 40 60 80 100 120 140 160 180
Free Water Content (kg./fof concrete)

Fig. 4.40 Relationship between slump flow and fke¢er content in the mixtures

Consequently, a linear equation was modified froqd(£1) to relate the slump
flow measurement with free water content and offaeameters i.e. the secant slope of the
slump flow vs. free water content curve, the mimmiree water content required for
initiating slump flow, and the dispersion factoredo the use of superplasticizers, as:

SF = d)dps-OCSF-(Wfr - W) + 20 (4.32)
where

SF is slump flow value, cm.

daps IS dispersion factor due to the application gfesplasticizer.

ase  is secant slope of slump flow vs. free water ennturve, cm/kg/fh
of concrete.

Wi is volume of free water in the mixture, kﬁ/mc concrete.

W, s the minimum free water content required forkimg slump flow
over 20 cm, kg/mof concrete.
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It is noted here that the minimum slump flow valae20 cm as it is the bottom
diameter of the test cone and this is the reasonWwhin Eq. (4.1) is set as 20 cm in Eq.
(4.44). This equation is limited for the slump flealues not over 80 cm.

45.2 Secant Slope of Slump flow vs. Free Water Content Curve

It can be seen from Fig.4.40 that the secant lbpimp flow vs. free water content
curve varied with free water content and dependedhe ratio of paste volume to void
content of compacted aggregate phaseHig. 4.41 indicated that at the same ratio cltea
volume to void content of compacted aggregate phasen free water content increased, the
secant slope of slump flow vs. free water contenve decreased. It is considered to be due
to the nature of powder-typed SCC, in which thedpwiscosity and the smaller deformation
capacity are usually obtained from the mixture thas the larger free water content
(Tangtermsirikul, et al, 2000). This is supportgutie relationship between slump flow and
Tso of the mixtures with different free water conteag presented in Fig. 4.42 that the
mixtures with higher free water content have smdlig (lower viscosity).
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o E 08 7 ) 5
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of compacted aggregatg (

Fig. 4.41 Relationship between the secant slogduofp flow vs. free water content curve
and the ratio of paste volume to void content ehpacted aggregate)(
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Fig. 4.42 Relationship between slump flow and 50stomp flow time for different free
water contents



It is also seen from Fig. 4.41 that, at similaefwater content, the secant slope of
the slump flow vs. free water content curves slightcreased with the increase of ratio of
paste volume to void content of compacted aggreglasse. It is considered to be due to
the lubrication effect provided to aggregate pletidy paste. In other words, in mixtures
containing larger paste content, aggregates aré disgdersed in paste and have larger
distance between them, so the resistance agailaivee movement among aggregate
particles is reduced.

As a result, the secant slope of slump flow vse fn@ater content curver§p) was
formed as a non-linear function of free water coni@nd ratio of paste volume to void
content of compacted aggregate phase as in tleaviol equation.

0.10
459y
SF 1.66

Wi (4.33)

ase  is secant slope of slump flow vs. free water enhturve, cm/kg/th
of concrete.

Y is ratio of volume of paste to volume of voidgtie compacted
aggregate phase.

Wi is volume of free water in the mixture, kﬁ/nf concrete.

4.6  Mode for Predicting Velocity of Defor mation of SCC

Velocity of deformation, measured by 50-cm slungwftime (Tso), can be used to
evaluate relatively the viscosity of the mixturdarigtermsirikul, et al., 2000). It was
indicated in this study thatsJ was mainly affected by free water content andcéiffe
surface area of solid particles in the mixturese Tgrediction model for velocity of
deformation was mainly formulated based on the eptscof free water, water retainability
of solid particles, and inter-particle forces amaing solid particles in the concrete, similar
to that for deformation capacity.

4.6.1 Relationship between Velocity of Deformation and Free Water Content

It can be seen in Fig. 4.42 in section 4.5.2 thaimilar slump flow value, sb
reduced with increasing free water content in nresu It confirmed the previous report by
Tangtermsirikul and Khayat (2000) that free wateiinty influences the viscosity of fresh
concrete. It is mainly because free water redubesinter-particle forces among solid
particles. Additionally, the amount of free watefr the mixture must be enough to
overcome the inter-particle surface forces whidaiude friction and cohesion among solid
particles to produce deformation, so the minimuee fwater content required for initiating
deformation (W) or to make slump flow of SCC over 20 cm is inakly required in
formulation of the model for predicting velocity déformation.

4.6.2 Effect of Effective Surface Area of Solid Particles on Velocity of Defor mation
The inter-particle surface force, resisting flowedto friction and cohesion, is

another main factor affecting the viscosity of reoncrete (Tangtermsirikul, et al., 2000).
According to the inter-particle surface force, ddesed in this study to vary with surface
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area of the solids, it is seen from Figs. 4.43 thatrelationship betweensgland free water
content changes when the effective surface arealaf particles in the mixtures changes
in such a manner that the higher effective suréaea results in lowersg.

),

=
o
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® S.=48x1¢ cm2/g.

50-cm Slump Flow Time g (sec.
(o))
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Free Water Content, Y(kg./m3 of concrete)

Fig. 4.43 Relationship between 50-cm slump flowetiand free water content for different
total effective surface areas of solid particl8s,

By considering the effects of effective surface aaref aggregates on this
relationship as shown in Fig. 4.44, it reveals tasimilar free water content, increasing
effective surface area of aggregate increases sflowptime. It is considered to be due to
the increase of inter-particle frictions by incregspossible aggregate contact.

3 12
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s 10
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Free Water Content, Y(kg./m3 of concrete)

Fig. 4.44 Relationship between 50-cm slump flowetiamd free water content for different
effective surface areas of total aggregatgs, S

Conversely, test results in Fig. 4.45 indicate thateasing effective surface area of
powder materials reduces slump flow time. This ddu explained that at the same free
water content, increasing effective surface argaoefder materials means increasing paste
content and reducing possible aggregate contadhesaggregate-to-aggregate friction is
reduced.
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Fig. 4.45 Relationship between 50-cm slump flowetiamd free water for different effective
surface areas of powder materialg, S

Then, the effective surface area of aggregates#rdtive surface area of powder
materials were taken into account, in additionhtose primary parameters (free water and
the minimum free water content required for initigt slump flow) to formulate the
equation for predicting 50-cm slump flow time. Inldgtion, the dispersion effect of
powders due to the action of superplasticizeranddfby dispersion factotd,y, was also
incorporated in formulating the model as shownan @.34).

11.33
Sta

T. =
>0 (I)dps'(vvfr - \/\/0)1.28'Stp'0.97

(4.34)

where

Tso  is 50-cm slump flow time, sec.

daps IS dispersion factor due to the effect of supsitizer.

W;  is free water content of fresh concrete, Kgéfhconcrete

W, is the minimum free water content to initiate theformation, kg/m
of concrete

Sa is effective surface area of aggregates/mrhof the mix.

Sy s effective surface area of powderseni of the mix.

4.7 Verifications

The proposed models were verified with test resoittteined from the author and
other researchers i.e. Nehdi, et al. (2001), Ghezall. (2002), Bui, et al. (2002), and Patel,
et al. (2004). The varied parameters were typgsowfders, replacement percentage of fly
ash and limestone powder in total powder contemtemwto powder ratio, ratio of paste
volume to void volume of compacted aggregate phge of aggregate, and type and
dosage of superplasticizer. The details of mageaatl mix proportions used for verifications
of slump flow and 50-cm slump flow time are showrTiable A-1 and B-7, respectively. It
was assumed that the materials used by the autitbother researchers have the same
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properties, so the coefficients of the materialsdusn other references were determined
based on the properties measured from the matéestisd by the author. The coefficients
of materials used are shown in Table A-3. Howetee, SCC mixtures with ultra-fine
particles were not included in this verificatiorstteThe accuracies of both deformability
models were verified by comparing the predictedltsgrom the model with the test results.

It was observed by visual inspection that the mieduwith T, less than 5 sec
seemed to have slight segregation but the segoegatas not severe during the short
measurement period. Also, shory Was due to the relatively higher paste and lower
aggregate contents of those mixtures. Since #tefde Tso took only a few minutes after
mixing, the segregation and bleeding were still setere at the time of measurement (the
tests were conducted right after the mixing). A®sult, it was found that the developed
models could be used to predict the slump flowZBdm-slump flow time with satisfactory
accuracies as the results in Table B-7 in AppeBdaxd in Figs. 4.46 and 4.47.

It is noted from the figures that the verified raagf slump flow and 50-cm slump
flow time were between 20-85 cm and 1-25 sec, ms@ey. The verified ranges are
considered to be boarder than the practical ranfjg®e powder-typed SCC i.e. slump flow
about 50-80 cm andsd about 5-15 sec. However, the model is not appkc#o predict
deformability of SCC with severe segregation sitieeprocess of segregation has not been
taken into account in the deformability model fotation.
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Fig. 4.46 Verification of slump flow model
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4.8 Conclusions

Based on the proposed models and verification festsredicting deformability of

SCC, it was confirmed that slump flow and slummfliome varies mainly with free water
content of the mixture. Free water content couldob&ined when knowing unit water
content, water retainability of powder materialsd asurface water retainability of
aggregates and extra free water from filling powddre amount of minimum free water
required to initiate deformation is also anotherapzeter influencing deformability and is
considered to be resulted from inter-particle steféiorce among solid particles in the
mixture.

It was found that at similar free water contengager slump flow was obtained
from the mixture with larger paste content duehe teduction of aggregate-to-aggregate
frictions from the larger distance between aggmregsarticles. The dispersion effect from
superplasticizers was considered to reduce wat@nedility of powders as well as friction
and cohesion among solid particles. The dispersitett also causes the increase of the
secant slopes of slump flow vs. free water contamte and results in the increase of
slump flow and decrease of slump flow time.

It was found from the analysis that the inter-mdetiforce, which was a function of
effective surface area of solid particles, influeth¢he velocity of deformation. Slump flow
time increases with the increase of effective sigrfarea of aggregates, due to the larger
inter-particle surface friction of aggregate pdetsc On the other hand, it reduces when
increasing effective surface area of powder mdteridue to the reduction of aggregate
contact and the lubrication effect provided to Hggregate particles from larger paste
content.

The verification tests confirmed that the proposeatiels can be used to predict the
deformation capacity (slump flow) and velocity adfdrmation (50-cm slump flow time,
Tsg) of the powder-type SCC with satisfactory accueaci
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Chapter 5

Model for Predicting Bleeding

51 General

Self-compacting concrete is recognized as a comdhett can flow into place and
completely fill formwork with little or no vibratin. This concept brings to mind an image
of a concrete mixture that not only flows like watsut also exhibits no segregation.
Segregation of fresh concrete is critical both wigirplacing concrete (dynamic state) as
well as after finishing the placement (static 9gtat€he requirement of segregation
resistance has significant impact on both fillifglisy and final hardened properties of the
SCC mixture. A conventional concrete may not shbe tendency of segregation during
certain conditions of movement but segregates dudther conditions such as when
flowing through heavily reinforced sections (Skatahl, 2000). Hence, SCC should not
have any types of segregation in neither static dysramic states, such as bleeding of
water, paste and aggregate segregation, coarsegafgrsegregation leading to blocking
(Tangtermsirikul, et al., 2000). It was also repdrtthat among these four types of
segregation, the segregation of coarse aggregatsmsdered as the decisive factor for the
self-compactability when filling heavily reinforcedea (Tangtermsirikul, et al., 2000). The
relationship between bleeding and static segregatie well as blocking of coarse
aggregate of SCC was focused in this study.

It is a fact that bleeding has close relationshith wtatic segregation. It was also
experienced from practice that SCC mixtures withblgeding had little segregation
problem during flowing (Tangtermsirikul, 1989, 2Q00Mleeding of fresh concrete is
reasonably used as the primary indication of tlaicstsegregation, so the model for
predicting bleeding was adopted and formulatedhis study. In addition, a practical
criteria of bleeding to avoid static segregation CC was proposed based on the
relationship between bleeding capacity and statgegation.

Bleeding is a form of segregation resulted fronmgsof some water in the mixture
to the surface of freshly placed concrete. Bleedirager is the water, called “movable
water”, which is free from the restriction of thalid particles and can move independently
from the solid in the mixture and is then gatheoedthe top surface of concrete. The
mechanism of bleeding can be simply explainedwleagiht of concrete is supported by the
contacts among solid particles (effective stresg) the pore water pressure inside the
concrete, consequently self-weight of the concvatecause variation of effective stress
and pore pressure along the vertical direction. tMdghe concrete also has boundary of
casting such as formwork which causes frictionh@ tipward direction. These will cause
differences of pore pressure along the verticadiion. Water will rise to the top surface
of concrete because of this pore pressure differ¢hangtermsirikul, 1989). Basically, the
initial bleeding proceeds at a constant rate, bbssquently the rate of bleeding decreases
steadily (Tangtermsirikul, 1989). Two quantitiesicerning bleeding namely bleeding rate
and bleeding capacity, or total bleeding volume,generally used to describe the behavior
of bleeding of concrete. (Tangtermsirikul, 198902)0

In this study, the experimental program explainedection 3.8.2 in chapter 3 was
conducted to clarify the behaviors of bleeding atatic segregation of the SCC mixtures.
Subsequently, the model for predicting bleedingacdp was extended from the original
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model of Thumasujarit (2006), which was based om tbncept of free water, water
retainability of solid particles, effective surfaaeea of solid particles, and average degree of
reaction to also be able to predict bleeding c#épaof the tested SCC mixtures.
Furthermore, the effect of bleeding capacity oticsgegregation of the tested SCC mixture
was studied. The influencing factors on bleedind aegregation including ratio of paste
volume to void volume of aggregate phagewater to binder ratio (w/b), dosage and type of
superplasticizer, and concrete temperature wersicgened in the model formulation.

52 M odea Formulation

It is known that rate of bleeding depends on thewm of free water in concrete,
permeability of the fresh concrete and the hydcapliessure in the free water phase
(Tangtermsirikul, 1989, 2003). The amount of freatev varies with water content and
water retainability of the solid particles in thencrete (Tangtermsirikul, 1989, 2001).
Permeability of the fresh concrete depends on thectsres of voids among the solid
particles and the air content. Air reduces the paiiity of the fresh concrete since it
blocks the flow of free water. Voids among solidtjgdes are filled with water and air,
therefore permeability of fresh concrete can beswlared to vary with free water content
of the concrete (Tangtermsirikul, 1989). By consiulg a constant void content of the solid
phase, the use of solid particles with high finenesduces free water content and
permeability of the fresh concrete (Powers, 198é&ngtermsirikul, 1989, and Neville,
1995). Hydraulic pressure in the free water phaspedds on the unit weight of the
concrete, height of the placing lift and contacess$ or effective stress among the solid
particles. The hydraulic pressure in free watet el higher when unit weight of concrete
is higher, placing lift is larger, and contact sgeamong the solid particles is smaller.
Smaller contact stress may be understood as largerparticle distances among the solids
(Tangtermsirikul, 1989, 2003).

Bleeding capacity or total bleeding volume depemshe height of the placing lift,
free water content in the concrete mixtures andamrstress. Smaller bleeding capacity is
obtained for smaller placing lift, smaller free wmatcontent but higher contact stress.
Mixture with large amount of free water is not ajwanecessary to have large total
bleeding volume if the contact stress among thiel galrticles is high so that the hydraulic
pressure in the free water cannot be produced (€emgirikul, 1989, 2003). Basically,
bleeding of concrete continues until free watetois little and contact stress among the
solid particles is large (pore pressure is too Bnfalangtermsirikul, 1989), due to the
effects from the reactions of binders and settldroéthe solid particles.

Therefore, it is assumed in this study that thennfactors influencing bleeding
capacity are free water, effective surface areasotitl particles, and degree of reaction of
binders. This was confirmed by a previous studyTb@imasujarit and Tangtermsirikul
(2005, 2006) that there existed the relationshigveen bleeding behaviors and the above
mentioned factors. As a result, the model for praly bleeding of fly ash concrete was
proposed. In this study, the developed model vaagpted and modified to also predict
bleeding capacity of the SCC mixture. The prediciod bleeding capacity of SCC in this
study is briefly explained by the flow chart in Fig1. Since the bleeding capacity is used
as the primary indication of the static segregatitve limiting amount of total bleeding
volume to ensure the avoidance of static segregaticSCC was also proposed based on
the relationship between bleeding capacity andcssagregation of the tested mixtures.
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Prediction of Bleeding of SCC
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Fig. 5.1 Flow chart for predicting bleeding cappat SCC
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53 Parameters Used in Model Formulation

Parameters considered in the model for predidilegding capacity include free
water, effective surface area of solid particles] average degree of reactions. In order to
understand fundamental characteristics of bleedwng,bleeding features i.e. bleeding rate
and bleeding capacity will be explained in sectibr&1 and 5.3.2 which will be followed
by the explanation on the model formulation paramset

5.3.1 Bleeding Rate

Bleeding rate means the amount of bleeding periapamiod of time. Bleeding
behavior of fresh concrete can be basically sepdrato two states, early age bleeding and
later age bleeding, which have much differencdéeding rate (Tangtermsirikul, 2003).

For the bleeding test in this study, the amounbleéding water was collected on
the concrete surface at 10 minutes intervals dutegfirst 40 minutes and at 30 minutes
intervals thereafter until cessation of bleeding.order to simulate the time-dependent
bleeding volume of fresh concrete mixture, the peater called “Bleeding Rate” or “BR”
was employed. Bleeding rate at a certain time canobtained by differentiating the
relationship between bleeding volume versus time.

d
BR(t) =—(BV(t
(1 = (BV(1) 60
where

BR(t) is bleeding rate at a certain time, cc/min.
BV(t) is bleeding volume at that time measured frdme standard test
(ASTM C232 Method A: Sample consolidated by tampieg.

Fig. 5.2 shows an example of determination of blegdate from a plot of bleeding
volume versus time after mixing. Bleeding rate etain time of this test can be obtained
by differentiating the function of bleeding volumersus time (see Fig. 5.3).
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Fig. 5.2 Characteristic of bleeding volume versone after mixing (Thumasujarit, 2006)
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Fig. 5.3 Relationship between bleeding rate vetsuge obtained by differentiating the
function of bleeding volume versus time (Thumastjanoe6)

5.3.2 Bleeding Capacity

Bleeding capacity or total bleeding volume meamssiiim of bleeding volume from
the start of bleeding until the bleeding stops @tarmsirikul, 2003). It was assumed in this
study that bleeding capacity has close relationshigh static segregation, so limiting
bleeding capacity to avoid static segregation Was tiseful for mix proportioning of SCC.

The bleeding volume at any time can be derived fitoefollowing equation.

BV(t) = BV(t,) + j BR(D)dt (5.2)

where

BV(t) is bleeding volume of the concrete at thestdared time, cc.
BV(t,) is initial bleeding volume of concrete, cc.

BR(t) is bleeding rate of concrete at the considi¢éirae, cc/min.

to is starting time of bleeding.

t is the considered time, min.

5.3.3 Free Water Content, Water Retainability and Effective Surface Area of Solid
Particles

Free water content, water retainability and ¢fecsurface area of solid particles in
the concrete are identical to those used in mamtehdlation for predicting deformability,
which can be obtained from Egs. (4.5), (4.6), add?q) explained in Chapter 4,
respectively.
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5.3.4 Average Degree of Reactions of Cement and Fly Ash

When cement particles are in contact with wategreéhs an initial period of very
rapid hydration reaction followed by a dormant pdri(typically of the order of three
hours) during which little reaction takes placeribg the hydration, surface of the cement
particles becomes more irregular and their surtea increases (Neville, 1995), hence
increasing their capacity to retain water on thdase. Furthermore, as the hydration
reaction progresses with time, the pozzolanic readlso occurs and the surfaces of the
fly ash particles are also reacted, causing theease of the surface areas leading to higher
water retainability of fly ash particles (Wangchek,al., 2003). As a result, amount of free
water causing bleeding in fresh concrete reduc#s tve increase of water retainability of
the binder particles. Simultaneously, the hydragiiessure gradient of fresh concrete
reduces with the increase of the surface areanofebiparticles causing the increase of the
contact stress among solid particles. Clearly,dibgree of reactions of cement and fly ash
(i.e. hydration and pozzolanic reaction, respettjvplays a significant role in bleeding
behavior, so it was considered as the main paranmetiee model formulation.

The average degree of hydration of cement at ang is defined by Saengsoy
(2002) as the weight fraction of hydrated cememttp&l cement in the paste and can be
determined by the following equation:

imk ()
oy (1) =" F——— (5.3)

2.m,

k=1
where

any(t) is average degree of hydration reaction of @adtthe considered

age, %.
k is oxide compound of cement4& C,AF, GS, GS).
M is mass of each oxide compound per cubic meteewfent paste at

any water to binder ratio, kgfn
ax(t) is degree of hydration of each oxide compoumdcéement at the
considered age, %.

The degree of pozzolanic reaction of fly ash waindd as the weight fraction of
already reacted fly ash per total fly ash in thet@anixture and can be expressed by the
following equation which was also proposed by Saepd2002).

tan[(0.049- T — 0.186- - 0.135 -]
Oy (t) = D (369 (5.4)
tan*[(0049- T2*** - 0.186 " ~0139365

where

apoz (t) is degree of pozzolanic reaction of fly aslth&t considered age, %.

T is concrete temperaturis.
w/b is water to binder ratio.
t is the considered age of concrete, days.

opoz (365) is degree of pozzolanic reaction of fly asB65 days, %.
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where

0poz (365)  ={100—{(102— 0.1-T,)-(0.416+ 0.0088 (w /b) 5%?)
-tan™{(7.927- (w /b)"** -15,699)- [(SiO, / CaQ,, ) - (%Si0,, / %Ca0, )|}}}

.(1-%LO1/100)-[0.948 tan™*(7.227-10* - F, | (5.5a)

SiO; = [(We%SiOn) + (Wr%SiOy)] / 100 (5.5b)

CaQy = [(Wc%CaQ) + (gr.(Wr%CaQ)] / 100 (5.5¢)

& = {l-exp[-a(%CaQ)]} / {1+exp[-a:(%CaQ)]} (5.5d)

a = 0.0048F; / 3000°%**+ 0.0245 (5.5€)
where

Opoz (365) is degree of pozzolanic reaction of fly asl865 days, %.

t Is the considered time, days.

Tc is concrete temperaturis.

w/b is water to binder ratio.

%CaQ is calcium oxide content in cement, % by weight.
%CaQ is calcium oxide content in fly ash, % by weight.
SiOyc is silicon dioxide content in cement, % by weight.
SiOy¢ is silicon dioxide content in fly ash, % by weight
CaQy is effective unit calcium oxide content in paig/m’.
SIO, is silicon dioxide content in paste, kg/m

& is effectiveness of calcium oxide in fly ash.

W is cement content in paste, k@lm

W; is fly ash content in paste, kg/m

F is fineness of fly ash, city.

As a result, the average degree of reactions (@imduhydration and pozzolanic
reaction) can be obtained by Eq. 5.6 (Saengsoy2,20angchuk et al., 2003).

O eacdt) = (1— %rFA/100) o, (t) + (%rFA/L100) o.,,,(t) (5.6)
where
Oreact (1) is average degree of reactions (including bBgdn and
pozzolanic reaction), %.
%rFA is replacement percentage of fly ash in tbiaders, % by
weight.

5.3.5 Effectsof Timeand Temperatureon Specific Surface Area of Binders

With the elapse of time after mixing, the surfacé the binder particles deform
along with the reactions. The surfaces become mugind this increases the specific
surface area of the binder particles. The incredsige specific surface area depends on the
elapsed time and ambient temperature and thereddime and temperature factor for the
specific surface was introduced as shown in E@) (3angchuk, 2003).

81



Sp =CtTp.Sp (5.7)
where

S’ is specific surface area of binders with the eftéelapsed time and
temperature, chg.

Grp  Is time and temperature factors for the spesilidace of binders.

S is initial specific surface area of binders,*gn

Since surface area of the cement particles isesealuring hydration, it was
considered that the specific surface area of cenmentased with the average degree of
hydration. The relationship between the time antpterature factor and the average degree
of hydration was derived from the analysis of th&t results of various mix proportions of
the concrete as shown in the following equation fgéhuk, 2003).

098- ., () 7° ]

Sae = 1J{exp(o.os- oy, (1))

(5.8)
where

Cire Is time and temperature factors for the spedcsicface area of
cement, which is applicable for both mixtures wiahd without
water reducing admixtures.

any(t) is average degree of hydration, %.

