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SUMMARY

A new procedure for designing seldmpacting concrete (SCC) mixes with high levels of
ground granulated blast furnace slag (ggbs) as a cement replacement material is
proposed. The research to produce and validate this procedure comprises three main
parts. In the first part, an existing micromechanical model for the plastic behaviour of
fluids with inclusions is adapted to compute the plastic viscosity of SCC. The model is
needed because rheometers are unable to reliably measure the plastic viscosityids liq
with multiple inclusions of different sizes. The effects of including high levels of ggbs in an
SCC on the vyield stress of plastic mixes are also investigated. The second part of the
research considers the hardened properties of SCC. A combined ioydeaitd strength
development model is adapted and validated for SCC mixes with high levels of ggbs, and
new formulae are developed for predicting the compressive strength at 28 days and at
full hydration. This combined model allows the strength of a SQe foredicted at any

time after casting. The final part of the work brings together the research on plastic and
hardened properties and presentsdesign procedure for proportioning SCC mixes with
ggbs cement replacement levels from 0 to 80%. The workivadothe production of a
series of graphs and tables that allow the proportions of an SCC mix to be determined for
a given target plastic viscosity. The strength prediction formulae are arranged so that
multiple strength criteria (i.e. strengths at differetimes after casting) can be used to
determine the required ggbs level and wadginder ratio. The mix design procedure is
successfully validated using a series of experiméltis. research hidights the potential

of SCC blended withigh proportions ofygbsto reduce the amount of cement used in the
production of this type of concrete. Overall, the wgnovides a way to maximise the use

of ggbs in SCC and thereby produce more sustainable and emérdally friendly

concrete.




NOTATIONS

SCC Seltcompacting concrete
NVC Normal vibrated concrete
CA [/ 2FN&RS F33INBILGS X Hn YY
cm Cementitious materials
CRMs Cement replacement materials
FA CAYyS F33INB3IILGS Xu YY
fcu Cube compressive strength, MPa
ggbs Ground granulated blast furnace slag
LP [AYSaG2yS LIR26RSNI X MHp>Y
SP Superplasticizer
t500 Time taken for SCC to spread 500mm in the flow test, s
t500 j Time taken for SCC to spread 500mm in thiad test, s
tstop Time taken for SCC to spread stop in the flow test, s
VMAs Viscosity modifying agents
SP/b Superplasticiser/ binder ratio %
w/cm Water to cementitious materiaatio, %
wip Water to powderratio, %
fc Cylinder strengthMPa
' Plastic viscosity, Pa s
t Plastic jeld strength parameter Pa
%0 Maximum possible volume fraction
Numerical factor is equal to 2.5 for rigid spherical particles and to 1 for
K . . -
spherical air bubbles that are packed randomly in a hexagonal arrangemer
. Numerical factothat depends on the plasticshear rate
%o Volume fraction
sf Silica fume
FA Fly ash
CSF Condensed silica fume
SSD Saturated surface dry
HRWRs Highrange watefreducing admixtures
GSH Calciungsilicate hydrate
h Degree of hydration
SF Consistence classes expressed by skilop
VS Viscosity classes expressed by T500
VF Viscosity classes expressed buhnel time

Vi
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Chapte 1 Introduction

1.1 Introduction

This chapter presents the scope of the research, highlights the research objectives and

methodology, describes the structure of the thesis andlines the research outputs.

1.2 Scope of the research

¢KS AYONBIlIAAY3I INRBGUK 2F GKS ¢g2NI RQa LI Lz
has led to the need for new structural design ideas and a rise in the demands on
reinforced concrete structures.ofims and sections of construction members have
become more complex, and their reinforcement has become more clustered and denser,
posing problems when pouring, casting, compacting and filling concrete elements. With
growing complexity, the durability prod&in of concrete structures has become a crucial
matter facing engineers. Durable concrete structures can be created when sufficient
compaction is achieved by skilled labour. In the 1980s, the lack of skilled site operatives
and consequential poor quality ofonstruction caused serious concerns in Japan
(Okamura and Ouchi, 2003). The need for improved concrete quality assurance and
better working conditions has driven progressive innovation in concrete construdtion
1986 a Japanese researcher (Okamueff)caciously pioneered whais now known as
Ga®R¥LI OGAYy3I O2yONBGSE 6{//0vd {AyOS Ala
alternative to vibrated concrete (VC) across the world as it offers numerous economic and
technical advantages over VC (Omran and Khayat, 2016). These include: overcoming
obgacles associated with cast-situ concrete, ensuring good structural implementation

and robustness, shortening execution time, and contributing to a safe and healthy

working environment by minimizintipe use of vibratiorequipment and noise levels.

Seltcompacting concrete is a deliguescent material suspension that can compact itself by
means of its own weight with no requirement for vibration. It is able to fill the gaps in
heavily congested reinforcement and geometrically complicated structural members

without any segregation and bleedifgFNARC, 2005)
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Chapte 1 Introduction

Thus, it can achieve the following requirements: filling ability, passing ability and
segregation resistance. This is accomplished by correctlygmagi the volumetric
fractions of the mix constituents. SCC has passed from the research stage to real
applications. However, until recently no specific systematic design method had been
developed for proportioning SCC mixes. The existing methods religdabrand error
approaches that were both timeonsuming and wasteful in materials. The design process
would be altogether more efficient if a comprehensive systematic design approach for
{/1 6a +@FAftlFofSd ¢KS [|(dxioKEhah® &t al, JRIEGR)S OS 4 ¢
developed the first systematic approach to SCC mix design but this was limited in the

range of mixes that it covered (See Chapter 2).

The volume fractions of the mix ingredients i.e. cement, cement replacement materials,
aggregates, wateand admixtures have a substantial effect on the rheology of SCC, and
also play a pivotalrole in its hardenedpropertiesp {/ / Qa Ft2éAy 3 | 0A
characteristic; thus, to understand SCC fully requires an understanding of its rheology.
Good qualiy control and accurate prediction of SCC rheology are both crucial for
4dz00SaaFdz {// LINRBPRdAzOGAZ2Y |yYyR RSLX 28YSyido
simple matter, particularly when the flow path is impeded by heavy reinforcement and

involves commx shapes

Regardless of its fresh state, the characteristics of SCC in its hardened state cannot be
neglected since its structural performance is governed by its hardened properties. There
is much literature on SCC but a significant proportion of thisfb@ssed on its properties

in the fresh state with less attention having been being given to its-teng time-

dependent hardened properties.

Compressive strength remains the most wideed parameter to characterise solid
concrete, playing a key role assessing its strength and giving an indication of its overall
guality (Nevilk, 1995)

17



Chapte 1 Introduction

Thus, to achieve the appropriate fresh and hardened properties of an SCC mix, a reliable
method should guarantee both its strength and its rheological properties, i.e. strength

together with rheological properties need to be imposediasign criteria.

In addition to mix design, cement replacement materials (CRMs) are another important
impact factor of fresh and hardened SCC. EFNARC (2005) explains that the cement type
selection depends on the overall requirements for the concrete swglsteength and
durability. The most widely used CRMs are ground granulated blast furnace slag (ggbs),
silica fume (SF) and fly ash (FA). More details of CRMs can be fotivedfallowing
references(Dinakar et al., 2013a,b; Obla et al., 2003; Sonebi, 28@tique and Khan,
2011).

The work of this thesis focusses on extending an existing systematic mix design procedure
to SCCs with large proportions of CRMs. This work inghal&ating a micromechanical
model for predicting the plastic viscosity ftiese mixes. In addition, the mix design
procedure is linked for the first time to a hydration model, with new formulae for

predicting the time dependent strength of these materials.
The main objectives of work described in this thesis are:

First: to study the rheological characteristics of SCC containing the CRM ggbs by

considering two important parameters, the plastic viscosity and the yield stress.

Second: to present a new procedure for predicting the tirdependent strength
development of conete, including new formulae for 28 day anully-hydrated

strengths.

Third: to build a modified method for designing SCC mixes contaiggigs cement
replacement levek of up to 80% using atarget plastic viscosity ané hardened

compressive strengthsdesign criteria

18



Chapte 1 Introduction

Fourth: to include in the design procedure a new approach that considers strength
requirements at multiple times after casting as way to maximise the-teng strength

gain potential of SCC with high proportions of ggbs.

Fifth: to conduct an experimental validation of the proposed mix design method and to
examine whether theoroducedSCC mixes meet théesigncriteria in both the fresh and

hardened states.

Sixth to emphasize theenvironmental benefits of using high proportions of gghs
concrete, whichinclude reductions in CO2 emissiorand raw materials as well as

reductions inenergy usgeduringproduction.

1.3 Research methodology

The above objectives were realised using the following methodology:

U First collecting dataavailable for concrete, mortar and cement paste containing
ggbs as a partial replacement up to 80% of total cement wemind, processing
these data to find a correlation between plastic viscosity of cement paste and ggbs
percentage on one hand and withdhwater to binder ratio on the other hand,
then relating the impact of increasing ggbs in mixes to the yield stress with the
change in spreading timexdp.

0 Second extending an existing rational hydration model to SCCs with up to 80%
ggbs CRM, includingedeloping new formulae for 28 dagnd full hydration
strengths, and validating the model using new experimental data gathered in this
programme of research.

U Third: adapting the formulae for estimating the plastic viscosity of an SCC mix
based on micromednical principles (Ghanbari and Karihaloo, 2009) and
extending the method tanixes withggbs leved ofup to 80%.

U Fourth: proving the validity of the proposed mix design method by preparing a

series of SCC mixes for a range of target plastic viscosit@sc@ampressive
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Chapte 1 Introduction

strengths. Demonstrating that all of the designed mixes satisfy the relevant flow,
compaction and hardened state criteria using the slump cone apparaitisg J
assembly and compressive strength tests respectively.

0 Fifth: Predicting and thenvalidating a timedependent compressive strength
model for SCC with ggbs cement replacement levels from 0 to 80%, along with an
associated strength gain potential factof)(that quantifies the post 28ay

strength gain potential of the mix.

1.4 Outline of the thesis

Chapter 1highlights the scope of the research, presents the research objectives and

methodology, outlines the structure of the thesis and presents the research output.

Chapter 2reviews SCC literature, including SCC properties, mix design abespac
materials used in its production and their influence on its characteristics in the fresh and
hardened states, the relative proportions of its constituents and standard tests employed
for assessment of its properties. Also presented in this chaptarhsef review of the

mechanical properties of SCC.

Chapter 3describes the materials, mixes, experimental procedures and standards used in

the work described in this thesis.

Chapter 4 considers SCC plastic properties, rheology parameters and associated
measurement methods. The chapter also presents a method for calculating the plastic

viscosity from the constituents and for estimating the yield stress of SCC mixes.

Chapter 5presents a mathematical formulation for predicting the tidependent
compressie strength of hardened SCC, using w/b ratio and ggbs level as input
parameters. The chapter also introduces a strength gain factor that quantities the

difference between the compressive strength at full hydration and the strength at 28

20



Chapte 1 Introduction

days. In addition,ie heat energy released from the hydration reaction is quantified at a

range of times for the full range of SCC mixes considered in this programme of work.

Chapter 6describes a systematic approach for designing SCC mixes with ggbs CRM levels
from O to 8®% (the quantity of ggbs in the total binderThe approach ensures that both
plastic and hardened material criteria are satisfied. In contrast to previous design
approaches, the method considers the strength required at multiple times after casting

(not just 28days). The approach also includes &aleation of the heat of hydration.

Chapter 7presents the experimental validation of the mix design procedure described in

Chapter 6.

Chapter 8 draws the overall conclusions from this research and makes some

recommendations for further study.

1.5 Somespecific terms used in the thesis

For convenience, a number of abbreviations are used in the thesis, as follows;

T w3364 2Q 2NJ 6KS w3304 fS@PSEtQ NBFSNAR
replaced by ggbg&he quantity of ggbs in the total binder);

T unf Saa Yy20SR 20KSNBAAST WYAauNBy3IdKQ NBFT
AO0NBYy3IGK 2F KIFINRSYSR O2yONBiGS FyR GKS U

full hydration, i.e. when the degree of hydration has reached its ultimate value.

Other abbreviations and the notation used in the thesis are provided in thetioa

section.
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Chapter 2 Background to SCC and cemegpilacementmaterials

2.1 Introduction

This chapter provides an overview of the development of SCC, highlighting the
constituent materials used in SCC and their influence on SCC mix characteristics in both
the fresh and hardened states. It reviews mix design methods used for the development
of SCC and testing methods for SCC in its fresh state, the use of granulated ground blast

furnace slag (ggbs) in concrete and the rheological properties of SCC.

Additional literature review is provided in Chapters 4, 5 and 6 on plastic parameters,

hydrationmodels and SCC mix design procedures respectively.

2.2 Seltcompacting concrete: definition

The British Standard (BSEN206 H nmn 0 RSTFAYAGAR2Y 2F { /] Aa
flow and compact under its own weight; fill the formwork with its reinforcemeducts,

box2dzia SGO0®> gKAfaAal YIFIAYOGFAYyAy3ad K2Y23aSySAld

Other researcher8artos and Marr$1999 andKhayat(1999)have defined SCC in almost
the same terms as aidghly flowable concrete that should meet the following

requirements:

1 Flowability: SCC should have the ability to flow (horizontally and vertically
upwards, if necessary) and fill all spaces in formwork without any external
compaction.

1 Passingnbility: SCC should be able to pass around heavy reinforcing steel bars
without any blockage or/ nesting.

1 Segregation resistance: SCC should remain homogeneous and cohesive without
any separation of its heavy components (aggregpteticles or/and fibres),
throughou the entire construction process (mixing, transporting, handling,

placing, casting, etc.).
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Chapter 2 Background to SCC and cemegpilacementmaterials

2.3 SCC development

The first prototype of SCC was developed in 1986 by Prof. Okamura and his students at
the University of Tokyde.g. Ozawa and Maekaw@®uchi et al., 1998)in Japan when
skilled labour was in limited supply. This initial version of SCC has sintelé&esoped

for specialized applications. Since these developments, Japan has undertaken intensive
research, particularly within the research institutes of large construction companies, and
consequently, SCC has been used in many applica{Bifiberg, 1999; Okamura and
Ouchi, 199). The successful use of SCC in Japan has drawn the attention of many
European countries. Sweden was the first country in EuropsetelopSCC, from where

the technology spread to other Scandinavian countries at the end of the J(@3idier,

2003)

Since its introduction in Japan in the late 1980s, the use of SCC in the building industry
has become ubiquitous. The main benefits from using SCC in building structures include
shortening the construction period and thus increasing productivapd assung
compaction in the structure (particularly in confined zones) thus enhancing the
construction quality and eliminating noise due to vibration. In addition, these factors have
led to substantial improvements in the eite working environment (Bartos ar@@echura,

2001; Rwamamara and Simonsson, 2012).

2.4 Advantages and disadvantages of using SCC

2.4.1 The advantages of using SCC
SCC offers many advantaddkik et al., 2012)uch as:

1 cost saving on machinery, energy, and labour related to concrete compaction:

1 a highlevel of quality control:

24



Chapter 2 Background to SCC and cemegpilacementmaterials

T

= =2 =/ =4 =4

24.2

a highquality finish, which is critical inarchitectural concrete, precast
construction, as well as for cast-place concrete construction:

a reduction in the need for surface defect remedies (patching):

an increase in the service life of moulds/formwork:

improved coverage of reinforcement bars:

a reduction in the construction time:

an improvement in the quality, durability, and reliability of concrete structures
due to better compaction and homogeneity of concrete:

an ability to reach narrow areas such as thialled elements or elements with
limited access:

a reduction in noise and vibration and associated improvement in the working

environment.

The disadvantages of using SCC

Some of the disadvantages of using SCC are outlined below.

SCC requires more careful selection of the constituent mateompared with
those needed for vibrated concrete.

Extra control is needed for measurement and monitoring of the constituent
materials The rheological properties of SCC are much more sensitive to small
changes in moisture content of the aggregate (€l§o) than is the case for
vibrated concrete.

Traditionally, manyrial batches needo be prepared in the laboratory as well as

at readymixed concrete plants.

Greater overall costs due to the cost of additional componefits. filler,

admixtures)comparel with normal concrete.
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Chapter 2 Background to SCC and cemegpilacementmaterials

2.5 Characteristics of SCC in the fresh state

The design of SCC must meet three criteria as shown in Figure 2.1: high filling ability, high
passing ability, and good stabilifiKhayat et al., 1999bftability comprises two aspects:
static segregation, which is defined as the separation of coarse aggregate and paste when
the concrete is at rest, and dynamic segregation which occursmg the transport and

casting of the concrete, i.e. during fldzsmaeilkhanian et al., 2014)

Segregation
resisitance

#  Passing
o | ability
Tl

) Filling
7 ability

Figure 21 Fundamental elements of SCC

These three key requirements are related. A change in one property will lead to a change
in one or both ofthe others. Both insufficient filling ability and segregation result in
unsatisfactory passing ability. Segregation resistance increases as filling ability increases.
When designing an SCC mix for a particular application there is adfidletween theg

parameters (Pamnani, 2014).

2.5.1 Fillingability

The filling ability of SCC (unconfined flowability) can be characterised as the ability of the

concrete to move freely and with certain capacity into and to fill all spaces of the
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formwork under its own weight(EFNARC, 2005klling-ability can be achieved by
reducing friction between SCC solid particles (fine and coarse aggregates), accomplished
by adding more lubrication as watand/or superplasticiser (SP). Increasing the water
content may decrease the particle friction and impedfilling ability, buthis can lead to
segregation, and further consequential reduction in strength and durability. However,
unlike an increase in water content, SP decreases the particle friction by dispersing

cement particles and retains the deformatyiland homogeneity of SCC mix.

The required filling ability of an SCC mix is successfully obtained when sufficient paste
covers the surface of the aggregate particles, and any excess paste minimizes the friction
between them. Without a paste layer, excagsfriction would be initiated between the
aggregate particles, resulting in extremely limited workability. Figure 2.2 displays the

formation of cement paste layers around aggregate patrticles.

A recent studyAl-rubaye(2017) andAlyhya et al(2017) use a 3D model to simulate- L
Box and Munnel tests with the aim of establishing reliable flow and filaimlity criteria.
They considered of the effects large aggregate particles and their orientations on the flow

properties of the simulated mix

Aggregates

Adding paste

—

Excess paste
thickness

Void

Figure2.2 Excess paste layer around aggregatafier (Deeb, 2013)
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2.5.2 Passing ability

Passing ability is the ability of an SCC mix to reshape and move through narrow spaces
(e.g. between reinforcing bars) without blocking, while maintaining good homogeneity.
This avoids coarse aggregate arching, blockage and segregation during flow.sThere i
potential risk of blocking when there is interaction between aggregate particles and
between aggregate particles and boundaries (e.g. formwork in restricted spaces). When
flowing SCC reaches a tight space, the different flow velocities of the aggragdte
mortar can resulin an excess of coarse aggregate particles in the restricted zone. Thus,
some aggregate particles may bridge or arch at narrow openings preventing the rest of
concrete from passing, as shown in Figure grangtermsirkul and Khayat, 2000)

Blocking action mainly depends on the size, shape, and content of coarse aggregate.

The irregular shape of particle clusters and the distribution of coarse aggregate particles
play a crucial factor in determining the likelihood of blockages occurring. From multiple
simulations, Cui et al. (2018) confidently concluded that blocking isafedtally
probabilistic, i.e. the probability of a blockage occurring when SCC crosses a flow
constriction increases with the number of aggregate particles passing through the
constriction. The-fing and kbox tests are the most common methods used toesssthe
passing ability of an SCC mix. In some recent studies, Abo Dhaheer et al. (2016) and Al
rubaye (2017) used a 3D model to simulate the flow behaviour of SGRing adnd 1Box

tests and determine the final distribution of the coarse aggregateigiag,the spread
diameter and thetsoo time parameter. Several other investigations (Sonebi et al., 2007,
{F FAdZRRAY Si |t ® HnmmT DSa2Efdz SG |t o3 H

properties play a significant role in producing acceptal@€ $ixes.
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Coarse aggregates Coarse aggregates bhlocked
succeeded to bridge /

Figure 23 Blocking mechanismafter (Tangtermsirkul and Khgat, 2000)

The passing ability is a significant factor in any situation where aggregate particles in an
SCC mix have to rearrange themselves to pass through a tight opening (Figure 2.4)
(Daczko, 2012). Smaller particle sizes and reduced coarse aggoegatat, as well as

high paste volume, are very effective factors in preventing bloci@&iltberg et al., 2004)
Billberg et al. also concluded that the ability of SCC to pass through a tight opening
depends primarily on the yieldrgtss of the mix rather than its viscosity. However, a paste
with sufficient viscosity can also prevent local accumulations of coarse aggregate particles

and hence avoid blocking.

Flowing through Bridge of aggregates across the Rearrangment of aggregates
a restricted space restriction and blocking of flow particles allowing flow

Figure 24 Aggregate blocking and flowing through a tight opening, Af(€aczko, 2012)
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2.5.3 Segregation resistance

Segregation resistance or stability is the ability of SCC to remain uniform and cohesive
throughout the entire construction process (mixing, transporting, handling, placing,
casting etc.). The coarse aggregate particles remain evenly distributed during flow as well
as when at rest, until the concrete has set. Altering the powder content and/or using a
viscosity modifying agenVMA) enables a mix to be created with appropriate viscosity
and thus stability.Limiting the size and content of coarse aggregate in a mix is also
effective in preventing segregatidRILEM TC174, 200

The present investigation intthe rheological characteristics of SCC containing the CRM
ggbs in the higher rang5%80% consideredtwo important parametersthe plastic
viscosity(' ) and the yield stres§ y). These parameters are used to assess whether a mix
satisfies the plastic design criteria (i.e. flawility, passingability and segregation
avoidance ), as explained above. Their valreotably affectedby the level of the ggbs
when the percentage exeds 25% (Abo Dhaheer (20)6bhe trends arethe higher ggbs
level the higher vyield stresshe lower plastic viscosity Reliably establishing the
rheological parameters for mixes with high ggbs levetsnis of the mainresearchgaps
consideredn this gudy. Furtherdiscussioron these issuewill be presented in chapter 4

of this thesis.

2.6 Procedure for achieving viable SCC mixes

The method used to select the correct proportion of constituent materials is
fundamental to achieving the required plastic ahdrdened properties of SCGonebi
and Yahia, 2020)

Five rules need to be followed in the selection of ingredients:

1 Limitcoarseaggregate content
1 Use supeplasticiser
1 Reduce wategpowder ratio
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1 Increase paste content
1 Sometimes use of a viscosity modifying agent

2.7 Forms of SCC

2.7.1 SCC based on increased powder content (Powtygre )

This type of mix is characterised by a low wepawder ratio (w/p) and a high powder
content, which limits the free water content and increases the plastic viscosity. As a result
of the high powder content, powdelype SCC mixes are sensitive to changes in
constituent materials. Due to the low/p ratio, sut concretes have a high strength and
low permeability but also have a high shrinkage poter{@bagire et al., 2017; Pan et al.,
2019)

2.7.2 SCC based on viscosity modifying agents (VMAS) (Mjyb&)

This type of mix is characterized by a high VMA dosage, which is added primarily to
increase the plastic viscosifipiekarczyk, 2013; Zhang et al., 2020)

2.7.3 SCC based on both VMAs and powder (Combtgge)

This mix type has been developed to improve the robustness of petyger SCC by
adding small amounts of VMA. In these mixes, the \WdAtent is less than those in
VMAtype SCC; the powder content aifa/p) ratio are less than those in the powder

type SCC. Viscosity is controlled by both the VMA and the powder. This type of SCC was
reported to have high filling ability, high segregati@sistance and improved robustness
(Billberg, 2011; Li et al., 2020)

Partially eplacing cement with ggbswhich has aspecific gravity(SG)of 2.4, has
implications when computing the volume of fines in a mix, since the cement it replaces

has an SG of.25. The issue is addressedhis study.
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2.8 Constituent materials of SCC mix

The effects of varying the type and proportions of SCC constituent materials are now
outlined. The general composition of SCC is similar to that of conventional vibrated

concrete. It consists of cement, coarse and fine aggregate, water and admixtures.

However, the volume fractions of aggregate are differemth SCC havirglower coarse

aggregate content and greater content of fine materialhan normal vibrated concrete

(NVC) Figure 2.5 compares the volume fractions of ingredients in SCC and standard NVC
(Okamura and Ouchi2003) The material properties and the proportion of the dense

matrix of SCC allow the internal air bubbles to reach the concrete surface without any

external vibration.

Increasingly, a wide range of wasteaterials are being used in the manufacturef

concrete, due to concerns over climate change and sustainability in the construction

sector. Nowadays, it is broadly accepted that the optimal behaviour of SCC produced with

the addition of certain wastenaterialscan rival the performance d8CC formedising
conventional product¢Granata, 2015; Guo et al., 2020; Rexilzesta et al., 2020)

a PSRty T~ VA NP W 7\
NVC  (10%| 18% 2% 25% || <45% |
: ‘f: R AR Ry *l;/l:;;r/ '-‘:1‘,;17:’] 4 /‘j ) ‘
Cement Water  Air \\\ Fine aggregates\\\ Coarse aggregates
— = e P
— * + P PENT b Nt (R LG (N L
SCC 0% 18%4%. | 26% |\ 3g%
= g TR POREAS
e — — — + + _A _ _ A _

Figure 25 Comparison between NVC and SCC ogrpositions, after (Alyhya, 2016)

Some SCC components, or proportions of thoesemponentx

NE Ofl aas

This definition applies to material witharticle size smaller than 0.125 mmThs applies
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to all of the cementparticles used in this stugdyhe cement replacement material (i.e.

ggbs) and the filler (limestone powdefhus the powder content used to compute the

water /powder ratio is based on all of the material thraeets this 0.12%nm criterion(i.e.

cement + ggbs + limestone powdeBy contrasti KS ljdzl yGAGe 2F WoAYR!

the waterbinderratio (w/b or w/cm) comprises the cement and ggbs

The next section reviews the component materials in SCC and their influence on the fresh

and hardened properties.

2.8.1 Cement

2.8.1.1 Portland cement

The correct choice of cement type plays a major role in producing SCC. |nitially
researchers use@EM lin SCC mixes (See Chapter 6, Figure 3) but more recently new
types of cement have become more widely available and are now recommended for
producing SCC. The choice of cement for a particular application involves finding the right
balance between the basic cement type and the cement replacement matekglshown

in Table 2.2,Here are 19 types of CEM Il varying from those with a low percentage of
clinker (A) to those with a high percentage (B EN 179, 2011) Blended cement has
dominated the construction demand in recent years. Moreover, the use of tertiary blends
has the notable advantage of a binder system that has more than cemeentitious
replacementmaterial (M), where one SCM compensates for the weakness of the other
SCM, which in turn allows for a higher level of Portland cement replacement in concrete.
These blends have been employed successfully to produce SCC wigraigith at both

early and later ages, and with increased quality and duralfiityoton et al., 2018)The
typical powder content ranges (according to JSCE recommenddtmmsoto and Ozawa,
1999) are shown in Table 2.1.
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Table 21 Typical powder contents according to JSCE recommendations

SCC types Powder conten(%9) Mass* (kg/m®)
Powder Type 1 1619 1 500600
Viscosity modifying agents (VMA 1 9516 9 300500
Type

1 Combined Type 1 713 1 7410

*based on Portland cement only

Chemical admixtures are expensive and incorporating them into the mix may increase the
cost ofconcrete. Achieving a high powder content by increasing the cement content is

not feasibleor desirable it may lead to a significant rise in material cost and have a
ySAFGAGS STFFSOG 2y GKS O2yONBGSQa LINE LISNJ
during hydration and higher drying shrinkage. In contrast, incorporating CRMs can lead to
beneficial physical and chemical effects on the material packing and microstructure of the

concrete(Hassan et al., 2000; Khatri and Sirivivatnanon, 1995; Mehta, 1994)

2.8.1.2 Blendedcements

Blended cements are hydraulic cements that can be formed by mixing cementitious
constituents. There are four types of blended cement, of which CEM Il is the most
common form(Table 2.2 The code A, B, and C refers to the level of clinker, which varies
from high to low respectively. Available blended cements include Portland cement and
ground granulated blasfurnace slag, Portland cement and silica fume, Portland cement
and pozzolan, Portland cement and fly ash, Portland cement and burnt shale, Portland

cement and limestone, and finally Portland composite.
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Table 22 Cement types and compositions permitted by BS EN-192011)

Cement type  Notation Clinker % Addition %
CEMI Portland cement CEM | CEMI 95-100 05
CEM Il/As 80-94 6-20
Portlandslag cement
CEM Il/Bs 6579 21-35
Portlandsilica fume cement CEM II/AD 9094 6-10
CEM lIAP 80-94 6-20
Portlandpozzolana cement CEM I/BP 6579 21-35
CEM II/AQ 80-94 6-20
CEM II/BQ 6579 21-35
CEM II/AV 80-94 6-20
Portlandfly ash cement CEM lI/Bv 65-79 21-35
CEMII CEM II/AW 80-94 6-20
CEM II/BW 6579 21-35
Portlandburnt shale CEM IVAT 80-94 6-20
cement CEM II/BT 65-79 21-35
CEM II/ALP 80-94 6-20
CEM II/AL 6579 21-35
Portlandlimestone cement
CEM II/ALL 80-94 6-20
CEM II/ALL 6579 21-35
CEM II/AM 80-94 6-20
Portlandcomposite cement
CEM II/BM 6579 21-35
CEM III/A 3564 36-65
CEM 1l Blastfurnace cement CEM 11I/B 20-34 66-80
CEM lll/IC 5-19 81-95
CEM IVIA 65-89 11-35
CEM IV Pozzolanic cement
CEM IV/B 4564 36-55
_ CEM V/A 40-64 36-60
CEM YV Composite cement
CEM V/B 20-38 61-80

2and® are the two type of cement have been used in current study.

Chemically, the basic reaction for CEM | results in one type of gel which gradualby
the microstructure of hardened cement in mortar concrete, llhis isnot the casefor

CEM II. In the cuent study, a combinationof (ggbs andwo types of blended cemen)
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were used (i) Portland fly asiCEMII/B-V 32.5 clinker percent 689% and additions 21
35% (ii) limestone cementCEMII AL, clinker percent 8®4% and additions -80%
according to thgBS EN 197, 2011) These are classified as combination cemeitse
are differences in theehemicalhydration reactiors of these two cementsjue to the

differences in theadditions (column 4 Table 2.@hd clinker percentages

2.8.1.3 Cement replacement materials (CRMs)

CRMs are materials with particle sizes finer than those of Portland cement. They are
usually used as a partial replacement of Portland cemanSCC mixes and become
involved in the hydration of cement reactions. These reactions are normally pozzolanic in
nature. The most common CRMs used are ground granulated blast furnace slag (ggbs),

silica fume ¢f) and fly ash (FA).

These increase the workdity of fresh normal concrete mixes and the beneficial effects

of these materials, such as reduced PC content and lower heat of hydration, have been
exploited in practical situationfKhayat et al., 2000Ultrafine paticle binders such as
condensed silica fume (CSF) have also been used jrb8(iGeseare associated with a
reduction in the workability and slumpowever, maintaining the desired workability can

be achieved by increasing the sugsasticizer dosagerooy using VMA¢Bernal et al.,
2018) Fly ash(obtained from power station coal ashjas pozzolanic properties and can

be used as a partial cement replacement in SG@re are two classes of fly ash, i.e. class

C fly ash and class F fly asich depend on the type of coal from which they are derived
(Koehler et al. 2007).

In general CRMs are have lower costs than cement and give a positive impact on the
environmentby reducing the C£emission indirectly by reducing the amount of cement
used(Dunstan, 2011)

The next section demonstrates the properties, value and role of ggbs in SCC. Research on

ggbs as a CRM is the main subject of this thesis.

36



Chapter 2 Background to SCC and cemegpilacementmaterials

2.8.1.4 Ground granulated blast furnace slag (ggbs)

Blastfurnace slag is a nemetallic pioduct, consisting essentially of silicates and
aluminosilicates of calcium, and of other bases that is created in a molten condition with
iron in a blast furnace. Atooled blastfurnace slag is the material resulting from
solidification of molten blasturnace slag under atmospheric conditions; subsequent
cooling may be accelerated by application of water to the solidified surface. Expanded
blastfurnace slag is the lightweight, cellular material obtained by controlled processing of
molten blast furnace lag with water, or water and other agents, such as steam or
compressed air, or both. Granulated bldstnace slag is the glassy granular material

formed when molten blasfurnace slag is rapidly chilled, as by immersion in water.

Ground granulated bladurnace slag(illustrated in Figure 2.8 is a byproduct of iron
production. It is classified by EN 15367and EN 15162 (or BS 6699) according to its
level of reactivity.Ggbshas been used as a cement replacement material in many
countries. There are smnomic and environmental advantages w$ing thisrecyckd
material Ggbs also has advantages in terms of the hardened concrete finish and

durability (Uysal and Yilmaz, 2011; Boukendakdiji et al., 2012; Dinakar et al., 2013b)

Fgure 26 Physical appearance of ggbs used in current study 2021
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The use ofggbsas a cementitious material dates back to 1774 when Loriot, a French
engineer, made a mortar usirggbsin combination with slaked lime (Mather 1957). The
use ofggbs in the production of blended cements accosifdr between 6 and 35 %of
PortlandSlag cement and 3 95 %of Blast furnace cementlative tothe total amount

of hydraulic cement produced ireurope (BS EN 197, 2011) The first recorded
production of Portland blasturnace slag cement was in Germany in 1892; the first United
States production was in 1896. Until the 195@gbswas used inthe production of
cement or as a cementitious material in two basic ways: as a raw material for the
manufacture of Portland cement, and as a cementitious material combined with Portland
cement, hydrated lime, gypsum, or anhydrifdCl Committee, 2000)Since the late
1950s, the use ofijgbhsas a separate cementitious material added to the concrete mix
with Portland cement has gained acceptance in South Africa, Australia, the United
Kingdom, Japan, Canada, and the United &Staiccording to a report byurry (2020)
domestic slag sales in the USA in 2019 were estimated at 17 million tons and valued at
approximately470 million USDThe composition of bladurnace slag is determined by

the ores, fluxing stone, and impurities in the coke put into the ggbpicaly, silicon,
calcium, aluminium, magnesium, and oxygen constitute at least 95% of the ggbs. Table
2.3 gives the chemical compositioangesfor these elements (reported as oxides) in

ggbs produced in the United States and Canada in {888 Committee, 2000)

Table 23 Typical chemical composition of gglé8CI Committee, 2000)

Chemical constituents (as oxide)* Range oftomposition percent by mass
SiQ 32¢42
AbOs 7¢16
CaO 32¢45
MgO 5¢15
S 0.7¢2.2
Fels 0.1¢1.5
MnO 0.2c1.0

Except sulphate*
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Regarding the hydraulic reactivity of ggbs, there is common agreethenhg and Wong,
2011)that the basic hydration product formed wheggbsis mixed with Portland cement
and water is esserdlly the sameas the principal product formed when Portland cement
hydrates, i.e. calciugsilicate hydrate (&H). Slachydrates are generally more gife

than the products of Portland cement hydration, and so increase the density of the
cement paste. Whemgbsis mixed with water, the initial hydration rate is much slower
than when Portland cement is mixed with watehetefore, Portland cement, alkali salts

or lime are used to increase the reaction rgfeCl Committee, 2000; Ozbay et al., 2016)

2.8.2 Aggregates

The aggregate used to form concrete is granulated mineral material from natural or
artificial sources, or recycled from material previously used in construction. The shape,
size, gradation, and volume fraction of the aggregate phases (coarsefirme) all
influence the selcompaction properties of SC&oehler and Fowler, 2007; EFNARC,
2005) All standard sizes of coarse aggregate can be used to produc®&aahe (2006)
reported in his study of sixtgight applications of SCC that about 70% of cases used a
maximum aggregate particle size in the rangeg2® mm, but that sizes larger than 20
mm could feasibly be used. Meover, Domonereported that SCC would be more
sensitive to segregation if a higher volume fraction or maximum size of coarse aggregate

was used.

2.8.2.1 Fine aggregate

Fine aggregate (sand) comprises particles in the rangemi2® 4mm in siz§BS EN 933
1, 2012, BSENZ206-9, 2010 and BS EN 12620, 20I3)e physicahppearance and
chemi@l composition of fine aggregate is highly variable, depending on the local rock
sources and conditions. Sand with spherical particles (rather than angulahect
particles), a weltlistributed grading and low absorption is preferable for forming SCC. It

was reported by Alyhya (2016) that SCC performance varies with the moisture content of
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the sand. It is important to control this moisture content when producing SCC as an error

of 0.5% will cause a change in water content of 8kgitmconcrete. This couldause a

change in the slump spread of up to 45mm. Therefore, it is recommended to maintain the
minimum moisture content of aggregate (FA and CA) above the SSD threshold. EFNARC
GHnnpO &0l dSa GKIG G¢KS AyTtdzSyOS$he8QTistAy S
AAIYAFAOLYyGEe 3INBFGISNI GKIy GKFEG 2F O21F NBS
0.125 mm should comprise the fines content of the paste and should also be considered

in calculating thew/p) ratio. Moreover, the proportion of finegrticles (less than 125um)

in the fine aggregate has a greater influence on the properties of SCC than on those of
NVC, since this proportion affects the amount of cohesion and segregation resistance

6 ¢ 2 LJedz | YR |-cRatibldnd2ehdi 20079 Yianad, £020)

2.8.2.2 Coarse aggregate

The coarse aggregate content of SCC shbekkpt to a defined upper limit (i.e. 36%) to
reduce interparticle friction and prevent blocking. The shape of the aggregate particles
will affect performance, as will variations in the moisture content. The more spherical the
aggregate particles the leskdly they are to cause a blockage since they result in less
frictional flow resistance (relative to angular particldEFNARC, 2005)hus, naturally

rounded aggregate is normally preferred over credlangular aggregate for SCC.

2.8.3 Chemical admixtures

The production of SCC has been improved in recent years by the use ofptagtarisers
(SP) or higltange watefreducing admixtures (HRWRs), and VMAs.

2.8.3.1 Superplasticiser

Producing SCC with the require@mkability has become easier through the use of super

plasticisers and developments in admixture technology. There are four categories of SP:
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sulfonated melamine formaldehyde condensates (plasticiser), sulfonated naphthalene
formaldehyde condensates, mowitl lignosulfonates, and carboxylated acrylic ester co

polymers or polycarboxylic ether¢Boukendakdii et al., 2012)

Highrange watefreducers (HRWRs) or SPs contribute directly to the workability of SCC
(Omran and Alkhyat, 2016)There are two benefits to incorporating SPs into SCC. SP
controls theflow properties in SCC and allows the water to cement ratio to be minimised
whilst maintaining workability and the required strength and durabili@jocculation and
agglomeration of cement particles normally occur when they mix with water, due to Van
der Waals and atactive electrostatic forces that are generated on the surface of the
particles. This results in free water becoming trapped areduction inthe consistency

of the concrete (See Figure72. Supeiplasticisers or watereducing agents produce a
negative surface charge around cement particles, causing electrostatic dissonance, which
in turn prevents the flocculation and agglomeration, and releases the trapped free water
as shown in Figure 2.TheHRWRSslecreasethe water content in concretdy up to 40%

more than can be achieved by using conventional lignosulfenateelamine or

naphthalenebased superplasticise(&lonso et al., 2013)

In recent studyQian and De Schutter (2018yaluatedthe differences and similarities of
two types of superplasticizein fresh cement paste; namelNaphthalene Sulfonate
Formaldehyde (NSF) and PolyCarboxylate Ester.(Piay) consideredlifferences in the
adsorption, dynamic yield stress, and thixotropic index. The results esth¢vat NSF is

lesseffectivethan PCEt decreasing the dynamic yield stress.
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Figure 27 The effect of watefreducing agents or supeplasticisers on the flocculation of cement
particles includingwater entrapmentand dispersim mechanisms

2.8.3.2 Viscosity modifying agents

VMA, also known as anttashout admixtures, can be added to concrete mixes to
improve segregation resistance, cohesiveness and reduce bleeding. In general, these
admixtures increase yield stress and plastic viscosity. They may be also used as an
alternative to increasing the powder content or reducing the water content of a concrete
mixture (Koehler et al., 2007)

Acrylic or cellulosebased watersoluble polymers opolysaccharides of microbial
sources, such as welan gum are commonly used as visoositifying agents in concrete.
Water-soluble polymers can imbibe some of the free water in the systammyYMA works

by increasing the viscosity of the cement paste which, in turn, enables the paste to hold

aggregate particles in a stable suspendidisseine et al., 2018)

When using VMAs in SCC tigs it is important to consider their compatibility with the
superplasticiser used. For instance, cellulose derivatives are incompatible with a
naphthalenebased supeplasticiser, whereas welan gum is compatilfihayat, 1995;
Fantous and Yahia, 2020; Ma and Kawashima, 2020; Zhang et al., 2020)
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Fantous and Yahi@2020a)reported that someVMAs affect the aircontent in SCCFor
example,both synthetic copolymerand methylcellulose VMAdecrease the air content.
Because of the shear thinning behaviour of VMA mixtures, even very small agitations can

negatively influence the air content, spacing factor, andgpecific surface in SCC.