During the progress of hydration reaction with tipezzolanic reaction of fly ash
also occurs, also resulting in the increase ofdindéace area of fly ash particles. It was
assumed in this study that the specific surfaca afdly ash increased with the degree of
pozzolanic reaction. The relationship between iime tand temperature factor versus the
degree of pozzolanic reaction was also proposetlVapgchuk (2003) as shown in Eq.
(5.9).

G =1+ 42-00,0,(1) - fL+ exp(271- 994-a (1))}

(5.9
where
Cerf is time and temperature factors for the specifidaxze area of fly
ash, which is applicable for both mixtures with amihout water

reducing admixtures.
apoAt) is degree of pozzolanic reaction, %.

54  Effectsof Influencing Factorson Bleeding Behaviors
Effects of the influencing factors on bleeding bebes, i.e. water to powder ratio,

ratio of paste volume to void volume of aggregatease, type and dosage of
superplasticizers, and concrete temperature, wessiigated and discussed in this section.
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54.1 Effect of Water to Powder Ratio on Bleeding Behavior

It was confirmed from Figs. 5.4 to 5.7 that theh@gwater to binder ratio caused
the increase of bleeding rate and bleeding capatity to larger amount of free water
content in the mixtures.

Naphthalene Iy = 1.6 , Dosage = 1.5%
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Fig. 5.4 Bleeding behaviors of the mixtures witffetent w/p ratios (dosage of
naphthalene based superplasticizer | = 1.5 %yanil.6)
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Fig. 5.5 Bleeding behaviors of the mixtures witffetient w/p ratios (dosage of
naphthalene based superplasticizer 1l = 1.5 %yani.6)
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Melamine y = 1.6 , Dosage = 1.0%
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Fig. 5.6 Bleeding behaviors of the mixtures witffedient w/p ratios (dosage of melamine
based superplasticizer = 1.0 %, anel1.6)
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Fig. 5.7 Bleeding behaviors of the mixtures witfietient w/p ratios (dosage of
polycarboxylate based superplasticizer = 1.5 %,yand.6)

5.4.2 Effect of Ratio of Paste Volumeto Void Volume of Aggregate Phase on
Bleeding Behavior

Figs. 5.8 to 5.11 indicate that, at similar watempbwder ratio, bleeding rate and
capacity of the tested mixtures increased withiiseease of the ratio of paste volume to
void volume of aggregate phagg. (It was because the mixtures with higher pasteéerd
had the higher unit water content per concreteraeluresulting in the higher free water for

bleeding.
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Fig. 5.8 Bleeding behaviors of the mixtures witffetenty values (dosage of naphthalene
based superplasticizer | = 1.0 %, and w/p = 0.45)
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Fig. 5.9 Bleeding behaviors of the mixtures witfietienty values (dosage of naphthalene
based superplasticizer Il = 1.0 %, and w/p = 0.45)
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Melamine , Dosage = 1.0% , w/p = 0.45
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Fig. 5.11 Bleeding behaviors of the mixtures witffiedenty values (dosage of
polycarboxylate based superplasticizer = 1.0 % ,vaipd= 0.45)

5.4.3 Effect of Type of Superplasticizer on Bleeding Behavior

Four types of superplasticizer were introduced thi mixtures to investigate the
effect of superplasticizers on bleeding behavioBGIC and the results were shown in Figs.
5.12 to 5.15. The figures show that at similar desaf superplasticizer, the mixtures with
naphthalene-l superplasticizer produced the highat of bleeding, followed by the
mixtures with naphthalene-Il, melamine, and poligoaylate based superplasticizers. The
higher bleeding rates of the mixtures with naplghaland melamine based superplasticizers
are considered to be due to the higher abilityastigles dispersion. This effect resulted in
the increase of free water content of the mixtimeother words, bleeding of the mixtures
with naphthalene and melamine based superplastcirereases with the increase of the
water reducing efficiency. On the other hand, tblygarboxylate based superplasticizer had
the highest water reducing efficiency but causeddiwest bleeding due to the difference of
dispersion mechanisms of superplasticizers i.etrelgtatic repulsion and steric hindrance.
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y=1.4,w/p=0.45, Dosage =1.0%
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Fig. 5.12 Bleeding behaviors of the mixtures wilifiedent types of superplasticizer at
dosage of 1.0 % by weight of powderH1.4 and w/p = 0.45)
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Fig. 5.13 Bleeding behaviors of the mixtures wilifiedent types of superplasticizer at
dosage of 2.0 % by weight of powder=1.4 and w/p = 0.45)
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y=1.8,w/p=0.45, Dosage = 0.5 %
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Fig. 5.14 Bleeding behaviors of the mixtures wilifiedent types of superplasticizer at
dosage of 0.5 % by weight of powder=1.8 and w/p = 0.45)
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Fig. 5.15 Bleeding behaviors of the mixtures witifiedent types of superplasticizer at
dosage of 1.0 % by weight of powder=1.8 and w/p = 0.45)

5.4.4 Effect of Dosage of Superplasticizer on Bleeding Behavior

It was confirmed from Figs. 5.16 to 5.19 that blegdof all tested mixtures
increased with the increase of dosage of supeiglasss. It was due to the higher
dispersion effect on mobility of powder materia¢sulting in the increase of free water
content of the mixtures. It was also found from test results of the mixtures with 2 %
dosage of superplasticizers that bleeding increasesendously when the mixtures were
much overdosed with the superplasticizers. It shdel noted that the unit water content is
generally adjusted to control bleeding when usimgesplasticizer in actual practice.
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Fig. 5.16 Bleeding behaviors of the mixtures wilfiedent dosages of naphthalene based
superplasticizer k(= 1.8 and w/p = 0.45)
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Fig. 5.17 Bleeding behaviors of the mixtures wilfiedent dosages of naphthalene based
superplasticizer Ily= 1.8 and w/p = 0.45)
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Melamine y = 1.8, w/p = 0.45
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Fig. 5.18 Bleeding behaviors of the mixtures witfiedent dosages of melamine based
superplasticizery(= 1.8 and w/p = 0.45)
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Fig. 5.19 Bleeding behaviors of the mixtures witlfietlent dosages of polycarboxylate
based superplasticizer£ 1.8 and w/p = 0.45)

5.4.5 Effect of Concrete Temperature on Bleeding Behavior

It is a fact that a higher temperature of freshctete results in more rapid reactions
of binders and so directly affects bleeding behavi®o investigate bleeding behaviors at
various temperatures, concrete temperatures a3®5nd 45 °C were selected. It can be
seen from the Figs. 5.20 to 5.23 that when incnggiie concrete temperature, the earlier
initiation and termination of bleeding, a bit highkleeding rate and lower bleeding
capacity of the tested mixtures were observed. ¢bnsidered to be due to the acceleration
of the reactions of binders in the concrete.
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Fig. 5.20 Bleeding behaviors of the mixtures witlsalge of naphthalene-I based
superplasticizer of 1.0 %,= 1.8, and w/p = 0.45 at different concrete
temperatures
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Fig. 5.21 Bleeding behaviors of the mixtures witlsage of naphthalene-Il based

superplasticizer of 1.0 %,= 1.8, and w/p = 0.45 at different concrete
temperatures
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Melamine,y=1.8, w/p=0.45, Dosage=1.0%
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Fig. 5.22 Bleeding behaviors of the mixtures witlsage of melamine based
superplasticizer of 1.0 %,= 1.8, and w/p = 0.45 at different concrete
temperatures
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Fig. 5.23 Bleeding behaviors of the mixtures witisage of polycarbxylic based

superplasticizer of 1.0 %,= 1.8, and w/p = 0.45 at different concrete
temperatures

55 Relationships between Analytical Parameters and Bleeding Capacity of SCC

Free water, effective surface area of solid pasichnd average degree of reactions
were considered as parameters affecting the anaiusieeding water due to their effects
on bleeding capacity. They are employed in the méalenulation for predicting total
bleeding volume.
55.1 Relationship between Free Water and Bleeding Capacity

Fig. 5.24 confirmed the previous study by Thummaisiijet al. (2006) that the

increase of free water content increased bleedapgaty of the tested mixtures with the
application of naphthalene and melamine based plgsticizers. On the other hand, there
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was no strong relationship between bleeding capaacitl free water content of the tested
mixtures with polycarboxylate based superplasticiieis noted here that a higher free
water amount due to the higher water reducing iefficy by steric hindrance mechanism
results in the larger deformation of the concretediscussed in section 4.4 in chapter 4,
however the increased free water does not causmdhease of bleeding of the mixtures.
This may be because the chains of polycarboxylatedb superplasticizer prevent the
settlement of powder particles.
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Fig. 5.24 Relationship between free water and lahgedapacity of the tested mixtures

5.5.2 Rdationship between Effective Surface Area of Solid Particlesand Bleeding Capacity

Effective surface area of solid particles indicates possible contacts among fine
aggregate, coarse aggregate and powder partiaps5.25 indicates that the increase of
effective surface area of solid particles decretisedleeding capacity. It can be explained
that the larger surface area of solid particlesseauhe increase of solid stress, so the
hydraulic pressure gradient of fresh concrete dticed. Permeability is also lower when
surface area is larger (comparing mixtures withséime free water content).
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Fig. 5.25 Relationship between effective surfaeaaf solid particles and bleeding
capacity of the tested mixtures
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5.5.3 Reationship between Average Degree of Reactions and Bleeding Capacity

The relationship between bleeding capacity of SB€average degree of reactions
is shown in Fig. 5.26. It can be seen that theemse of average degree of reaction
decreases the bleeding capacity. These get alotlyg twe test results conducted by
Thumasuijarit (2006). This is because free watéhenmixtures is utilized in the hydration
and pozzolanic reactions, resulting in reductiorfreé water. More developed reactions
also cause higher solid-to-solid friction whichueds hydraulic pressure.
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Fig. 5.26 Relationship between bleeding capacityaerage degree of reactions of the
tested mixtures

5.5.4 Relationship between Bleeding Capacity vs. Free Water Volume and Effective
Surface Area of Solid Particles

Bleeding capacity, free water volume, and effecBueface area of solid particles
can be determined at a certain time when bleedasgbleen measured. It can be seen from
Fig. 5.27 that at the same free water content, bileeding capacity reduced with the
increase of effective surface area of solid pasicl
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Fig. 5.27 Relationship between bleeding capacit/feee water classified by different
effective surface area of solid particles
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5.6 Model for Predicting Bleeding Capacity of SCC

Since the relationship between free water contensus bleeding capacity of the
tested mixtures with polycarboxylate based supstizier had not yet been formulated, the
model for predicting bleeding capacity of SCC wasrfulated by using only the results of
the tested mixtures with the repulsion-typed sujpstizizers, based on the modification of
the proposed model of conventional concrete by Tdsujarit (2006). However, further
studies are required to include the effect of steindrance mechanism by polycaboxylate

based superplasticizer into the model.

Time at 30 minutes after mixing was selected tothee starting time because a
period of time is needed for free water to ris¢hi® top surface of freshly placed concrete
and becomes obviously detectable from the concset¢éace. The bleeding volume

measured at 30 minutes was thus considered asitia¢ bhleeding volume.

The model for predicting bleeding capacity of thixtores was formulated based
on test results presented in sections 5.4 andrsl %sashown in Egs. (5.10) to (5.12).

where

where
BVt

BVTo

¢bvt

Wfr (to)
Seff (to)

0(ave(to)

BVt = dpwBVro

BVre = aadto)***exp((-0.17)-W(to))-(-0.22etayve(to) "
+ Serf (to) #° + 0.03- S (to) + 6.87x10" Wir(to)

+ (-0.04) eave(to))- €XP(-41.46raydte) O °
+ Wi (to) % + 1.84- S (to))- Wi (to) 0%
+ 37.520adto) + 223.37

>0

Dot = 1+ """ exp(0.58t) "

+ 635.83B(to)¢)- (0.65¢°%"+ 1.14B(to)
+ (-0.65)¢’)-exp(-5.16p" -8
+(-109.23)p + (-13.71)B(to))

+ (-70.58)B(to) + 14.86)

>0

is bleeding capacity of the concrete with watedung

admixture, cc.

is bleeding capacity of the mixture without watexducing

admixtures, cc.

is bleeding capacity factor due to the applicabbwater reducing
admixtures (excluding polycarboxylate based supstgizer)

is starting time of bleeding (defined at 30 min).

is free water content at 30 min after mixing, kg/of concrete.
is effective surface area of solid particles @tn3in after mixing,

cn?/m? of concrete.
is average degree of reaction at 30 min afteingixo
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[0) is dosage of water reducing admixture, % by weigfhpowder
materials.

o' is water reducing efficiency of water reducing axiaore.

Be(to) is water retainability coefficient of cement & @in after mixing.

Bs(to) is water retainability coefficient of fly ash 3® min after mixing.

It is noted here that the cessation of bleeding lvélvalid only when bleeding rate
is zero. Hence, bleeding capacity at any time aainbe less than zero in all cases. The
proposed model is applicable for the powder-typ&C Snixture with the ratio of paste
volume to void volume of the compacted aggregastselbetween 1.4 to 1.8 and the use of
repulsion-typed superplasticizer.

5.7  Verification of Bleeding M odel

The bleeding capacity of the tested mixtures pegbaby the author and
Thumasuijarit (2006) was calculated from the progasedel and was compared with that
obtained from the tests. The details of material$ mix proportions used for verification
tests can be seen in Table A-1 and B-2 in the Agipes A and B, respectively. Fig. 5.28
shows the verification tests of bleeding capacibtal bleeding volume) of the tested
mixtures with both repulsion-typed and polycarbexgl based superplasticizers. It is
shown that the developed models can be used tdcprim bleeding capacity of the
mixtures with repulsion-typed superplasticizers hwitsatisfactory accuracy (with
coefficients of correlation 0.96); however it istnapplicable for the mixtures with
polycarboxylate based superplasticizer.

~1,600

8 R?=0.96 °
2
§1,200 . ° SN
8 o Thumasuijarit (2006) (Conventional Concrete)
= ¢ Author (SCC with Repulsion
. <o ..

g 800 Typed Superplasticizers)
@ N ¢ Author (SCC with Polycarboxylic
o . .
B 400 A . Typed Superplasticizer)
g (o *
— o °

0 : . DAS M

0 400 800 1,200 1,600
Predicted bleeding capacity (cc.)

Fig. 5.28 Comparison between tested and predidestiing capacity (total bleeding
volume)

5.8 Relationship between Bleeding Capacity and Static Segregation

It is assumed that effective resistance to statigregation can be achieved by
limiting bleeding capacity of fresh concrete belawspecified value. The relationship
between bleeding capacity and static segregatics amalyzed to determine the limit of
bleeding capacity as the minimum requirement tadcastatic segregation of SCC.
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Test results in Fig. 5.29 show that L-box passiniitya of the tested mixtures reduces
with the increase of the differences of coarseeggie weight ratios to total concrete between
the top and the bottom concrete portiong).(&s the L-box passing ability of 60 % was
recommended as the passing condition for the tlestcondition of good passing ability
through narrow spaces was recognized for the neigtwith & less than 10 %. As a result, the
SCC mixtures with the Ssmaller than 10 % were judged to be the mixturas¢ould avoid
the aggregate blocking at clear spacing betweehlstes due to static segregation.
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Fig. 5.29 Relationship between L-box passing tgaind differences of weight ratio of coarse
aggregate to total concrete between the top arabtit@m concrete portions{b

Fig. 5.30 indicates thats®f the tested mixtures increases with the increébeeding
capacity. Test results indicate that even thougtbtbeding capacity of the tested mixtures was
either very low or none, the blocking due to dyrmasa@gregation of the tested mixtures (L-box
passing ability below 60 %, which was indicatedgylarger than 10 %) could sometimes be
observed. This led to the recommendation to avaiitsegregation that SCC should have no
bleeding. Hence, the tested bleeding capacity d¥% Owas specified as the minimum
requirement for mix proportioning of SCC, thougtsgiag ability may not be always satisfied
when the mixture has zero bleeding especially vihercondition of the opening is severe. It
should be noted that this conclusion is only taretlie condition of L-box used in the test. In
actual construction, the condition of reinforcemientisually less severe and passing ability is
usually satisfied in such case even though the 543 little bleeding.

97



o ~
o O

w b~ O

o O O
<O

5o

&

%o

Lo

O

<o

of coarse aggregate to
N
o

Difference of weight ratio
total concrete between
the top and the bottom

concrete portions (S %)

10 oo SRS

0O 2 4 6 8 10 12 14 16 18
Bleeding Capacity (%)

Fig. 5.30 Relationship between bleeding capaaity differences of weight ratio of coarse
aggregate to total concrete between the top anddtiem concrete portions £5

59 Conclusions

Based on the test results and the proposed pradictiodel for bleeding and static
segregation of SCC, it was found that the incredseater to binder ratio increased the
bleeding rate and bleeding capacity due to thesfaagnount of free water for bleeding in
the mixtures. Moreover, bleeding capacity increas@ti the increase of ratio of paste
volume to void volume of aggregate phagedue to the increase of free water content
directly caused by the higher unit water contenthef tested mixtures. It was also found
that bleeding capacity of the mixtures with naplgha and melamine based
superplasticizers increased with the increase efwhater reducing efficiency. However,
polycarboxylate based superplasticizer showed |dbesxding though having higher water
reducing efficiency than the others due to theedéihce of dispersion mechanisms of
superplasticizers i.e. electrostatic repulsion atetic hindrance. It was found that the
higher concrete temperature caused the earlieatioih and termination of bleeding, a bit
higher bleeding rate, and lower bleeding capacitythe tested mixtures due to the
acceleration of the reactions of binder partictethe concrete.

It was confirmed that the main factors influencivigeding of the SCC mixtures
included free water content, effective surface arfesolid particles, and average degree of
reaction of binders. However, the relationship leetw bleeding capacity and free water
content of the tested mixtures with polycarboxylased superplasticizer was not existed.
As a result, prediction model for bleeding capadaitytotal bleeding volume of the SCC
mixtures only with the repulsion-typed superplagdcs was developed based on the
modification of the previously proposed model oheentional concrete.

The verification tests confirmed that the proposeddel can be used to predict
bleeding capacity of the tested SCC mixtures wgprapriate accuracy. However, further
development of the proposed model requires inclusibthe effect of steric hindrance
mechanism.

To avoid static segregation, it was suggestedzbiai bleeding capacity should be
specified as the minimum requirement for mix projoing of the powder-typed SCC.
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Chapter 6

Model for Predicting Passing Ability

6.1 General

In cases of narrow spaces in formwork or congesggdorcement, filling ability of
SCC has to be fulfilled by the functional requiretn@amely passing ability through
narrow openings in addition to good deformabiliydaenough resistance to segregation.
Passing ability is defined as the ability to flolwdugh narrow spaces such as closely
spaced reinforcement without segregating or blarkifiaggregate particles (Skarendahl,
2000). In practice, there has to be compatibilgyween the size and amount of large solid
particles in the self-compacting concrete and tlearcspacing between reinforcing bars
and formwork openings that the concrete must flonwugh (Tangtermsirikul, et al., 2000).

To briefly describe mechanism of blocking, when aete flows through an
opening, the aggregate particles around the opédraxg to change their flowing path to be
able to flow through the opening. As a result, ismh among the aggregate particles
arises, creating many instantaneous contacts athergggregate particles at the vicinity of
the opening. By these aggregate contacts, thewe p®ssibility that some aggregate
particles form a stable arch, which blocks the reftthe flow of the concrete
(Tangtermsirikul, et al., 2000). Fig. 6.1 illus&atthe above mentioned explanation of the
mechanism of aggregate blocking.

o> Oy 0> 0> 0o Aggregate arching
O%%OQ%O%O&WCB OeOeoeoe Os 07 Ox
0> 0% 07 070077

Fig. 6.1 Mechanism of aggregate blocking at naropenings (Tangtermsirikul, et al.,
2000)

In actual, filling ability of SCC depends not onbn the internal factors i.e.
deformability and segregation resistance of thecie but also the external factors such
as the congestion of the reinforcement. The effeftdresh concrete properties and
reinforcement configurations on blocking mechanisvere therefore considered as
analytical parameters in the model formulation, alhiincludes size distribution,
volumetric ratio, shape and maximum size of aggesgaclear spacing and size of the
reinforcement, as well as viscosity of the concrétewever, it is noted here that the
proposed models are limited for self-compactingccete without visual segregation and
containing no viscosity agents. The diagram ofueficing factors on passing ability
through narrow openings of SCC is illustrated aBigq 6.2
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Influencing Factors on Passing Ability

Q Paste Phase — Viscosity
]
-
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< Aggregate Phase Maximum Size of Aggregates
]
= Shape of Aggregates
Ratio between Reinforcement Diameter
Interaction between Fresh Concrete and Maximum Size of Aggregates
and Reinforcing Steel Bars
or Narrow Openings Ratio between Clear Spacing and Three-Quarter
Dimension of Each Aggregate Fraction
= .
2 Diameter of Steel Bars
3 Reinforcing Steel Bars
5 .
E and Narrow Opening Clear Spacing between Steel Bars
& or Formworks

Fig. 6.2 Diagrammatic illustration of influencif@ctors on passing ability through narrow
openings of SCC

6.2 Modd Formulation

Based on mechanism of blocking of mortar flowingotlgh round openings
investigated by Ozawa, Tangtermsirikul, and Maekd®@02), it was reported that the
volume of sand which caused blocking depended erathount of larger size of the sand
and ratio of opening size to the sand particle.dizeas found that the larger amount of
large particles led to higher risk of blocking ati@ blocking volume of sand increased
linearly with the ratio of the opening diametethe mean size of sand

With regards to the blocking mechanism of SCC stidiy Tangtermsirikul and
Bui (1995, 2002), it was investigated that the ésrgggregate volume and larger maximum
size of aggregate resulted in higher risk of blogkiln addition, the aggregate blocking
volume ratio is not only affected by the ratio efnforcement clear spacing to aggregate
particle size but also by the ratio between recgarent diameter and maximum aggregate
particle size, and by the inter-particle frictiomdaproperties of liquid phase of the mixture
such as viscosity. They also proposed the analytilegram for predicting the blocking
aggregate volume formulated based on the blockiigria with respect to the effects from
type, size and volume of aggregates, and cleairgpand diameter of the reinforcements
by assuming that the blocking volume ratios arepahdent on paste properties as long as
the mixture has no static segregation (see Fig. 6.3
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Fig. 6.3 Analytical diagram for predicting aggregatocking volume proposed by
Tangtermsirikul, et al. (2002)

As seen in the analytical aggregate blocking diagffaig. 6.3), the blocking and no
blocking zones are divided by the calculated lireggarded as the criteria of blocking. The
blocking criteria for aggregate phase relate thieime ratio of aggregate blocking to the
ratio between reinforcement diameter and maximugresggate size as well as the ratio
between reinforcement clear spacing and three-guait each aggregate fraction. The
proposed blocking criteria can be reasonably usgarédict maximum aggregate volume
which causes blocking called “aggregate blockinduv®”. The proposed diagram is
intentionally used for controlling particle sizedacontent of aggregates in the concrete by
considering reinforcement condition in order to idvaggregate blocking. However, it is
recommended that the blocking criteria should bplémented together with the concept
of maximum average distance between aggregatelpastirfaces to ensure the avoidance
of blocking of the aggregate with the minimum pagiatent (Tangtermsirikul, et al., 2000,
2002).

In this study, the original blocking criteria copte®f Tangtermsirikul, et al. (1995,

2002) was adopted and extended to include thetsféégarticle shape of coarse aggregate
and viscosity of the concrete, in addition to thegioally proposed parameters i.e.
distribution, volumetric ratio and maximum sizetbé aggregates, and clear spacing and
diameter of the reinforcements. However, it is doteere that the proposed model is
limited for powder-typed self-compacting concretathaut visual segregation and
containing no viscosity agents. Prediction of pagsibility through narrow opening in this
study is illustrated by the flow chart shown in Fe4.
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Prediction of Passing Ability through Narrow Opening of SCC
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Fig. 6.4 Flow chart for predicting passing abilityough narrow opening of SCC
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6.3 Parameters Used in Model Formulation

The below mentioned concepts and parameters werkinghis study to formulate
the model for predicting the blocking volume ratibich means the maximum aggregate to
concrete volume ratio that does not cause blockingugh aggregate bridging at narrow
openings.