2.8.3.3 Air-entraining admixtures

According toEFNARC, (2003irentraining admixtures should be used in the production
of SCC to improve durability against fre¢haw actionsand to improve the finishing of
flat slabs. Moreover, aentrainment is particularly useful in stabilising low powder

content, lower srength SCC.

2.8.4 Water

Water (v) is a important constituent of SCC. It is involved in the chemical reaction with
Portland cement and profoundly influences both fresh and hardened properties of SCC.
Rheologically, it can reduce the plastic viscosity and ytedds The sensitivity of SCC to
segregation tends to be greater when only water is used to improve filling ability. In fresh
SCC, water retained by powder materials (cement and additions) and the free water
controls the selicompactibility and performancef SCQAlyhya, 2016)The water binder

ratio (w/b) in SCC governs the strength of the hardened material and its durability, thus
there is a balance between the amount of water required to echi the plastic
properties of the mix and that needed to achieve the hardened propertsukendakd;i
etad., 2012)

2.8.5 Mineral additions(Fillers)

Mineral additions can improve properties such as workability, strength, durability, and
can control the rate of hydration, and thus produce variations in fluidity and stiffness

(Hanehara and Yamada, 199%ccording to Skarendahl and Petersson, @B and
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EFNARC, (2008)SCC must include total powder materials in the [(cementitious 10%) +
(fillers 8%)] range 38600 kgm?3. Theyare classified in two groups, i.e. those with and
without pozzolanic properties; those without pozzolanic properties are also termed fillers.
One of the most commonly used fillers is ground limestone, otherwise known as
limestone powder (LPLP does noparticipate in cement hydratiorfYe et al., 2007)It
causes a change in the microstructure of the cement matrix; the small size of teqsar
increases the packing density of the powder, as well as enhancing the stability and the
cohesiveness of fresh SCC. Excessive amounts of fine particles can result in a rise in the
surface area of powder and an increase in irgarticle friction, dueto solid;solid
contact. In turn, this may affect the ability of the mixture to deform under its own weight,
pass through obstacles and cause a rise in the visc@@dwg et al., 2019; Anjos et al.,
2020; Jain et al., 2020; Ostrowski et al., 2020; Vittalaiah et al.,)2020

Limestone powder plays a role in reducing the water absorption and can minimise drying
shrinkage of SCECSt S{1 2 Ef dz | y RIt Ha$ BeBn{répécted that limestone 0
powder has a marginal effect on viscosity buh caise the yield streg®\lyhya, 2016)

Although talk powder isarely used SCCs containing 25 to 58#alkwere described by
Tarkel and Kandemif2010) For, the same filling ability a higher volume of super
plasticiser is necessary to produce SCC mixes with chalk powder than those produced
with limestone powde(Zhu and Gibbs, 2005)

The SSC moompositionneedsto be selected carefully teatisfythe fresh and hardened

mix desigrcriteria, achievethe requiredquality andbe economically viable

2.9 Proportioning concrete containinggbs

In most casesggbs has been used in proportions of 230% by mass of the total
cementitious material. These proportions are in line with those establishe(BB8yEN
197-1, 2011)for the production of Portland slag cemeand blastfurnace cementThe

proportion of ggbsincorporated will depend on the use of the concrete, the curing
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temperature, the grade (activity) afjgbsand the Portland cem or other activator such

as Nabased additiveg¢Jeong et al., 2016YWhereggbsis combinedwith Portlandcement,

the combination of cementitious material will result in physical properties that are
characteristic of the predominant materiaChidiac and Panes§008); Boukendakdji et

al. (2012 andDinakar et al(2013b)reported that as the percentage gfgbsincreases, a
lower rate of strength gain should be expected, particularly at early ages, unless the
water content is substantiallyeduced,or accelerators are used or accelerated curing is

provided.

2.9.1 Effects ofggbson properties of fresh concrete

Incorporating ggbs in selfcompacting concrete has many advantages related to
increasing its workability and durability, and increases its resistance to sulphate and
chloride attack(Roussel, 2007} 5gbs powdehas a lower density than Portland cement;
therefore replacing a part of theement by masswith ggbswill increase the paste
volume, which in turn increases the cohesiess, deformability and segregation
resistance. The smoother surface texture of the slag particles and slow rate of hydration
compared to cement tend to lower the water demand in blended cement and ggbs mixes
more than cemenbnly mixes (Lewis et al., 20035gbs blended concrete initially has a
lower strength that cemenbnly concrete, but the strength increases during curing
Several factorsincluding chemical composition and glass contaftect the reactivity
index of GGBSwvhich provides a measure i cementitious performancgBS EN 197,
2011)classifies slag biys reactivity level; e.g.Grade 80, Grade 100, or Grade 1@2@h
Grade 120 having the highest reactivity ind&kus, given sufficiertime for the activity

level andthe pozzolanic reactioand the formation of calcium hydroxidéhe concrete
made with a combination of ggbs and Portland cemaititachieve a higher strength than

cementbased concrete onlgOner and Akyuz, 2007)
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2.9.2 Workability

Blastfurnace slag has good workability properties and improves the performance of self
compacting concrete in fresh state whilst avoiding the use of siscomodifying
admixtures (Ramanathan et al., 2013; Esmaeilkhanian et al., 20T#g results of
extensive egerimental work indicats that as ggbs content increases in SCC mikes,
water-to-binder ratio decreases for the same workabili@ner and Akyuz, 2007A high
volume fration of ggbs may affect the stability of SCC arake it difficult to control the

consistencealso,slower setting may increase the risk of segrega{iBRNARC, 2005)

As discussedigh volume fractios of ggbs in SCC change ftesh propertiesof the mix.

In this study, a mix design method is developed for SCC mixes with any ggbs cement
replacement level up to 80%, which maintains the required workability and other plastic
criteria. The achievement of this required a detailed study on plastipgrties (see

chapter 4).

2.10 Effects ofggbson the properties of hardened concrete

2.10.1 Hydration of cement

The degree of hydration is a measure of the quantity of cement gel (hydration products)
formed and is, therefore, linked to the heat of hydration. During the hydration process,
6KS RSANBS 2F KeRN}YGA2Yy 6h0 A& RSTHaedSR |
cementitious material and the original quantity of cementitious material. The degree of
KERNI GA2Yy Aa | FdzyOlAzy 2F GAYST gAGK h @
1.0 when hydration is fully completed. Not all of the cementitious enat is likely to
0S02YS Ke@RN}GSREZ YR Fty h 2F wmbdn YlI& yS§
KERNI GA2Yy 2F | Nry3aS 2F RAFFSNByYyild OSYSy.
most, if not all, cement pastes hydration stops before the cemerg igt- f £ @ 02 y & dzy'

Chapter 5, a model that evaluates the ultimate degree of hydration will be presented.
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Hardening in cement is caused by chemical reactions between the cement clinker
components and water. Tikalsky and Carrasquillo (1988) outlined dhwlex chemical
reactions of Portland cement and fly ash (Reactions 1 and 2). When water is added to
Portland cement, the first reaction to take place is one that forms the binding
characteristics of concrete. As expressed in Reactions 1 and 2, the fonnadicalcium
silicates hydrates (CSH) can form with the addition of water to either tricalcium silicate or
dicalcium silicate. CSH accounts for about@®% of the volume of the hydrated paste
and is strong, stable and durable under most conditions anttrots the strength and

durability of the hardened paste.

High levels of cement replacement by ggbs help in producing pumpable concrete for large
pours and provide an economical way of suppressing the rate of heat release from the
hydration reaction. Foexample, the access portal from Dunward Street forming part of
the main access route to the Crossrail platforms at Whitechapel Station in London used
40 MPa SCC in which 70% of cement was replaced by ggbs in order that maximum
temperature differential thraighout the placement of large mass of concrete did not

exceed 35C(NCE, 2014)

2.10.1.1Compressive strength

SCC is usually designated by its compressive strength, because this is seen as the key
parameter of the hardened material. Other mechanical prajgsrprovide an indication

of the overall quality of the materia(Khayat et al.,, 2019)Under standard curing
conditions, the compressive strength of SCC is mostly determined by the water to binder
(w/b) ratio. In addition to w/b ratio, various researcheioigt etal., 200 T 5 dzNJ y ! {
al., 2007; Koehler and Fowler, 2007; Topcu et al., 2008; Daczko, 2012; Siddique, 2013;
Adesina, 2020; Guo et al., 2020; Sonebi and Yahia, 2@2@)pointed out that the type

of cement and CRM have a notable impact on the compressreagth of SCC as do
materials with pozzolanic properties, the type and size of aggregates, fibres, and the type

and dosage of admixtures.
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For a given w/b ratio, the compressive strength of SCC is generally higher than the
comparable NVC because the formé& more homogeneous and has a denser
microstructure. The improved internal structure of SCC (relative to NVC) results from a
suppression of segregation and bleeding, and a reduction in the w/b ratio and total

porosity(Desnerck et al., 2014; Alyhya, 2016)

SCC designed with gghas a lower early age strength than cememiy concrete but the
strength increases as the curing period is extended, so that ultimagghs blended
concrete will attain a higher strength than cememtly concrete. This is because the slow
pozzolanic reaction and the formation of calcium hydroxide requires ftjbeung and
Wong, 2011; Ozbay et al., 2016; De Belie et al., 2@8¢r and Akyuz (D7) reported

that the compressive strength of gghbentaining concrete increases as the amount of
ggbsincreases, up to an optimum limit of around 55% of the total binder content. The
same study showed that the compressive strengths at 360 days oEmiitke high levels

of ggbs surpassed those with lower ggbs levels.

An investigation to determine the efficiency of ggbs in SCC rfiDieskar et al., 2013a)
showed that the compressive strength of their concrete exceeded 90 MPa at 28 days and
100 MPa at 90 daysas illustrated inFigure 2.8. Another study conducted on SCC
containing ggbs (Sethy et al., 2016) showed that concrete with lower compressive
strengths (i.e. 2@30 MPa) can be produced with a slag replacement of abogf8%,

and that higher strengths, i.e. 000 MPa, can be developed with 30% and 60% slag

replacement, respectively.
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Figue 2.8 Compressive strength VS ggbs leveld#ter (Dinakar et al., 2013b)

2.10.2 Durability

De Schutter et al. (2008uggested seven factors that should be considered when
designing durable SCC mixes, namely: carbonation,idblpenetration, frost resistance,

ASR, sulphate attack, thaumasite formation, and fire resistance. Normally, high
performance concretes have good durability due toitheghercompressivestrength and

dense (rdatively impermeable) microstructure. A question remains of whether it is
possible to produce highly durable concrete with medium or low performance. In this
regard, Escadeillas and Waller (200f)y @S &a G A3 SR GKS WLRGSYGA
strength selfcompacting oncretes and a reference NVC with similar compressive

strengths and showed that the former achieved acceptable levels of durability.

Ggbsplays a significant physic@K S YA OF £ NRf S A yterm dalabili®y gshay 3 { .
result of the longterm chemical (pozzolanic) reactions, which results in the formation of a

gel that occupies the remaining spaces in the material maftiam a chemical point of

view, ggbs consumes the calcium hydroxide and makes for more resistant hydrated
cement products.This esults in a lowpermeability hardened cement paste with good

resistance to sulphat@and chloride attack etc. (Long et al., 2015; Owsiak and Grzmil,
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2015; Dadsetan and Bai, 2017; Gholhaki et al., 2018; He et al., 2018; Saranya et al., 2018;
Sharma and Kin, 2018; Awoyera et al., 2020; Huseien and Shah, 2020)

The durability of SCC is directly connected to de¢éayedhydration associated with the
high ggbsreplacement levelsnvestigatedin this study This isa crucialmatter because
the presence of ggbs affectee rate of hydration curing characteristicsand associated

strength development response over time of SCC

2.11 Testing seHcompacting concrete in the fresh state

Fresh state tests for SCC include the slump flow filimity test and the -Jing passing
ability test. These are discussed in Chapter 3. Other tests used to investigate the plastic

properties of SCC are described here.

2.11.1 Filling ability and passing ability tests

The MVunnel test(BS EN 12359, 2010)is used toassess viscosity, filling ability and
stability and the tbox test(BS EN 123500, 2010)is used to evaluate the passhHadpility

of SCC(EFNARC, 20085eeFigure 2.9 The results of ¥unnel tests categorise concrete
into two classes based on viscosityamely, viscosity class 1 (¥¢F.0s) and viscosity class
2 (8.08VR>25.0s). The tesis performed by measuring the time taken for concrete to

flow out of the funnel under its own weight.

The Lbox test (BS EN 123500, 2010)was developed in Japan to test underwater
concrete, and is sed to test highly flowable concretes. Thédx test is used to assess

the passing ability of SCC in a confined space or, in other words, the ability of concrete to
pass though narrow openings or reinforcing bars without blocking or segregation to fill a

complex form.

50



Chapter 2 Background to SCC and cemegpilacementmaterials

915 +/- 2mn| 75 #/- 1mm

|2-30mm‘

— . 100mm
o

70+/-2mm

30+/-2mm

| ™ ——steel gate

S00mm

H

1 _-_ 4
150mm

450 +/- Zmm

63 +/- 1mm

w\snce gaie/

\\sm bar

150mm

700mm

V-Funnel L-Box

Figure 29 Setup for \-funnel & L-Box tests

2.11.2 Segregation resistance and Sieve stability test

Since SCC components have particles of various sizes and densities and is susceptible to
segregation; The stability SCC can be controlled by, (i) incorporating high volumes of
powder materials to bind additional free water (i.e reducing the water to powder ratio)

and (ii) using viscosity modifying agents (VMASs). Minimising the proportion of coarse

aggregate and the szof the coarse aggregate particles also helps prevent segregation.

Several empirical test$ClI, 2003)ave been reported to evaluate SCC segregatioese
include the following approache§) A visual inspection of the periphery of the concrete

is carried out after measuring the slump flow spread and rating it from 0 to 3.iSThrs
inadequate qualitative method that depends on the experience of the individual and fails
to evaluate segregation quantitativelyii) The British standar@BS EN 123501, 2010)

test for SCC involves the observation of freshceete for a period of 15 minutes, during
which time the quantity of bleed water is qualitatively determined. After this period, a
defined upper part of the sample is then poured onto a sieve with 5 spaces. After a
further 2 minutes, the weight of material that has passed through the sieve is recorded.
The segregation ratio is defined as the mass of the material that has passed through the

sieve relative to the mass of the sample placed on the sieve.
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The applicability of existing standards (discussed above) for controlling segregation

resistance and mix stability in our SCC mixes will be assessed in this study

2.12 Existing mix design methods for SCC

This section briefly describes five published degidnciples of SCC mix desi@hi et al.,
2015)

2.12.1 Empirial mix design method

In this method, initial mix proportions are based on empirical data including coarse and
fine aggregate contents, water and cementitious material contents and spipsticiser
dosage(Shi et al., 2015Numerous trial mixes and alterations are conducted to estimate
the optimum proportion ofconstituents to produce the required properties. Based on
observations, Okamura and Oucdii998) proposed a guide to mix proportions. This
states that a fixed 50% of the solid volume should be coarse aggregate and a fixed 40% of
the mortar volume should be fine aggregate. To ensurea®tipactibility trials varythe
quantity of supesplasticiser dosage and the water/powder ratio within the rangec.0

by volume based on the powder properties. The empirical approach is simple but requires
extensive and meticulous laboratory testing and it does not consider tbpgpties of the
aggregate (i.e. grading or maximum patrticle size). In a recent gtaillyet al., 2019)a

yS6 YAE RS&A3IY LINRPOSRIINB (GKIFG OFy O2dANBf |
has been established based on the empirical method. Similar examples of mix design

methods have been suggested @yer authors(Edamatsu et al., 1998; Domone, 2010)

2.12.2 Compressive strength mix design method

In this category of SCC mix design, the quantitycement, admixtures, water and
aggregate are chosen to achieve the required compressive strekgtder and Al Jadiri

(2010)developed a method that combindlke requirements of the ACI 211(1991)used
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for proportioning normal vibrated concrete anBFNAR@005) to increase the upper

limit of the original compressive strength from 40MPa in ACI 211.1 to 75MPa. This
method provides a simple and accurate procedure to calculate the specific quantities of
components and reduces the need for trial mixes. ehod ofDinakar et al., (201303
another mix proportioning method focused on compressive strength properties. This
method includes ggbs as a CRM and allows for the associated potential reduction in the
28-day strength. The issues associated witmetidependent strength gain and the
implications of having reduced relative 28 strengths (i.e. 28 day strength / ultimate
strength), for concrete with high proportions of ggbs, are discussed in Chapters 5 and 6.
Methods in this category consider the effedtrelative proportions of fine and coarse

aggregates and the contributions of CRMs on the properties of SCC.

2.12.3 Close aggregate packing mix design method

This method considers the relationships between paste and aggregate mix phases. It aims
to find the mk components that achieve the least void space between aggregate particles
(Shi et al., 2015). The main advantages are its simplicity in using a limited selection of
binders in contrast, the main disadvantage is that mix proportions calculated using this
method tend to have segregation problems (Wang et al., 2014). There are many examples
of this method: (Sedran and Larrard, 1999; Su et al., 2001; Sebaibi et al., (2013;
Kanadasan and Razak, 2014).

2.12.4 Statistical factorial mix design method

The design mixes ithis category are based on statistical measurements of the mix
components and key parameters, such as the cement and CRM contents, water to
powder ratio (w/p), the volume of coarse aggregate and the dosage of quipsticiser

on fresh and hardened propees of SCC. Based on a reference NVC mix design, the
corresponding SCC mix proportions are calculated by determining the trend for each

parameter (Shi et al.,, 2015). A clear example of this method is given by Khayat et al.
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(1999). They considered five maimix parameters: coarse aggregate volume,
cementitious materials content, water to cementitious materials ratio, VMA dosage, and
superplasticiser dosage in addition to different fine aggregate corgern a statistically
sound approach, all these paraters were assessed relative to the measured properties
(slump flow, fillingability, \Vfunnel time and compressive strength). This mix design
approach is suitable for a wide range of applications and provides an effective tool to
determine the impact okey variables on SCC properties (Habibi and Ghomashi, 2018).
The weakness of this approach is the establishment of statistical relationships, which
require raw materialsand considerable laboratory time. Similar approaches that use
measurements of plastiproperties have been suggested by a number of investigators

(Sonebi et al., 2007; Safiuddin et al., 20%bnebi et al., 22D).