6.3.1 Risk of Blocking

Properties and volume of aggregates in the congkete a significant role on
passing ability through narrow openings since oetgecwith excessively large aggregate or
too much large aggregate content usually can tiothé heavily reinforced area due to
blocking of the aggregate. In addition, the tengewfcblocking increases with tendency of
segregation of coarse aggregate particles. It asvknthat even though larger volume and
larger maximum size of aggregate require loweregpashtent, this can cause a higher risk
of blocking (Tangtermsirikul, et al. 2000, 2002).

An equation for computing the blocking risk of S@S shown in Eq. (6.1) was
proposed by Tangtermsirikul, et al. (2002) basedhenmechanism of blocking of SCC
flowing through narrow openings and the roles néfand coarse aggregates on blocking.

Risk of blocking = ”—j (6.1)

i=1 nabi
— z Vai/Vt j (61&)

=\ Vani/ Vi

4 Vai
= 6.1b
; Vabij ( )

where
Naj is volume ratio of aggregate group i to total cete.

Nai IS blocking volume ratio of aggregate group idtat concrete.
Vai is volume of aggregate group i°wf the mix.

Vai is the blocking volume of aggregate group 1,ahthe mix.

Vi is total volume of the concrete mixture®.m

n is number of aggregate size groups.

The maximum total aggregates volume which does caoise blocking can be
derived at the value of blocking risk equal to 1d&% in Egs. (6.2) and (6.3)
(Tangtermsirikul, et al., 2002).

Z[\\/lbj = 1.0 (6.2)

Vatmax = Z Va = Va (6 3)



where

Vamax 1S the maximum total aggregate volumé,afithe mix.
Vai is volume of aggregate group i.

Vai Is blocking volume of aggregate group i.

Va is volume of total aggregates? of the mix

6.3.2 Aggregate Blocking Volume Ratio

Considered as the main parameter used for the ibpokriteria concept, the
aggregate blocking volume ratio means the maximotame ratio of aggregates to total
concrete, which does not cause blocking during adlowing through narrow opening.
It can be derived from Eq. (6.4) (Tangtermsiriletlal., 2002)

n. - (6.4)
where

Nai IS blocking volume ratio of aggregate group i.
Vai is blocking volume of aggregate group £ af the mix.
Vi is total volume of the concrete mixture® of the mix.

The analytical blocking volume of single-sized aggate can be computed from
Eq. (6.5) which was formulated based on the diagrafig. 6.2 (Tangtermsirikul, et al.,
2002).

= (-0.05K+0.36)R,;+ (0.05K-0.36) ;when 1.0<D_<2.5
Napi = (0.01K+0.02)R, + (-0.09K+0.48) ; when 2.5<D.,<15
= 084 ; when >15
08 R (6.5)
where

Nai IS blocking volume ratio of aggregate group i.

Dcsa IS ratio between reinforcement clear spacing ahcetquarter
dimension of each aggregate fraction, which will discussed in
section 6.3.4.

K is ratio between reinforcement diameter and maxn size of
aggregate. It will be explained in section 6.3.5.

Also as another parameter to obtain risk of blogkais appeared in Eqg. (6.1), the
volume ratio between total aggregates and totalnael of the concrete is defined as in Eq.
(6.6) (Tangtermsirikul, et al., 2002).

\Y
n,=-*% 6.6
=y (6.6)

t
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where

N, is volume ratio of total aggregates to total cere
Va is volume of total aggregates® of the mix.
V¢ is total volume of the concrete mixture®.m

6.3.3 Volume Ratio of Coarse Aggregateto Total Aggregates

Coarse to fine aggregates ratio affects the vordesd and total surface area of the
aggregate phase. The optimum coarse to fine aggsegatio must lead to a less required
paste volume, and simultaneously satisfying theuireqment of fresh concrete and
hardened concrete properties (Tangtermsirikul,l.et2802). However, when the ratio of
coarse aggregate to fine aggregate is too higlsh fieoncrete can face the blocking
problem. Therefore, the volume ratio of coarse eggte to total aggregate was used in this
study as one of the significant parameters for proportioning of the SCC mixture to
avoid the blocking of aggregate. The volume raficaarse aggregate to total aggregate is
defined in the following equation (Tangtermsiriket,al., 2002).

Vg
Ny = (6.7)
V,+V,
or Nga= 1- s/a (6.8)

where

Nga is volume ratio of coarse aggregate to total egates in the
concrete, mof the mix.

Vg is volume of coarse aggregate in the concretafrthe mix.

Vs is volume of fine aggregate in the concretgpfrthe mix.

s/a is sand to total aggregate ratio.

6.3.4 Ratio between Clear Spacing of Reinforcement and Three-Quarter Dimension
of Each Aggregate Fraction

The arching of aggregate particles is developedceadien the size of aggregate is
large and also the content of aggregate is highsialler aggregate size, arching occurs at
the higher content of aggregate, however archimgnoca occur if the solid particles are too
small when compared to dimension of the opening gieamsirikul, et al. 1995). It is
suggested that the blocking of the SCC with exnelldeformability and resistance to
segregation will occur in the conditions of eith@o large maximum size of the aggregate
or excessively high content of large-sized aggeega@angtermsirikul, et al. 2000, 2002).
Therefore, ratio between clear spacing of reinfometrand three-quarter dimension of
each aggregate fraction was proposed by Tangtekmisigt al., 2002 to account for the
effect of clear spacing between the steel bars els a8 the volume and size of coarse
aggregate on blocking through aggregate bridgingah be expressed in the following
equations (Tangtermsirikul, et al., 2002).

D,=— 6.9
“=3 (6.9)
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where

Dar = Mig + 3/4 (M— Mi,1) (6.10)
where
Dca Is ratio between reinforcement clear spacing dmeéetquarter
dimension of each aggregate fraction
c is clear spacing of the reinforcements, mm.
Dat is three-quarter dimension of each aggregateidraanm.

M;,Mi.; are upper and lower sieve dimensions of aggregabeip i,
respectively, mm.

6.3.5 Ratio between Reinforcement Diameter and Maximum Size of Aggr egate

Maximum size and volume of large particles of aggte in the concrete mainly
influence passing ability through narrow openingd they are the decisive factors to result
in the ability to flow through the reinforcemenear(Tangtermsirikul, et al. 2000, 2002).
When using SCC with a specific maximum size of aggte and content of large-sized
aggregate, the use of reinforcement with large diams more subjective to blocking even
though the clear spacing between bars is the da@eause large reinforcement provides a
more stable support for the aggregate arch (Tangtekul, et al. 2000).

Ratio between reinforcement diameter and maximuae Gi aggregateas proposed
to incorporate the effects of the size of stees l@rd maximum size of coarse aggregate on
the aggregate blocking of the SCC mixture. Theoraan be obtained from Eqg. (6.11)
(Tangtermsirikul, et al. 2002).

K= P (6.11)
Dmax
where
K is ratio between reinforcement diameter and maxn Ssize of
aggregate.
(0)) is reinforcement diameter, mm.

Dmax IS maximum size of aggregate, mm.
6.4  Effectsof Influencing Factorson Passing Ability through Narrow Openings

The effects of influencing factors on the aggredpeking of SCC, which includes
particle shape and maximum size of coarse aggregiat@eter of steel bars, and viscosity
of the concrete, was discussed and analyzed toufaten the analytical diagram for
aggregate blocking volume as the model for pradicipassing ability through narrow
spaces of SCC. It is noted here that the testetlneix was prepared to have slump flow in
the range between 65 to 70 cm by varying dosageérplasticizer.
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6.4.1 Effect of Particle Shape of Coarse Aggregate on Passing Ability through
Narrow Openings

It can be seen from Figs. 6.5 to 6.7 that L-boxsags ability reduced with the
increase of irregularity of coarse aggregate pedicddue to the higher inter-particle
frictions and interlocking of the aggregate paetclin other words, the coarse aggregate
with rounded shape has higher aggregate blockihgneratio, allowing higher content of
coarse aggregate in the concrete than that ofea@gregate with more irregular shape.
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Fig. 6.5 Relationship between volume ratio of aggte to total concrete and L-box
passing ability of the mixtures with various shapésoarse aggregate for the
ratio between reinforcement diameter and maximua sf aggregate (K) of 0.80
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Fig. 6.6 Relationship between volume ratio of aggte to total concrete and L-box
passing ability of the mixtures with various shapésoarse aggregate for the
ratio between reinforcement diameter and maximua sf aggregate (K) of 1.05
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Ratio between Reinforcement Diameter
and Maximum Size of Aggregate (K=1.65)
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Fig. 6.7 Relationship between volume ratio of aggte to total concrete and L-box
passing ability of the mixtures with various shapésoarse aggregate for the
ratio between reinforcement diameter and maximwa sf aggregate (K) of 1.65

6.4.2 Effect of Maximum Size of Coarse Aggregate on Passing Ability through
Narrow Openings

Fig. 6.8 shows the effects of maximum size of aggie on L-box passing ability. It
can be seen that at similar aggregates contenfarther maximum size of coarse aggregate
resulted in the lower L-box passing ability. It éoms that when using the larger
maximum size of aggregate, the aggregate blockahgnve ratio is reduced.
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Fig. 6.8 Relationship between volume ratio of aggte to total concrete and L-box

passing ability of the tested mixtures with variomeximum size of coarse
aggregate
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6.4.3 Effect of Diameter of Reinforcements on Passing Ability through Narrow
Openings

It was confirmed from Fig. 6.9 that at similar agggte content and clear spacing
between steel bars, the larger reinforcement diamedused the lower L-box passing
ability. It is because the larger rebars providedresupports for the aggregate bridging at
the opening.

100
> A m
g 80 ; - - \~~~\~“ls\‘\
g 60 - \\\\\ \"\%\ \\\~\:\ --w--P=12mm
G x TS~ % \éx RN --4- P =20 mm
§ 40 % \gs\\A Sl A\E . -——@ =25mm
X A )
o 20 \\\ A
- ~o.

O T T T T

058 059 0.60 061 0.62 0.63 0.64
Volume Ratio of Aggregate to Total Concretg) (n

Fig. 6.9 Relationship between volume ratio of aggte to total concrete and L-box
passing ability of the tested mixtures by the L-lp@ssing ability installed with
different sizes of steel bars

6.4.4 Effect of Velocity of Deformation of the Mixtures on Passing Ability through
Narrow Openings

In this study, the tested mixtures were prepardubige similar slump flow in order
to investigate the effect of viscosity of the mpguUmeasured bysf) on passing ability
through narrow openings. It can be seen from Eitp éhat for similar particle shape of the
coarse aggregate, the highest L-box passing abilitiie mixtures was achieved wheg T
was within the optimum ranges. It was clear that dgptimum ranges of thesqwere
narrower when the particle shape of coarse aggragas more irregular. This indicates
that the range of the optimumylto satisfy L-box passing ability of the SCC mixedh
more irregular coarse aggregate is smaller, leattingore difficulty in quality control of
fresh concrete. It was also found that the L-bogspay ability varied parabolically with
Tso. It can be explained that the lower L-box passabgity of the tested mixtures was
caused by the increase of resisting forces betwhezoncrete mixtures and the wall sides
and the reinforcement of the test apparatus, whemtixtures had too high viscosity (too
high Ts0), as well as by the blocking of the mixtures duesegregation and bleeding, if the
viscosity of mixtures was too low (too lowJ. In addition, it was observed that at similar
viscosity of the mixtures, the aggregate with higimeegularity resulted in the lower L-
shape passing ability, which was due to the highter-particle frictions and interlocking
among the aggregate patrticles.

109



X 100
E N
5 801 N —my =113
< TN =1.31
> I R Criteria of Blocking (<60%) | —2—-V = 1.
c 60 i1 AN - x--y =151
") o A v\ —
a 40 - | W --o--y =155
°>-< Iox \ N\

. , = [ o . - N
@ 201 A &AQ-\
- ok B NEIRRN

0 +—L—L R
0 5 10 15 20

50-cm Slump Flow Time (), sec.

Fig. 6.10 Relationship between 50-cm slump flowetifiisg) and L-box passing ability of
the mixtures with various shapes of coarse aggedgat

Similarly, Fig. 6.11 shows that the optimum randd g giving the highest L-box
passing ability is larger when the volume of coaaggregate is smaller. Test results
indicate that to achieve the higher L-box passibigjtg, the variation of viscosity can be
larger when the mixtures had a smaller aggregatéamne. Also, it can be seen that at
similar Tso, the smaller aggregate content gave the higheoxd_fimssing ability due to
smaller inter-particle frictions and lower possigilof interlocking of the aggregate
particles resulted from the larger inter-particistahce or better dispersion of aggregate
particles in the paste.

The results from Figs. 6.10 and 6.11 imply thatcpca on SCC is more difficult
when the SCC incorporates aggregate with highexgudarity and/or higher coarse
aggregate content because the SCC will be moréiserts viscosity of the mixture.
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Fig. 6.11 Relationship between 50-cm slump flowetifiisg) and L-box passing ability of
the mixtures with various volume ratios of totabegpates to total concrete)(n
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6.5 Maodd for Predicting Passing Ability through Narrow Openings

Considered as the prediction model for passingteliil this study, the analytical
diagram and equation to determine the blocking egape volume were established based
on the analysis of test results in section 6.4. gioposed analytical diagram and equation
for aggregate blocking volume are used for contrglivolume of the aggregates in SCC
mixtures to achieve the satisfactory passing ghititough narrow openings.

6.5.1 Mode for Predicting Aggregate Blocking Volume Ratio with the Effects of
Particle Shape of Coarse Aggregate and 50-cm Slump Flow Time

6.5.1.1 Equation and Analytical Diagrams for Determining Aggregate Blocking
Volume Ratio with the Effect of Particle Shape of Coarse Aggregate

From test results in this study, it is confirmedttthe blocking volume of aggregate
reduces with the increase of volume ratio of coagggregate to total aggregates (reduction
of s/a ratio) and also with the increase of maxinaime of coarse aggregate. Moreover, the
larger ratio between reinforcement diameter andimam size of aggregate gives the
smaller aggregate blocking volume ratio. The coaggregate with higher irregularity
gives the smaller aggregate blocking volume ratavsall ratios between reinforcement
diameter and maximum size of aggregate. As a refiudt equations and analytical
diagrams for determining the blocking volume ratib single-sized aggregate to total
concrete were established and are shown in EQR)(&rd Figs. 6.12 to 6.14.

[(-0.0189ex[7431K) x  + 0.468ex{855€-0.15)x (D,-1) / 1.5]

x exp039K/ (-0.63K + 1.15K + 0.42) ; when 1.0<D_,<25
Nabi < = [(0.84-(-0.0189ex3*31x y + 0.468ex(§855K- 0.15)) / 12.5
x (Deir15) + 0.841x expg03%K)/ (-0.63K + 1.15K + 0.42) , when 2.5 D¢, < 15
= 084 ; when Q,>15
(6.12)
where

Nai IS blocking volume ratio of aggregate with sizeup i.

Tso  is 50-cm slump flow time, sec.

1 Is angularity factor, which can be obtained filéq (4.7) in Chapter 4.

K is ratio between reinforcement diameter and maxn size of
aggregate.

Dca is ratio between reinforcement clear spacing anieketquarter
dimension of each aggregate fraction.
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Fig. 6.14 Analytical diagram for determining th@ding volume ratio between single-size
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aggregate for the ratio between reinforcement diemand maximum size of
aggregate (K) of 1.65

6.5.1.2 Viscosity Factor for Aggregate Blocking Volume Ratio due to the Effect of
Viscosity of the Mixture

Test results indicate that at similar slump flowdaparticle shape of coarse
aggregate, the largest blocking volume of the agageecan be achieved whegy, B within
the optimum ranges (not neither too low nor todhidg/loreover, at similar sb, the coarse
aggregate with lower irregularity gives the largetume of aggregate blocking. In model
formulation, the effect of viscosity of the mixtgren the blocking volume of single-sized
aggregate was considered by introducing a facttedcdviscosity factor” to modify the
blocking aggregate volume ratios obtained from E&5). The viscosity factor was
assumed to have linear relationship with L-box pasability by which the L-box passing
ability of 60 % was determined by the viscositytémoof 1.0, which is considered as the
judgment of blocking condition of the mixture (d&g. 6.15).
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e I
S 1.0 :
L 0.8 !
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g 04 s
> 0.2 |
0.0 I I ! I
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L-Box Passing Ability (%)
Fig. 6.15 Relationship between viscosity factals) and L-box passing ability

113



The viscosity factor was formulated from the anialysf the experimental data in
Table B-3 in Appendix B as a function of 50-cm spuffow time, volume ratio of total
aggregate to total concrete and angularity facdaa@ressed in Eq. (6.13).

= [(-7.3n,+ 3.2)T;°°+ (-316.2 + 175.7) | T2 + 24n,— 9.7]

vis
x (1.08+0.002T5+0.3/T,,) x exp (0.29-0.0035"-3- 033/ Tgg) x ) 6.1
A

where

dvis IS viscosity factor for the aggregate blockindwvoe.
Tso  is 50-cm slump flow time, sec.

Na is volume ratio of total aggregate to total ceter
\V is angularity factor of coarse aggregate.

The relationship between viscosity factor and 50stamp flow time is shown in
Fig. 6.16.

1.8
o 7~
= 1.57 / /(?;\\.
S 124 1N T Ne=059
% l. /_l',l v\\}\ - na= 061
L 099 /i . |- n,=0.62
= i N n.=0.63
2 061 i N AT
2 I
= _ LS AN
> 037 1

OO [ ln I ; \\~\'\

0 5 10 15 20

50-cm Slump Flow Time (), sec.
Fig. 6.16 Relationship between viscosity factiis) and 50-cm slump flow time

6.5.1.3 Equation and Analytical Diagrams for Determining Aggregate Blocking
Volume Ratio with the Effects of Particle Shape of Coarse Aggregate and 50-
cm Slump Flow Time

Based on the concepts discussed in section 6.8r1d16.5.1.2, the equation for
determining the blocking volume ratio of singleexizaggregate to total concrete could be
finally formulated to include the effects of angithafactor, 50-slump flow time, volume
ratio of total aggregate to total concrete, ratietween reinforcement diameter and
maximum size of aggregate, and ratio between reiafoent clear spacing and three-
quarter dimension of each aggregate fraction, a&sngin Eq. (6.14) and examples of
analytical diagrams are shown in Figs. 6.17 to 6.22

Nabi = Quis. Nabi (6.14)

where

Nai IS blocking volume ratio of aggregate group ithwihe effects of
particle shape of the coarse aggregate and vigaafsihe mixtures.
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Napi IS blocking volume ratio of aggregate group ijahhcan be obtained
from Eq. (6.5).
dvis IS viscosity factor for the aggregate blockinduvoe.

Ratio between Reinforcement Diameter
and Maximum Size of Aggregate (K) = 0.8
and Angularity Factong) = 1.31

1.0

8:3 | I "

074 ¥~ .77

0.6 - ’: _,,x'// B Tpy =2 sec.
0.5 - .,|._:|"//’ —-BK—'T50:5SGC.
0.4 .’;’A«’ - -Tgy=12 seq.
031 i

0.2 A I::;I

0.1+

OO _”é T T T T T

0 5 10 15 20 25 30
Ratio between Clear Spacing of Reinforcement
and Three-Quarter of Each Aggregate Fraction)(D

Fig. 6.17 Analytical diagram for determining theod#ing volume ratio of single-sized
aggregate of the tested mixtures with various 50stump flow times {for the
ratio between reinforcement diameter and maximuwa sf aggregate (K) = 0.80
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Fig. 6.18 Analytical diagram for determining theod#ing volume ratio of single-sized
aggregate of the tested mixtures with various 50stump flow times {for the
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19 Analytical diagram for determining theod#ing volume ratio of single-sized
aggregate of the tested mixtures with various 50stuimp flow times {for the
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and angularity factor of coarse aggregate< 1.31}
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Fig. 6.21 Analytical diagram for determining the dking volume ratio of single-sized
aggregate of the tested mixtures with various 50stump flow times {for the
ratio between reinforcement diameter and maximum sfzaggregate (K) = 1.65

and angularity factor of coarse aggregate< 1.13}
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Fig. 6.22 Analytical diagram for determining the dking volume ratio of single-sized
aggregate of the tested mixtures with various 50stump flow times {for the
ratio between reinforcement diameter and maximum sfzaggregate (K) = 1.65
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6.5.2 Relationship between Aggregate Blocking Volume Ratio and Coar se Aggr egate
to Total Aggregates Ratio

Egs. (6.12) to (6.14) for determining blockinglwme ratio of single-sized
aggregates to total concreteyfthh were used to compute the blocking aggregate volume
ratio of total aggregates 4f) with regarding gradations of the tested aggregafes

gradations of fine and coarse aggregates useddrstiidy were shown in Table A-4 in
Appendix A.

The computed blocking volume ratios of total aggteg to total concrete was
plotted against volume ratios of the coarse agdeeta total aggregates of the tested
mixtures as analytical blocking criteria indicatilgundary between blocking and no
blocking conditions of the tested mixtures (seesF&23 to 6.28). The figures indicate that
for similar ratio between diameter of reinforcemamid maximum size of aggregates,
similar particle shape of coarse aggregate andaimolume ratio of total aggregates to
total concrete, whens§ were out of the optimum ranges, the volume of tatgregates
has to be reduced to avoid the aggregate blockimgalso indicated that at similar volume
ratio of coarse aggregates to total aggregatesTapdthe coarse aggregate with high
irregularity gives the smaller aggregate blockiotume.