2.12.5 Rheology of paste mix design method

Methods in this category propose that the segregation resistance and workability of fresh
concrete is dictated by the rheology of the cement paste matrix for a given particle size
distribution and volume fraction of aggregafghi et al., 2015Moreover, this approach
requires a minimum yield stress and vistp®f paste that must be exceeded to avoid
segregation under both static (rest) and dynamic (flow) conditions, respectively. Deeb and
Karihaloo (2013) extended this rigorous mix proportioning approach (Karihaloo and
Ghanbari,2012)for proportioning high strength SCC mixes with and withsteel fibres
exploiting the plastic viscosity expressiohGhanbari and Karihaloo (2009her work
increa®d the range of SCC mixdsat could be designed using this method to include
those formedwith traditional coarse aggregatand extended the strength (28ay
characteristic cube strength) range fra3d to 100MPa. This method did not provide any
practical guidelines on how to select the most appropriate mix and the compressive
strength was not explicitly ingsed as a design criterion. The main advantage of these
mix design methods is their ability to reduce laboratory testing and thus material
consumption and to provide the basis for quality control and further development of new

mineral and chemical admixtes. The methods proposed I8aak eal. (2001); Bui et al.

54



Chapter 2 Background to SCC and cemegpilacementmaterials

(2002); Ferrara et al. (20Q7Abo Dhaheer et al (20bp and Shi et al. (2018are also

based on snilar concepts.

The earlier design method proposed by Abo Dhaheer (2016b) is limited mixes with up to
25% ggbs cement replacement. To allow for high proportions of ggbs (up to @80%)
revisedapproachis requiredfor designing SCC mixdisusesthe target plastic viscosity

and hardened compressive strengtht different ageas design criteria.

The growth in cement production has resulted in an increase in green house gases which
are harmful to the environment. The best efficient way to reduce the CO2 emissions from
cement production is to substitute a part of cement with other materials (CRM. @

the most important is ggbs sincei# anindustrial byproduct associated with lower GO

levels than cementKhdkhar et al., 2010; Elchalakani et al., 2014; Jalal et al., 2015; Long et
al., 2015; Omran and Alkhyat, 2016; De Belie et al., 2018; Saranya et al., 2018; Guo et al.,
2020; Huseien and Shah, 20PDECG2011) andCSMA(2021)reported that ggbs is one

2F GKS WINBSYySaidQ O2yaidaNUzOGA2Y YIFGSNRLFT &
distinctive slag that is a Byroduct of iron production Almost d of the slagfrom iron
production can be used to formggbs withno significantwaste stream Specifically, ggbs
requires less than a fifttof the energy and produces less than a fifteenth of G&
emissionsof Portland cement productian Furthemore, ggbsdoes not require the
quarrying of virgin materials, and if the slag was not used as cemamtuitd have to be

disposed oin a land fill or similar disposal site.

Each year, the UK uses up to two million tonneggidsas cementeplacement which:
A reduaes carbon dioxide emissions by some two million tonnes
A reduces primary energy use by two thousand million kWhs
A saves three million tonnes of quarrying
A

saves a potential landfill of two million tonnes

The embodied CQ (ECO2)f cement is relatively, asillustrated in Table 2.10 which

shows a comparison between Portland cement and various CRMs.
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When Portland cement is considered on its Quins understandable to see why some
commentatorssuggest thabne tonne of cement production leads to almost one tonne of

CO2 emission.

Table 24 Embodied C@Portland cement, ggbs, PFA and (UKQAA, 2010)

Materials Embodied Cgkg/tonne
Portland cement CEM | 913

Ground Granulated Blast Furnace Slag (GGBS 67
Pulverized Fly Ash (PFA) 4
Limestone (LP) 75

2.13Some of SCC applications

The development of SCC concrete technology has given architectural and engineering
designers the potential to create structural forms that would be difficult or impossible to
produce using NVC. Figure 2.10 is an example of a recent SCC structure that &ouse

Holocaust memorial exhibitio(OCCDC, 2021)

The benefits of including ggbs in concrete miaeswell established, as illustrated by the
Severn crossing bridge Figure 2.11 in 1@9&nson, 1996)which used a concrete with a
compressive strength of MPaand 70% ggb&€RM Its use was drivenybthe need to
have a very low heat of hydration rate and hgiphate andchlorideingressresistance

both of whichwere achieved.

In 2007, when massive concrete was required to construct the Landmark tower in Abu
Dhabi in hot weather conditions, SCC was recommer{teibeton, 2013)This project
involved thelargest quantity of sel€ompacting concrete im single pour in the world
which was 16000 fm(SeeFigure 2.12 In practice, durability is based on the material
selection, concrete composition, along with the degree of expertise during placing,

compaction, finishing and curing.
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Figure 210 Winner of the Concrete Award for Architectural Hardscape, the National Holocaust
Monument in Ottawa compriss six triangular concrete elements configured to create the points of a star
October 2017(OCCDC, 2021)

LD DBIRE

Figure 211 Bridge crossing point for the M4 motorway, over the Severn Estuary 1@9&nson, 1996)
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Figure 212 The Landmark tower in Bu Dhabi 2007(Unibeton, 2013)
2.14Conclusiors

This review chapter identified a number of areas in which data was lacking and research
was required.In particular, the review showed that little research had been undertaken
on SCC mes with high levels of ggbs as a CRKkese WNE & S | NateKisted beldd Q

andprovided the motivation for the current work

x The prediction of the plastiand hardenedoroperties of SCC mixes that contain
significant quantities of ggbs as a CRM

x Arational basis for designing SCC mixes with high percentages of ggbs

x Methods for predicting the time dependent strength development of SCC with
different percentages of ggbs

x Data for concrete mixes (NVC aseCC) formed using ceme@EMII and high
percentages of gglsince almost all of the previous work useé&MI cement

x Mix design methods that simultaneously apply plastic and multiple hardened
property criteria for SCC.

58



Chapter 3Materials, experimental

procedures and standards



Chapter 3 Materials, experimental procedures and standari

3.1 Introduction

This chapter describes the materials, experimental procedures and standards used in the

work described in chapters 4, 5, 6, and 7 of this thesis.

Additional details are provided in Appendices A, B, C, baritl G

3.2 Materials

In this study materials (cerent, coarse and fine aggregates, additives, cement
replacement materials ggbs) were used to develop SCC mixes according to the design

procedure proposed in chapter 6. The specification for each of these component

materials is given in Table 3.1.

Table 31 Materials detail under current studynclouding orginal sources

Material

Specification

Specific

gravity* Source

Cement

Ggbs

Limestone

Fine aggregate

Coarse aggregate

Superplasticiser

Portland fly ash type II® 32.5
clinker percent 659% and
additions 2135%

Limestone cement type II-A ,
clinker percent 804% and
additions 620% according to the
(BS EN 197, 2011)

Local UK subside product c:
reference as x% in text of thi
thesis.

Crushed as a filler with maximutr
LI NIAOES &AT S
Blended crushed stone and rive
sandmax. size 2mm

Crushed limestone coarse
aggregate with a maximum siz
of 20 mm

polycarboxylic ethebased type
(MasterGleniumACE 49p

(TARMAC, 2021)
2.95

2.40 (Hanson, 2021)

2.40

2.65 (Perkins, 2021)

2.80

107 (Solutions, 2021)

*Specificgravity valuesfrom (Abo Dhaheer,2016b¥since the same materialare used in this study
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A proportion of the river sand (See section 3.7) was replaced by an equivalent volume of
GKS O2FNESNJ FNIX OQlAzy 27F f AYSam®yhshtaidthd f S NJ
required powder particle size limi{&N BS 208, 2010) The particle size distributions of

the coarser fraction of limestone filler and river sand is shown in Figure 3.1

100
Fine aggregate
20 4 Coarse LP
© 60 -
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O 1
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Figure 31 Particles sizalistribution curves forcoarserfraction of limestone fillerand fine aggregates
3.3 Mix preparation

A small planetary mixer was used to prepare the mixes in a sequential way. The
constituents with the largest (coarse aggregate up to 20 mm) and the finest (Cement
+GGBS) patrticle sizes were mixed together first; this was followed by ttiecoarsest
(sand) and next finest constituent (limestone powder), and so on. Each mixing stage was
undertaken for 2.5 minutes. The mix was fluidised in two stages; first by adding half of the
water and half of the supeplasticiser &P to the dry mix ananixing for 2.5minutes; and

then by adding the remaining water al® and mixing for a further 2 minutes. The final

mix was immediately transferred to a slump cone so that a flow test could be undertaken

(see Section 3.5.1)The slump test for each mix was videsrorded from the time the
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cone was lifted until the mix came to rest. The time taken for the fresh SCC mix to reach a
500mm diameter spreadtfpg) and to come to rest (timéswop, With spread diameter
dimensionSH were determined from the time sequencing on the video recording, which
had a recording rate of 1000 frames per secoitiree frames from a representative

video are shown in FigureZ.

Each mix in the trial mix process was assessed visually to check iegmegation or
bleeding was detectable. The mix proportions were judiciously altered according to these
observations. This trial mix process was continued until the mix met the-dloliy

criterion inBS EN 206 (2010)

The moistue contained in the coarse and fine aggregates was measured and the

associated quantity of water taken into account in the mix desidre referencenoisture

level isdetermined from thesaturated surface dry (SS&ate of the aggregate

Figure 32 Video images of the slump cone test at thrélew stages

3.4 Curing regime

A standard curing regime was used for all mixes. ifivislved the wet concrete being
poured into a mould (cube) immediately after mixing, covered in wet hessian for 24
hours, demoulded and then cured under water at ambient temperature for the
designated curing period, i.e. between 2 to 300 days (See segffofor curing periods).
Each sample was removed from the tank 24 hours before testing and allowed to dry in

air.
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3.5 Test of fresh state

3.5.1 Viscosity for cement paste

The viscosity ol representative sample dhe cement pastes used in this study were
measural using a type NEBS viscomete(see AppendidA for details). Theement paste
samples included the binder materials (i.e. cement and replacement ggbs), water and

superplasticiseffor some of the tests)

Eachindividual samplehad a volume of 400ml which was placedn a 100 150 mm
(diameter?® height)glass containeat room temperature(i.e. 17 °C) The duration of each
test was between 3 and 5 minutes with the primary readings taken 2 minutes after the
rotor was started.Rotor #2 was chosefor the testswith rotations rates ofL.5to 60rpm,
which was in accordanosith the user manualsee Appendi). The cemenusedwas
CEM 1l (A)/32.5,and theggbsreplacement leved consideredvere 20%, 50% and 80%
Two series of tests were carried oyt) Groups AC without superplasticiserand (ii)
Groups A and B with superplasticiseheTresults are shown in Tables 3.2 and 3.3 and
illustrated and discussed in chapterl4is noted that, where necessary, the quantity of
water was adjusted such théte mix proportions given in the tables produced onéah

concrete.

63



Chapter 3 Materials, experimental procedures and standari

Table 32 Viscosity test orcement combination CEM Il AL 32.5R+ggbs)without SP

Class mix CEMII% ggbs% Mass, kg/nt whp ~ Rotor Speed
ggbs  cem w No.  (rpm)

Vil 80 20 200 800 300 03 2 60

GrX“p V2 50 50 500 500 300 0.3 2 60
V3 20 80 800 200 300 03 2 60

V4 80 20 200 800 500 05 2 60
Grg“p V5 50 50 500 500 500 05 2 60
V6 20 80 800 200 500 05 2 60

V7 80 20 200 800 700 0.7 2 60

Grg”p V8 50 50 500 500 700 0.7 2 60
V9 20 80 800 200 700 0.7 2 60

Table 33 Viscosity test orcement combination (CEM II-A 32.5R +ggbsyith SP

Class  mix C”E/OM 0gbs% i w/b SP% RI\(I);or ?rpeed
ggbs cem w sp - pm)

Vi 80 20 200 800 300 35 03 035 2 60
Grg”p V2 50 50 500 500 300 35 03 035 2 60
V3 20 80 800 200 300 35 03 035 2 60

V4 80 20 200 800 500 @2 05 0.1 2 60
Gr;“p V5 50 50 500 500 500 @2 05 0.1 2 60
V6 20 80 800 200 500 2 05 01 2 60

V7 80 20 200 800 700 O 07 0 2 60
Grg“p V8 50 50 500 500 700 O 0.7 0 2 60
vo 20 80 800 200 700 O 07 0 2 60

3.5.2 Filling and flowability

The combined filling and flowbility test is a modified version of the slump t¢BS EN
123508, 2010)or which the apparatus is shown in Figur8.3[heslumpflow test is used
to assess the horizontal floability of SCC when there are no obstaclese Tast

measures three different aspects; the filling ability, measured from the final horizontal
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flow diameter SF the flow-ability, which is determined usingoo, and the segregation,

which is assessed visually. The time when the flow stgpg,isalso recorded.

CKAA NBfFGAGStEe aAYLXS GSaidz 6KAOK dzasSa |
assessing the plastic properties of a mix on a construction site or in a laboratory.

The EFNARERO005)specification for an SCC mix is$frange ¢ 650750 mm, no visible

segregation, andsoo [0.5s to 2.2s.] and fswop [5s to 20s]. The testing apparatus and
procedure are illustrated in Figures3and 34 where SF=0.5(@Z+d2)

300 mm

— T e h‘ -_‘-.‘——t'\
700 (+/-) 50 mm

Figure 33 Slump test apparatus with hollow cone

Figure 34 Flow-ability test (cone)
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3.6 Passineability test

The &ing test is used in combination with the slump cone to assess the paagility of

an SCC mix through gaps between obks, e.g. reinforcement. For this test, the slump
test apparatus is used with an open steel ring (300£2mm) that is supported by twelve
vertical steel rods (diameter = 18+0.5mm and height = 125mm), as shown in the Figures
3.5and 36. The gap between thedns is (59+1mm(BS EN 123502, 2010)

Figure 36 Passingability test (3ring)

After filling the cone with concrete without using any vibration or rodding, the cone is

lifted perpendicular to the steel base plate allowing the concrete to flow freely. The time
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needed for the flow to reach 500mm diameter is recorded as thend {sog). Once the

flow has stopped, the spread dimensid@fjand stop time tswop) are recorded.

All mixes that satisfied the previously described flalility criterion and showed no signs
of segregation (Section 3.5.1) were then subjected to the passiiidy test using the -J

ring apparatus.

3.6.1 Spreading time 400 & tstop

tssoA & dzaSR G2 OflraaAife GAraoz2airie dz2&RI\AND GKS
(VS2 > 8] (EFNARC, 2005prior to the work reported in this thesis there were no
relationships or graphs that relategoo to the viscosity parameter. This issue has been
explored in the present work although, as may be seelClwapter 7 (Figure 7.4), the
relationship is highly nonlinear and varies with the percentage of cement replacement

material.

+Aa0z2arde &afdzYld 6+{ m0 RS aabiNyhaved vithlcongédtdd ( K |
NEAYF2NOSYSyYy i Qo -levalinghaad h&s dhigh fq&ality2stirfaca 8nisk.
However, it is more likely to suffer from bleeding and segregation. Viscosity slump (VS2)
has no upper class limit but by increasing the flow time of a mix it is more possible make
it thixotropic, which may bénelpful in limiting the fluid pressure on the formwork and
improving segregation resistance. Negative consequences of using VS2 mixes include the
potential for poor surface finishes (blow holes) and a greater sensitivity to stoppages or
delays between swessive lifts. The measured time until flow reach stapgp) only
provides an indication of the yield stress; noting that the higher the yield stress, the
greater the flow time. An estimation of the yield stress for a range of SCC mixes is given
by Badry et al. (2016)
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3.7 Mix sets

The following three sets of mix@gere used in this programme of research:

Set 1 (Ci C23, C3 and C4). The proportions of these mixes are shown in Table Bhe
binder refers to cement plus ggbh¥hesefour mixes were used for the work on the
hydration model described in chapter 6. Thedration study considered curing times of
2,4,7, 14, 28, 210, and 300 days. The powder content isotaeweight of materials
with particles size not exceeding).125 mm this includes thecement, ggbs, limestone

anda proportion of the fineaggregée.

Table 34 Mixes ingredients for SCC and ggbs¥®0(kg/m?)

. Binder FA
Mix b w wh sp PP m ok

0
ref. cem ggbs (%) FA* FA*

CL 108 108 216 147 068 1.10 0.51 187 310 593 930

C2 150 150 300 168 056 1.74 058 143 237 627 872

C3 192 192 384 184 048 280 0.73 146 242 515 847

C4 232 232 464 185 040 417 090 102 169 633 762

Al AYS&a:G2YS LR2SRSNI FMHp >YO
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fractioriofes®ne powder,
Ay GKS &A1 62 nNd, wharéam RAY* refeds to natural river sand <2 mm).

cCoarse aggregate <20 mm.

Set 2 (B0OA-C30A & @0B-G60B).Thetwelve mixes used for developing and validating the
mix design procedure (se€hapters 6 and 7) are given in Tables éhd 36. In the CA
series, the binder comprised 40% ggbs, whereas in the CB series the replacement level

was 60% ggbs.
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Table 35 Mix proportions of test SCC mixes, kgArggbs 40%

. Binder FA
?g'fx b w  wh SP (S;JZ)/b LP CA
' cem ggbs FA* FA**
C30A 190 127 317 216 0.68 1.4 0.44 195 292 481 773
C40A 233 155 388 217 056 1.8 0.46 153 230 528 758
C50A 272 181 453 218 0.48 2.7 0.59 148 223 516 738
C60A 286 190 476 190 0.40 3.7 0.77 116 174 615 789
C70A 305 203 508 173 0.34 46 0.91 118 177 626 803
C80A 348 232 580 168 0.29 5.8 1.00 120 180 602 782
Al AYSaliz2yS LRSRSNI fmMmup >YO
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the cfraxtén of the limestone powder,
AY GKS aAl &2 nid; wharéamFAP refery to natural river sand <2 mm).
¢Coarse aggregate <20 mm.
Table 36 Mix proportions of test SCC mixes, kgArggbs 60%
_ Binder FA
Mix w wb sp P p CcA
ref. (%)
cem ggbs EA*  EA™
c40B 187 280 467 233 0.50 3.1 0.66 150 225 475 659
C50B 188 282 470 212 0.45 4.0 0.85 113 170 537 757
C60B 196 294 490 196 0.40 5.2 1.06 123 185 522 767
Al AYSaliz2yS LRSRSNI fmMmup >YO

bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,

Ay GKS

a AT 62 nid, wharéamAp* refer¥ to natural river sand <2 mm).

cCoarse aggregate <20 mm.

Set 3 (C4C3,D1,F).The four mixes given in Table73vere used to provide additional
data to integrate the hydration model (Chapter 5) with the mix design procedure
(Chapters 6 and 7The ggbs replacement level consideredhiase mixes was 50%, 60%,

and 80%. The study considered curing times of 7, 28, and 135 days.

The fresh and hardened properties of the set 2 and set 3 mixes are given in chapter 7.
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Table 37 Mixes ingredients for SCC and ggbs [ 50% §&C3), 60% (D1) and 80% (Fig/m?

) Binder FA
':/e"]f‘ b w wb sp PP ok

() FA*  FA®

cem ggbs

Ck 173 173 346 215 0.62 2.1 0.60 147 200 558 800
C3 226 226 452 190 042 4.2 094 112 152 632 768
D1 135 203 406 196  0.58 3.4 1.00 212 288 443 804

F 70 282 564 176  0.50 4.2 120 151 205 586 838

Al AYS&aiG2yS LR26RSNI FmMHp >YO
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,
intheda AT S NI y&3 Bm, nvereas FA* refers to natural river sand <2 mm).

cCoarse aggregate <20 mm.

3.8 Hardened state

3.8.1 Compressive strength of SCC test mixes

At least three 100 mm cubes from each variant of the test mixes were cast and cured in
water atambient temperature (28C) for the entire curing period. Each cube was air dried
before testing according to the requirements &S EN 12398:2019 The mean
compressive strength and coefficient of variation was determined for each batch of

cubes.

3.9 Data gathering and processing

The strengths obtained fromLOOmm cube tests may be related to uniaxial strengths
(associated with cylinder strengths) ugithe standard dual strength classes of BS EN 206
1. These standard strength classewasured cube strengthd¢( and the equivalent

cylinder strengthsf() are given in Table & These are based on the dual strength classes

given in Table 3.1 of EN19921.
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Table 38 Conversion from national standard specimens to 100 mmlwes(BS EN06-1:200Q
2013+A1:2016

fc,N/mm? fcu, N/mm? fc, N/mm? fcu, N/mm?
Compressive strength Cylinder Cube Cylinder Cube
class (Standard) (Standard) (Equivalen) (Equivalen)
(150*300) (150) (100%200) (100)
C8/10 8 10 8.3 10.2
C12/15 12 15 12.5 15.3
C16/20 16 20 167 204
C20/25 20 25 20.8 255
C25/30 25 30 25.0 30.6
C30/37 30 37 30.8 377
C35/45 35 45 375 45.9
C40/50 40 50 417 51.0
C45/55 45 55 45.8 56.1
C50/60 50 60 50.0 61.2
C55/67 55 67 55.8 684
C60/75 60 75 62.5 76.5
C70/85 70 85 70.8 86.7
C80/95 80 95 792 96.9
C90/105 90 105 87.5 107.1
C100/115 100 115 95.8 1174

3.10Standards used in this programme of research

A list of the standards used in this PhD programme of research is given in Table 3.9.
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Table 39 The mainBS EN Standard appliéd this study
Description Code
0 Testing fresh concrete )
Part 8: Seltompacting concrete Slumpflow test BS EN 12339:2010
U Testing fresh concrete i
Part9: Selfcompacting concrete V-funneltest BS EN 12339:2010
U Testing fresh concrete )
Part 10: Selfetompacting concrete L- Box test BS EN 1233010:2010
i Testing fresh concrete )
Part 11: Seleompacting concrete sieve segregation test BS EN 123301:2010
U Testing fresh concrete .
Part 12: Seltompacting concrete J ring test BS EN 123302:2010
i Cement
Part 1: Composition, specifications and conformity  criteria BS EN 197:2011
common cements
U Concrete .
Part 9: Additional Rules for Setbmpacting Concrete (SCC) BS EN 209:2010
U Concrete . .
Part 1: Specifications, performance production and conftym BS EN 206:2013+A1:2016
U Testing hardened concrete )
Part 3: Compressive strength of test specimen BS EN 12333:2019
U Ground granulated blast furnace slag for use in concrete, mc
and grout BS EN 151&F:2006
U Part 1: Definitions, specifications and conformity criteria
U Ground granulated blast furnace slag for use in concrete, mc
and grout BS EN 151&Z2:2006
U Part 2: Definitions, spefications and conformity evaluation
U Ground granulated blast furnace slag for use with Portle BS 6699:1992
cement
U EFNARC

The European

Guidelines

for

Specification, Production and Use

Sebbmpacting Concrete 2005

3.11 Concluding remark

In this chapter, a description is given of the materials, test procedamesstandards used

for

this

research. This

information

is

referenced

in chapters 4 to
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Chapter 4 Plastic properties

4.1 Introduction

The ability to control the workability and selbmpactibility of SCC is key to its effective
production and use. Without this knowledge the design of an SCC mix for a particular
application is an inefficient trial and error proces$ools to assess the gdtic
characteristics of SCC have been divided into three categdiiestersall, 1991)
qualitative assessment, quantitative empirical assessment and quantitative fundamental
assessment. In the previous chapter, methods for thealigative and quantitative
assessment of SCC were presented; fadowity, passingability and stability for the
former; and slump flowand Jring for the latter. In this chapter, methods for describing
and predicting the workability of SCC will be revidwa terms of its fundamental

rheological properties.

4.2 Rheological properties

Rheology is a science of deformation and flow. It has been recognised as an crucial field of
scientific study and by common consent is a difficult subj@arnes et al., 1993)
Innovative concretes have explicit properties, often gained by using additives, asd th
properties are substantially affected by rheological characteristics of the fresh cement
paste. The first ideas of choosing materials having complementary resistance and rigidity
was necessary at a time when the only available materials were obtaimedtlg from
soils(Cristescu, 2010Workability is a way adescribing the performance of concrete in

the plastic state and for SCC it is often characterised using the following properties:
flowing-ability, filling-ability, passingability, and stability (segregation resistang@®Cl,

2003)

Cement paste, mortar and concrete should be studied as systems; looking at these
YEGSNRAFfa Fa aeadSvya NBLINBaSyda | adsSL) 3
OwKS2ft2380¢ YI@ 0SS dZASRIEA LN2LBSNBNFEOEAD

mechanisms of plastic behaviour. Looking at cement paste, mortar and concrete as
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systems puts our mind set in the right direction for investigating cerbased materials

at different scales and in all subsequent stagesheir lifetime. Rheology in the broad
sense is the science of flow and deformation of matter urstezss(Tattersall and Banfijll
1983) Fundamental rheological approaches make it possible to predict fresh properties,
select materials and model processes to achieve the required performance. Knowing the
rheological parametergyield stress and plastic viscosity) of a fluid presid quantitative

and fundamental way of characterizing the flowdability, fillingability, passingbility

and stability of SCC.

4.3 The rheological parameters of SCC

SCC in the plastic state behaves as a viscousNe@rionian fluid, which can be described

by a bilinear Binghanttype rheological modgHeirman et al., 2009)his model uses two
parameters, namely the plastic viscosity) @ndthe yield stress { ). Plastic viscosity is

the measure othe resistance to flow due to internal friction. It can also be regarded as
the ability of this fluid to resist shear or angular deformation, which is mainly due to the
interaction between fluid particles. SCC should have a sufficiently high viscositguree

that aggregate particles are suspended in a homogenous manner within the concrete
matrix without segregation, and to prevent excessive bleeding or paste separation. The
yield stress is the measure of the minimum amount of energy required to iniB&E
flow. Flow starts once the shear stress becomes higher than the yield stress. However,
when its value becomes equal to or lower than the yield stress, the flow stops. To be
considered SCC, concrete must flow easily under its own weight, so its yesd should

be low as possible.

It is generally known that the slump property of a normal fresh cementitious mix is mainly
governed by its yield stress (Kong et al., 2003). When the yield stress of a fresh concrete
mix is greater than the stressaused byA N> A GF GA 2y F2NOSa 60 S
& (i NBhe &r¢3iH mix is prevented from completely collapsing to the plate surface. As the

yield stress becomes less than the gravitation stress, the final slump height decreases
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meaning that the slump dis@acement increases. In this process, the contribution of the
viscosity to the fresh properties is considered to be relatively small. Once the gravitational
stress acting on the fresh mix is much greater than the yield stress, the fresh mix
completely collpses onto the plate, followed by the spreading of the mix over the plate

surface.

A number of investigatiomhave shown that the role of viscosity is more important during
spreading and that the yield stress of SCC mixes is very low (circa 2(Dr&#field,
2003; Badry et al., 2016in comparison with normal concretes (thousands of Pa), and

remains nearly constant over a large range of plastic viscosities as shown in Figure 4.1.

500
450

unreliable rheometer measurments

Yield stress, Pa
N N w
Ul
=]

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Plastic viscosity, Pa s

Figure 41 Rheological parameters for two types of concreteix

4.4 Yield stress

FreshconcreteisanamS g2y Al y FfdzAR GKFG YIe 9% RSaAC
models (See section 4.6). The yield strgsa the Binglam fluid model is the minimum

shear stress that an SCC mix has to overcome to start flowing.
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4.5 Plastic viscosity

The resistance of SCC to flow due to internal friction is measured from the slope of the
shear stress versus shear rate plot from rheometer flawwe measurements. Mixtures
GAOUK KAIK LIXIFAadAO @raldzairde NB 2FiSy RS
viscosity is closely related teoo and the vfunnel time (the higher the plastic viscosity,

the largertsopoand the wfunnel time).

SCC must have a sufficiently high plastic viscosity to suspend aggregate particles in a
homogeneous manner within the concrete matrix without segregation tmgrevent

bleeding, excessive air migration, or paste separation.

4.6 Commonrheologicalmodels

Fresh SCC is a suspension, and rheological equations typical for suspension flows are used
to describe material flow behaviour mathematically. These equations give the evolution
of stresses and deformations in the material. Fresh SCC exhibits complé&lembonian

flow behaviour (Macosko, 1994)Most authors use the Bingham or HerscBeilkley
models, which follow expressions 412 and 4.34.4 respectively. The Bingham equation

is the most commonly used equati, which assumes the existance of a yield stress and
linear behaviour when the shear stress exceeds the yield value. The reasons for the
widespread acceptance of this model are mostly practical: the model parameters can be
measured independently, and thidow of real SCC seems to follow this equation fairly
well in most casegFerraris, 1999)An overview of different rheological egtions that
describe suspension flows can be found (Macosko, 1994) and those used for

cementitious materials are given {Rerraris, 1999; Banfill, 2006)
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4.6.1 Bingham plastic model

The basic Bingham model is written as;

W W i W W (4.1)
£=0 wow (4.2)

whereW = yield stress =plastic viscositand gf =shear rate.

4.6.2 HerschelBulkley model

This model is a generalisation of the Bingham model in such a way that, upon
deformation, the viscosity is affected by shear thinning (viscosity decreases with shear
rate) or shear thickening (viscosity increases with the shear rate) (See Figure 4.2). The

HershelBulkley model is described by the follow equations;

W W ts wowW (4.3
£=0 W w (4.4)

Forn <1, the fluid exhibits shear thinning properties
n=1; the fluid shows Bingham behaviour
n>1, the fluid shows shear thickening behaviour

In expression (4.3)n is an empirical cun4étting parameter identified as the flow
behaviour index. For a she#rinning fluid,n has a value between 0 and 1. The greater
degree of shear thinning the smaller valuerobnd vice versa. For a shear thickening

fluid, n will be greater than unity.
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Shear thinning
Bingham
o
% s
&
5 Shear thickening
g% Newtonian

By Pseudoplastic

a
)

|

Shear strain rate ¥

Figure 42 shear streswsshear stran rate predictions with differentmodels

4.6.3 Modified Bingham model

The Modified Bingham model is used when there is a-lnwear relationship between
and applied , (see equation 4.5). It provides a closer match to the behaviour of many
materials and predicts a lower level of shehinning (i.e./7< 2) than the Herschdulkley

model(Feys et al., 2013)

W W taz 4= (4.5)

4.7 Assessment of rheological properties

A rheometer is commonly used to determine the Bingham parameters of general viscous
liquids (such as cement pastes) and stidid suspensions (such as SCC). When choosing
rheometers, one should take into consideration the small size of aggregate used in SCC
compared with conventional vibrated concrete, the presence of yield stress, moderate
plastic viscosity, the potential for segregation and the high sensitivity to small ebang
materials and their proportions. Basically, two types of rheometer can be used; namely,
those that impose a controlled shear rate on SCC and measure its shear stress, and those

that do the oppositg Domone, 2003)

Domone investigated several SCC mixes and foimad different rheometers (see

discussion of types below) give different values for the rheological paramessd=(gure
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4.3). This confirmed the findings 8anfill et al. (2000vho used a set of comparative
tests on SCC mixes using three differeamtiuments. Both studies showed that the
measured yield stress values were less affected by the type of rheometer than the plastic
viscosity values. This suggests that there is still no reliable technique for measuring the
plastic viscosity of SCC, andttllaere is a need for a universal tool for computing the

plastic parameter® +  aAf.A0 X HAMPpPO

Shear stress {Pa)

600

A

400

Contec Viscometer 3

300 4

Tattersall Mk —1I

°
19
£
o 4
@
3
I

14

Shear rate (1/s)

Figure 43 Two different responses for a single SCC mix testgth two rheometers(Feys et al., 2007)

There are various rheometers that can be used for determining the rheological properties
of cementitious materialgWallevik, 2009) Typically, the torque or force, and rotanal

or linear velocity are measured, then transformed to shear stress and shear strain values,
which depend on the geometry of the instrumeBanfill et al., 2000)Four basic types of
rheometer are listed in Table 4.1 along with some comments regarding the advantages

and disadvantages of eatype (Khayat et al., 2019)

Coaxial cylinder rheometers (CorcTand BML) are adequate to measure the rheological
behaviour of mortars and cementitious composites because of the wide gap between the
inner and outer cylinders, which allows for testing the mixtures with sand and f{bms

et al., 2013) Yield stress and viscosity can be estimated by using RRirier equation in

fundamental units.
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Table 41 Rheometers type for UHP(Khayat et al., 2019)

Type Apparatus Advantage Disadvantage

Parallel disc plate BTRHEOM (1) Small sample size Shear rate is not uniform, whicl
is fine for linear viscoelasticit
fluids but not the case foi
nonlinear fluids

(2) Can change temperatur
without reloading sample

(3) Easy to load and clean
Concentric Anton  Paar (1) For large radii, the shear rat (1) Difficult transformation for
cylinders MCR is nearly constant. wide gap

(2) Ideally suited for pourabl¢ (2) Bottom effect

liquids; i.e. cement paste (3) Risk of wall slip

Coaxial cylinders ConTec, BML (1) Suited for mortar anc (1) Large sample volume
concrete containing coarst (2) Risk of wall slip

aggregate.
(3) Plug flow
Two-point test MH system (1) Suited for mortar anc (1) Large saple volume
concrete  containing  coarss (2) Oil pressure needs to b
aggregate

monitored

4.8 Estimating plastic viscosity

From a mix design point of view, the most essential parameter is the plastic viscosity,
which changes with the plastic viscosity of the paste and thecamposition. A method
for calculating the plastic viscosity of SCC mixes is described in the remainder of this

section.

The plastic viscosity of the homogeneous viscous binder paste (a mix of cement, ggbs,
water, and supeplasticizer) can be measured fgiraccurately with a viscometer.
However, this is not possible for nonhomogeneous SCC, because there is a large scatter in
the results when the plastic viscosity of the same SCC mix is measured with different
rheometers(Banfill et al., 2000; Feys et al., 2007b; Wallevik and Wallevik, .20ay9 et

al. (2013) explain that the greatest error is obtained when using coaxial cylinder
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rheometers. This is because a plug of material tends to form in the rheometer, as

illustrated in Figure 4.4.

High yield stress material Low yield stress material (i.e. without plug)
(i.e. with plug)

RS= min(Rp,Ro) = Rp

Rs= min(R;,R,)
= RO

Figure 44 Schematic op view ofaviscometer, left, illustrates asamplewith sufficient yield stress to
generate plug right, a sample with insufficient yield stress to generateplug (Feys et al., 2013)

Ghanbari and Karihalo@Ghanbari and Karihaloo, 2008)erefore proposed amethod
(micromechanical procedurddr estimating the plastic viscosity of an SCC mix beginning
with the plastic viscosity of the paste used in it. In this procedure, SCC is regarded as a
two-phase suspension in which the solid phase is suspended in a viegpodgphase. The
increase in the plastic viscosity of the suspension resulting from the successive addition of
the solid phases (filler, fine, and coarse aggregates) is estimated in a stepwise manner. In
the first step, the solid phase is the finest sahterial, e.g. the filler and the binder
paste is the fluid phase. In the next step, the next solid phase, i.e. the fine aggregate is
suspended in the viscous fluid phase now formed by the-plvase suspension from the

first step. This procedure is contied until all the solid phases forming the mix have been
added to the suspension. The plastic viscosity of itlke liquid¢solid suspension is

estimated from the plastic viscosity of the preceding J)th phase
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byt W (4.6)

Here,— is the plastic viscosity of thieth liquid¢solid suspensiorg = plastic viscosity
of the precedingic MO0 (0 K LIKI & S &= 1l-Yis thiekKkBowrT plabtifi Viscodityt & LJ
the paste; andQ%. = a factor larger than unity that predicts the increase in the plastic
viscosity induced by the solid phase with a volume frackenFigure 4.5 shows the order

of the successive twphase suspensions used to compute the plastic viscosity of SCC.

N,=1, f,(@,) =1,f,(,) =1 f3(d3) =15f4(,)

Figue 45 Two-phase liquidsolid suspensiongierarchy constituting an SCC mig@hanbari and Karihaloo,
2009)

Solid liguid

According to this procedure, the plastic viscosity of an SCC mix is given by:

(TS B sss . 4.7
wheren is the total number of solid phases in the mix. Besides the filler, fine, and coarse
aggregates, air voids can be regardedaasadditionalphase. Histein was the first to
develop an expressioif2 %o for dilute suspensions (second phase volume fraction less

than 10%) containing randomly distributed rigid or hollow spheres with no hydrodynamic

interactions:

i T (4.8)
The numerical factoL is equal to 2.5 for rigid spherical particles aedualto 1 for

spherical air bubbles that are packed randomly in a hexagonal arrangement. Subsequent

83



Chapter 4 Plastic properties

investigations have proved that the numerical factor 2.5 is quite accurate even for rigid

ellipsoidal paticles with an aspect ratio less thar(Struble ad Sun, 1995)

However, when the concentration of the solid phase is increased (volume fraction >10%
up to the maximum possible volume fractiofhe ), the hydrodynamic interactions
between the particles and the Brownian motions have to be taken into@at. This was

done by Krieger and Dougheifgrieger, 1959vho proposed the formula 4.9

) — o (4.9)

The patrticle size distribution significantly affe#ds. Its value is 0.74 for hexagonal close
packing, 0.63 for random hexagonal packing, and 0.524 for cubic patkieger and
Dougherty, 1959)Furthermore, the numerical factor and %0 depend upon the shear

rate; the former tends to decrease with increasing shear rate, whereas the latter shows
the opposite trend. However, they change in such a way that a decreaséeads to an
increase in%o , but the product of the both changes mains nearly constant and on
average equal to 1.9de Kruif et al., 1985)The volume fractions of the filler, fine, @n
coarse aggregates in most SCC mixes generally exceed 10%, so that their contribution to
the increase in the known plastic viscosity of the paste can be calculated using Eq. 4.9.
However, he volume fraction of the trapped air bubbledasv (around 2% such that Eq.

4.8 can be used with the numerical factorequal to 1.0. For simplicity, the increase in

the plastic viscosity of the SCC mix due to trapped air is included in the plastic viscosity of
the paste in Eq. 4.10:

BEE TV “1o=dB 8 1 * I (4.10)
R LT Toq =l B Tope foab

too. +—_={=v<.
It should be noted that the packing density (i.e. the maximuohume fraction %o )
increases with the addition of solid phases. When the first solid phase is added to the
viscous paste, the packing is dense so that it can be approximatéwxagonal close
packing with%. =0.74. However, when the last solid phaseadded to the suspension,

the packing is loose and it is appropriate to asswmicpacking withle = 0.524
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where’ o goam Q4 07 g b @GN 4 qp T® QT

In this study an important amendmentas been made té&\bo Dhaheer et al.'s (2016b)

Ny

parametervalues.The maximum possible volume fraction paramete¥s (X @0 Kl @S 0o
changed to allow for the effects of having higher proportions of ggbs and limeston
powder (LP)in the mix Thisensures that the maximum packing volume criteriag not
violated (see expression 4.1dnd Table 4.2. The revised packing valuage %0 = 0.74 for
the filler (the value forhexagonal close packinghd %0 =0.524 (cubic packing) for the
coarse aggregate

Ude 50 0ume vYiohmg O ;% fom (4.11)
where Narticie IS the number of the particles in the unit celkaicieis the volume of each
particle, and Wit cen is the total volume of available space. The proposed values also
contrast with those used byDeeb and Karihaloo (2018)o used%. = 0.63in all three

phases.