Ratio between Reinforcement Diameter
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10 and Angularity Factony) = 1.31
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Fig. 6.23 Relationship between blocking volumeoati aggregates ) vs. volume ratio
of coarse aggregate to total aggregateg)(Nf mixtures with various 50-cm
slump flow times {for the ratio between reinforcamh@&iameter and maximum
size of aggregate (K) = 0.80 and angularity faofazoarse aggregate = 1.31}
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of coarse aggregate to total aggregateg,) (Nf mixtures with various 50-cm
slump flow times {for the ratio between reinforcamh@iameter and maximum
size of aggregate (K) = 0.80 and angularity faofazoarse aggregate’ = 1.55}
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Fig. 6.25 Relationship between blocking volumeaati aggregates ) vs. volume ratio

of coarse aggregate to total aggregateg,)(Nf mixtures with various 50-cm
slump flow times {for the ratio between reinforcarh@iameter and maximum
size of aggregate (K) = 1.05 and angularity faofazoarse aggregate/ = 1.31}
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Ratio between Reinforcement Diameter
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of coarse aggregate to total aggregateg,) (Nf mixtures with various 50-cm
slump flow times {for the ratio between reinforcarh@iameter and maximum
size of aggregate (K) = 1.05 and angularity faofazoarse aggregate/ = 1.51}
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Fig. 6.27 Relationship between blocking volumeaati aggregates ) vs. volume ratio
of coarse aggregate to total aggregateg,) (Nf mixtures with various 50-cm
slump flow times {for the ratio between reinforcamh@iameter and maximum
size of aggregate (K) = 1.65 and angularity faofazoarse aggregate/ = 1.13}
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Ratio between Reinforcement Diameter
and Maximum Size of Aggregate (K) = 1.65
and Angularity Factony) = 1.31
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Fig. 6.28 Relationship between blocking volumeaati aggregates ) vs. volume ratio
of coarse aggregate to total aggregateg,) (Nf mixtures with various 50-cm
slump flow times {for the ratio between reinforcamh@iameter and maximum
size of aggregate (K) = 1.65 and angularity faofazoarse aggregate/ = 1.31}

6.5.3 Relationship between Aggregate Blocking Volume Ratio and Ratio of
Reinfor cement Diameter to Maximum Size of Aggregate (K)

The relationships between the computed total agdesdolocking volume ratio vs.

ratio of reinforcement diameter to maximum sizeagfregate (K) are shown in Figs. 6.29
to 6.32. It is confirmed that for similar ratio laeten reinforcement clear spacing and three-
quarter dimension of each aggregate fractiog)(Bnd similar shape of coarse aggregate,
the aggregate blocking volume reduces with thecee of ratio of reinforcement diameter
to maximum size of aggregate (K). It also indicatest at similar ratio of reinforcement
diameter to maximum size of aggregate, the highlesking volume ratio can be achieved
at the optimum do.
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Fig. 6.29 Relationship between blocking volume aatif aggregates (i) vs. ratio of
reinforcement diameter to maximum size of aggred&e of mixtures with
various 50-cm slump flow times {for the ratio bebwme clear spacing of
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Fig. 6.30 Relationship between blocking volume aatf aggregates {) vs. ratio of
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6.5.4 Relationship between Aggregate Blocking Volume Ratio and Angularity
Factor of Coarse Aggregate (y)

Figs. 6.33 to 6.36 show the relationships betw#encomputed total aggregates
blocking volume ratio vs. angularity factor of cearaggregate. Figures indicate that for
similar ratio between reinforcement clear spacing #hree-quarter dimension of each
aggregate fraction ({3 and ratio of reinforcement diameter to maximugee f aggregate
(K), the volume of total aggregates should be redum avoid the aggregate blocking
when the particle shape of coarse aggregate is meggilar.
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Fig. 6.33 Relationship between blocking volumeorafi aggregates {g) vs. angularity factor
of coarse aggregate /) of mixtures with various 50-cm slump flow time®oK the
ratio between reinforcement clear spacing and ihoeeter dimension of each
aggregate fraction (g = 2.5, volume ratio of aggregate to total core(ef) = 0.58
and ratio of reinforcement diameter to maximum sizaggregate (K) = 1.05}
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Fig. 6.34 Relationship between blocking volumeorafi aggregates £g) vs. angularity factor
of coarse aggregate/) of mixtures with various 50-cm slump flow time®oK the
ratio between reinforcement clear spacing and ihoeeter dimension of each
aggregate fraction (g = 2.5, volume ratio of aggregate to total core(ef) = 0.61
and ratio of reinforcement diameter to maximum eizaggregate (K) = 1.05}
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Fig. 6.35 Relationship between blocking volumeorafi aggregates £) vs. angularity factor
of coarse aggregat& ) of mixtures with various 50-cm slump flow time®K the
ratio between reinforcement clear spacing and hweeter dimension of each
aggregate fraction () = 5.0, volume ratio of aggregate to total core(ef) = 0.58
and ratio of reinforcement diameter to maximum eizaggregate (K) = 1.05}
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Fig. 6.36 Relationship between blocking volumeorafi aggregates ) vs. angularity factor
of coarse aggregate/) of mixtures with various 50-cm slump flow time®oK the
ratio between reinforcement clear spacing and hweeter dimension of each
aggregate fraction () = 5.0, volume ratio of aggregate to total coree(ef) = 0.61
and ratio of reinforcement diameter to maximum eizaggregate (K) = 1.05}

6.6 Verifications

The accuracies of the proposed models were verifiedomparing the predicted
blocking conditions computed from the predictiondabwith L-box passing ability of the
tested mixtures. The test results for verificatiere carried out by the author and
Tangtermsirikul et al. (2002). Properties of matsriand mix proportions of the tested
mixtures together with the test results are shawhable A-1 and B-3, respectively. In the
verification tests, the linear combination rulegngshe proposed diagrams and Egs. (6.12)
to (6.14) were applied to determine the aggreghtekimg volume of the tested mixtures.
Then, relationships between the aggregate blockolgme obtained from the proposed
diagrams versus volume ratio of coarse aggregatgdbaggregates and 50-cm slump flow
time were plotted to classify the tested mixturegones of “blocking” or “no blocking” in
the diagrams. Figs. 6.37 to 6.48 show the blockioigditions of the tested mixtures. The
figures and test results indicate that the developwdels can be used to predict the
blocking conditions of the tested mixtures. Howevkee accuracies of the model should be
further verified by carrying out more verificatidasts in the future especially when the
arrangement of the rebars is not one way as iteited condition.
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Fig. 6.37 Relationship between blocking volumeaati aggregates §{g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
angularity factor) = 1.31 and 50-cm slump flow times between 3 aiséd for
ratio between reinforcement diameter and maximu®a sf aggregate (K) = 1.05
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Fig. 6.38 Relationship between blocking volumeaati aggregates {g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
angularity factor) = 1.31 and 50-cm slump flow times out of the mbgtween
3 and 7 sec for ratio between reinforcement diamatel maximum size of
aggregate (K) = 1.05
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Angularity Factor §) = 1.51
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Fig. 6.39 Relationship between blocking volumeaati aggregates {g) vs. volume ratio
of coarse aggregate to total aggregateg,)(Mf the coarse aggregate with
angularity factor¢) = 1.51 and 50-cm slump flow times between 4 asgéd&for
ratio between reinforcement diameter and maximu®a sf aggregate (K) = 1.05

Ratio between Reinforcement Diami
and Maximum Size of Aggregate (K) = 1.05,
Angularity Factor §) = 1.51
and 50-cm Slump Flow Time £J)

@ out of the range between 4 and 5 sec.
5

5= 0.8+

>0

Lo 0.7+

o O

95 06- ¢

&5 S 05- Blocking
L o

E” 04-

= No Blocking]
> 0.3

00 02 04 06 08 10 12
Volume Ratio of Coarse Aggregate to
Total Aggregate (j))

— Analytical Blocking Volume
a  Author (Blocking)

Fig. 6.40 Relationship between blocking volumeaati aggregates §g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
angularity factory) = 1.51 and 50-cm slump flow times out of the ebgtween
4 and 5 sec for ratio between reinforcement diamatel maximum size of
aggregate (K) = 1.05
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Fig. 6.41 Relationship between blocking volumeaati aggregates {g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
angularity factor) = 1.13 and 50-cm slump flow times between 2 asgé@for
ratio between reinforcement diameter and maximu®a sf aggregate (K) = 1.65
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Fig. 6.42 Relationship between blocking volumeaati aggregates {g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
angularity factor) = 1.13 and 50-cm slump flow times out of the mbgtween
2 and 8 sec for ratio between reinforcement diamatel maximum size of
aggregate (K) = 1.65
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Fig. 6.43 Relationship between blocking volumeaati aggregates §{g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
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ratio between reinforcement diameter and maximu®a sf aggregate (K) = 1.65

Ratio between Reinforcement Diam:
and Maximum Size of Aggregate (K) = 1.65,
Angularity Factor ¢) = 1.31
and 50-cm Slump Flow Time £J)
out of the range between 3 and 7 sec.

@)
o o
o O

O O
[o2 BN
1 1

to Total Concrete
© o o

w O

1 1 1

No Blocking

Volume Ratio of Aggregate

©
(N

00 02 04 06 08 10 12
Volume Ratio of Coarse Aggregate to
Total Aggregate ()

— Analytical Blocking Volume
A Author (Blocking)

Fig. 6.44 Relationship between blocking volumeaati aggregates §{g) vs. volume ratio
of coarse aggregate to total aggregategy)(Nf the coarse aggregate with
angularity factory) = 1.31 and 50-cm slump flow times out of the ebgtween
3 and 7 sec for ratio between reinforcement diamatel maximum size of
aggregate (K) = 1.65
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Fig. 6.45 Relationship between blocking volume oratif aggregates i) vs. ratio of
reinforcement diameter to maximum size of aggre@idjefor the ratio between
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Fig. 6.46 Relationship between blocking volume oratif aggregates 4£g) vs. ratio of
reinforcement diameter to maximum size of aggre(i@tdor the ratio between clear
spacing of reinforcement and three-quarter of emydregate fraction () = 2.5,
volume ratio of aggregate to total concretg €10.58, coarse aggregate with angularity
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Fig. 6.47 Relationship between blocking volumeaoadf aggregates {i) vs. angularity
factor of coarse aggregate)(for the ratio between clear spacing of reinfoream
and three-quarter of each aggregate fractiqg 2.5, volume ratio of aggregate
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Fig. 6.48 Relationship between blocking volumeorafi aggregates {5’1) vs. angularity factor
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6.7 Conclusions

It was found from the test results that L-box pagsability reduced with the
increase of irregularity of aggregate particles tuéhe higher inter-particle frictions and
interlocking among aggregate particles. Test resshiowed that at similar particle shape
and volume of the aggregates, the highest L-bosipgsability of the mixtures was
achieved when 50-cm slump flow time sl was within the optimum ranges. The
maximum L-box passing ability and width of optimuange of o, were smaller when the
irregularity and volume of the aggregates weredased. This indicates that variation of
Tso should be controlled within the smaller optimumgea when the concrete contains the
larger aggregate volume or when using the aggreggitehigher irregularity. It was also
found that the curves of relationship between L-pagsing ability and sp were expressed
in parabolic shape due to the increase of resisorges between the mixtures having too
high viscosity and the wall sides of the test appey, as well as the blocking caused by
segregation and bleeding of the mixtures with twe Viscosity.

Based on the proposed models and verification festgpredicting the aggregate
blocking volume ratio, it is confirmed that the tking volume of aggregate reduces when
maximum size of coarse aggregate or volume raticoafse aggregate to total aggregates
are larger (lower s/a). Moreover, the larger rdigtween reinforcement diameter and
maximum size of aggregate gives the smaller agtgdgacking volume ratio due to the
larger supports of rebar to create the aggregatiyibg at the narrow spacing. Coarse
aggregate with higher irregularity gives the smadlggregate blocking volume ratios for
all ratios between reinforcement diameter and marinsize of aggregate due to the higher
inter-particle frictions and interlocking among agggate particles. Also, at similar viscosity
of the mixtures, the aggregate blocking volume barnincreased if the particle shape of
coarse aggregate is more rounded.

In verification tests, the blocking conditions dbtd from test results of the SCC
mixtures with at lest 60 cm slump flow and witheigual segregation were compared with
the blocking boundary derived from the proposed ehodt was confirmed that the
proposed models can be used to predict the bloakimg blocking conditions of the tested
mixtures. However, the accuracies of the model lshba further verified by carrying out
more verification tests in the future.
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Chapter 7

Use of Industrial Wastesin Self-Compacting Concrete

7.1 General

Popularity of using self-compacting concrete (S@€Yxoncrete construction has
increased in many countries, since SCC is effelgti@pplied for improving durability and
increasing reliability of structures while reducinige need of skilled workers at the
construction site. However, its use is still lingiten Thailand due its high cost as the main
reason. In general, the cost of SCC is 20-40 %drmiginan that of conventional concrete.
Use of industrial wastes and by-products in comcigtthe general solution to reduce the
cost of concrete with the achievements of natwsburces and environment conservations.
The industrial waste materials are generally usedamstituents of concrete by two main
approaches i.e. as pozzolanic materials to remlaoeent and as materials for partially or
totally replacing aggregates. Examples of the itrdalsvastes regarded as the pozzolanic
materials are such as fly ash, rice husk ash, andndg granulated blast furnace slag
(GGBS) etc. The use of these materials is congidaesean effective solution to reduce cost
of concrete and at the same time to improve coacpebperties. The use of low-cost
wastes to replace natural aggregates is anotlenalive solution to achieve a reasonable
concrete cost, since about 60 to 80 % of concreleénwe is occupied by aggregates. It is
noted here that if river sand, mainly used as figgregate with the average cost of 250
Baht/nT of concrete, can be partially replaced by bottaim @ the minimum content of 10
% of total fine aggregate, the cost of SCC carebleiced by at least 25 Baht/of concrete
(about 2% of the unit cost of concrete on averaghjch is still significant for cost saving
in concrete industry.

Bottom ash is the companion to fly ash in procetscaal-burning with an
approximate amount of 20 % by volume of the totdl,alepending on the type of boiler,
dust collection system, burning temperature andtype of coal. Its particle is porous,
irregular, and coarser than that of fly ash butitemical composition is not much different
(Cheriaf, et al., 1999). Some studies on the usdHgeottom ash in concrete had been
focused on its potential to replace or partiallplaee fine aggregate due to its similar
particle size to that of normal sand (Bai, et 2003, Ghafoori and Bucholc, 1996, 1997,
Churchill, et al., 1999). Various attempts to apipbttom ash as a pozzolanic material had
also been reported (Jaturapitakkul, et al., 20@8gdn, et al., 2004Bottom ash produced
annually in Thailand, with an estimated amount 8,000 tons, has been mostly dumped
in landfill sites. As an example, the bottom asbdoiced from Maemoh power plant, the
largest coal-power plant in Thailand, has been detaly dumped at the plant as class |
waste (non-toxic waste). If this bottom ash is eadulded by being used to partially replace
river sand of SCC, the concrete cost can be redudesugh, fly ash had been proved to
enhance various properties of SCC, there has beetudies on the effects of bottom ash
on SCC's properties. Therefore, this study focusednly on the essential properties of
powder-typed SCC incorporating bottom ash as pditia aggregate replacement. These
properties include filling ability (i.e. slump flgwb0-cm slump flow time, segregation and
L-box passing ability), physical and mechanical pemties of hardened concrete (i.e.
porosity, pore size distribution compressive anlittsp tensile strengths, and modulus of
rupture), and durability (i.e. chloride penetrati@arbonation depth, shrinkage in drying
environment, and expansion in sodium sulfate smhti
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Very fine sand is a by product from the productmwacess of normal sand used in
concrete industry. At present, major amount ofpifeuced very fine sand is also dumped
in landfill due to the limitation on its applicatio It is only used in masonry works,
particularly decoration purpose such as plastemiogtar and decorative sculpture, due to
its very fine particle size. Its amount used by thpplication is relatively small compared
to the total production. In this study, it was aduced as partial content of fine aggregate
with the aim to improve filling ability of SCC, pasularly resistance to segregation and
passing ability, due to its higher specific surfameea. Deformability, resistance to
segregation, and passing ability through narrownopes of the SCC incorporating very
fine sand as partial replacement of fine aggregatetherefore investigated

As the main objective, the basic information omgdhottom ash and very fine sand
in SCC mixtures was provided in this study in orderreduce cost and promote the
application of SCC in Thailand’s construction.

72 A Proposed Method to Determine Water Retainability of Porous Fine
Aggregate

Porous materials such as lightweight aggregatebattdm ash are used as concrete
aggregate for the purposes of waste managementamadete properties improvement.
One of the main problems for the use of porouseggges is their moisture property which
is usually higher than that of normal aggregatevidus studies by Lemmer, et al. (1995),
Ghafoori and Bucholc (1996, 1997) reported thatcoete mixed with bottom ash and
recycled concrete-crush was very stiff and non-wabh& due to a significant water demand
from their porous properties. In addition, workékifreduced due to the immobility of the
porous aggregate caused by its higher surfacaofictfrom irregular shape and rough
texture. The difficulty to measure the true moistyroperty of bottom ash was also
reported by Landgren (1994), Lemmer, et al. (19@)afoori and Bucholc (1996, 1997).
Water retainability has been introduced by Ozawa).g(1991, 1992), Tangtermsirikul, et
al. (1999), and Khunthongkaew, et al. (2003) foalgsis and design of fresh concrete
properties. It is defined as the water requireg¢dmpletely fill in pores and dependently
restricted on surface of aggregate particles ugdavitational condition as illustrated in
Fig. 7.1.

Water Absorption——

— Water Retainability

Water Adsorption——

Fig. 7.1 Composition of water retainability of pas aggregate
Moisture property of concrete consists of wateloghison and water adsorption and

affects the free water amount in fresh concretea(@z et al., 1991, Tangtermsirikul, et al.,
1999, Khunthongkaew, et al., 2003). For concret®nporating porous aggregate, it is
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reasonable to apply water retainability in steadwater absorption to design mixture
proportion and to control fresh concrete propereéspecially workability. According to the
test method of ASTM C 128 applied to measure altisorpf fine aggregate, the moisture
condition of “saturated surface dry” (SSD) is agkig by air drying on sample until inter-
particle cohesion produced by surface moisturess Many efforts have been carried out
to determine surface-dryness of aggregate. Oneani@thbased on the process of water
displacement by dry aggregate, in which the abgorman be calculated by measuring the
original bulk volume of dry aggregate and the daseel bulk volume due to absorption of
water inside the aggregate pores (Saxer, et &6,1Black, et al., 1986). Another method is
to force moisture-saturated air through compacibdnaggregate particles and surface
dryness is defined as a specific break in the cuelaging time of drying and aggregate
weight (Hughes, et al., 1971). For lightweight aggate, the surface-dried from initially
wet aggregate can be obtained by centrifuging tgresgate for a fixed period of time
(Landgren, 1994). The centrifugal test method i®othtically recommended for
determining water retainability of lightweight aggate. However, it is rather sophisticated
for practical implementation. Therefore, the aintto$ study is to develop a test method to
determine the water retainability of the porousefaggregate in place of centrifugal test,
which can provide a reliable result by a simplerapph.

7.2.1 Design of Apparatusand Test Procedure
7.2.1.1 Theoretical Concept
According to the concept of centrifugal test, timeoant of water retained by solid

particles can be obtained from the relationshipvbeth water retainability coefficienp)
and the centrifugal acceleration level (G) (Tarmgtrikul, 1989) (see Fig. 7.2).
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Fig. 7.2 Water retainability of river sand (Tangtsirikul, 1989)

The coefficient of water retainability) is the ratio of the weight of water retained
in solid particles to the dry weight of the soliérficles. The acceleration level (G)
represents the applied centrifugal force level xpeé the water from the solid particles.
This concept of testing is implemented by applyagentrifugal force with a gradual
increase, so the water retainability coefficientdecreased until nearly constant at very
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high acceleration (Ozawa, et al., 1991). The wagtinability was theorically determined
from the coefficient at the acceleration of 1ghe tentrifugal test.

However, for a centrifuge machine, it is not polesto apply the acceleration level
of 1 g. An alternative application was simulatedatipwing the non-restricted water (free
water) to be removed gravitationally from the cootpd aggregate sample. According to
this concept, the absorbed and adsorbed waterlshadistricted by the aggregate while the
excess water shall drop down. From a set of triatew content, the maximum water
content which provides all portions of tested sampith the uniform moisture content is
regarded as the water retainability of the aggeegélhe diagrammatic explanation of the
test concept is illustrated in Fig. 7.3.
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Middle flows down } : : approach Water bottom sample =0
',“ by vibration retainability
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Before Testing During Testing

Fig. 7.3 Diagrammatic illustration for concepttbé proposed test method

7.2.1.2 Apparatus

The apparatus comprised a hollow cylinder pipe arzbttom plug. The cylinder
pipe having inner diameter of 75 mm and 750 mnength was adopted in order to have a
minimum sample volume of 3.0 liters. By placing thdinder vertically, if the trial water
content is more than the true water retainabithg, excess water shall flow down and then
accumulated at the bottom under gravitational effedt the bottom of the cylinder, a
capping container is assembled to collect the exaeger. This water shall be considered
as a part of the water content of the bottom portibthe test sample. A sieve no. 100 was
inserted between the cylinder and the plug to sctiee aggregate particles from the excess
water. Furthermore, to prevent water loss in tloeegss, plastic sheet and a sealant material
were applied at the top end and the connection.detel of the apparatus and its facilities
is illustrated in Fig. 7.4.
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Fig. 7.4 The proposed test method (a) Dimensions tludé designed apparatus
(b) A vibration machine for the accelerated method

Two methods to expel excess water i.e. the staéithod and accelerated method
were proposed in this study. The static method eealucted by remaining the apparatus
undisturbed for a fixed period, while the mechahwlaration was applied to the apparatus
for the accelerated method.

7.2.1.3 Test Procedure
(1) Test sample preparation

1.1 Obtain the sample with the size of approxinyal&l5 to 200 % of the quantity
required to fill the cylinder (3 to 5 kg.) and dtyo a constant mass, preferably in an oven at
110+ 5°C and allow it to cool to comfortable handling tesrgture.

1.2 Mix dry aggregates with a specified amount atex throughout the mixture in
a container, and wrap the container with a plagteet to prevent water evaporation. For an
aggregate, a range of trial moisture content sieperformed.

1.3 Keep the moist specimen in a covered trayaradom temperature for 244
hours.

(2) Testing

With a completely assembled apparatus, fill thencdr up to one-third of its
volume with the prepared aggregate; then compactayer with 30 external hits of one-
pound rubber hammer for 15 times alternatively aoheside, evenly along the height of
the filled sample. The aggregate particles willange themselves in a compacted
condition.

2.1 Fill the container up to two-third of its volenand compact again as above.
Finally fill the container until overflowing and ttnally hit again in the same manner.
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Level the surface of aggregate with a straighte@gal the top end and connection joint of
cylinder with plastic or sealant materials for ntoie loss prevention. Allow the test
sample contained in the apparatus in static candior hours (for static method) or with
vibration for minutes (for accelerated method)

2.2 Remove two separate portions of the test sanfigen the top and bottom ends
of the cylinder with each minimum weight of 5800 g. Weigh both separate portions of
the aggregate (B), and then dry it to a constaighwé€A) to obtain the moisture content of
each portion (top and bottom), by the expression as

m, = (B—A)100 (7.1)
A
where
m; is moisture content of aggregate, %

A, B are weight of oven-dry aggregate sample aaiji of the sample
after test, respectively, g.

2.3 Obtain the difference of moisture content eted aggregate between the top
and bottom portions as follows;

Am = m-—m (7.2)

where

Am is difference of moisture content of the testggragate, %.
m;,m, are moisture contents of the top and bottom @astirespectively, %

(3) Water retainability

The water retainability of aggregate is specifigdhe largest mass ratio of water to
dry aggregate that creates the zero differenceoidtare content between the top and
bottom portions4m, = 0). A relationship between the moisture diffeenf the top and
bottom tested aggregate samples and the corresyptrdil moisture is plotted, and the
water retainability is the moisture value at thieioeption between the curve and the axis
of the trial moisture content (see Fig. 7.5)
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Fig. 7.5 Relationship between the moisture diffeeeafter testing and the specified water
content in sample preparation to determine the watainability

7.2.2 Experimental Results and Discussions
7.2.2.1 ASTM C 128 Test Method for Water Absorption

For river sand sample, it was observed that aéeroving surface moisture by air
drying, the saturated surface-dry (SSD) conditicas wnonitored by the cone test with a
sign of slightly slump. The water absorption of @o/was then obtained. However, the
identical procedure was difficult for all porousdi aggregates. The test samples still
maintained the molded shape after removing the.dyneontinuing drying, the collapsed
slump of the test samples was suddenly found edsté the slight slump and the samples
were so dry, thus leading to the difficulty to jedidpeir SSD conditions (see Fig.7.6).

e "
y WP

BA Il (Mae Moh) . Expanded Clay )
Water absorption = 14.3 % Water absorption = 3.5 %  Water absorption =24 %

Fig. 7.6 Appearance of porous fine aggregates bawmoisture content equal to the
ASTM C 128 water absorption
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This is due to the fact that porous aggregateshigtdporosity and irregular shape,
leading to high surface friction. As a result, #erage measured values of absorption
became fairly low, which were 14.3 %, 3.5 %, and®24or the bottom ash type | (BA-I),
bottom ash type Il (BA-Il) and expanded clay (E@spectively. For each porous fine
aggregate, the water absorptions were tested byrelift persons. Results of the standard
deviations were obtained as 4.2 %, 1.3 %, and 4f8rdhe bottom ash type I, bottom ash
type Il and expanded clay, respectively (see Tadle

Table 7.1 Water retainability by the proposedhrodtand absorption by the ASTM C 128

Test Water Retainability and Absorption Test Results (%)
Aggregate Types Test Test Test Test
Method
Nol | No2 | No3 | Noa |Averagel SD
Bottom Ash | 30 31 31 28 30 1.4
Propose 1 11 1 1
Method Bottom Ash I 9 0 0 0 0.8
Expanded Clay 37 40 38 37 38 14
Bottom Ash | 14.3 12.8 9.9 20.0 14.3 4.2
Acssz'\g Bottom Ash Il 19 24 2.7 2.9 35 13
Expanded Clay 21.6 18.5 27.4 28.6 24.0 4.8

7.2.2.2 Proposed Method for Water Retainabilty

From visual observation, the trial moisture amodirgs 20 to 60 % and 10 to 30 %
by weight of the sample were varied in the sampépgration for bottom ashes | and II,
respectively. The appearance of the test samplasgdesting is shown in Fig. 7.7.