Table 42 Maximum possible volura fraction

= Prg\ég)#esesrfgg{égbo Current study
BESH | IS 0.524 0.74
e ed B 0.63 0.63
T O £ 0.74 0.524

Regarding the rheological properties of cement paste; it is kn@Mehdi and Rahman,
2004; Dimakar et al., 2013b; Abo Dhaheer et al., 201613t the replacement of 25%
cement €) by ggbs has little or no effect on the paste viscosity ( ). However, this is
no longer true when 80% of cement is replaced by dgildang et al., 2002; Park et al.,
2005; Hwang et al., 2009; Grzeszczyk and JanciReskéas, 2012; Tiwari et al., 2018%
illustrated by the data shown ihable 43
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Table 43 Plastic viscosity for ceent paste for different replacement fractions of cement by ggbs

tflLadAo @radz2arde

Source w/b ggbs SP%
30% 40% 50% 60% 70% 80%
(Tiwari et al., 2015) 0.45 0.16 0
gjﬁ;?%';g”d Janowska ¢ 45 0.25 0.19 016 0
(Hwang et al., 2009) 0.46 0.32 0.15 0.13 0
(Wang et al., 2002) 0.50 0.08 012 O
(Tiwari et al., 2015) 0.50 0.09 0
(Tiwari et al., 2015) 0.55 0.06 0
(Tiwari et al., 2015) 0.60 0.04 0

The data presented in the aforementioned papers is insufficient to produce a reliable
correlation between the plastic viscosity of cement paste, the ggbs replacement level and
the w/b ratio (i.e. cement + ggbs) for the full range of ggbs percentages. rowey
employing the above data and interpolating missing values, it is possible to see some
trends in the plastic viscosity data for cement paste, as showhalrle 44. From the
tabulated data it is clear that the paste viscosity decreases wittreasing ggbs
replacement level, and with the water and superplasticizer contents. This table will be

referenced in the chapter 6 mix design procedure to choose the viscosity of the paste

Themethod used to predict the values in Tablet4rom Table 43 is now explained.The
values in Table 4.3 proved insufficient to directly fit a tvasiable function (w/b and
ggbs) to the experimental datausing regression methods. Rather, he following

procedure used was;

1) Using the available valugsom Table 4.3 boundswere placed on the plastic
viscosity valuegiven in brackets below) for each w/b ratio
1 (0.380.17)for w/b=0.3
1 (0280.14) for w/b=04
1 (0.160.03) for w/h=0.5
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1 (0.080.01) for w/h=0.6
f (0.040.005) for w/b=0.7
2) By inspection, approximate trends in ggbs and wkre establishedindthe most
promising values selected for each w/b ggbs combinatiom toing this the
differences between the values in each row (w/b ratio) were considered, and
theseare the values shown small font in Table 4.4.
3) Once the overall trendbad beenestablished, a fourth order function was fitted to
the data for each ggbs level, as showirgure 4.6
4) Steps 2 and 3 werthen iterated until the coefficient of correlatiobetween the
available data and the™order functions was a close as possible to one.

5) The final values were then determined and these are shown in Table 4.4.

Table 44 Predictedpaste plastic viscosity Pa s

6t ao
w/b ggb%
30% 40% 50% 60% 70% 80%
0.30 0.38 0.33 0.28 0.23 0.20 0.17
0.10 0.08 0.06 0.4 0.4 0.03
0.40
0.28 0.25 0.22 0.18 0.16 0.14
0.12 0.13 0.14 0.13 0.12 0.11
0.50
== 0.16 0.12 0.08 0.05 0.04 0.03
0.08 0.06 0.04 0.02 0.02 0.02
0.60
= 0.08 0.06 0.04 0.03 0.02 0.01
0.04 0.05 0.01 0.01 0.01 0.005
0.70
0.04 0.035 0.03 0.02 0.01 0.005
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~—ggbs 0-25% * gghs 30% gghs 40% gebs 50% gebs 60% + gghs 70%
= gzbs 80% —&—Point (ggbs 40%) > Point (ggbs 50%) Point (ggbs 60%) —@-Point (ggbs 70%) Point (ggbs 80%)
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0.35 \\
\
\
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Figure 46 Plastic viscosity for cement paste of ggbs80%

In the Figure 4.6 it can be seen that the trend in the plastic viscosity (i fdr different

ggbs levels) for cement paste with 25% ggbs 25 is not the same shape as in the higher

range (i.e ggbs 380%). The reason of this because the viscosity dua#schange
significantly with the ggbs level in the rang®%, asdentified by Abo Dhaheer (2016b)
andNehdi and Rahman (P4)
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4.9 Plastic viscosityof the cement paste

Theexperimentalprocedurefor testing plastic viscosity of cement pastasdescribedin
(chapter 3 sec.3.5.1) These testsused anon-Newtonian based viscometeand a
summary of the pastes tested aggvenin Table 3.10The results of the pastviscosity

testscontaining superplasticisare presented in Table3and Figure 4.

Table 45 Viscosity test results oi€EM IIA-L 32.5R with superplasticiser SP

Rotor  Speed

Class mix ggbs% CEM o wib ' (Pas) SP/w

No. (rpm)
V1 20 80 0.3 2 60 0278 035
GrX“p V2 50 50 0.3 2 60 0112 035
V3 80 20 0.3 2 60 0181 035
V4 20 80 05 2 60 0248 0.1
Gr;“p V5 50 50 05 2 60 0091 0.1
V6 80 20 05 2 60 0144 01
V7 20 80 0.7 2 60 0205 O
Grg“p V8 50 50 07 2 60 0061 O
Vo 80 20 07 2 60 0120 O

The tests emphasise the need to use superplasticiser for mixes with low cdnmeler
ratios, which is consistent with the findings of other investigators (Park et al., 2005;
Grzeszczyk and JanowsdRankas,2012). Furthermore the same mixes were tried

without using superplasticiser as listed in Tabk 4.
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Table 46 Viscosity test results on CEM IHA32.5R without superplasticiser SP

Class mix ggbs% cem% w/b RI\?;C.)F Speed " (Pas)
Vil 20 80 0.3 2 15 10.023
GrX“p V2 50 50 0.3 2 15 9.535
V3 80 20 0.3 2 15 8.640
V4 20 80 05 2 3 8.221
Gr;”p V5 50 50 05 2 3 7.300
V6 80 20 05 2 3 7.047
V7 20 80 0.7 2 60 0.181
Grg“p V8 50 50 0.7 2 60 0.144
Vo 80 20 0.7 2 60 0.120

Figure 4.7shows the experimental results from the viscometer temtsl Figure4.8 gives
the predicted values using the values in Table #.i4 evidentfrom these figureghat the
experimental result for the cement paste plastic viscosity for ggbs 888 noiceably
different from the predicted values.hE probablereason of thisis that the viscometer
givesinaccuratereadingsfor fluids with highyield stresss; this phenomenonwas also
reported by Wang (2002)Furthermore,there may be variation in the resultsom the

interpolation technique used.

+— Experimental-gghs 20% =—=Exprimental-gghs 50% Exprimental-gghs 80%
0.3
+-
2 0.25 -
©
o
g 0.2 T
1%
©
2 0.15
)
c
)
©
°
= 0.05
0
0.2 0.3 0.4 0.6 0.7 0.8

0.5
w/b

Figure 47 Plasticviscosityresults of cement paste focurrent study, ggbs 20%, 50% and 80%
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Figure 48 Predicted plastic viscosity of cement paste for ggbs 20%, 50% and 80%

4.10Conclusions

The primary objective of this chapter was to presdrg micromechanicgbrocedure (sec.
4.8) used in this work for calculating the plastic viscosity of SCC. The mauk#ded
because rheometers are unable to reliably measure the plastic viscosity for reasons

related to the heterogeneity of the mix.

Both the plasticity viscosity and yield strength parameters are required because SCC

behaves as a neNewtonian fluid.

The plastic viscosity prediction method is an essential component of the procedure

described and verified in chapters 6 and 7 of thissik.

The viscosityests have clarified that the cement pastes used in this study have plastic

viscosities in theangerequiredfor the SCQGnix desigs.
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Previous work has not quantified the influence of ggbs percentage and w/b ratio on the
plastic visceity of cement paste for a full range of ggbs or w/b ratios. The use of existing
data and careful interpolation allowed the dependence of the plastic viscosity to be

determined for a wide range of these parameters.
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5.1 Introduction:

Portland cement hydration is an exothermic process, and the cumulative amount of heat
produced can affect the isitu performance of structuregSchindler and Folliard, 2005)
The total heat released and heat release rate during hydration depends on the
composition and amount of cementitious material, as well as on the wiaitgder ratio of

the mix (Schindler and Folliard, 2005Cement compoents and their chemical
composition not only govern the amount of heat released during hydration but also the
rate at which the strength and stiffness of the hardened material develop. Schindler and
Folliard (2005) suggest that the relative amount of hed¢ased at a particular time after
casting-relative to the total heat potentialprovides a good measure of the degree of
hydration. In turn, the degree of hydration may be related directly to the relative strength

development of the hardened material.

In this chapter a procedure is described to predict the tidependent concrete strength.
The model builds on the work of Schindler and Folliard (2005P&S¢hutter and Taerwe
(1996) The first of these two models defines the degree of hydration in terms of the
relative heat elease and the latter uses a relationship between the degree of hydration

and the compressive strength.

In order to provide data for extending these approaches to SCC mixes with high
proportions of ggbs, a series of experimentasmundertaken. This involved the
preparation and testing of four mixes (see set 1, Section 3.7). These all had Portland
cement to ggbs ratios of 1:1 (i.e. 50% ggbs cement replacement) and included the
following compressive strength classes; C20, C30, C4DCa0, with the mixes being

denoted C1to C4 respectively (see Table4).
The layout of the remainder of this chapter is as follows;

section 5.2 presents the hydration and strength development models;
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section 5.3 presents the results from some experitsenndertaken to calibrate and
subsequently validate the hydration, strength development and strength prediction

models;

section 5.4 presents new formulae for predicting thed?8/ and ultimate compressive

strengths (i.e. the strength at full hydration);
section 5.5 describes the steps for computing the tidependent compressive strength;

section 5.6 presents a validation of the tidependent compressive strength calculation

procedure;
section 5.7 assesses the consistency of the strength predictions;

secion 5.8 defines a post 28 day compressive strength gain factor and discusses its

potential in a new mix design procedure;

section 5.9 explains how the tirrdependent heat of hydration is computed and gives

values for the concretes considered in this study;

section 5.10 draws some conclusions from the work of the chapter.

5.2 Hydration and strength development model

The degree of hydration may be defined as the proportion of heat released by the
hydration process at timeé (A ?) ) relative to the total heat rieased by the reactionHy).

Many mathematical formulations to predict the degree of hydration have been proposed
in the past(Knudsen, 1982; Freiesleben and Pedeys&985; Jonasson, 198&8nd a
comparison between these approaches is given in Figure 5.1. Most of these models are
able to predict the degree of hydration curve for standard concrete with reasonable

accuracy.
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Figure 51 Camparing different hydrationmaturity functions

Schindler (2002)see alsoSchindler and Folliard, 20psuggested a modification to
Freiesleben and Pedersen's (198g¥iration function and introduced the ultimate degree

of hydration parameter/.). The resulting relationship ggven in equation 5.1.

5

) ¢ 1L ’0l°-T\if (5.1)

7

h @) & the degree of hydration at equivalent age,
te= the effective timéhours),

Z = hydration time parameter (hours),

/ = hydration shape parameter,

{ v= ultimate degree of hydration.

An expression for the total heat of hydratio#/4) is given in Section 5.9.

The effect of changing the hydration parametegs /, and./») on the rate and ultimate

degree of hydration is shown in Figure 5.2.
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Figure 52 The effects of changing the hydration parametem @ angl #4) on the degree of hydration
development.

Equation 5.1 includes the parametey.f to characterize the ultimate extent of the
hydration reaction. The effect of the watdinder ratio on the degee of hydration and

heat evolution can be seen in Figure 5.3.

0:20

c
o
=
E [-B L]
T
>
=
-
o
8 Q

N
i~ -
5 .o
o 3
o
-
o
[
b
a o-os|
©
[
=

o 1 1 1 1 1 1 1 1 1 1 1 J
2 s 10 20 50 100 200 SO0 1000 2000 5000 10,000
CURING PERIOD (HR)

Figure 53 Ratio of chemically bound water per gram of cement versus log curing (@@elin, 1959)

After investigating the hydration of sange of different cementitious materialdJills
(1966)a i F SR GKFGX aLy Yz2aldz AT y20 Ltttz OSY!
Aa G20ltte O2yadzYSRoég ¢KS SELX Yyl GAlesy 27
than unity relates to the fact that hydration can only continue to develop if specific

conditions are reached. The main two conditions (i and ii) are summarised below.
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(i) Sufficient space is available for all hydration products. During hydratierhytdration
products progressively fill the voids initially occupied by the mixing water. When no more
capillary space is available, the hydration reaction ceases. From this requirement, it may
be concluded that the lower the water cement (or watginder) ratio, the less water per

unit volume, and the lower the ultimate degree of hydration. This requirement can be

quantified as followgHansen, 1986)

. L
I TTT (5.2)

(i) Sufficient free water is available for the hydration reaction to progress. Free capillary
water is required for the hydration process to continue. Based on properties of typical

Portland cementsHansen (1986)commended the following formula for, :

o Y (5 3)

In order to measure the influence of the factors discussed ablNiés (1966)performed
several tests to determine the maximum degree of hydration by determining the amount
of chemically bound water after hydration is completed. Schindler (2002) used the
findings of Mills, along with the results and the variginysical limitations determined by
Powers (1958)to derive the following expression for the ultimate degree of hydration for

saturated concrete:

8
do ) (5.4)

o.nde 8 OF

where, (Wn/C)max= maximum mass ratio oif/c) at complete hydration (g/g).
Mills recommended the use of the following:

A Cement: Wwn/)max= 0.253,Powers and Brownyard (1946)so suggested value
of 0.253
A Cement with 5096gbs (Wn/C)max= 0.261

wn is defined as the mass of water that has chemically reacted with the cement i.e.

chemical bound (nomvaporable) water. It can be quantified as the amount of water
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emitted from a dried (105°C) spimen when it is subjected to ignition, which occurs at
about 1050°GByfors and Betong, 1980 the recommendedif»/¢)max 0f 0.253 is used,
Equation 5.4 can be simplified &guation 5.5, which is recommended for use Ygn
Breugel (1997) and Cervera (199When 50% ggbs is used, Equatof presents the
form recommended by Mills. Thdfect of varying the watecement ratio on the ultimate
degree of hydration as determined lguations 5.3, 5.5 and 5.6 is shown in Figure 5.4.

This figure indicates that there is a large difference in the calculated ultimate degree of

hydration from thesehree relationships.
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Figure 54 Comparing the effect of watebinder ratio on the ultimate degree of hydration predicted by
equations 5.3, 5.5 and 5.6

Schindler and Folliard (2008gveloped a relationship fore, based on the above work
and the results of 352 of their own experiments. The latter includedeswith CEM |
cement andtwo types of fly ash (class C and &9 a CRM in the randb% to 45%and
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mixes of CEM dement and (30% and 50%ybsas a CRM Accordingly, they proposed

Equation 5.7 for

(FA).

8 8B
S

8 =

8

=

for a concrete that contains any percentage of slag (ggbs) and fly ash

(5.7)

where prrepresents the proportion of the cement formed of component

¢tKS (g2

20KSNJ LI N YS{iSNA

Ay

{ eymakiof RBf1SaMd | Y R

zands. These depend on the fineness of the cement and its composition, including the

amount of ggbsind FA, as follows;

8 8un °

8on s

8 8an’ 8ny® BAT Hi P "HMye® 8HO1 8

8AT Hi P "My ©

8HO 18 4k

(5.8)

(5.9)

8 B we

nEnae

where Blaine = Blaine value, specific surface area of cemertycm

Changinghe cement type will affecthe GA, GS SQ and Blainevaluesin the above

eguations. The cement component proportions for standard type Portland cement of

CEM |1 42.4N and CEM iLA2.5Raregiven in Table 5.(Mrema,2010)

Table 51 Fraction by weight of total cement content for CEM | 42.5N and CEMUI3R.5RMrema,

2010).
Cement Chemical composition Blaine
type GS oS GA  GAF FreeCa0 SQ@  Mgo  Cmg
A-CEM I 0.529 0.218 0.075 0.085 0.666 0.027 0.012 367
B-CEM Il 0.531 0.205 0.084 0.082 0.663 0.026  0.010 378
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Table 5.2 and Figure 5.5 show the variation of therametersz and ; with the
percentage of ggbs for CEIMcement. It is evident that the characteristic timg ¢grows

with the proportion of ggbs while the hydration shape parameperdecreases.

Table 52 Estimation of_andi by using Egs. (5.8 & 5.9)

Cement type GA GS Blaine SQ _(hrs) i
CEM II 0.084 0.531 378 0.026 17.071 0.578
CEM Il +20% GGB  0.084 0.531 378 0.026 26.44 0.508
CEMIl +30% GGB  0.084 0.531 378 0.026 32.90 0.476
CEMIl +40% GGB  0.084 0.531 378 0.026 40.94 0.446
CEMIl +50% GGB  0.084 0.531 378 0.026 50.95 0.418
CEMIl +60% GGB  0.084 0.531 378 0.026 63.41 0.392
CEMII +70% GGB  0.084 0.531 378 0.026 78.91 0.368
CEM Il +80% GGB  0.084 0.531 378 0.026 98.20 0.345
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Figure 55 Variation of parameters andi with ggbs replacement level

The degree of hydration computed usieguation 1 is now used to evaluate the time
dependent compressive strength. Using a model proposedéySchutter and Taerwe

(1996) the compressive strength is given by;

=|=
_llp »od. (5.10
| be

where| anda are parameters that depend on the concrete composition and w/b ratio.

The original form suggests that the ultimate degree of hydration is unity 4iel),
whereas (as discussed above) this is not normally the case and the limit feray
equation 5.7 To allow for this, equation 5.11 will be used in place of 5.10. Also, the
uniaxial compressive strengtlft)(has been replaced with the compressive cubersgth

(fcu) used in the present study.
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1g 0, T
By Bo.Q+ - (5.11)

where:
» =the degree of hydration at time&t equation 5.1.
) o= the ultimate degree of hydration equation 5.7.

"Q | =compressive strength at degree of hydratan

A = compressive strength at the ultimate degree of hydration.

5.3 Experimentalinvestigation and results

A set of experiments were undertaken to validate the hydration model for the SCC mixes

considered in the present work and to provide data for a new method for predicting the

ultimate and 28day compressive strengths. Details o timaterials and mix compositions

used for these experiments are given in Chapter 3 (see set 1 in Section 3.7). The study

considered curing times of 2, 4, 7, 14, 28, 210, and 300 days. The results are presented in

Figure 5.6lt is noted that all of these ires had a ggbs replacement level of 50%.
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Figure 56 Compressive strength resulfer mixes set 1 (C1_1to C4_1), ggbs 50% in times 2, 4, 7, 14, 28,
210 and 300 days

5.4 Predicting the ultimate and 2&lay compressive strengths

The mix design procedure to be presented in chapter 6 requires the prediction of either
the 28 day compressive strength and/or the compressive strength atiitireate degree

of hydration. These two values (i.dcu2s and fcu u) may be determined (semi)
independently or linked via the hydration model described in section 5.2. It may seem
logical to use the latter approach in whichigis computed from a predictedcy ur ;
however, most previous work on strength predictions have been based on 28 day
strength values. Therefore, in order to relate this previous work to the present
investigation, an expression will first be developed for the 28 day strength, then a related
expression will be presented for the ultimate strength and finally the consistency
between these two expressions will be assessed using the degree of hydration

relationship.

104



Chapter 5 Hydration & strength development procedur

5.4.1 Compressive strength at 28 days hydration

The compressive cube strengtfa of a concrete mix is primarily determined by the ratio

of water to binder w/b) under given curing conditions.

Abo Dhaheetret al. (2016b)proposed the followng equation for predicting the 28ay
compressive cubstrength {(n MPa) from the w/b ratio for mixes containing 25% ggbs for

concrete grades C30 to C80;

L
B

Noting that from this point forward, denotes the 28lay compressive cube strength

5 (5.12)
8 ¥

unless noted otherwise.

Abo Dhaheeret al. (2016) determined this equation using regression analysis from a

large amount of published data, as illustrated in Figure 5.7:
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Figure 57 Relationship between compressive strength and water to binder ratio fe28%ggbs(Abo
Dhaheer et al., 2016b)

Whilst equation 5.12 provides an adequate strength prediction for SCC concretes with up

to 25% ggbs, it was found to be inaccurate for higher ggbs replacemerts ugvto 80%

This issue has been explored by a number of investigg®hsratkumar et al., 2001;
YKIFIGAOG FYR 1 A060SNIZ wnnpT 5dz2NFy A6 | yR
Panesar, 2008; Shi et al., 2009; Elahi et &1,02 Topcu and Boga, 2010; Becknell and

|+ £SY HnmMmMT DNyS@AaiA YR DS&az2€fdzZ HamMmT Y
Johari et al., 2011; Li et al., 2012; Deeb and Karihaloo, 2013; Elchalakani et a).il2014)
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data have been presented in app#ix B In order to develop a compressive strength
prediction formula that covered the full range of ggbs replacemer®(®), data from
these articles were extracted (see Figures 5116 and AppendiB for the raw data)
(section 5.3). Where the data wergiven in terms oft, the values were converted to
equivalentfey values usinghe (BS EN 206, 2018juivalencerelationships for 100 mm
cubes. There is considerable scatter in the surveyed data, which no doubt reflects
differences in the curing conditions, cement type, superplasticiser dose, coarse aggregate
content, and the maximum size of coarse aggregate. Eambre, most of the data were

for NVC. It is clear from these data and the observations of the investigators that, (i) the
degree of hydration at 28 days decreases with the % of ggbs, and (ii) the % of ggbs has a
moderate effect on the ultimate strengthCollating the data and accounting for these

observations, the following equation was developed, which is illustrated in Figure 5.8.

B, o [ldvo *3 (5.13)

where fu1 is the 28day cube strength predicted usirgguation 5.13 and .1 and ., are
factors depending on cement type and mmaterials For the materials used in this study,
.1=1, and.»>=1, these factors have no units and wemecluded in the function to

accommodate future cements and mixes.

The method used to determine equation 5.i53expained below.
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gebs 0-20% gebs 30% gebs 40% gebs 50%
——— ggbs 60% gebs 70% ——— ggbs 80% ——ggbs 80%
a0
80
70
& 60
=
550
[y
40
20
0.3 0.4 0.5 0.6 0.7 0.8
w/b

Figure 58 Relationship between w/b, gghs%, arfel,

A comparison between théc, values predicted using equations 5.12 and 5.13, for
concrete with 25% ggbs, is shown in Figure 5.9. The graphs show that for this ggbs level,

the predictions from the two equations are close to one another.

A comparison between the experimental data gatu from the previously mentioned
references and equations 5.13 are given in Figures &301. This covers concretes with

ggbs replacement levels of 30 to 80%. These graphs show the increasing inaccuracy of
Abo DhaheerS (i  lexprésQién as the perceme of ggbs increases. The plots also
illustrate that the new proposed equation 5.13 provides an acceptable fit to the
experimental data, particularly when the variations in the experimental data (discussed
above) are taken into accourithe stepaised todevelop equatiorb.13 aregiven below
in5.4.2.
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GGBS 25%

Eq. 5.12 (Abo Dhaheer) Eq. 5.13 (Current study)

Ceofficient of correlation =99

0.2 03 04 0.5 0.6 0.7 0.8 0.9
w/b

Figure 59 Relatiorship between compressive strength and water to binder ratio for 0.25 ggbs

5.4.2

1)

2)

3)

4)

Stepsused to develop ageneral formulafor predicting the 28-day compressive

strength.

Existingdata (see Appendix B)were collected,as shownin Figure 5.10 and Table
5.3. These data argivenin terms of fcy vs w/b for a range a ggbs percentages.
New datawas thengathered (i.e. mix set8-gghs40% an®-ggbs60% as shown

in Table 5.4

A combined data set was then produced and missing values interpolated
extrapolated where necessary. The combined data sethiswn in Table 5.5
Whilst an attempt was made to use mathematical interpolation to fill e t
missing values, degree of judgement was applied in producing Table 5.5.
Regression was then applied to thig vs w/b data for each ggbs percentage
aK2g6y Ay ¢lFofS popz 6A0GK GKScorrlatisra i

coefficient.
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5) A range oftinction forms were eplored to determine a single function that could

6)

reproduce the experimentally observed trends for the full range of data (Table
5.5). This started with théorm of best fit lines but it was found that thesearied
considerablywith ggos level Then other equations types were tried until the form

shown inequation 5.13was arrived atThis was a trial and error process that used

0KS | dziK2NRa (y2¢6fSR3IS 2F QO NAR2dza Fdzy Of
Finally, he coefficiens of correlation between equation 5.13 and the data shown

in Table 5.5 wre determined (using EXCEfQr each ggbs leveland the
coefficients of the equation altered until the best fit to the full data set was
obtained. A comparison between equation 5.13dathe full data set, along with

the R values, areshown inFigure 5.11.
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Figure 510 Correlation between w/b ratio and compressivetrength from gathereddata for ggbs (30%
80%)
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Table 53 feu (MPa) vs w/b forgghs30%80%using datafrom Figure 5.10

Compressive strength Grade, MPa

ggbs %
30 40 50 60 70 80
30% 0.74 0.57 0.46 0.39 0.34 0.30
40% 0.75 0.60 0.49 0.42 0.36
50% 0.67 0.53 0.45 0.38
60% 0.56 0.46 0.40
70% N/A N/A
80% 0.50

Table 54 Experimental resultsfcu (MPa) vs w/b forggbs 40% and 60%

Ggbs feu 35 43 50 61 71 78
40%

w/b 0.68 056 048 040 034 0.29
Ggbs feu 48 52 57
60%

w/b 0.5 0.45 0.4

Table 55 Combinedfcu vsw/b data for gghs30%-80% including interpolated values

Compressive strength Grade, MPa

ggbs %
30 40 50 60 70 80
30% 0.72 0.60 0.52 0.45 0.39 0.34
40% 0.70 0.58 0.50 0.43 0.36
50% 0.68 0.56 0.48 0.40
60% 0.64 0.53 0.44
70% 0.62 0.50
80% 0.57
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- ggbs 30 % (Equation 5.13) - ggbs 40% (Equation 5.13)
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2 =
%0 _ R?=0.983 %0
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Figure 511 Correlation between w/b ratio and compressivetrength from single equation 5.13or ggbs
(30%80%)

5.4.3 Compressive strength at ultimate hydration

The same basic form of equatiorarc be used to predict the ultimate compressive

strength for the whole range of ggbs replacement levels. As mentioned above, the effect
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of the ggbs orfeu_uitis much less than on the 28 day strength, dadutis greater tharfcy

at 28 days. Allowing fahese two factors, gave the following expressionftaru

B...- 8 'HHHD 8 % (5.14)

The values for the materictors.s and.4 used in this study are given in Tabl8&.5.

Equation 5.1Gan be used to determine the ultimate strength from the 28 strength and
vice versa; however, it was felt beneficial to have a separate equation foultimate
strength, as shown in equation 5.14. This was determined using equations 5.13 and 5.10,
along with the experimental data for the strength development beyond 28 days. The
function determined has a similar form to equation 5.13, but with differemfticients

that reflect the reduced influence on final strength of the ggbs level.

It is interesting to plotfuz urfrom equation 5.14 against the w/b ratio for different ggbs
percentages (See Figure 8)1This shows that the final strength is relatively insensitive to

the ggbs level.

gghs 0-20% gghs 30% gghs 40% x gghs 50%
x gghs 60% ggbs 70% ® gghs 80%

100
90
80 X
70
60 X
50 ®
40 X
30

20
0.3 0.4 0.5 0.6 0.7 0.8

w/b

.fcu 1-ult, MPa
X

Figure 512 Correlation betweenultimate compressive strength (equatioB.13) feuzut, and w/b ratio for
the entire ggbsrange
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5.5 Computing the timedependent compressive strength

The application of equations 5.1, 5.7, 5.11 and 5.14 to the calculation of the compressive
strength at a give time is explained in Figure 3.1 The parametersao and a are
obtained from DeShutter and Taerwe (199@nd take the vales a & wand a= 06.

The parameterdJand b are obtain from equations 5.8 and 5.9 respectively, using the

chemical composition data in Table 5.1 floe relevant cement type.

wCalculate the ultimate Degree of Hydratipn
Step one from Equation5.7

wCalculate the degree of hydration(o ) at
equivalent age, tfrom Equation5.1, _ andi
from Equations5.8and5.9.

oCalculateQ (1) by substituting (0 ) from
Equation5.1with | from Equation5.11

Figure 513 Flow chart for compressive strength estimation procedure

5.6 Validation of the timedependent compressive strength calculation

procedure

The accuracy of the combined hydratistrength development model is now assessed by
comparing the predicted compressive strengths at different times with those measured in
the tests described in the s@on 5.3. Theay values computed from equation 5.7 are

given in Table b.
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Table56/ | £ Odzt | G SR h st 1drixésd®s150% 2 NI (i K S

Designation wic X
Ck 0.68 0.95
C2 0.56 0.92
C3 0.48 0.88
C4 0.40 0.84

The computed cube strength values are compared with the experimental results in
Figures 514 to 5.17 for mixes Cito C4 respectively. In addition, the specific calculated
values andcoefficients are given in Table75tor mix C3. The full results for the ther

mixes are presented in Appendix

As may be seen from Figured4to 5.17, the combined hydration strengtevelopment
model is able to predict the characteristics of the strength development curve with good
accuracywith.

fcu Experimental fcu Estimated
25
i
20 T
a 15 . Coefficient of correlaon = 0.9
E “
w310 ]
5
0
0 50 100 150 200 250 300 350

Time (day)

Figure 514 Calculatedcompressive strength Glincludingfw(300) days
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—a—fcu Experimental —e—fcu Estimated

35
30
25
S 20 Coefficient of correlation = 0.¢
=
315
-
10
5
0
0 50 100 150 200 250 300 350
Time(days)
Figure 515 Calculatedcompressive strength Gancludingfw(300) days
—+—fcu Experimental —e—fcu Estimated
60
50 E
40
&
E‘ 30 Coefficient of correlation = 020
3
wy
20
10
0
0 50 100 150 200 250 300 350
Time(days)

Figure 516 Calculatedcompressive strength G3ncludingfw (300) days
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—a—fcu experimental fcu Estimated
70
60
50
©
% 40 Coefficient of correlation = 88
330
‘-‘ [ 3
20
10 |
0
0 50 100 150 200 250 300 350
Time (day)

Figure 517 Calculatedcompressivestrength C4 includingfew (300) days

In the graph 517 it can be seen there is inadequate matching between the experimental
results and thecalculatedvaluesfor mix C4 for low w/b ratios. Further research and

more experimental data would be requirettd improve theaccuracyof the prediction in

this range.
Table 57 Estimated" (te) for Mix Gy,

| feu(t) fola
hy B i te(days) te(hrs) h (te) Experimental CaIcEJI;te d
0.88 38.22 0.554 2 48 0.364 7.8 9.4
0.88 38.22 0.554 4 96 0.483 155 17.9
0.88 38.22 0.554 7 168 0.567 22.6 23.6
0.88 38.22 0.554 14 336 0.652 304 29.2
0.88 38.22 0.554 28 672 0.717 35.6 33.5
0.88 38.22 0.554 210 5040 0.823 42.8 40.2
0.88 38.22 0.554 300 6480 0.830 43.80 40.7
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te is assumed to be equal to real timg §ince the concrete cubes remained very close to

the laboratory ambient temperature of 2G

The time dependent compressive strength calculation is now extended to the full range of
ggbs proportions considered in thatudy (i.e. cement replacement levels of 20% to 80%).
The C30 mix has been selected to illustrate the computation. Tallegives the
hydration parameters, as well as the computed 28 day and ultimate compressive
strengths. Table S.presents the computedstrength results at different curing times.

Computed results relating to the other mixes are given in Appeldix

Table 58 Calculatedfcyat 28 days from the ultimate strength for design mix C30

ggb<% hy _ i tddays) tdhrs) 4(te) four uit feur

20% 0.88 26.44 0.51 28 672 0.723 37.5 31.6
30% 0.90 32.90 0.48 28 672 0.711 38.9 31.6
40% 0.93 40.94 0.45 28 672 0.696 40.3 31.4
50% 0.95 50.95 0.42 28 672 0.678 41.8 311
60% 0.97 63.41 0.39 28 672 0.653 454 32.1
70% 1.00 78.91 0.37 28 672 0.631 47.1 31.5
80% 1.01 98.20 0.34 28 672 0.603 524 33.1
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Table 59 Compressive strength at different times for C30 mixes with different %ggbs

Compressive strength, MPa

ggbs % variable time (days)

7 28 90 180 360
20% 26.1 31.6 34.2 35.1 35.8
30% 25.3 31.6 34.6 35.8 36.6
40% 24.5 314 34.9 36.3 37.3
50% 235 31.1 35.0 36.7 37.9
60% 235 321 36.7 38.7 40.3
70% 22.4 31.5 36.6 38.9 40.6
80% 22.8 33.1 39.0 41.7 43.9

As discussed earlier, the difference between the 28 day and ultimate strengths grows
with the proportion of ggbs. This phenomenon was observe®bgr and Akyuz (2007)
and Megat Johamt al. (2011)but the difference has not previously been quantified for a
full range of strengths and ggbs replacement percentagdss post 2&lay strength
development value could be used to determine the $edaling potential of a concrete

mix (see section 5.8).

5.7 Assessing the consistency of the strength predictions
As discussed isection 5.4 f.,at 28 days can bealculated in two ways i.e. from equation
5.13 and from equation 551

.t
B — dhoons (5.15)

Wheredlh , o m(€quation 5.14)
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| is the degree of hydration at 28 days

A comparison between the values predicted using these two approaches is shown in
Figure 518. This shows that predictions using the two methods are very close to each
other. The exact differences are given in Figure 5.18 and these show that theyea flar

the lowest w/b (5% and 7%), with all other w/b ratios having differerafe96 or less

u fcul—ZE L fcuZ—ZS

90 d
Grade 60/ggbs Grade Gra :5
0.2,0.3,0.4,0.5 70/ggbs gg

¥ 1 b 02 0&3 04

[ T
| IR

70 ‘ ‘ ‘.\

Grade 30/ggbs Grade 40/ggbs Grade 50/gghs ' ;-
0.2, 0.3, 0.4, 0.5, 0.6, 0.7,0.8 0.2,03,04,05,0.6 07 02,03,04,05,0
R e A IR
| | ‘ I I ‘I I‘ | ‘ | “\ “" -‘. \‘
| | | [ I /| |‘ ‘.
9 T Y O R B 2
S I ‘ ‘ ‘ \ [ ‘ —
o | | “ \ [ | “ |
= N | | I v |1
g — \ |
‘*-.40 | | | | |‘ “ | I
R
v YV y v

30 II II II I I I I Difference%

20 |3% 3% 2% 1% 0% 1% 2% 3% P% 2% [1% 0% 1% 5% % 3% 3% 2% 3% 3% % 2% 3% 3% S% 7%

10

0

0.74 072 0.70 0.68 0.64 0.62 0.57 0.63 0.60 058 0.56 0.53 050 0.54 0.52 0.50 0.48 044 047 045 043 040 041 039 036 035 034

w/b

Figure 518 Predicted ompressive strength at 28 dayfrom equations 5.13 and 53

Alternatively, 7.z from equation 5.13 and the degree of hydration at 28 days can be used
to predict the final strength, as follows;

. T
I}o om < % fl%o‘ (5.16)
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For completeness, a comparison between the two predictionscfosi:is shown in Figure
5.19. As may be expected, the values predicted using equations 5.14 afdrg.tlose to

one another.

The full set of Tables for bothu ur and fcu_2s for equations 5.13, 5.14, %land 5.5 is
listed inAppendixE

fcul-ult fcuZ-uIt

120.0
Grade 30/ggbs Grade 40/gghs Grade 50/ggbs Grade 60/gghs  Grade 70/gghs Grade 80/ggbs
0.2,0.3,0.4,0.5,0.6,0.7,0.8 0.2,0.3,0.4,0.5,0.6,0.7 0.2,0.3,0.4,0.5,0.6 0.2,0.3,0.4,0.5 0.2,0.3,0.4 0.2,0.3
100.0
80.0
©
o
2 600
3
S—
40.0
Difference%
20,0 |5 5| 4% 3% 6% 5% 9% 2% 4% 3% 2% 3% 3% 0% (0% 1% 2% 1% 2% 2% 3% 2% 3% 4% 3% 3% 6%

0.0

074 0.72 0.70 068 064 062 057 063 060 058 0.56 053 050 054 0.52 050 048 044 047 045 043 04 041 039 036 035 034

w/b

Figure 519 Predicted Utimate compressive strengtlirom equations5.14 and 5.8

A comparison between predicted strength using equatior6%id the experimental data

is presented in Figure 2or specimens with an age 800 days.
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Experimental Estimated (equation 5.16)

60 Coefficient of correlation = 0.98

0.3 0.4 0.5 0.6 0.7
w/b

Figure 520 Comparison between experimental results and equation 6 fbr mixes C1-C4 at 300 days

It may be seenni Figure 5.2 that there is a slight deviation between the experimental
data and thecalculatedvaluesin the lower w/brange.lt is likely that in this rangethere

is insufficientspace for the hydratioproducts. As soon as the space is restricted in this
way, the tend in the w/b vs strength data is likely to change. This is not fully reflected in

the predictive formula.

Thevalues ofcs and c4 for the mixes considered in this study are giveables 3B and
5.9, and strength predictions obtained using these values in equation 5.14, along with

equation 5.16, are giveim Figures 5.2-5.23.
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Table 5100+ £ Odzf  GA2y RSGF AfyaRr (.2

TAYR

Mix type  fetarget 0ggbs%
30 50%
30 50%
Setl

40 50%

50 50%

30 50%

50 50%

Set3
30 60%
30 80%
Table 511CdzNII KSNJ RSGFAf & F2NILYKRS .OF tf Odzf F GA2Y

Cs C4 w/ b feu_28 exp fc;;':)ef fmga_lglt fcézgltff fcilaﬁgg
13 15 0.68 16.6 21.7 23.6 22.6 18.6
13 15 0.56 24.0 31.3 36.0 344 28.2
13 15 0.48 35.6 47.5 47.6 45.4 37.2
1.3 1.5 0.4 541 62.8 63.0 60.0 49.0
0.8 0.75 0.62 40.9 48.9 53.1 49.0 41.1
0.8 0.75 0.42 58.1 63.9 75.3 69.3 58.1
0.8 0.75 0.58 47 54.5 56.0 50.5 411
0.8 0.75 0.50 35.50 39.6 62.3 53.0 40.5
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Figure 523/ 2 YLINS 4 &4 A @ a0 NBy 8K H0YIREBNIet|3drle3150A v 3

5.8 Post 28 daycompressive strength gain factor (R)

Traditionally concrete mixes are designed for a 28 day strength, but as seen in the data
presented in this chapter, the degree of hydration at 28 days varies greatly with the
percentage of ggbs. This means that the st gain after 28 days also varies with the

ggbs level. To quantify this, a strength gain fac®ri¢ introduced, as follows;
1 — (5.17)

Using the hydration modelR has been computed for a range of strengths and ggbs
replacement levels. The results are given in Figurd.5TRese data illustrate that mixes

with high ggbs replacement levels have high (post 28 day) strength gain potentials.

Also, the greaterR, the greater the associated sdiéaling potential. This means that

mixes could be designed on the basis of a 28 day strength and a strength gain potential
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or, alternatively, designed based on an ultimate stren@th () with a chek made to see
if the strength at 28 days (or any other time) is adequate. This opens the door to a more
flexible procedure for designing SCC mixes that is not so restrained by the 28 day

strength. This new procedure is explained in Chapter 6.

W ggbs 60% B ggbs 70% W ggbs 80%

W gghs 0-20%  mgghs 30% m ggbs 40% D ggbs 50%
70%
60%

50%
40%
o

30%
20%
10%

0%

20 30 40 50 60 70 80

Compressive strength Grade, MPa

Figure 524 Compressive strength gaiRfor C3080 concretes with a ggbs range of 80%

5.9 Quantifying the heat of hydration

As shown in equation (1), the degree of hydration may be defined in terms of the relative
release of heat from théydration process. To evaluate the quantity of heat released at a
given time §), a prediction of the total heat of hydration+) is required. This can be

calculated using Equation B{Schindler and Folliard, 2005)

N we kil g Bt o oy w £ | (5.18)

where;
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Peem= cement weight ratio in terms of total cementitious content,

Psiag= Slag weight ratio in terms ¢dtal cementitious content,

Tigo VTUTL GO Yoip TG  QGT  pp@o@ pum

Using equation 5.1, the data from Tables 5.1, 5.2 abdds.a C30 target mix, the heat of
hydration released at different times for mixes witinly 50% ggbs Figure &2and
different ggbs percentages are shown in Figurea6%and 527. Values forthe full
strength range (30, 40, 50, 60, 70, and 80) are given in AppEndix

The time dependent heat of hydration was estimated by calculating the degree of
hydration from equation 5.Jand then multiplying it by the total heat of hydration from
equation 518, as shown below in equation 5.19The estimated heat is based dhe

semtadiabatic testlata of Schindler (2002)

T 4 T «+u? § (5.19)

The calculation of the heat released is integrated into the mix design procedure described

in Chapter 6.