. da

BA | (Saraburi) ~ BAIl (Mae Moh) Expanded Clay
Water retainability = 30 % Water retainability = 10 % Water retainability = 38 %

Fig. 7.7 Appearance of porous fine aggregates havioisture content equal to the water
retainability tested by the proposed method
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From the relationships between the moisture diffeeeand the trial water amount
shown in Figs. 7.8 to 7.10, it revealed that thegkr testing period gave the larger
moisture differenceA Moisture Content in Figs. 7.8 to 7.10).
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© —e— Static r.
€809 -+ - Static12hr.
e 704 —>— Static 6 hr.
Ioh) ——o—— Accelerated 36 min.
e 60 ---x-- Accelerated 24 min.
(@) —>— Accelerated 12 min.
O 5091 —=— Accelerated 6 min.
D 40 A
S
7 30
'S 204 |Am = 0 at 30 % moisture
= P
<1 10+ \l,

0 — I T — —

0 5 101520 25 30 35 40 45 50 55 60 65
Trial Moisture Content (%)

Fig. 7.8 Relationship between the moisture diffeeefAn,)) and the specified water
content of bottom ash type |
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Fig. 7.9 Relationship between the moisture diffeeef\r,)) and the specified water
content of bottom ash type II
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Expanded Clay
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Fig. 7.10 Relationship between the moisture difieeeAn,)) and the specified water
content of fine expanded clay

Also, the larger moisture differences were obtawél increasing in the trial water
content. For the same trial moisture content, thestare difference of the static test
method was higher than that of the accelerated adeliecause of longer test period in
static method. It is clear from the figures that #tatic method with 6-hour testing period is
applicable to estimate water retainability of higbrosity materials. The curves for the
same types of tested porous material were streticheelro moisture difference at the same
trial moisture content. For bottom ashes | andhi, curves stretched to the zero moisture
difference at the moisture content of 30 % and 10&4%pectively (see Figs. 7.8 and 7.9).
These values are specified as the water retaitabilithe two bottom ashes. The moisture
content of 38 % was determined as the water rdidityaof the expanded clay from the
trial moistures of 35 %, 38 %, 40 %, and 50 % a&nse Fig. 7.10. The variation of test
results subject to different testing skills wasresented by the standard deviation values of
1.4 %, 0.8 %, and 1.4 %, conducted by four diffeqgersons, for the bottom ash type I,
bottom ash type Il and expanded clay, respectively.

It was observed that the curves of the acceleratethod showed the same
tendency as those of the static method but thedesirves of 6 and 12 minutes expressed
small moisture differences for all trial moisturalwves and for all aggregate samples. It is,
therefore, suggested that the minimum testing gefoo the accelerated method should be
24 minutes. Relationships between the moistureectsitof the tested samples and the trial
water content are shown in Figs. 7.11 and 7.12r &tdours of the static test and 24
minutes of the accelerated test, respectively. Mlogsture content of the top portion of
each aggregate initially increased with increasahdhe trial water content but became
constant after the trial moistures reached its wadainability value. In contrast, the
moisture content of the bottom portion increaseddrly with the increase of trial moisture
content due to the accumulated excess water &totibem portion.
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Fig. 7.11 Relationship between moisture contemtraétsts and trial moisture
by static method with 6-hour testing period
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Fig. 7.12 Relationship between moisture contemtraétsts and trial moisture
by accelerated method with 24-min testing period

Figs. 7.13 shows the comparison between the valtiegater retainability from
intercepting point at zero moisture difference usrthe moisture contents obtained from
the top portion after tests. It can be seen thatdhted moisture contents of the top portions
were almost the same as the obtained water rethipdbom intercepting point at zero
moisture difference of all porous aggregates. Hseilts indicated that by performing this
test method with the high trial water content impée preparation, the water retainability
value could be simply obtained from the value af tbhp portion moisture. This could
much simplify the proposed method.
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Fig. 7.13 Relationship between water retainabfhityn intercepting point at zero moisture
difference and moisture contents obtained frontapeportions after tests

7.2.2.3 Comparisons between the ASTM C 128 Test Method and the Proposed Test
Method

The comparison of test results is summarized ifeTald in section 7.2.2.1 and shown
in Fig. 7.14. Water absorptions measured from t8&M C 128 were much lower than those
of water retainability obtained from the proposeetimd for all porous aggregates.

Water Retainability / Absorption (%)

60
B Proposed Method
50 A OASTM C 128

40 - 389

30
20
10 A

O T : T
Bottom Ash |  Bottom Ash Il Fine Expanded Clay

124.0

Fig. 7.14 Comparison of results obtained by theppsed test method and the ASTM C 128

During testing, the appearances of the test sanapéeshown in Figs. 7.6 and 7.7 in
sections 7.2.2.1 and 7.2.2.2. It was confirmed tiratmoisture conditions of the samples at
the point of cone collapsing in the ASTM C 128 tiestked very dry and their moisture
contents were believed to be below the actual pufil®SD because some portions became
white color due to excessive drying. In compariste samples in the proposed test
method, at the moisture state of their water retality, appeared reasonably moist and
exhibited in molded shape from the cone test. Bygaring the standard deviation values
of the test results from both test methods, thetian of the proposed method was smaller
than that of the ASTM C128 test method for the spm®us fine aggregate. It indicated
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that the collapsed-cone criterion specified in A#%TM C 128 test to find the SSD state
was not appropriate for the porous fine aggregai#s high inter-particle frictions as the
cone shape could still be maintained even with gsigely dry condition. In addition, the
proposed test method could reduce the test resudtiation subject to the tester’s skills.
So, this implied that the proposed test methodmater retainability gave better precision
and consistency than the ASTM C 128 test methogdoous fine aggregates.

7.2.3 Application of the Proposed Test M ethod

The proposed test method and the ASTM C 128 teltodevere applied to obtain
the water retainability and the water absorpti@spectively, of the porous aggregates for
being used in mix proportioning of conventional cate (CVC) and self-compacting
concrete (SCC). Due to its high sensitivity in detecy with the variation of aggregate
moisture, SCC was also adopted. Properties of CMC SCC proportioned by using the
ASTM C 128 test method and the authors’ propossdneethod were compared to verify
the effectiveness of the proposed method. It igchdtere that the control concretes were
prepared by using river sand with the identicaldgteons to those of the combined river
sand and each porous aggregate at 10 % and 20l&6esm®nt levels in order to eliminate
effects of the aggregate gradation on fresh coagetperties.

7.2.3.1 Conventional Concrete

Test results of conventional concrete (CVC) arenshin Fig. 7.15. The concrete
mixed with bottom ashes gave the lower slump tih@ncontrol concrete. This was due to
low particle mobility or high inter-particle fricin of the bottom ash. However, the slump
of mixtures with BA-I and BA-II, proportioned by g the water retainability from the
proposed method, was closer to those of the cootnatrete than the slump values of the
bottom ash concrete proportioned by using the ASTM28 water absorption for both
10 % and 20 % bottom ash contents.
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Fig. 7.15 Comparison of slump of CVC proportiongduging water absorption from
ASTM C 128 and water retainability from the propsseethod

Fig. 7.16 shows that 28-day compressive strendttiseoCVC mixtures with BA-I
and BA-II proportioned by using the water retaitigpifrom the proposed method were
similar to the compressive strength of the contmicrete. On the other hand, the bottom
ash concrete proportioned by using the water abisarfrom the ASTM C 128 exhibited
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much higher compressive strength than the contmeti@te. Though, there might be some
contribution from pozzolanic reaction of the bott@shes, it is not likely for the tested
bottom ash mixtures to have higher strengths tharcontrol mixtures. The reason of the
higher strength was due to the underestimationetdimed water, especially inside the
particles, of the bottom ash when the absorptidnegtested by ASTM C 128 were used
for mixture proportioning.
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(Control) (Control)

Fig. 7.16 Comparison of 28-day compressive stienf§CVC proportioned by using water
absorption from ASTM C 128 and water retainabilitym the proposed method

7.2.3.2 Self-Compacting Concr ete

For self-compacting concrete (SCC), the slump flgiwen in Figs. 7.17 to 7.19
revealed that the SCC incorporating three typepavbus fine aggregate showed lower
slump flow values than those of the control coreréitwas due to the same reason of high
inter-particle friction of the porous aggregatesnitar to the case of CVC, it was found
that the mixtures proportioned by using water rethility from the proposed method gave
the closer slump flow to those of the correspondingtrol SCC mixtures, while those
designed by using the water absorptions obtaineth®yASTM C 128 test method were
apparently much less workable.
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Fig. 7.17 Comparison of slump flow of SCC mixedhliiottom ash type | and

proportioned by using water absorption from ASTMZ3 and water
retainability from the proposed method
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Fig. 7.19 Comparison of slump flow of SCC mixedwiine expanded clay and
proportioned by using water absorption from ASTMZ3 and water
retainability from the proposed method

Fig. 7.20 shows that the 28-day compressive strengtthe SCC mixed with
bottom ashes and proportioned by the ASTM C 128&mwabsorption were higher than
those of the control concrete, while those propodd by using the water retainability
from the proposed method gave the lower compresiremgth than the control concrete.
The strength decreases with increasing bottom astewnts, which was the same tendency
as the strength behavior of the SCC containingdfitree expanded clay. However, it was
noted that the SCC mixed with bottom ashes gavehitpeer strength than those mixed
with the fine expanded clay probably due to thergith improvement from the pozzolanic
reaction of fly ash partially mixed in the bottorshas. It is well understood that the
compressive strength of concrete decreases wherporating the expanded clay because
of its high porosity and non-reactivity, but wheastyned by using the obtained water
absorptions from the ASTM C 128, the higher strengas observed. This is again due to
the underestimation of the ability to keep watethaf porous fine aggregate.
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Fig. 7.20 Comparison of 28-day compressive stren§®CC proportioned by using water
absorption from ASTM C 128 and water retainabilitym the proposed method

As a result, it is recommended that the water matzlity is reasonably adopted
instead of the absorption in the mixture preparatid concrete incorporating porous fine
aggregates.

7.2.4 Conclusions

Water absorption of aggregate was necessary fogrdeand proportioning of
concrete mixtures containing the conventional agage However, when using porous fine
aggregates, the water retainability of the aggeegats more practical. A test method for
water retainability was developed based on the epinof flow of free water under gravity
condition. From a relationship between the moistifierence between two portions (top
and bottom) of the tested sample and the trial ma@iatents, water retainability is defined
as the highest trial water content that resultgero moisture difference between the top
and bottom portions.

A simplified method was proposed by performing teist method with the high trial
water content (very wet sample) and water retalitltould be determined from the
moisture content of the top portion of the samgterahe test. Test results conducted by
different persons showed that the proposed testodefor water retainability gave better
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consistency of the results when compared to thesrwabsorption by ASTM C 128.
Appearance also indicated very dry condition ofsamples at the point of cone collapsing
in ASTM C 128 test method when compared to the itiondof the samples at the point of
water retainability by the proposed method. It \dae to the high surface friction of porous
fine aggregates. This friction reduced the workigbdf both conventional concrete (CVC)
and the self-compacting concrete (SCC) mixed wathous types of porous fine aggregates.
Workability of the CVC and SCC mixtures with porduse aggregates proportioned by the
proposed water retainability test were closer tséhof the control CVC and SCC concrete
(with river sand only) than the CVC and SCC mixsupeoportioned by the water absorption
from the ASTM C 128 test method. The higher comgivesstrength of both CVC and SCC
mixtures with porous fine aggregates proportiongdusing the ASTM C 128 water
absorption also indicated that ability to retairtevaf porous aggregates was underestimated
if the value of absorption by ASTM C 128 was usedptoportion the mixtures. It is
recommended that the proposed water retainabéiy method is more practical for mix
proportioning and quality control of the concretiéwporous fine aggregates.

7.3  Useof Bottom Ash as Partial Replacement of Fine Aggregate for SCC

The essential properties of powder-typed SCC immapng bottom ash as partial
fine aggregate replacement of normal sand at 0086120 % and 30 % by weight were
investigated in this study. These properties ineldéformability and filling ability (i.e.
slump flow, 50-cm slump flow time, and L-box pagsiability), hardened concrete
properties (i.e. porosity, pore size distributiovd @ompressive strength) and durability (i.e.
chloride penetration, carbonation depth, shrinkagdrying environment, and expansion in
sodium sulfate solution). As the reasons explaineskction 7.2, the proposed test method
in section 7.2 was adopted to determine the watinability of bottom ash for mix
proportioning of the tested mixtures with bottorh.as

7.3.1 Effectsof Bottom Ash on Defor mation Capacity
Slump flow value is typically used as the measurialyie for deformation capacity

of self-compacting concrete. The effect of bottosh an slump flow of SCC at different
levels of bottom ash replacement is shown in Figl.7
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Fig. 7.21 Slump flow of the mixtures with bottoshed %, 10 %, 20 % and 30 % of total
fine aggregates
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It can be seen that the slump flow of SCC mixedh dld % bottom ash was slightly
lower than that of the control mixture. However,emtthe bottom ash content was more than
10 %, the slump flow of the bottom ash SCC deckasgnificantly with the increase of
bottom ash content. It is considered to be dueh#oimcrease of aggregate-to-aggregate
friction from the highly irregular shape and roughture of bottom ash particlddowever,
the slump flow of SCC mixtures with bottom ash cbbk increased by adding an extra
superplasticizer dosage with the increase of bo#tsimcontent as shown in Table 7.2.

Table 7.2 Mix proportions of the SCC mixtures withater to powder ratio of 0.31 the ratio
of paste volume to void volume of compacted aggeeghasey= 1.5)

Mix SCCBAO%| ocBA10% | SCC-BA20%  SCC-BA30Y
(Control)

Cementitious Materials

Cement-Type | kg./m. 385 385 385 385

PFA kg./m? 165 165 165 165
Water l./m? 170 170 170 170
Fine Aggregates

River Sand kg./m. 850 765 680 595

Bottom Ash kg./n? - 85 170 255
Coarse Aggregates

Limestone (3/4"-#4) kg./m| 850 850 850 850
Admixtures

Water reducer-Type D cc./m? 1,200 1,200 1,200 1,200

Superplasticizer-

Naphthalene based  cc./m. 5,800 5,800 5,800 5,800

Extra dosage of

superplasticizer to obtain

slump flow 70 cm. cc./m. 0 300 1,400 2,200
w/p ratio 0.31 0.31 0.31 0.31
s/a ratio 0.5 0.5 0.5 0.5

This finding corresponds to the studies of effeatsbottom ash on slump of
conventional concrete by Ghafoori and Bucholc (129®7) and workability of asphaltic
concrete by Churchill, et al. (1999). It was alearfd that the mixtures with 20 % and 30 %
bottom ash lost their slump flow significantly & #&inutes after mixing when compared
with either the control mixture or the mixture witld % bottom ash content. It indicated
that the loss of slump flow must be paid attention SCC incorporating bottom ash as
partial replacement of river sand especially if thplacement percentage is over 10 %.
Proper use of retarding admixture can be a soldutdhe slump flow loss problem.

7.3.2 Effectsof Bottom Ash on Velocity of Defor mation

The measurement of 50-cm slump flow timeggfTwas conducted to evaluate the
velocity of deformation of the tested SCC mixtur@angtermsirikul, et al., 2000).
Fig. 7.22 shows the effect of bottom ash @a The figure shows thatsd increases as the
bottom ash content increases. The larggroT the bottom ash SCC is considered to be due
to the increase of inter-particle frictions amomgrgate particles produced from bottom
ash particles. It is also seen that when increasotgppm ash content, the trend of slump
flow time at 30 min after mixing was similar to that the initial time just after mixing.
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Fig. 7.22 50-cm slump flow time of the mixturesiwitottom ash 0 %, 10 %, 20 % and 30 %
of total fine aggregates

7.3.3 Effectsof Bottom Ash on Segregation

By visual inspection during the slump flow testgisgation was not found in all
tested SCC mixtures with bottom ash as seen in7=&R. The mixtures were stiffer when
increasing bottom ash content.

. ” \id

| [SCC—BA20%, SF = 65 Cii®* [ SCC — BA30% , SF = 55 C

Fig. 7.23 Appearances after slump flow test ofrtirdures with bottom ash 0 %, 10 %, 20 %
and 30 % of total fine aggregates

7.3.4 Effectsof Bottom Ash on Segregation and Passing Ability
Fig. 7.24 shows the test results of passing alititgugh narrow openings evaluated

by using L-box apparatus. The values of passintifyabif SCC-BA 0 %, SCC-BA 10 %,
SCC-BA 20 % and SCC-BA 30 % are 83.0 %, 80.0 % €0.and 5.0 %, respectively. It
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reveals that L-box passing ability of SCC-BA 10 %aswslightly lower than that of the
control SCC but with the continuing increase of tiglacement levels of bottom ash (20 %
and 30 %), passing ability decreased significamlggregate blocking was observed in
mixture SCC-BA 30 % due to the higher inter-pagtiéliction caused by the bottom ash
particles, promoting the aggregate bridging awibmity of clear spacing between steel bars.
As the L-box passing ability of at least 60 % wasommended as the passing condition for
the test, the good L-box passing ability was recasgh for the control mixture and the
mixture containing 10 % and 20 % bottom ash. lusthde noted here that the condition of
the bar spacing in the L-box test is more critthah many of the real construction condition.
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Fig. 7.24 L-shape passing ability of the mixturagvottom ash 0 %, 10 %, 20 % and 30
% of total fine aggregates

7.3.5 Effectsof Bottom ash on Physical Properties of Hardened SCC

From the test results presented in Fig. 7.25, # alaserved that SCC-BA 30 % had
the highest porosity at the concrete age of 28,dayilswed by SCC-BA 20 %, SCC-BA
10 % and the control SCC, respectively. This isabee the highly porous property of
bottom ash particles increases total porosity afcoete. At the age of 56 days, total
porosity of all SCC mixtures reduced, however tpi@osity of bottom ash SCC mixtures
were still higher thfl\n that of the control concrete
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Fig. 7.25 Porosity of hardened the mixtures witltdra ash 0 %, 10 %, 20 % and 30 % of
total fine aggregates at the ages of 28 and 56 days
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Fig. 7.26 shows that at the age of 28 days, aledeSCC mixtures had equivalent
average pore size. The figure also reveals thatpadng to the results at 28 days, the
average pore size of all bottom ash SCC mixturésSalays of age became smaller while
that of the control mixture was almost unchangeéds tonsidered to be due to the pore
refinery effect by pozzolanic reaction especiatbynh fine ash particles.
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Fig. 7.26 Average pore size of hardened the mistwi¢gh bottom ash 0 %, 10 %, 20 %
and 30 % of total fine aggregates

Figs. 7.27 to 7.30 present the relationships betwaarosity of hardened SCC
mixtures and their mechanical properties (i.e. casgive strength, splitting tensile
strength) and durability (i.e. chloride permeabpiland carbonation depth). The figures
show that there are relations between porosity @noperties of hardened SCC
incorporating bottom ash, which will be discussethie sections of the related properties.
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Fig. 7.27 Relationship between porosity versus aesgive strength, splitting tensile
strength, and modulus of rupture of the mixtureseid at the age of 28 days
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Fig. 7.28 Relationship between porosity versus aesgve strength, splitting tensile
strength, and modulus of rupture of the mixturescid at the age of 56 days

m

o

£ 1200 5

i)

2 0
S 1000 la g
S o
@ 800 . B
%) =
@® o
o 600 é
> 400 [“ 3
e =
2 200 [—=—chior m K3
< oride permeability tested at 28 dayis 3
° —A— Carbonation depth tested at 28 days =
l_ O T T T T T T T O

6 8 10 12 14 16 18 20 22

Porosity (%)

Fig. 7.29 Relationship between porosity versusdrapioride permeability and
carbonation depth of the mixtures tested at thech@8 days

155



(63}

T o
o N
o o
o (@)

|

N

800

600

o
(‘ww) Yyda@ uoneuogie)d

400

200 —B— Chloride permeability tested at 56 da)
—4— Carbonation depth for tested at 56 da

T T T T T T T

6 8 10 12 14 16 18 20 22
Porosity (%)

Total Charge Passed (Coulombs)
w

oo VR

o

Fig. 7.30 Relationship between porosity versus rapldride permeability and
carbonation depth of the mixtures tested at thech§é days

7.3.6 Effect of Bottom Ash on Mechanical Properties
7.3.6.1 Compressive Strength

Fig. 7.31presents the effect of bottom ash on compressieagth of SCC when it
was used to replace river sand at different pergestat was found that almost all of the
bottom ash mixtures except for SCC-BA 10 % had loe@npressive strength than the
control SCC at all concrete ages. At the replacentewls higher than 10 %, the
compressive strength of bottom ash SCC decreasédivaiteasing bottom ash content. It
can be explained by considering Figs. 7.27 thatitlweease of porosity in hardened
concrete due to the use of bottom ash resultsarréduction of compressive strength. At
the age of 28 days, the compressive strength d@@ mixture with 10 % bottom ash was
equivalent to that of the control SCC and becargkédrithan that of the control SCC at the
age of 56 days, while those of the mixtures comair@0 % and 30 % bottom ash were still
lower. This may be due to the pore refinery effexgiegially at long term, by pozzolanic
reaction of bottom ash, which dominates over thecefbf increase of porosity at the
replacement level of 10 %. At the levels of 20 % &0d% bottom ash content, the pore
refinery effect by pozzolanic reaction is not doarihwhen compared to the increase of
porosity (average pore size did not reduce on tierohand increased slightly when
bottom ash replacement was increased from 10 % t% 2hd 30 % while the porosity
greatly increased). So, this indicates that theg kenm compressive strength of SCC can be
enhanced by replacing 10 % of total fine aggreugaite the bottom ash.
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Fig. 7.31 Compressive strength of the mixtures wattom ash 0 %, 10 %, 20 % and
30 % of total fine aggregates

7.3.6.2 Splitting Tensile Strength

The test results of splitting tensile strength armpressed in Fig. 7.32. Similar
tendency to compressive strength, the increasetbbrin ash content reduced the splitting
tensile strength. In long term, the 56-day splijtiensile strength slightly increased at the
10 % bottom ash replacement level but decreased Wwb#om ash contents were beyond
this replacement level. The reason is the samaa®kplained for compressive strength in
the previous section.

100
—o— 3 Days
90 1 —3— 7 Days
80 —A— 28 Days
—»— 56 Days

Spliting Tensile Strength, (ksc.)

0 5 10 15 20 25 30 35
Bottom Ash Replacement (%)

Fig. 7.32 Spilitting tensile strength of the mixtureth bottom ash 0 %, 10 %, 20 % and 30 %
of total fine aggregates
7.3.6.3 Modulusof Rupture

Fig. 7.33 shows that the increase of bottom aslacement level resulted in the
reduction of modulus of rupture, exhibiting the ®a&m tendency as those of the
compressive strength and splitting tensile strergthall concrete ages. It was due to the
higher porosity in hardened concrete as indicatdelg. 7.27.
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Fig. 7.33 Modulus of rupture of the mixtures withtiom ash 0 %, 10 %, 20 % and 30 %
of total fine aggregates

7.3.7 Effectsof Bottom Ash on Durability
7.3.7.1 Chloride Permeability

The chloride permeability of the tested SCC mixtugeshown in Fig. 7.34. It was
found that the higher the bottom ash content tiyhdri the chloride permeability at the
concrete age of 7 days. It was also revealed fieathloride charge passed of all SCC-BA
mixtures reduced with the age of concrete. At tpe af 28 days, all tested SCC mixtures
had not much different Cpermeability. The same tendency was also foun&d@odays of
age. It was mainly influenced by the tightnesshef lbong-age mixtures due to low water to
powder ratio. At the concrete age of 56 days, thep€meability of SCC-BA10 % was
about the same as, in fact a little lower thant tfahe control concrete, while those of
SCC-BA 20 % and SCC-BA 30 % were higher. This réidacof chloride diffusion is
considered to be due to the improved pore strucitg@uced pore size) by pozzolanic
reaction at the opt(inmum bottom ash content (10 8d)lang term water-curing.
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Fig. 7.34 Rapid chloride permeability of the mixdsiwith bottom ash 0 %, 10 %, 20 %
and 30 % of total fine aggregates
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7.3.7.2 Carbonation Depth

According to the test results of carbonation deptigwn in Figs. 7.35 and 7.36,
tested for one month in an acceleration chambergc#tbonation depth, tested at concrete
ages of 28 and 56 days, increased with the incrafalsettom ash content. The carbonation
depths of SCC containing 10 % bottom ash weretla larger than those of the control
concrete. On the other hand, carbonation depti®Ca-BA 20 % and SCC-BA 30 % were
much larger than those of the control mixturessFij29 and 7.30 show the strong relations
between the tested carbonation depth and poraspyying that higher C@diffusion was
attributed to higher porosity of concrete due te thcrease of bottom ash content. The
carbonation depth of bottom ash SCC mixtures waallemwhen tested at the longer
concrete age due to the effect of pore densifiodiippozzolanic reaction of bottom ash.
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Fig. 7.35 Carbonation depth of the mixtures witktdrm ash 0 %, 10 %, 20 % and 30 % of
total fine aggregates tested after 28 days of gurin
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Fig. 7.36 Carbonation depth of the mixtures witktdam ash 0 %, 10 %, 20 % and 30 % of
total fine aggregates tested after 56 days of gurin
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7.3.7.3 Shrinkage in Drying Environment

Since the tested mixtures had very low water togmwatio, the shrinkage measured
in drying environment includes both autogeneous agmythg shrinkages. Fig.7.37 indicates
that the trend of shrinkage of the test sampleseased with drying period and gradually
stabilized after about 91 days of drying. It wasdbund that the mixture with higher bottom
ash content displayed larger shrinkage, whereasdhtol concrete exhibited the smallest
shrinkage. Basically, the rate of water evaporafimm concrete depends on the pore
structures of concrete i.e. pores size and porawel and the condition of environment (Lea,
1970). Test results of porosity indicate that tighér rate of concrete drying is attributed to
the increase of porosity due to the increase dbboash content.
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Fig. 7.37 Shrinkage in drying environment of thetures with bottom ash 0 %, 10 %, 20
% and 30 % of total fine aggregates

7.3.7.4 Expansion Induced by Sodium Sulfate

The results of length change of specimens duettrmad sodium sulfate attack at
various immersion times are shown in Fig. 7.38. &kgansion of all concrete specimens
increased prominently with the submerging periodrdyuthe first 196 days. After that, the
expansion of each mixture was nearly stabilized the end of the test period (12
months). It revealed that the expansion of therob&CC was the largest, followed by
SCC-BA 10 %, SCC-BA 20 % and SCC-BA 30 %, respetyivSpecimen break-down
was not found in this study possibly because ofti#rese matrix of SCC due to low water
to powder ratio. The dense matrix significantlyueeld permeability and then diffusion of
SO ions into the concrete. Test results indicate tiaincrease of bottom ash content
results in better resistance to sodium sulfates Tbecause the calcium hydroxide which
produces gypsum by reacting with sodium sulfatgylteng in secondary ettringite to cause
expansion in concrete (Khatri, 1997), is reducedhieypozzolanic reaction of bottom ash.
In spite of the higher porosity, the expansion 6CSmixtures with bottom ash decreases
with the increase of bottom ash content. This iaigis that the sodium sulfate resistance
can be achieved by pozzolanic reaction of bottom akich dominates over the increase
of porosity. The improvement on sulfate resistasdzeneficial for SCC application in
sulfate exposing structures such as undergroundtstes, bored piles, and undersea
structures etc.
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Fig. 7.38 Expansion in sodium sulfate of the migtuwith bottom ash 0 %, 10 %, 20 %
and 30 % of total fine aggregates

7.3.8 Conclusions

Experimental results revealed that slump flow arabk passing ability of the SCC
mixtures with bottom ash reduced, while the slutogvfloss and 50-cm slump flow time
(Tse) increased with the increase of bottom ash repiace level. However, the required
slump flow could be maintained by adding an extreadje of superplasticizer.

The increase of bottom ash content resulted imatiection of compressive strength,
splitting tensile strength and modulus of rupturel @aused the increase of porosity of
hardened concrete. However, at 10 % bottom ashageplent of fine aggregate, the
compressive strength and splitting tensile streajthé days of age were improved by pore
refinement effect due to pozzolanic reaction wiidominated over the increase of porosity.

In terms of durability, chloride ion permeabiligarbonation depth and shrinkage in
drying environment of most of the tested bottom &€IC mixtures except for the mixture
with 10 % bottom ash were larger than those ofdtetrol SCC, mainly due to higher
porosity. On the other hand, the resistance agaodium sulfate was enhanced with the
increase of bottom ash content. The durability 6CSmixtures with bottom ash could be
improved in long term by pore refinement due tozmbanic reaction when water-curing
was conducted.

As a result, it is reasonable to conclude that échanical properties and some
durability performances are concerned, the optimejtacement for the tested bottom ash
is about 10 % by weight of total fine aggregatewdweer, the bottom ash replacement level
higher than 10 % may be applied for particular vgadkpending on total concrete cost and
construction condition.

74  Useof Very Fine Sand as Partial Replacement of Fine Aggregate for SCC
This study focused on the effects of the use of fiee sand as partial replacement

of normal river sand on filling ability of the SC@ixtures. Mix proportions of the tested
SCC mixtures were determined by using the ratiingf aggregate to total aggregate that
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gives the minimum void content of aggregate phaskfixing powder content at 520 and
540 kg/ni and water to powder ratio (w/b) of 0.28. Slumpnflof 65 cm without bleeding
was controlled by adjusting dosage of superplastadf the mixtures.

7.4.1 Effectsof Very Fine Sand on Void Content of Aggregate Phase

The minimum void contents were obtained from thetsteof the combined
aggregates mixtures between coarse aggregate vaosmsl sand mixed with very fine
sand at various percentages. It is known thatalgel specific surface area of aggregates
results in the higher minimum water content reqlite initiate deformation of fresh
concrete. Therefore, the compatibility between \amdtent and specific surface area of the
aggregates were considered in this study to achieveffective mix proportion of SCC.

7.4.1.1 Effects of Very Fine Sand on Void Content of the Combined Normal and Very
Fine Sands Mixture

It was found from Fig. 7.39 that void content oé ttompacted normal sand mixed
with very fine sand was the lowest at the very a@d amounts of 5 % and 10 % of the
total fine aggregate mixture. Beyond these amouhts,void content increased with the
increase of very fine sand content.
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Fig. 7.39 Void content of normal sand mixed witmyéne sand at 0 %, 5 %, 10 %, 20 %,
30 %, 50 %, and 100 %

Similarly, it was confirmed that the calculated @fie surface area of the tested
combined sand mixtures increased with the incredisgercentage of very fine sand as
shown in Fig.7.40.
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Fig. 7.40 Specific surface area of normal sand chixegh very fine sand at 0 %, 5 %, 10 %,
20 %, 30 %, 50 %, and 100 %

7.4.1.2 Effects of Very Fine Sand on Void Content of the Combined Normal-Very Fine
Sands and Coar se Aggregate Mixture

Test results of void content in Fig. 7.41 show thgtvarying the weight ratio of
fine aggregate to total aggregates (s/a) from 3b50, the minimum void contents of the
combined aggregates between coarse aggregate amhlngand mixed with different
contents of very fine sand were obtained at diffematios of fine aggregate to total
aggregates. The mixture between coarse aggregdtecamal sand with 50 % very fine
sand had the lowest void content i.e. 21.8 % atdlie of sand to total aggregates of 0.42.
However, it can be seen that almost all of combimedmal-very fine sands coarse
aggregate mixtures gave the minimum void contentseasimilar sand to total aggregates
ratio of 0.45. Consequently, the s/a value of Qw45 used to determine the mix proportion
of the tested SCC mixtures for this study.

Very Fine Sand
Replacement
--A--0%
--%- 10%
——50%
-0—-100%

Void Contents of Combine
Aggregate (%)

0001020304 050607080910
Sand to Total Aggregate Ratio (s/a)

Fig. 7.41 Relationship between weight ratio of semtbtal aggregate (s/a) and void of the
combined normal-very fine sands and coarse ag@egaixtures

It can be seen from Fig. 7.42 that at the s/a w@iti0.45, the increase of very fine
sand content reduces the void content of the coadbitormal-very fine sands and coarse
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aggregates mixtures. It is considered to be dubedigher ability of smaller particles of
sand to fill voids among the compacted aggregattcjes. However, the specific surface
area increased with the increase of very fine seamutent. Therefore, to achieve the
effective mix proportion of SCC, the optimum re@aent of very fine sand of total fine
aggregate should be determined by considering dnepatibility of these two physical

properties in company with the test results ofgraperties of SCC.
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Fig. 7.42 Relationship between specific surfaca arel void content of the tested
aggregates

7.4.2 Effect of Very Fine Sand on Defor mation Capacity of SCC

From the test results shown in Fig. 7.43, it wasntb that at the same powder
contents, slump flows of the mixtures with 10 %wéne sand content were similar to (in
case of powder content = 520 k§jrand slightly higher (in case of powder conterfi49
kg/m® than that of the control concrete. It is congidedue to the effective compatibility
between void content and specific surface areaetdsted aggregates. However, when the
very fine sand contents were over 10 %, slump ftdwhe tested SCC reduced with the
increase of very fine sand content. It was becalman increasing very fine sand content, the
larger specific surface area of the aggregatesirgatise higher required water content to
initiate deformation is dominant over the lowerdroontent of the compacted aggregates.
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Fig. 7.43 Slump flow of the SCC mixtures with vefige sands at 0 %, 10 %, 20 %,
and 30 %.

7.4.3 Effect of Very Fine Sand on Velocity of Defor mation of SCC

Fig. 7.44 shows that the increase of very fine saomdent increasedsd except for
the mixtures with 10 % very fine sand. It is comset due to the higher effective surface
area of total aggregates, which is confirmed byrétationship between free water content
vs. Tso at different effective surface area of aggregageshown in Fig. 4.41 in chapter 4.
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Fig. 7.44 50-cm slump flow of the SCC mixtures witry fine sands of 0 %, 10 %, 20 %,
and 30 %.

7.4.4 Effectsof Very Fine Sand on Segregation and Passing Ability through Narrow
Openingsof SCC

Segregation was not found in all tested SCC mistuvegh very fine sand. On the
other hand, it could be observed during testing ti mixtures were more viscous when
increasing the percentage of very fine sand. It egs to the increase of effective surface
area of aggregates causing the reduction of fraerved the mixtures, which is beneficial
to improve the resistance to segregation of SCC.

It can be seen from Fig. 7.45 that, L-box passihgita of the mixtures with
powder content of 520 kgfhincreased with the increase of very fine sand euntThis
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indicates that the increase of very fine contemtefies the mixtures with smaller powder
content. On the other hand, L-box passing abilftyhe mixtures with powder content of
540 kg/n? was highest at 10 % very fine sand content bup#ssing ability reduced when
very fine sand contents were increased to 20 ¥3artkb.
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Fig. 7.45 L-box passing ability of the mixtures i %, 10 %, 20 %, and 30 % very fine
sand contents

745 Conclusions

Very fine sand contains a significant content ofyvéne particles; therefore it
improves segregation resistance and passing abilibugh narrow openings of SCC. It
was found in this study that the minimum void comtef the compacted normal sand
mixed with very fine sand was obtained at 5 % a@ddvery fine sand contents and the
specific surface area increased with the incredseery fine sand content. It was also
found that the minimum void contents of the aggregaixtures between coarse aggregate
and normal sand mixed with different contents afy\iene sand were obtained at different
ratios of sand to total aggregates. Also, almdstfatombined normal-very fine sands and
coarse aggregate mixtures gave the minimum voideots at the similar sand to total
aggregates ratio of 0.45 which was used to deterthie mix proportion of the tested SCC
mixtures. It was also indicated that void conteht@mbined normal-very fine sands and
coarse aggregates mixtures was reduced with thease of very fine sand contents.

It was found from test results of the tested SC&tures that at the same powder
contents, slump flows of the mixtures with 10 %aMame sand content were similar to (in case
of powder content = 520 kgAnand slightly higher (in case of powder conteri4® kg/m)
than that of the control concrete due to the effectompatibility between void content
and specific surface area of the tested aggregbtesever, when the very fine sand
contents were over 10 %, slump flow of the test€€ Seduces with the increase of very
fine sand content because the larger specific sairtaea of the aggregates due to the
increase of very fine sand results in the highequired water content to initiate
deformation. Test results also indicate that tloeease of very fine sand content increases
Tso due to the higher effective surface area of tag@regates.

Segregation was not found in all tested SCC migtuvih very fine sand because
very fine sand improved the resistance to segmmgati SCC. It was also found that L-box
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passing ability of the mixtures with powder conteh520 kg/ni increased with the increase
of very fine sand content, while those of the mieguwith powder content of 540 kgfmvas
highest at 10 % very fine sand content but redue#d the increase of very fine sand
content when very fine sand contents were over 10 %

As a result, it is reasonable to conclude that rheddvility, resistance to segregation,

and passing ability of the SCC mixtures could bermmed by using the tested very fine
sand at the optimum replacement of about 10 % hghwef total fine aggregate.
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Chapter 8

Conclusions and Recommendations

8.1 Conclusions

Based on the proposed models, test results anficaéion tests, the following
conclusions can be drawn.

As the measuring values of deformability of SCQingb flow and 50-cm slump
flow time (Tsg) vary mainly with free water content of the miduiFree water content is
obtained when knowing unit water content, wateaingbility of powder materials and
surface water retainability of aggregates and efitka water from fillable powder. The
amount of minimum free water required to initiaefaimation is also another parameter
influencing deformability and is considered to lksuited from inter-particle surface force
among solid particles in the mixture. At similaedrwater content, greater slump flow is
obtained from the mixture with larger paste contme to the reduction of aggregate-to-
aggregate frictions owing to the larger distandsvben aggregate particles. The dispersion
effect from superplasticizers is considered to ceduot only water retainability of powders
but also friction and cohesion among solid parsiclehe dispersion effect also causes the
increase of the secant slopes of slump flow ve Water content curve and results in the
increase of slump flow and decrease @f. TThe inter-particle force in the concrete is
considered to vary with the effective surface akaolid particles. §p increases with the
increase of effective surface area of aggregates tduthe larger inter-particle surface
friction of aggregate particles. On the other haibhdeduces when increasing effective
surface area of powder materials, due to the remtuadf aggregate contact and the
lubrication effect provided to the aggregate phticfrom larger paste content. The
verification tests proved that the proposed modals be used to predict the deformation
capacity (slump flow) and velocity of deformatiohsf) of the powder-typed SCC with
satisfactory accuracies.

Bleeding in the mixture is considered as the primiadication of static segregation
of SCC. The increase of water to binder ratio iases bleeding rate and bleeding capacity
due to the larger amount of free water for bleedmghe mixtures. Moreover, bleeding
capacity increases with the increase of ratio ste&olume to void volume of aggregate
phase ) due to the increase of free water content diyemlsed by the higher unit water
content of the tested mixtures. When unit waterteanis kept constant, bleeding capacity
of the mixtures with naphthalene and melamine basgerplasticizers increases with the
increase of the water reducing efficiency. Howeyetycarboxylate based superplasticizer
shows lower bleeding though having higher wateucedy efficiency than the others. This
contradicting result of the polycarboxylate basegesplasticizer from those of the
naphthalene and melamine based superplasticizersnsidered due to the difference of
dispersion mechanisms between electrostatic repuisinaphthalene and melamine based
superplasticizers and steric hindrance in polyceyladte based superplasticizer. The higher
concrete temperature causes the earlier initi@mhtermination of bleeding, a little higher
bleeding rate, and lower bleeding capacity of #wed mixtures due to the acceleration of
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the reactions of binder particles in the concrBtediction model for bleeding capacity of
the SCC mixtures was developed based on the effemts main factors influencing
bleeding i.e. free water content, effective surfacs of solid particles, and average degree
of reaction of binders. However, the model for jcedg bleeding capacity of the mixtures
with polycarboxylate based superplasticizer hadl stot derived. To avoid static
segregation, the bleeding capacity of 0 % is spLds the minimum requirement for mix
proportioning of SCC, though passing ability may be always satisfied when the mixture
has zero bleeding especially when the conditiothefopening is severe. The verification
tests confirmed that the proposed model can be tesgdedict bleeding capacity of the
tested SCC mixtures with appropriate accuracy. Hewefurther development of the
proposed model requires inclusion of the effedtefic hindrance mechanism.

The maximum volume ratio of aggregate to concreét tloes not cause blocking
by aggregate bridging at narrow openings can berhted to achieve the satisfactory
L-box passing ability. The L-box passing abilitguees with the increase of irregularity of
aggregate particle shape due to the higher inteicf@frictions and interlocking among
aggregate particles. At similar particle shape aaime of the aggregates, the highest
L-box passing ability of the mixtures is achievelden Tso is within the optimum ranges.
The maximum L-box passing ability and width of hgimum range of g, are smaller in
cases of higher irregularity and larger volume gfjragates. This indicates that the
variation of the T, should be controlled within the smaller optimunmga when the
concrete contains the larger aggregate volume anldéoaggregate with higher irregular
particle shape. The blocking volume of aggregatiices when maximum size of coarse
aggregate or volume ratio of coarse aggregate tad &mgregates is larger (lower s/a).
Moreover, the larger ratio between reinforcemeatragiter and maximum size of aggregate
gives the smaller aggregate blocking volume ratie @ the larger supports of rebar for the
aggregate bridging at the narrow spaces. Coarsegafg with higher irregularity gives the
smaller aggregate blocking volume ratios due to higher inter-particle frictions and
interlocking among aggregate particles. Also, atilsir viscosity of the mixtures, the larger
aggregates blocking volume can be determined iptréicle shape of coarse aggregate is
more rounded. In verification tests, it was conBdrthat the proposed models can be used
to predict the blocking or no blocking conditionistbe tested mixtures with satisfactory
accuracies.

For the concrete with porous fine aggregates, tlaemwretainability is more
practical for being used in mix proportioning angality control than the water absorption
of the aggregate. A test method for water retalitghwas developed based on the concept
of flow of free water under gravity condition. Fromme proposed method, water
retainability of fine porous aggregates is deriyim the highest trial water content that
results in zero moisture difference between the @aod bottom portions of aggregate
sample from a relationship between the moisturierihce between two portions (top and
bottom) of the tested sample and the trial watertertts. A simplified method is also
proposed by performing the same testing procedutenith the high trial water content
(very wet sample) and water retainability can beegheined from the moisture content of
the top portion of the sample after the test. Byparing the standard deviation within the
group of test results conducted by different pessahe proposed test method for water
retainability gives better consistency of the ressulhen compared to the water absorption
by ASTM C 128. The high surface friction of pordiirse aggregates results in very dry
condition of samples at the point of cone collagsh ASTM C 128 test method and it
reduces the workability of both conventional coberéCVC) and the self-compacting
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concrete (SCC) mixed with the porous fine aggregady applying the proposed method
in process of mix proportioning, workability andnepressive strength of the CVC and
SCC mixtures with porous fine aggregates propoetiopy the proposed water retainability
test are more qualitatively consistent and closethbse of the control CVC and SCC
mixtures with river sand only than the CVC and S€fcrete proportioned by the water
absorption from the ASTM C128 test method.

By using bottom ash to partially replace sand &,010 %, 20 % and 30 % by
weight, slump flow and L-box passing ability of t8€C mixtures with bottom ash reduce,
while the slump flow loss andsdincreases with the increase of bottom ash replanem
level. However, the required slump flow can be rteaived by adding an extra dosage of
superplasticizer. Compressive strength reducesthétlincrease of bottom ash content while
porosity of hardened concrete increases. Howevd) & bottom ash replacement of fine
aggregate, the compressive strength at 56 daygeoisamproved by pore refinement effect
due to pozzolanic reaction which dominated over ititdease of porosity. In terms of
durability, chloride ion permeability, carbonatidapth and shrinkage in drying environment
(autogeneous shrinkage and drying shrinkage) of ofdke tested bottom ash SCC mixtures
except for the mixture with 10 % bottom ash argdathan those of the control SCC, mainly
due to higher porosity. At the bottom ash replacantevel of 10 %, tested at concrete age
of 56 days, the Clpermeability of mixtures with 10 % bottom ash ésluced to be about
the same as that of the control concrete and thmpation depth and shrinkage in drying
environment are a little larger than those of tlemtwl concrete. These long term
improvements are due to the effect of pore deraibo by pozzolanic reaction. In
addition, the expansion induced by sodium sulf@teS6C mixtures with bottom ash
decreases with the increase of bottom ash contemtechanical properties and some
durability performance are concerned, the optimeplacement for the tested bottom ash
is about 10 % by weight of total fine aggregatewdweer, the bottom ash replacement level
higher than 10 % may be applied for particular v8odepending on total concrete cost,
construction condition and required performances.

Very fine sand is a by-product to be used to replasme part of normal fine
aggregate in SCC. The minimum void content of thmgacted normal sand mixed with
very fine sand can be achieved at 5 % and 10 % fueeysand replacement of total fine
aggregates and the specific surface area incresislesthe increase of very fine sand
content. Almost all of the combined normal-veryefisands and coarse aggregate mixtures
give the minimum void contents at the similar sémdotal aggregates ratio of 0.45. Void
content of combined normal-very fine sands and ssbaggregates mixtures is reduced
with the increase of very fine sand contents. Da#dility and passing ability of the SCC
mixtures can be improved by using very fine santh@toptimum replacement of about 10
% by weight of total fine aggregate. At the samevger contents, slump flow of the
mixtures with 10 % very fine sand content is simtfa (in case of powder content = 520
kg/m®) and slightly higher (in case of powder conteri4® kg/nf) than that of the control
concrete due to the effective compatibility betweeid content and specific surface area
of the tested aggregates. However, slump flow efrttixture with very fine sand over 10
% reduces with the increase of very fine sand cundeie to the higher required water
content to initiate deformation resulted from therger specific surface area of the
aggregates. Also, the increase of very fine sandett increasess§ due to the higher
effective surface area of total aggregates whiclte the reduction of free water in the
concrete and the larger inter-particle surfacetifnc of aggregate particles. The use of
higher very fine sand reduces the bleeding of fisitrete due to the increase of specific
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surface area of solid particles causing the redoctf free water content. The L-box
passing ability of the mixtures with powder conterit520 kg/ni increases with the

increase of very fine sand contents up to 30 %]enthiose of the mixtures with powder
content of 540 kg/fhare the highest at 10 % very fine sand contentddiices with the

increase of very fine sand contents over 10 %.

8.2 Recommendationsfor future studies
The future studies are recommended as follows:

Models for predicting deformability, segregatiordgrassing ability through narrow
openings should be extended for the SCC mixture wécosity modified agents.

Model for predicting the loss of deformability l€E should be proposed.

Model for predicting dynamic segregation of SCCudtide proposed.

The model for predicting passing ability should dg¢ended to include different
kinds of narrow openings such as different cleaacspm of steel bars and cross-
reinforcement installation.

The use of powders with wider range in their prapsrmay be verified for more
reliability of the proposed model for predictingfalenation capacity and velocity of

deformation.

The effect of steric hindrance mechanism of polgegtate based superplasticizer
on bleeding and segregation should be clarified.

The mixtures with wider range in paste contents bayerified for more reliability
of the proposed model for predicting bleeding cépac

The use of other types of powder may be verifiednfore reliability of the model
for predicting bleeding capacity.

More verification of the model for predicting pasgiability may be carried out for

the general use, especially the aggregate blockolgme of the mixtures with wider
ranges of slump flow and 50-cm slump flow time.
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Table A-1 Properties of cement, fly ash, and linome powder used in model formulation

and verification tests throughout this study.

. - Usd Usd Usd
Chemical Composition of Cement Authgy Ghad,gyal. Patd,R.,bét/al.
Silicon dioxide (SiQ) (%) 20.63 20.7 19.44
Aluminum oxide (ALO3) (%) 5.26 4.0 5.33
Iron oxide (FeOs) (%) 3.07 2.6 2.34
Calcium oxide (CaO) (%) 64.97 62.9 61.77
Magnesium oxide (MgO) (%) 0.95 2.3 2.34
Sulfur Trioxide (SQ (%) 2.59 - 3.78
Loss on Ignition (LOD) (%) 1.20 3.0 2.06
Sodium oxide (N2O) (%) 0.12 0.76 0.23
Potassium oxide (#}0) (%) 0.61 - 1.11
Free CaO (%) 1.21 - 0.8
Insoluble Residue (%) 0.14 - -
Tricalcium Silicate (@S) (%) 61 59.6 53.8
Dicalcium Silicate (&S) (%) 13 14.5 15.15
Tricalcium Aluminate (GA) (%) 8.7 6.4 10.16
TetraCa-Al-Ferrite (GAF) (%) 9 7.9 7.12
Gypsum (%) 5.6 - -
Physical Properties of Cement
Blaine Fineness : Air Permeability Test (ASTM C8® cnf/lg 3,330 3,450 3,740
Specific Gravity 3.15 3.14 3.14
Passing 4m (%) - 88.9 87.0
Air Content : (ASTM C185) (%) - - 8.1
Soundness : Autoclave Expansion (ASTM C 151-98a) ) (%-0.02 - -
Time of Setting: Initial : Vicat Test (ASTM C 191t8) min. 113 - 121
Time of Setting: Final : Vicat Test (ASTM C 191-01a min. 225 - -
Compressive Strength : (ASTM C 109/C109 M-99)

Flow (%) 117 - -
Water used (W/C) (%) 48 - -
Compressive Strength : Mortar Cube 3 days MPa 249 204 -
Compressive Strength : Mortar Cube 7 days MPa 29.7 27.2 33.78
Compressive Strength : Mortar Cube 28 days MPa 40.6 - 40.98
Chemical Composition of Fly ash

Silicon dioxide (SiQ) (%) 38.07 - 52.4
Aluminum oxide (ALO3) (%) 22.89 - 23.4
Iron oxide (FeOs) (%) 12.12 - 4.7
Calcium oxide (CaO) (%) 18.40 - 13.4
Magnesium oxide (MgO) (%) 2.26 - 1.3
Sulfur Trioxide (SQ (%) 1.77 - 0.2
Loss on Ignition (LOD) (%) 0.03 - 0.3
Sodium oxide (N2O) (%) 1.09 - 3.6
Potassium oxide (#}0) (%) 2.29 - 0.6
Free CaO (%) 0.72 - -
Moisture (%) 0.03 - -
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Usdby  Usdby Usd by

Physical Properties of Fly ash Author  Gheml,etd. Pad.R.da.

Blaine Fineness : Air Permeability Test (ASTM C20% cnflg 2,640 - 3,060
Passing 45 micron : (ASTM C430-96) (%) 53.9 - 83.6
Specific Gravity : (ASTM C 188-95) (%) 2.30 - 2.08
Soundness

Normal Consistency : (ASTM C 187-98) (%) 22.5 - -

Autoclave Expansion : (ASTM C 151-98a) (%) -0.02 - -

Strength Activity Index with Portland Cement : (A8TC 311-98b)

Water required in percent of control (%) 98.3 - 209.
Compressive Strength of control mix At 7 day MPa .230 -
Compressive Strength of test mix At 7 day MPa 24.3 -
Strength Activity Index At 7 days (%) 80.5 - 94.5
Compressive Strength of control mix At 28 day MPa 2.44 -
Compressive Strength of test mix At 28 day MPa 32.9 -
Strength Activity Index At 28 days (%) 77.6 - 106.9

Chemical Composition of Limestone Powder

Silicon dioxide (SiQ) (%) <0.01 7.2

Aluminum oxide (ALO,) (%) <0.01 1.42

Iron oxide (FeOs) (%) 0.08 0.49

Calcium oxide (Ca0) (%) 55.34 - 50.46

Magnesium oxide (MgO) (%) 0.53 - 0.53

Sulfur Trioxide (SQ (%) - -

Loss on Ignition (Lo (%) 43.91 39.2

Sodium oxide (N£D) (%) - 0.34

Potassium oxide (10) (%) - -

Free CaO (%) - -

Moisture (%) 0.05 -

Physical Properties of Limestone Powder

Blaine Fineness : Air Permeability Test (ASTM C20% cnf/g 4,350 5,650

Passing 45 micron : (ASTM C430-96) (%) 98.8 - 97.2

Specific Gravity : (ASTM C 188-95) (%) 2.70 - 2.64

Normal Consistency : (ASTM C 187-98) (%) 24.0 - -

Water required in percent of control (%) 97.50 - -

Grading of coar se and fine aggr egate prepared by Patel, R., et al.

Sieve size Coarse aggregate Sieve size Fine aggregate
(% passing) (% passing)
19 mm 0 4.75 mm 99.28
12.5 mm 94.6 2.36 mm 90.15
9.5 mm 74.5 1.18 mm 79.80
4.75 mm 4.3 600 micron 56.2
- - 300 micron 20
- - 150 micron 4.46
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Table A-2 Chemical composition and physical prapsrof bottom ashes and expanded

clay
Chemical compositions Bottom Ash | Bottom Ash I Fine Expanded ClIg
SiO, (%) 49.75 38.64 -
Al,O3 (%) 20.26 21.15 -
Fe,0; (%) 6.26 11.96 -
CaO (%) 0.73 13.80 -
MgO (%) 0.84 2.75 -
SO; (%) 0.30 0.61 -
NaxO (%) <0.01 0.90 -
K0 (%) 2.88 2.06 -
Free lime (%) 0.01 0.03 -
Loss on ignition (%) 17.83 7.24 -
Physical compositions
Blaine fineness (cAiy) - - -
Specific gravity 1.63 2.28 2.63
(in ground form)
Table A-3 Coefficients of materials used
Materials Water Reduction Surface Angularity | Lubrication Filling Water Effective Reduction
retainability | factor for water factor Coefficient | Coefficient | reducing contact factor
coefficient water retainability efficency | area ratio
of powder | retainability | coefficients of powder
coefficient and
of powder aggregate
materials
(Bp) () (Bs. Bq) (v) L) () (¢) (Mp, Ma) (o)
Powders
- Cement 0.23 1.4 - - 0.012
- Fly Ash 0.16 1.1 1.24 0.025 0.012
- Limestone 0.21 1.4 1.05 0.003 0.012
Powder
Aggregates -
- Fine 0.02982 1.2 1
Aggregate
- Coarse 0.00391 1.4 1
Aggregate
Superplasticisers
- Naphthalene-l 0.77 0.376 0.40
- Naphthalene-l 0.77 0.37 0.40
- Melamine 0.79 0.348 0.40
-Polycarboxylate 0.73 0.43 0.40
Table A-4 Gradations of normal sand and very-fiaueds
Sieve No. Sieve Size (mm.) Normal Sand Very-finedSa
3/8” 9.5 100 100
#4 4.75 100 100
#8 2.36 93 100
#16 1.18 69 100
#30 0.6 47 85
#50 0.3 22 40
#100 0.15 0 10
Pan 0 0 0
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Table A-5 Gradations of the combined mixturesafmal sand and very-fine sand at
various replacement levels of very fine sand

Sieve | Sieve VES-0 VES-100 VES-5 | VFS-10| VFS-20 VFS-30 VFS-5
No. Size | (Normal | (Very-fine
(mm.) Sand) Sand)
3/8” 9.5 100 100 100 100 100 100 100
#4 4.75 100 100 100 100 100 100 10(
#8 2.36 93 100 93 93 94 95 96
#16 1.18 69 100 71 72 75 78 84
#30 0.6 47 85 48 50 54 58 66
#50 0.3 22 40 23 23 25 27 31
#100 0.15 0 10 1 1 2 3 5
Pan 0 0 0 0 0 0 0 0
Remark: VFS is very fine sand.
Table A-6 Gradation of coarse aggregates usedsrstady
Sieve Size 12.5-4 mm 19.0 —4.75 mm 25 -4 mm
(mm.) (22/" - #4) (3/14" - #4) (1" - #4)
37.5 - - 100
25.0 - 100 97
19.0 100 97 70
12.5 97 64 37
9.5 48 42 21
4.75 8 8 6
2.36 3 4 2
Pan 0 0 0

Table A-7 Properties of water reducing admixturd smperplasticizers used in this study

Properties Lignosulfonate Naphthalene—I| Naphthalene-II | Melamine Polycarboxylate
(with Retarder)

ASTM C494 Type D F F F F
Trade Name Daratard 50( Mighty MX Sikament FF Sikaiieo ABVA 105
Specific Gravity 1.227 1.20 1.20 1.183 N/A
Solid content (%) 48.08 40.0 35.18 33.77 N/A
pH 7.20 9.0 9.57 9.27 N/A
Water Reducing 0.247 0.376 0.371 0.348 0.438
Efficiency

185



Appendix B
Mix Proportions

186



Table B-1 Mix proportions to be used in model fotation and verification tests for
predicting slump flow and0-cm slump flow time.

VK Mix. Code Camert Fly LSP Water 3(.7ravel Sand Type Super Tlested Tested PrPidicted Predicted
i A"HA o Slum| 50-cm Slum| 50-cm
no @) (Akzh) (kg.) | (iter) (kg.) (kg) (CE():_) pla(.(S:I::c;Z er Flowp Slump Flowp Slump
. (cm) Flow (cm) Flow Time
Time (sec)
(sec.)
Mix proportion prepared by the author
1 v1.4w/b0.25Dos0 594 - - 149 890 890 - 0 20 - 20 -
2 v1.4w/b0.25D0s0.5NI 594 - - 149 890 890 - 2,970 20 - 20 -
3 v1.4w/b0.25Dos0.5M 594 - - 149 890 890 - 2,970 20 - 20 -
4 v1.4w/b0.25Dos0.5NII 594 - - 149 890 890 - 2,970 20 - 20 -
5 v1.4w/b0.25D0os0.5P 594 - - 149 890 890 - 2,970 20 - 20 -
6 v1.4w/b0.25Dos1.0NI 594 - - 149 890 890 - 5,940 20 - 20 -
7 v1.4w/b0.25Dos1.0M 594 - - 149 890 890 - 5,940 20 - 20 -
8 v1.4w/b0.25Dos1.0NII 594 - - 149 890 890 - 5,940 20 - 20 -
9 v1.4w/b0.25Dos2.0M 594 - - 149 890 890 - 11,880 29.p - 25 -
10 v1.4w/b0.25Dos2.0NII 594 - - 149 890 890 - 11,880 28| - 27 -
11 v1.8w/b0.25Dos0 764 - - 191 760 760 - 0 20 - 20 -
12 v1.8w/b0.25D0s0.5NI 764 - - 191 760 760 - 3,820 20 - 24 -
13 v1.8w/b0.25D0s0.5M 764 - - 191 760 760 - 3,820 20 - 20 -
14 v1.8w/b0.25Dos0.5NIl 764 - - 191 760 760 - 3,820 20 - 23 -
15 v1.8w/b0.25Dos1.0NI 764 - - 191 760 760 - 7,640 33 - 36 -
16 v1.4w/b0.45Dos1.0NI 440 - - 198 890 890 - 4,400 64 3 63 4
17 v1.4w/b0.45Dos1.0NII 440 - - 198 890 890 - 4,400 62.5 2 62 2
18 v1.4w/b0.45D0s2.0NI 440 - - 198 890 890 - 8,800 68.5 1 65 2
19 v1.4w/b0.45D0s2.0M 440 - - 198 890 890 - 8,800 64 2 62 2
20 v1.4w/b0.45Dos2.0NII 440 - - 198 890 890 - 8,800 70.5 1 67 2
21 v1.4w/b0.45Dos2.0P 440 - - 198 890 890 - 8,800 715 1 67 1
22 v1.8w/b0.45Dos0 566 - - 255 760 760 - 0 30 - 31 -
23 v1.6wW/b0.25Dos0 678 - - 170 830 830 - 0 20 - 20 -
24 v1.6w/b0.25D0s0.5NI 678 - - 170 830 830 - 3,390 20 20
25 v1.6wW/b0.25D0s0.5M 678 - - 170 830 830 - 3,390 20 - 20 -
26 v1.6wW/b0.25Dos0.5NII 678 - - 170 830 830 - 3,390 20 - 20 -
27 v1.6w/b0.25Dos1.0M 678 - - 170 830 830 - 6,780 20 - 24 -
28 v1.6w/b0.25Dos2.0M 678 - - 170 830 830 - 13,560 31 - 33 -
29 v1.6w/b0.45D0s0.5NI 502 - - 226 830 830 - 2,510 44 - 47 -
30 v1.6wW/b0.45Dos1.0P 502 - - 226 830 830 - 5,020 57 1 55 1
31 v1.4w/b0.35Dos0 506 - - 177 890 890 - 0 20 - 20 -
32 v1.4w/b0.35Dos1.5M 506 - - 177 890 890 - 7,590 68.5 4 64 3
33 v1.4w/b0.35Dos1.5P 506 - - 177 890 890 - 7,590 65| 2 62 2.7
34 v1.6wW/b0.35Dos0 578 - - 202 830 830 - 0 20 - 20 -
35 v1.6w/b0.25D0s0.8NI 426 184 - 150 830 830 - 5,085 20 - 29 -
36 v1.7w/b0.22D0os0.8NI 470 202 - 150 800 800 - 5,600 20 - 23 -
37 v1.8w/b0.20D0os0.8NI 516 222 - 150 770 770 - 6,150 20 - 20 -
38 v1.5w/b0.33Dos0.8NI 352 152 - 165 860 860 - 4,200 62 14 65 15
39 v1.6w/b0.29D0os0.8NI 398 172 - 165 830 830 - 4,750 57 7 59 6
40 v1.5w/b0.39D0s0.8NI 324 140 - 180 860 860 - 3,870 59 6 63 6
41 v1.6w/b0.34Dos0.8NI 368 158 - 180 830 830 - 4,385 72.6 2 74 2
42 v1.7w/b0.30Dos0.8NI 416 180 - 180 800 800 - 4,970 77 2 76 2
43 v1.7w/b0.24Dos0.8NI 308 308 - 150 800 800 - 5,135 53.p 44 57 45
44 v1.7w/b0.29D0os0.8NI 288 288 - 165 800 800 - 4,800 75.p 1] 81 1
45 v1.8w/b0.26D0os0.8NI 318 318 - 165 770 770 - 5,300 71 6 76 6
46 v1.4w/b0.29D0s0.9NI 260 260 - 150 940 770 - 4,700 72 6 77 7
47 v1.4w/b0.28Dos0.9NI 260 260 - 145 940 770 - 4,500 716 6 75 5
48 v1.4w/b0.28D0os0.8NI 260 260 - 145 940 770 - 4,200 55 11 61 12
49 v1.5w/b0.29D0s0.8NI 260 260 - 150 940 770 - 4,240 64.p 6 70 5
50 v1.5w/b0.29D0s0.8NI 260 260 - 150 940 770 - 4,240 60.p 8 66 7
51 v1.5w/b0.29D0s0.8NI 260 260 - 150 940 770 - 4,400 64.6 8 69 7
52 v1.6w/b0.29Dos1.0NI 260 260 - 150 940 770 - 5,000 476 - 51 -
53 v1.5w/b0.28D0os0.9NI 270 270 - 152 930 760 - 4,600 67.p 7 74 8
54 v1.5w/b0.28D0os0.9NI 270 270 - 152 930 760 - 4,600 71.p 6 75 7
55 v1.5w/b0.28D0os0.9NI 270 270 - 152 930 760 - 4,600 66 8 70 6
56 v1.5w/b0.28D0os0.9NI 270 270 - 152 930 760 - 4,600 54.6 14 60 17
57 v1.7w/b0.28D0os0.9NI 200 300 100 165 810 760 60( 5,000 72{5 [i 74 5
58 v1.8w/b0.32Dos0 320 160 160 206 740 740 - 0 20 - 24 -
59 v1.8w/b0.42Dos0 280 140 140 236 740 740 - 0 31.p - 32 -
60 v1.6wW/b0.34Dos0 280 140 140 188 810 810 - 0 20| - 24 -
61 v1.7w/b0.28Dos1.2NI 295 295 - 168 790 790 1,20p 5,800 71{5 4 76| 3
62 v1.9w/b0.26Dos1.0NI 340 340 - 180 740 740 1,20p 5,400 74 3 77 3
63 v1.9w/b0.26Dos1.0NI 340 340 - 180 740 717 1,20p 5,800 74 3 80 2
64 v1.9w/b0.26Dos1.2NI 340 340 - 180 740 694 1,200 6,800 76|5 3 81 2
65 y1.7w/b0.28Dos1.2NI 295 295 - 168 790 790 1,200 5,900 74|15 3 78 3
66 y1.7w/b0.28Dos1.2NI 295 295 - 168 790 765 1,20D 5,900 75|5 3 80| 2
67 v1.7w/b0.28Dos1.2NI 295 295 - 168 790 741 1,20p 5,904 7 2 82 2
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VK Mix. Code Cerert Fly LSP Water | Gravel Sand Type Super Tested | Tested | Predicted Predicted
No () Ash (kg.) (ter) | 344 | (kg.) D plasticizer Slump | 50-cm Slump 50-cm
(kg.) (kg.) (cc.) (cc) Flow Slump Flow Slump
(cm) Flow (cm) Flow Time
Time (sec.)
(sec.)
68 v1.8w/b0.28Dos1.2NI 315 315 176 760 760 1,20p 6,30Q 74(5 4 79 5
69 v1.9w/b0.26Dos1.0NI 340 340 180 740 740 1,20p 5,440 78(5 3 80| 2
70 v1.9w/b0.26Dos1.0NI 340 340 180 740 717 1,20p 5,440 71 2 81 2
71 v1.5w/b0.29Dos1.3NI 384 164 158 860 833 1,200 5,754 69|5 § 59 8
72 v1.6w/hb0.29Dos1.2NI 275 275 160 830 830 1,200 5,500 72|5 g 75 4
73 v1.6w/b0.29Dos1.2NI 275 275 160 830 804 1,200 5,500 69 1 74 8
74 v1.4w/b0.32Dos1.3NI 343 147 155 890 890 1,20p 5,145 63(5 1B 59 19
75 v1.8w/b0.28Dos1.0NI 315 315 176 760 760 1,20p 5,044 79|15 P 82| 2
76 v1.8w/b0.28Dos1.0NI 315 315 176 760 736 1,200 5,04(Q 795 7 84 2
77 v1.5w/b0.29Dos1.3NI 384 164 158 860 833 1,200 5,754 51{5 4D 51 4]
78 v1.5w/b0.29Dos1.3NI 384 164 158 860 821 1,200 5,754 2 . 32 -
79 v1.5w/b0.29D0os1.3NI 384 164 158 860 782 1,20p 5,754 56(5 49 53 50
80 v1.5w/b0.30Dos1.2NI 385 165 165 850 850 1,20p 5,500 64 1 62 6
81 v1.5w/b0.30Dos1.2NI 385 165 165 850 823 1,20p 5,500 61|5 1 61 1]
82 v1.5w/b0.30Dos1.2NI 385 165 165 850 797 1,200 5,500 62|5 1P 61 1]
83 v1.6w/b0.28Dos1.3NI 413 177 165 830 804 1,200 6,195 6 1p 57 13
84 v1.6w/b0.28Dos1.3NI 413 177 165 830 778 1,20p 6,195 55(5 2D 54 2]
85 v1.7w/b0.27Dos1.2NI 448 192 172 790 765 1,20p 6,72Q 69 s 62 4
86 v1.8w/b0.26Dos1.2NI 476 204 180 760 712 1,20p 7,14Q 7 4 65 3
87 y1.7w/b0.29Dos1.2NI 294 294 170 790 790 1,200 5,865 75|5 3 79 3
88 v1.8w/b0.26Dos1.2NI 324 324 170 760 760 1,200 6,455 77\5 3 78 3
89 v1.5w/b0.36Dos1.6NI 234 234 170 860 860 1,200 6,09¢ 72|5 3 77| 3
90 v1.7w/b0.29Dos1.5NI 294 294 170 790 790 1,20p 7,625 72|15 3 77| 3
91 v1.8w/b0.26Dos1.5NI 324 324 170 760 760 1,20p 8,390 79(5 P 80| 3
92 v1.7w/b0.26Dos1.3NI 306 306 160 790 790 900 7,330 735 7 72 5
93 y1.7w/b0.26Dos1.6NI 306 306 - 160 790 790 900 9,165 735 g 73 6

NI = Naphthalene I, NIl = Naphthalene Il , M = Maiine , P = Polycarboxylate

Table B-2 Mix proportions to be used in model folatiwn and verification tests for
predicting bleeding and static segregation.

Mix. Mix. Code Cement| Fly | Water| Sand | Gravel | TypeD Super Slump
No. (kg.) Ash | (iter) | (kg.) | 3/4"#4 | (©) | plasticizer| Flow
(kg.) (kg.) (cc.) (cm.)
Mix proportions prepared by the author
1 y1.4w/b0.25D0s1.0NI 594 - 149 890 890 - 5,940 20
2 y1.4w/b0.25D0s1.0NII 594 - 149 890 890 - 5,940 20
3 y1.4w/b0.25D0s2.0NII 594 - 149 890 890 - 11,880 28
4 y1.8w/b0.25D0s0.5NI 764 - 191 760 760 - 3,820 20
5 y1.8w/b0.25D0s0.5NII 764 - 191 760 760 - 3,820 20
6 y1.8w/b0.25D0s1.0NI 764 - 191 760 760 - 7,640 33
7 y1.4w/b0.45D0s1.0NI 440 - 198 890 890 - 4,400 64
8 y1.4w/b0.45D0s1.0NII 440 - 198 890 890 - 4,400 62.9
9 y1.4w/b0.45D0s2.0NI 440 - 198 890 890 - 8,800 68.9
10 y1.4w/b0.45D0s2.0NII 440 - 198 890 890 - 8,800 70.5
11 y1.4w/b0.45D0s2.0P 440 - 198 890 890 - 8,800 71.5
12 y1.6w/b0.45D0s1.0P 502 - 226 830 830 - 5,020 57
13 y1.4w/b0.29D0s0.9NI 260 260 150 770 940 - 4,700 72
14 y1.4w/b0.28D0s0.9NI 260 260 145 770 940 - 4,500 715
15 y1.4w/b0.28D0s0.8NI 260 260 145 770 940 - 4,200 55
16 y1.6w/b0.29D0s1.0NI 260 260 150 770 940 - 5,000 47.%
17 y1.8w/b0.28D0s1.2NI 315 315 176 760 760 1,200 6,300 74.5
18 y1.6w/b0.29D0s1.2NI 275 275 160 830 830 1,200 5,500 72.5
19 y1.6w/b0.29D0s1.2NI 275 275 160 804 830 1,200 5,500 69
20 y1.8w/b0.28D0s1.0NI 315 315 176 760 760 1,200 5,040 79.5
21 y1.8w/b0.28D0s1.0NI 315 315 176 736 760 1,200 5,040 79.5
22 y1.6w/b0.28D0s1.3NI 413 177 165 804 830 1,200 6,195 61
23 y1.6w/b0.28D0s1.3NI 413 177 165 778 830 1,200 6,195 55.6
24 y1.8w/b0.26Dos1.2NI 476 204 180 712 760 1,200 7,140 71
25 y1.8w/b0.26Dos1.2NI 324 324 170 760 760 1,200 6,455 775
26 y1.8w/b0.26D0os1.5NI 324 324 170 760 760 1,200 8,390 79.5
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Mix. Mix. Code Cement| Fly | Water| Sand | Gravel | TypeD Super Slump
No. (kg.) Ash | (iter) | (kg.) | 3/4"#4 | (C) | plasticizer| Flow
(kg.) (kg.) (cc.) (cm.)
Mix proportions prepared by Thumasujarit (2006)

27 F1-C1-B325 325 0 163 1,071 844 - - -
28 F1-C2-B319 287 32 159 1,071 844 - - -
29 F1-C3-B306 214 92 153 1,071 844 - - -
30 F1-C4-B294 147 147 147 1,071 844 - - -
31 F1-C5-B290 290 0 174 1,071 844

32 F1-C6-B284 256 28 171 1,071 844

33 F1-C7-B274 192 82 165 1,071 844

34 F1-C8-B264 132 132 159 1,071 844

35 F1-C9-B435 435 0 174 1,008 790

36 F1-C10-B424 382 42 170 1,008 790

37 F1-C11-B406 284 122 162 1,003 790

38 F1-C12-B388 194 194 155 1,003 790

39 F1-C13-B382 382 0 191 1,008 790

40 F1-C14-B373 336 37 187 1,008 790

41 F1-C15-B359 251 108 179 1,003 790

42 F1-C16-B344 172 172 172 1,003 790

43 F1-C17-B340 340 0 204 1,008 790

44 F1-C18-B333 300 33 200 1,008 790

45 F1-C19-B321 225 96 193 1,008 790

46 F1-C20-B310 155 155 186 1,003 790

47 F2-C22-B320 288 32 160 1,071 844

48 F2-C23-B308 216 92 154 1,071 844

49 F2-C24-B298 149 149 144 1,071 844

50 F2-C26-B286 257 29 171 1,071 844

51 F2-C27-B276 193 83 166 1,071 844

52 F2-C28-B268 134 134 161 1,071 844

53 F2-C30-B426 383 43 170 1,008 790

54 F2-C31-B409 286 123 164 1,003 790

55 F2-C32-B394 197 197 157 1,003 790

56 F2-C34-B374 337 37 187 1,008 790

57 F2-C35-B361 253 108 181 1,003 790

58 F2-C36-B350 175 175 175 1,003 790

59 F2-C38-B334 301 33 201 1,008 790

60 F2-C39-B324 227 97 194 1,008 790

61 F2-C40-B314 157 157 189 1,003 790 -

NI = Naphthalene I, NIl = Naphthalene Il , M = Maiine , P = Polycarboxylate
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Table B-3 Mix proportions to be used in model fotation and verification tests for

predicting passing ability through narrow openings

Mix. Mix. Code Cement Fly Water S S S Gravel Type Superplas Slump h
No. (kg) Ash (liter) (FM.=324) | (FM.=2.78) | (FM.=2.89) (kg.) D -ticizer Flow (cm)
(kg.) (ka) (ka) (ka) (cc) (cc) (cm)
Mix proportions prepared by the author
1 G-12.5mm(Round)-B570 345 230 170 - 820 - 82( 1,200 5,250 71 52.2
2 G-12 5mm(Flaky)-B570 345 230 170 - 820 - 820 1,200 5,500] 67.5 39
3 G-125mm(Elongated)-B570| 345 230 170 - 820 - 820 1,200 5,250 69 6
4 G-12.5mm(Normal)-B570 345 230 170 - 820 - 82( 1,200 5,500 70 51
5 G-12 5mm(Round)-B550 330 220 165 - 840 - 840 1,200 5,250| 67 45
6 G-12.5mm(Flaky)-B550 330 220 165 - 840 - 84( 1,200 5,500] 65 6
7 G-12.5mm(Elongated)-B550| 330 220 165 - 840 - 84( 1,200 5,250] 66.5 | 13.2
8 G-12 5mm(Normal)-B550 330 220 165 - 840 - 840 1,200 5,500| 67 36
9 G-19mm(Round)-B560 335 225 170 - 830 - 83( 1,200 4,750 70 49.8
10 G-19mm(Flaky)-B560 335 225 170 - 830 - 83( 1,200 5,000] 66.5 | 19.8
11 G-19mm(Normal}-B560 335 225 170 - 830 - 83( 1,200 5,000] 71.5 48
12 G-19mm(Round)-B540 325 215 165 - 850 - 85( 1,200 5,000{ 65.5 | 43.2
13 G-19mm(Flaky)-B540 325 215 165 - 850 - 85( 1,200 5,500{ 64.5 4.5
14 G-19mm(Normal}-B540 325 215 165 - 850 - 85( 1,200 5,250] 66.5 | 31.8
Mix proportions prepared by Tangtermsirikul, et(2D02)
15 G-25mm(Normal)-B562 281 281 166 954 - - 648§ - 4,569 64 4y
16 G-25mm(Normal)-B562 281 281 166 922 - - 680 - 4,569 62|5 50
17 G-25mm(Normal)-B564 282 282 165 875 - - 729 - 4,585 64 3P
18 G-25mm(Normal)-B568 284 284 164 716 - - 891 - 4,156 62|5 ¢
19 G-25mm(Normal)-B490 245 245 147 958 - - 706 - 6,175 62 19
20 G-25mm(Normal)-B436 218 218 149 1,022 - - 754 - 5,317 58 E
21 G-19mm(Normal}-B554 277 277 182 - 779 - 794 - 5,855 64 5P
22 G-19mm(Normal)-B514 257 257 180 - 880 - 734 - 5,641 62(5 5L
23 G-19mm(Normal}-B554 277 277 182 - 904 - 667 - 11,035 65 5p
24 G-19mm(Normal)-B544 272 272 175 - 872 - 727 - 8,403 62{5 5p
25 G-19mm(Normal)-B436 218 218 149 - 1,022 - 754 - 5,317 58 3
26 G-12.5mm(Normal)-B466 233 233 154 - - 1,206 527 - 6,820 62 54
27 G-12.5mm(Normal)-B533 267 267 171 - - 1,132 494 - 6,933 6y 5p
28 G-125mm(Normal)-B494 247 247 148 - - 991 731 - 7,631 62 4P
29 G-12.5mm(Normal)-B558 279 279 151 - - 945 697 - 7,712 6 5b
30 G-12.5mm(Normal)-B603 302 302 157 - - 788 803 - 5,883 67 5b
31 G-12.5mm(Normal)-B559 280 280 151 - - 733 913 - 7,272 6 1B
32 G-12.5mm(Normal)-B595 298 298 155 - - 716 891 - 5,805 64 14
33 G-125mm(Normal)-B618 309 309 161 - - 698 869 - 9,546 66 55
34 G-12.5mm(Normal)-B638 319 319 153 - - 465 1,106 - 9,337 638 4
35 G-19mm(Normal)-B470 235 235 169 - - 1,178 514 - 6,496 68 54.8
36 G-19mm(Normal}-B602 301 301 187 - - 1,048 458 - 6,852 6y 54.2
37 G-19mm(Normal)-B460 230 230 147 - - 1,014 749 - 5,236 55 g
38 G-19mm(Normal}-B506 253 253 162 - - 961 709 - 6,993 6 51
39 G-19mm(Normal)-B536 268 268 172 - - 930 686 - 5,229 64 50
40 G-19mm(Normal}-B512 256 256 159 - - 835 851 - 6,244 64 9
a1 G-19mm(Normal)-B538 269 269 161 - - 815 83( - 6,561 6 34.2
42 G-19mm(Normal)-8624 312 312 168 - - 762 776§ - 7,102 64 52.8
43 G-19mm(Normal))-B612 306 306 153 - - 710 884 - 5,971 66 15
a4 G-19mm(Normal)-B700 350 350 168 - - 656 817 - 8,537 64 1B
45 G-25mm(Normal)-B473 237 237 166 - - 1,178 514 - 5,384 55 31.8
16 G-25mm(Normal)-B515 258 258 155 - - 1,169 51( - 7,955 59 5[L
47 G-25mm(Normal)-B508 254 254 157 - - 968 714 - 7,021 64 9
48 G-25mm(Normal)-B573 287 287 178 - - 899 663 - 7,454 69 52.2
49 G-25mm(Normal)-B613 307 307 178 - - 755 77(Q - 9,469 7 4
50 G-25mm(Normal)-B684 342 342 150 - - 755 77(Q - 6,673 64 20
51 G-25mm(Normal)-B701 351 351 154 - - 742 756 - 5,699 62 40.2
52 G-25mm(Normal}-B652 326 326 163 - - 680 846 - 6,891 72 4
53 G-25mm(Normal)-B773 387 387 162 - - 626 78(Q - 6,285 5 2b
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Table B-4 Mix proportions to be used in the apgiaaof the proposed test method for
water retainability of fine porous aggregate.

Mix. Mix. Code Cement| Fly | Water| Sand| Bottom | Expanded | Gravel | Type | Superplas WR
No. (kg.) Ash | (iter) | (kg.) Ash g('ga’; 3/4"-#4 D -ticizer Test
(kg.) (kg.) (kg.) (cc) (cc.) Method

1 y1.2w/b0.55 210 90 166 810 0 - 1,155 630 - ASTMC 128
2 y1.2w/b0.55 210 90 166 810 0 - 1,155 630 - ASTMC 128
3 y1.2w/b0.55BAI10 210 90 166 730 50 - 1,155 630 - ASTMC 128
4 y1.2w/b0.55BAI10 210 90 166 730 50 - 1,155 630 - New Method
5 y1.2w/b0.55BAI20 210 90 166 650 100 - 1,155 63D - ASTMC 128
6 y1.2w/b0.55BAI20 210 90 166 650 100 - 1,155 63D - New Method
7 y1.2w/b0.61 210 90 183 795 0 - 1,130 630 - ASTMC 128
8 v1.2w/b0.61 210 90 183 | 795 0 - 1,130 630 - ASTMC 128
9 vy1.2w/b0.61BAIIL0| 210 90 183 | 715 65 - 1,130 63D - ASTMC 128
10 | y1.2w/b0.61BAIIL0| 210 90 183 | 715 65 - 1,130 63D - New Method
11 | y1.2w/b0.61BAI20| 210 90 183 | 635 135 - 1,130 63D - | AsTMC 128
12 | y1.2w/b0.61BAI20 | 210 90 183 | 635 135 - 1,130 63D - New Method
13 y1.3w/b0.4 280 120 | 160| 755 0 - 1,130 - 4,000| ASTMC 128
14 v1.3w/b0.4BAI10 280 120 160 680 45 - 1,130 - 4,000 ASTMC 128
15 v1.3w/b0.4BAI10 280 120 160 680 45 - 1,130 - 4,000 New Method
16 v1.3w/b0.4BAI20 280 120 160 605 90 - 1,130 - 4,000 ASTMC 128
17 v1.3w/b0.4BAI20 280 120 160 605 90 - 1,130 - 4,000 New Method
18 v1.3w/b0.4 280 120 | 160| 755 0 - 1,130 - 4,000| ASTMC 128
19 v1.3w/b0.4BAII10 280 120 160 680 65 - 1,130 - 4,000( ASTMC 128
20 v1.3w/b0.4BAII10 280 120 | 160| 680 65 - 1,130 - 4,000| New Method
21 v1.3w/b0.4BAII20 280 120 | 160| 605 125 - 1,130 - 4,000/ ASTMC 128
22 v1.3w/b0.4BAII20 280 120 | 160| 605 125 - 1,13( - 4,000{ New Method
23 v1.5w/b0.29 384 164 | 158| 880 0 - 875 - 6,300 | ASTMC 128
24 | y1.5w/b0.29BAI10 384 164 | 158| 790 55 - 875 - 6,300| ASTMC 128
25 v1.5w/b0.29BAI10 384 164 | 158| 790 55 - 875 - 6,300 New Method
26 v1.5w/b0.29BAI20 384 164 158 700 105 - 875 - 6,300| ASTMC 128
27 v1.5w/b0.29BAI20 384 164 158 700 105 - 875 - 6,300 New Method
28 v1.5w/b0.29 384 164 | 158| 880 0 - 875 - 6,300 ASTMC 128
29 v1.5w/b0.29BAII10 384 164 158 790 75 - 875 - 6,300| ASTMC 128
30 y1.5w/b0.29BAII10 384 164 158 790 75 - 875 - 6,300| New Method
31 v1.5w/b0.29BAII20 384 164 158 700 150 - 875 - 6,300| ASTMC 128
32 v1.5w/b0.29BAII20 384 164 158 700 150 - 875 - 6,300 New Method
33 y1.7w/b0.27 448 192 | 172| 810 0 - 815 - 7,300 | ASTMC 128
34 | y1.7w/b0.27BAI10 | 448 192 | 172| 730 50 - 815 - 7,300| ASTMC 128
35 y1.7w/b0.27BAI10 | 448 192 | 172| 730 50 - 815 - 7,300 New Method
36 y1.7w/b0.27BAI20 | 448 192 | 172| 650 100 - 815 - 7,300 ASTMC 128
37 y1.7w/b0.27BAI20 | 448 192 | 172| 650 100 - 815 - 7,300| New Method
38 y1.7w/b0.27 448 192 | 172| 810 0 - 815 - 7,300 | ASTMC 128
39 y1.7w/b0.27BAlI10 448 192 172 730 70 - 815 - 7,300| ASTMC 128
40 y1.7w/b0.27BAlI10 448 192 172 730 70 - 815 - 7,300| New Method
41 y1.7w/b0.27BAlI20 448 192 172 650 135 - 815 - 7,300 ASTMC 128
42 y1.7w/b0.27BAlI20 448 192 172 650 135 - 815 - 7,300 New Method
43 y1.5w/b0.29EC10 384 164 158 790 0 35 875 1,200 5,754 New Method
44 y1.5w/b0.29EC20 384 164 158 700 0 70 875 1,200 5,754 New Method
45 y1.7w/b0.27EC10 | 448 192 | 172| 730 0 35 815 1,200 6,720 New Method
46 y1.7w/b0.27EC20 | 448 192 | 172| 650 0 65 815 1,200 6,720 New Method

BAI = Bottom Ash (Saraburi) , BAll = Bottom Ash @& Moh) , EC = Fine Expanded Clay
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Table B-5Mix proportions of SCC mixed with variopsrcentages of bottom ash as partial
replacement of fine aggregate.

Mix. Mix. Code Cement| Fly Ash | Water | Natural | Fine | Bottom | Gravel Type D | Superplasticizer,
No. (kg.) (kg.) (liter) Sand | Sand| Ash 3/4"-#4 (cc.) (cc.)
(kg.) | ka) | (kg.) (kg.)
1 (Sc‘f)‘r:];fffl‘) 0% 385 165 170 765 85 - 850 1,200 5,800
2 SCC-BA 10% 385 165 170 765 - 58 85( 1,20( 5,800
3 SCC-BA 20% 385 165 170 680 - 117 850 1,20 5,800
4 SCC-BA 30% 385 165 170 595 - 175 85( 1,20 5,800

Table B-6 Mix proportions of SCC mixed with variopsrcentages of very-fine sand as
partial replacement of fine aggregate.

Mix. Mix. Code Cement| Fly Ash Water Normal Very Fine Gravel Superplasticizer
No. (kg.) (kg.) (kg.) Sand (kg.)| Sand (kg.)| 3/4"-#4 (kg.) (cc.)
1 SCC-VFS 0%-B520 260 260 150 770 0 940 4,240
(Control)
2 SCC-VFS 10%-B520 260 260 150 693 77 940 4,240
3 SCC-VFS 20%-B520 260 260 150 616 154 940 4,240
4 SCC-VFS 30%-B520 260 260 150 539 231 940 4,240
5 SCC-VFS 0%-B540 270 270 152 760 0 930 4,600
(Control)
6 SCC-VFS 10%-B540 270 270 152 684 76 930 4,600
7 SCC-VFS 20%-B540 270 270 152 608 152 930 4,600
8 SCC-VFS 30%-B540 270 270 152 532 228 930 4,600
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Table B-7 Mix proportion prepared by other researsho be used in verification tests for
predicting slump flow and 50-cm slump flow time.

I3 Mix. Code Cement Fly LSP | Silica Slag Water Gravel Sand Super Tested Tested Predcted | Predicted
No. (k9. Ash () | Fume (kg.) (lter) 4#4 | (kg.) plasticizer | Slump 50-cm Sunp 50-cm
(kg.) (kg.) (kg.) (ec) Flow Slump Fow Slump
(cm) Flow Time (em) Flow
(sec.) Time
(sec.)
Mix proportion prepared by Bui, V.K. et. al.
1 v1.6w/b0.39D0s0.3 349 163 - - - 199 853 780 1,36 58. 2 60.4 1
2 v1.6w/b0.39D0s0.3 349 163 - - - 199 853 780 1,62 66. 2 69.[7 1
3 v1.6w/b0.39D0s0.5 349 162 - - - 199 852 779 2,33 73 1 76.J 1
4 v1.6w/b0.39D0s0.5 349 162 - - - 199 852 779 2,601 76. 1 776 1
5 v1.5w/b0.38D0s0.4 350 133 - - - 183 884 816 1,90 58 5 61.B 6
6 v1.5w/b0.38D0s0.4 350 133 - - - 183 884 816 2,03 63. 4 65,8 5
7 v1.5w/b0.38D0s0.5 350 133 - - - 184 884 816 2,39 65. 4 69.3 5
8 v1.5w/b0.38D0s0.6 350 133 - - - 184 884 816 2,68 70. 3 2R 3
9 v1.5w/b0.38D0s0.6 350 133 - - - 184 883 815 3,01 72.4 3 752 2
10 v1.5w/b0.39D0s0.4 350 111 - - - 179 901 832 1,87 54. 4 584 5
11 | y1.5w/b0.39D0s0.4 350 111 - - - 179 901 832 1,95 60. 4 641 5
12 | y1.5w/b0.39D0s0.5 350 111 - - - 180 901 831 2,31 64. 4 66.6 5
13 v1.5w/b0.39D0s0.6 350 111 - - - 180 901 831 2,57 68. 3 722 2
14 | y1.5w/b0.39D0s0.6 350 111 - - - 180 900 831 2,89 71. 3 721 2
15 | 71.6w/b0.38D0s0.3 250 257 - - - 192 854 788 1,73 59. 4 60,1 5
16 v1.6w/b0.36D0s0.4 427 115 - - - 195 844 779 2,30 69. 3 728 3
17 v1.4w/b0.39D0s0.5 350 90 - - - 171 924 853 2,092 64.3 3 63.p 3
18 | 71.4w/b0.39D0s0.5 350 90 - - - 171 923 852 2,20 68.6 2 66.[7 2
19 | 71.4w/b0.39D0s0.6 350 90 - - - 171 923 852 2,711 68.4 1 68.7 2
20 v1.5w/b0.35D0s0.7 327 173 - - - 175 803 902 3,43 66 3 68.p 3
21 | y1.5w/b0.35D0s0.7 327 173 - - - 175 803 902 3,68! 67. 2 710 3
22 | y1.4w/b0.39D0s0.6 350 88 - - - 171 714 1,079 2,65/ 66 4 62.6 4
23 v1.4w/b0.39D0s0.7 350 88 - - - 171 713 1,070 2,90 69. 3 699 3
24 v1.4w/b0.39D0s0.8 350 88 - - - 171 713 1,069 3,31 71. 3 702 3
25 | y1.6w/b0.39D0s0.3 350 163 - - - 200 654 980 1,74 55 3 57.b 2
26 | y1.6w/b0.39D0s0.4 350 163 - - - 200 653 980 1,91 60. 2 629 2
27 v1.6w/b0.39D0s0.4 350 163 - - - 200 653 980 2,09 66. 2 69.4 2
28 | y1.6w/b0.39D0s0.4 350 163 - - - 200 653 980 2,27 68. 2 700 2
29 | y1.6w/b0.39D0s0.5 350 163 - - - 200 653 979 2,55 70. 2 724 2
30 v1.6w/b0.35D0s0.3 380 145 - - - 184 854 788 1,83 70. 7 718 8
31 v1.6w/b0.33D0s0.4 350 186 - - - 178 851 786 2,00 73. 6 766 6
32 | y1.6w/b0.35D0s0.5 380 145 - - - 184 659 988 2,47 71. 6 746 7
33 | y1.7w/b0.35D0s0.3 380 192 - - - 200 621 931 1,89 72. 4 748 4
34 v1.6w/b0.37D0s0.5 346 171 - - - 193 836 772 2,41 81. 1 83.9 1
35 | y1.7w/b0.36D0os0.5 343 186 - - - 192 830 766 2,73 73. 1 756 1
36 | y1.6w/b0.38D0s0.4 516 0 - - - 197 859 793 1,904 66 3 66. 3
37 v1.6w/b0.38D0s0.4 516 0 - - - 197 859 792 2,025 74.3 2 73.6 1
Mix proportion prepared by Nehdi M., et al.
38 | y1.6w/b0.33D0s0.4 187 107 - - 239 176 805 826 2,275 67| - 66.6 -
39 | y1.6w/b0.39D0s0.6 300 200 - - 195 819 778 2,89 63 - 66.7 -
40 v1.6w/b0.37D0s0.4 330 0 - - 200 195 750 870 1,98 70 - 69.2 -
Mix proportion prepared by Ghezal, et al.
41 | y1.4w/b0.55D0s0.4 325 - 60 - - 212 850 899 1,65 67 5 63.2 6
42 | y1.4w/b0.55D0s0.4 325 - 60 - - 212 850 899 1,65 66.9 4 62.9 5
43 v1.6w/b0.55D0s0.4 325 - 120 - - 245 850 755 1,914 75. 4 785 5
44 | y1.1w/b0.55D0s0.4 249 - 60 - - 170 850 1,079 1,32 20. - 214 -
45 | y1.7w/b0.72D0s0.4 325 - 60 - - 277 850 722 1,65 88.9 1 86.9 -
46 v1.5w/b0.45D0s0.3 370 - 96 - - 210 850 833 1,164 24 - 26.5 -
47 v1.7w/b0.55D0s0.4 400 - 60 - - 253 850 718 1,97 78.5 2 79.B 2
48 | ylw/b0.45D0s0.3 280 - 24 - - 137 850 1,174 760 20 - 23. -
49 | y1.4w/b0.55D0s0.4 325 - 60 - - 212 850 899 1,65 62.9 4 60.8 4
50 vy1w/b0.45D0s0.6 280 - 24 - - 137 850 1,172 1,88 20. - 2256 -
51 | y1.6w/b0.65D0s0.6 370 - 24 - - 256 850 770 2,44 86 1 84.p 1
52 | y1.2w/b0.55D0s0.4 325 - 0 - - 179 850 1,042 1,39 23 - 26.7 -
53 v1.5w/b0.65D0s0.3 280 - 96 - - 244 850 820 940 66 2 65.4 1
54 v1.4w/b0.55D0s0.8 325 - 60 - - 212 850 896 2,88: 68 3 65.8 3
55 | y1.4w/b0.55D0s0.4 325 - 60 - - 212 850 898 1,65 68.9 4 69.11 5
56 | y1.4w/b0.55D0s0.1 325 - 60 - - 212 850 900 462 23 - 25. -
57 v1.5w/b0.45D0s0.6 370 - 96 - - 210 850 830 2,88! 65.5 4 69.11 5
58 | y1.4w/b0.55D0s0.4 325 - 60 - - 212 850 898 1,65 66 5 62.6 6
59 | y1.1w/b0.38D0s0.4 325 - 60 - - 146 850 1,075 1,65 20. - 22p -
60 v1.5w/b0.65D0s0.6 280 - 96 - - 244 850 817 2,331 79.5 1 7. 1
61 v1.6w/b0.65D0s0.3 370 - 24 - - 256 850 772 985 70.5 2 70.¥ 3
62 | y1.6w/b0.35D0s0.7 307 18 - - 235 196 898 700 3,70 65 - 67.9 -
63 v1.6w/b0.35D0s0.7 417 118 - 18 - 194 898 700 4,101 65 - 66.p -
64 v1.3w/b0.38Dos1.2 327 85 - 13 - 162 1,102 730 5,000 65 - 62.4 -
65 | y1.2w/b0.5D0s0.6 262 68 - 10 - 170 906 960 2,101 44 - 45.0 -
Mix proportion prepared by Patel, R., et al.
66 v1.3w/b0.39D0s0.4 220 180 - - - 156 900 916 1,40 59 - 58.6 -
67 v1.3w/b0.39D0s0.4 220 180 - - - 156 900 916 1,40 59 - 58.6 -
68 | y1.3w/b0.39D0s0.4 160 240 - - - 156 900 886 1,40 63 - 66.4 -
69 | y1.1w/b0.39D0s0.4 193 158 - - - 137 900 1,024 1,229 41 - 40.4 -
70 v1.4w/b0.45D0s0.4 220 180 - - - 180 900 850 1,40 76 - 76.2 -
71 v1.4w/b0.36D0s0.2 198 232 - - - 153 900 874 860 54 - 57.4 -
72 | y1.5w/b0.39D0s0.4 248 203 - - - 176 900 808 1,57 68 - 714 -
73 v1.1w/b0.35D0s0.2 237 133 - - - 131 900 1,034 740 33 - 29.8 -
74 v1.3w/b0.39D0s0.4 220 180 - - - 156 900 916 1,40 57 - 57.8 -
75 | y1.2w/b0.42D0s0.5 237 133 - - - 157 900 960 1,85 65 - 65.8 -
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Vi Mix. Code Cement Fly LSP | Silica Slag Water Gravel Sand Super Tested Tested Prediced | Predicted
No. (kg) Ash (0 | Fume (kg.) (liter) 3/4"H#4 (kg.) plasticizer | - Slump 50-cm Sump 50-cm
(kg.) (kg.) (kg.) (c) Flow Slump Fow Slump
(cm) Flow Time (S Flow
(sec.) Time
(sec.)
76 v1.4w/b0.43D0s0.5 275 155 - - - 183 900 827 2,15 81 - 81.9 -
77 v1.3w/b0.39D0s0.4 280 120 - - - 156 900 946 1,40 51 - 48.0 -
78 v1.3w/b0.42D0s0.2 170 200 - - - 157 900 830 740 60 - 60. -
79 v1.3w/b0.39D0s0.6 220 180 - - - 156 900 916 2,40 77 - 73.p -
80 v1.3w/b0.39D0s0.4 220 180 - - - 156 900 916 1,40 60 - 59.8 -
81 v1.3w/b0.39D0s0.1 220 180 - - - 156 900 916 400 38 - 41. -
82 v1.4w/b0.36D0s0.5 198 232 - - - 153 900 872 2,15 71 - 72.y -
83 v1.3w/b0.39D0s0.4 220 180 - - - 156 900 916 1,40 58 - 58.0 -
84 v1.2w/b0.33D0s0.4 220 180 - - - 132 900 982 1,40 35 - 35.5 -
85 v1.3w/b0.42D0s0.5 170 200 - - - 157 900 928 1,85l 76 - 735 -
86 v1.4w/b0.43D0s0.2 275 155 - - - 183 900 830 860 48 - 51. -

194