The model adopted here is considered reasonable for the present work, because the
focus of this work is not on the heat of hydration, but a refinement to the model, which is
more accurate for cements with high ggbs replacement levels, has been gi\Rairey et

al. 2005
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ggbs 50%, fcu=30 MPa
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Figure 525 Predictedheat of hydration(semiadiabatic)vs ggbs50%at various times for C30

500

450 L L L = H-365d
20 400 S —o—o o 5 | n OH-90d
) h e}
& 350 X H-28d
2 300 = H-7days
Q
> 250 +H-72hrs
-
f_; 200 H-24hrs
£ A H-18hrs

50 1 = 8

— < & & o i,:\] o H-6hrs
0
10% 20% 30% 40% 50% 60% 70% 80% 90%

ggbs

Figure 526 Predictedcumulative heat of hydration(semiadiabatic)vs ggbs percent at various times for
C30
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W ggbs 20% W ggbs 30% gghs 40% gghs 50%
W ggbs 60% W ggbs 70% W ggbs 80%

500

30
20
SN
" o i M
6 12 18 24 72 168 672

2160 8760

ey
o
o o o

Cumulative heat, J/g
o

Time, hrs

Figure 527 Predicted cumulative heat of hydration (seraidiabatic)for various times for C30 MPa

5.10Conclusions

New formulae for predicting the 28 day and ultimate compressive strengths of SCC

concrete provide accurate estimates of these values.

The new experimental strength development data for SCC mixes with high ggbs cement
replacement levels are eful for validating hydration and strength development models

for SCC.

The extended hydration and strength development models of Schlinder and Folliard
(2005) and Deschutter and Taerwe (1996provide an effective method for predicting
the time dependent compressive strength 8CC mixes with high levels of ggbs cement

replacement.

The difference between the 28 and ultimate compressive strengths of SCC concrete grows
with the proportion of ggbs. This difference could be used as a measure dfesdiig

potential, which can béuilt into a new mix design procedure.
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A prediction of the timedependent heat of hydration is provided for the full range of SCC
mixes considered in this programme of work. These calculations are integrated with the

mix design procedure described in Cteays.
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6.1 Introduction

The required performance of setbmpacting concrete (SCC) can be achieved by
proportioning mixes that balance the competing requirements of flow and passing/filling
ability with the resistance to segregation of the mix ingredients, aidhe same time
achieve the required hardened propertié@@omone and Jin, 1999; Edamatsu et al., 1999;
Hiromi Fujiwara, 1999; Khayat et al., 1999a; Okamura and Ouchi, 1999; Domone, 2000;
Alami et al., 2016; Cepuritis et al., 2016; Ferraris et al., 201 early mix proportioning
method proposed by Okamna et al(Okamura and Ouchi, 1999; Domone, 2000; Okamura
and Ouchi, 2003)and later developed bgthers (Ouchi et al., 198), were all heuristic in
nature, requiring many trial mixes. Later, investigations carried out on the rheological
properties of SCC led to improvements in mix design proced@gan Petersson, 1999;
Saak et al., 2001b; Roussel, 2006; Chidiac and Mahmoodzadeh, 2008;Kwan, 2011;

Li and Kwan, 2013; Figueiras et al., 20T4ese methods are also discussedbim et al.

(2015)

The aforementioned work of the 1980s, 90s and early 2000s led to the development of
The European Federation of National Trade Associations guidgliEfe@SARC, 2005)
which provide typical ranges for the primary mix ingredients (see Table 6.1) that depend
on the desired strength and other performance attributes. The ENFARC approach, and the
more recent methods discussed above, s@tuire a considerable degree of trial and

error testing

A more rational mix design method for proportioning normal strength SCC mixes with up

to 25% ggbs was presented in a recent study\bg Dhaheer et al. (2016b) (See also Abo
Dhaheer et al. ,2016a)Their study improved upon the method for proportioning the
same grade of SCC mixes based on their plastic viscosity by Karihaloo and Ghanbari (2012)
and Deeb and Karihaloo@23). The improvement included the explicit imposition of the
target cube compressive strength of the mix as a design requirement and the provision of

practical guidelines on how to choose the most appropriate mix proportions.
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Table 61 Typical range of SCC mix compositions accordinfEieNARC, 2005)

) Typical range by mass Typical range byolume
Constituent
(kg/m3) (/m?3)
Powder (cementitious
380¢ 600
materials + filler)
water 150¢ 210 150¢ 210
Coarse aggregate 750¢ 1000 270¢ 360

. Typically 4& 55% of
Fine aggregate
total aggregate mass.

Water to powder ratio by Vol 0.857 1.10

In this study, the rational mix design method proposed\bbo Dhaheer et al. (20&6b)is
extended to mixes in which up to 80% of cement is replaced by ggbs. The extension is by
no means trivial because the higher level of ggbs affects both the the plastic properties of
the mix (viscosity, yield stress and stability) and the tarpatracteristic cube strength. A
qualitative illustration of the interaction between w/b and the required plastic and
hardened properties of SCC mixes containing at least 30% ggbs is given in Figeaeks.1

et al., 2005)

A particular challenge of designing mixes with high levels of ggbs is that the lower limit of
plastic viscosity that can be achievedhighly sensitive to the level of this cement
replacement material. As iAbo Dhaheeeet al. (2016b) design charts are provided for
choosing the mix proportions that reach the target plastic viscosity in the range 1 or 2 to

14 Pa s, and the target cube compressive strength in the rangec803@Pa. The lower

limit of target plastic \gcosity depends on the replacement level, i.e. 1 Pa s for ggbs levels

in the range 60% to 80%, and 2 Pa s in the range 30% to 50%. The viscosity is achieved by

adjusting the superplasticiser dose (typically 0.2 to 1.2% of the mass of binder).
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In addition,the ultimate strength and remaining hydration potential at 28 days Haeen

introduced into the new mix design procedure.

Optimum w/b
) A
Lower w/b: loss of potential | Higher w/b: loss of potential
viscosity and space needed for . strength
ultimate strength
Effective range of w/b
< P

w/b

Figure 61 Qualitative effects of varying w/b for SCC containing ggbs >30%

6.2 Design criteria and parameters

The criteria and parameters used in the mix design process, and in the subsequent
validation, are set out in the Table2éand Figure 6.2. In Figure 6xX2time referisthe age

of the concrete for which the compressive strength is designed.
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Table 62 Limitation of design criteria

Parameters/Criteria

Limits

Commentary

Viscosity class

Class 1sbo ¥ Sec.

Class 2st0> 2 Sec.

VS1 has good fillingbility even with
congested reinforcement.

VS2 has no uppeaiass limit but with
increasing flow time it is more likel
to exhibit thixotropic effects, whicl
may be helpful in limiting the
formwork pressure or improving
segrayation resistance.

Yield stress

Measuring &twop

the longertsiopthe higher ggbs level

Spreading diameter

700+50 mm

For assessment of material afte
spreading must visually show n
segregation in this limit to pass th
test.

Heat of hydration

Between 87 and 173 J/g for ggt
0.8 to ggbs 0.2 at 24hrs period

Determined by type of application.

Ultimate compressive strength 37 to 97 MPa

Depending on time when applicatio
structure unloaded.

Compressive strength at 28 day 30 to 80 MPa

Varied
strength

time compressive

56, 90, 180, 270, and 365 days

Depending on the desirable time

Compressive strength gain (R)

10-15 % for 20% ggbs and

40-60 % for ggbs 80%

See Figuré.24

Design criterion

Fresh state

Heat of hydration tsoo

I'stop

Hardened state

fe(x-time)

R(x-time) | |f(Ultimate)

Figure 62 SCC mix design criteria
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6.2.1 Plastic viscosity

As explained in chapter 4, the plastic viscosity of the mix is computed using the following

equation;
boie bpvag ot — ol e IEL R 6.1)
D mnm» o mll o+ va-ll
where %o =0.74%0 =0.63, andéo =0.52

It is known(Nehdi and Rahman, 2004; Dinakar et al., 2013; Abo Dhaheer et al., 2016b)
that the replacement of 25% cement)(by ggbs has little or no effect on the paste
viscosity € ). However, this isot the case when up to 80% of cement is replaced by
ggbs, as shown by a number of investigatdt&ang et al., 2002; Park et al., 2005; Hwang
et al.,, 2009; Grzeszczyk and JanowRkakas, 2012; Tiwari et al., 2019)he strong
dependency ofthe plastic viscosity on the proportion of ggbs (once thecpatage
exceeds 25%) is shown Figu#6, page 88) which is a representation of the data

presented in chapter 4 (Tabled}.

6.3 Superplasticizer

The superplasticizer dose required to produce an effective SCC needs to be carefully
chosen to achieve a targ@lastic viscosityffor the mix)in the range 114 Pa s, with the
actual target value depending on the concrete grade and cement type (see Table 6.3, and
Figures & and 64). The manufacturer of the SP used in this study (MasterGlenium)
recommends that theeffective dosage is between @2.2 kg per 100 kg ohassbinder.

This range (also expressed as-0.2%)by mass of bindewas used irthis study.

From a series of trial mixes, and from data from the literature (see Chapter 4), it was
found that the SP dose required to maintain the required plastic viscosity increases with

the percentage of ggbs. This is reflected in the data presented in Tabld#& 3vere
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obtained from the experimental work described in chaptefFigures @ and 64 provide

a visual representation of the Table 6.3 data for mixes with 30% and 50% ggbs.
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Table 63 Superplasticizer range dmge

ggbs feu(MPa)  wib "mix ((Pas) (SP/b)%
30 0.74 3--15 0.2-0.6
40 0.63 4--15 0.2-0.6
50 0.54 5--15 0.30.8
0-25%
60 0.47 6--15 0.41.0
70 0.41 7--15 0.8-1.2
80 0.35 8--15 1.01.2
30 0.72 2--10 0.2-0.6
40 0.60 2--10 0.2-0.6
50 0.52 3--12 0.41.0
30%
60 0.45 4--12 0.41.0
70 0.40 8--14 0.8-1.2
80 0.36 9--14 1.01.2
30 0.70 2--12 0.30.6
40 0.58 2--12 0.41.0
40% 50 0.50 4--12 0.61.0
60 0.43 6--13 0.8-1.2
70 0.38 7--13 1.01.2
30 0.68 2--8 0.61.0
40 0.56 2--8 0.61.0
50%
50 0.48 4--10 0.8-1.2
60 0.40 7--11 1.01.2
30 0.64 1-6 0.61.0
60% 40 0.53 1--7 0.8-1.2
50 0.44 2--8 1.01.2
30 0.6 1-6 0.8-1.2
70%
40 0.48 1--6 1.01.2
80% 30 0.55 1--4 1.01.2
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6.4 Compressive strength

The compressive strength of a concrete mix is primarily determined by the ratio of water
to binder (v/b) under given curing conditions. Formulae for predicting thedag cube
strength ) and the strength at the ultimate degree of hydratiofeu(u) were

presented in chapter 5. For convenience these are reproduced below.

B: 5 [l "3 (6.2)

Booto s8lléws 1 6.3)

Figures(5.8 pl®) and (5.12 pl149, whichrepresent equations 6.2 and 6.3 respectively,
will be used in the mix design procedure described in section 6.5 to determine the w/b

ratio for a selected target compressive strength.

In chapter 5,”Rwas defined as the post 28 day compressive strength gain factor (see
equation 5.B). This is represented for the range of SCC mixes considered in this
programme of work irFigure(5.24, p129. Thefact that Rvaries considerably with the
percentage of ggb in the mix creates the possibility of designing mixes for multiple
strength criteria, rather than the traditional approach of focussing on the 28 day strength.

This could have considerable economic and environmental benefits.

To explore these issues, the required concrete strength at different ages after casting is
considered. Most concrete structures (e.g. bridges and buildings) are not subject to their
full design loads until many months after the concrete is first cast, Arious parts of a
structure (e.g. foundations, superstructure) are cast at different times and are subject to
different percentages of their full design loads at a given point in time. This could mean,
for example, that a concrete that achieves a stggnof 30MPa at 28 days would be
adequate to accommodate the construction loads at that age but a strength of 50MPa
would be required at (say) 200 days to support the full design load. The traditional

approach would use a material with a characteristicesgth of 50MPa at 28 days,
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irrespectiveof its strength gain potential after this timelhis issue is also important
because a30MPa / 80% ggbs concrete would have far less embodied energy than a

standard concrete that had a strength of 50MPa at 28 days.

Designing in this way would require more effort but the potential savings are
considerable. In a period when there is a need to save energy and reduce CO2 emissions
from concrete production, the additional design effort is worthwhile. The proposed new

design procedure allows for this type of multiple strength criteria design.

6.5 Heat of hydration

The heat generated due to the chemical hydration reaction between the water and the
binder (cement +ggbs) is an important consideration in the mix design prodessofal
amount of heat released and the rate at which the heat is released can be particularly
important in large concrete pours, in which the differential temperature distributions can
lead to the formation of early age crac{f@amforth, 2007)Standard design guides would

not cover the type of specialist SCC mix considered irPhi3 research programme and
therefore the heat of hydration at different times has been evaluated for these mixes
using the method described in Chapter 5. This is illustrated for a set of C30 mixes in Figure

(5.26, p130. The figures for other concrete gtes are given in Appendix
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6.6 Basic steps of the proposed mix design method

The basic steps of the mix design method are summarised balmhvi-igure &
1) Select the mix design criteria from Table 6.2
2) Either:

(1) Calculate the w/b ratio (noting the binder includes cement and ggbs) for a
target 28 day strength from equation 6.2 (or use Figure 6.6) and, if required,

check that strength development fact¢f) meets the required value.
Or

(i) Calculate the w/b ratio that produces the cube characteristic strength at the
required age fag9 from Eqg. 6.3 (or uses Figure 6.7) depending on the ggbs
replacement level, and check that the required strengths at othersagre

satisfied.

3) Calculate the plastic viscosity of the paftem Figure4.6 depending on the ggbs

fraction for w/b determined in step 2.

4) Choose the water content in the range of £300 kg/n¥, following EFNARC and
calculate the mass of the kier (b) in kg/ni. Then, calculate the mass of cement (k§ym

depending on the ggbs replacement level.

It is important to highlight thaEgs. 6.2 and 6.3 are more applicable for cement type | or
type II/BV 32.5 R, or type IIFA 32.5 R. In the latter type of blended cement, it is known
that the addition of fly ash in this blended cement does not affect plastic viscosity of

paste(Manawadu et al., 2015)
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5) Select the supeplasticizer (SP) dosage from Table 6.3 as a percent of the binder mass

(or equivalently us&igure 63 for 30% ggbs or Figureddor 50% ggbs)

144



Chapter 6 Mix design procedure

Selecttarget criteria from Table 6.2

Calculate w/baccordingo selectec&rength at any targeted agZage

+

Select target viscosity,

| |
Calculatecementpastwviscosity:  from
Fiqure4.6

*

Choose watecontent (150-210) I/m?

Calculate the cm content and select SP dosage from Table GigRims 63 and 64

I

Calculate ingredient volume fractiors ;%esaand %ca

n

Calculatangredientmasses: LIFAandCA

a

Total volume =
1m3

No

Scale the masses to achieve 1 Yes

m3

Calculate within £5% of the
target

i Yes

Output the SCC mix details

Figure 65 Flow chart of the mix design procedure

145



Chapter 6 Mix design procedure

6.7 Design charts for mix proportioning of normal and high strength SCC

mixes

In this section design charts for proportioning SCC mixes areressenith one set for

each of ggbs replacement level and compressive strength considered. The characteristic
cube compressive strength of the mixes at 28 days can range 30 to 80 MPa, and at

the ultimate degree of hydration from 37 to 97 MPa. The #&rglastic viscosityf the

mix can range from 1 to 14 Pa s. The lower limit of target plastic viscokitiye mix
depends on the replacement level, with 1 Pa s for the replacement level range 60% to
80% and 2 Pa s in the range 30% to 50%. The procederkta build these charts was
reported inAbo Dhaheer et al. (2016a)his wasachieved using Matlab codewritten by

the author. This considered the limits shownTable 6.1and usedwv/b and the plastic

viscosityas the main variables

Selectedcharts are shown in Figures66and 67, while the full set can be seen in
AppendixG. In all these figures, the teremrefers to binder or cementitious materidlP

G2 fAYSaG2yS L} éRSNI T FAt6 BeldggraghteNaitict sie a AT S
the range from 125 pum to 2 mm), ar@Ato coarse aggregate (particle size range from 2

to 20 mm). The viscositf the mix(/) in the denominator of the line labels in Figure§ 6.

and 67 is the target plastic viscosity of the mif.{x) and the denomiator applies to all

of the terms i.e. CM+LP+FA+@Aieans (CM+LP+FA+ChAyix.
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Figure 66 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscositye mix
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6.8 Examples of the use of design charts

The process of using the design charts for proportioning SCC mixes will be demonstrated

using two examples.

6.8.1 BExample 1

As the first example, suppose that an SCC mix with the target ultimate compressive
strength of 70 MPa and a 28 day minimum strength of 60 MPa is needed for-a non
pumping large pour applicatiorAs it is a nopumping application, the SCC can have a
reasonably high plastic viscosity the mix say 10 Pa s. However, as it is a large pour
there is need to suppress the heat of hydration by replacing, say 40% of the cement with
ggbs. The specified limits for the allowable heat generaté@)] at times(6,12,18 and

24 Hrs) are (60, 140, 200, and 280 J/g) respectively. For this example, the design charts in

Figure 66 are used.
1 Part ¥ Check general parameters

(1) For the desired target ultimate strength of 75 MPa, a 28 day strength of 60MPa
and ggbs replaament level of 0.440%) the w/b=043for fo.,=60MPas obtained from
Figure 5.8

(2)  The binder content by mass (b) is read off the bottom curve in Figure 6.11

O2 NNE 4 L2y RI0Was. Thd gives T Twhence cm= 10x44 440 kg/m

(3) Thus, themass of cement is c= 0.6 x 440 = 264 Rgand that of ggbs = 0.4 x
440 =176 kg/m. Finally, from step (1), the mass of water is w = 0.43x 440 = 189.3.kg/m

4) select a trial supeplasticizer (SP) dosage from Table 6.3 as a percentage of the

mass obinder to be 0.6 % or 2.64 kgAn
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(5) Calculate the plastic viscosity of the paste from Figu6zorresponding tov/b =
0.43. It works out to be = 0.211 Pa s;

(6) The masses of the three solid phases (LP, FA and CA) can now be read off the

design charts corrg®nding to' mix= 10 Pa s, in Figuresdeginning with the second
curve from bottom. This gives— v y whence (cm+LP)1x% = 550, so that LP =

550¢ 440 = 110 kg/h

(7) Next, from the third curve from bottom———— p ¢ wwhence (cm+LP+FA) =

1250, so that FA = 1250650 = 70kg/m?®.

(8) Finally, from the top curve——————— ¢ phwhence (cm+LP+FA+CA) 2@1
so that CA = 21201250 =870 kg/n¥,

(9)  The total volume of the mix using the above mix component masses and densities

is
Voih —m —— — — — — — 1@t qair bubbles)
8 8 M8t ¢ = 0.95 nP
8 8 8 _8 8 8 8 mrc =1.000rA

(10) The plastic viscosity of the mix so proportioned is calculated using Eq. 6.1

'mix=o.211><(18T 8 p ST 8 p :— 8 =969 Pas
Oi 1 €+ pTITT
01l i & 1— pITMT opTtTh

If it is assumed that thacceptable error in the target plastic viscosifythe mixis £5%,

then the mix proportioning of the first example SCC mix is complete.
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1 Part IV Check heat of hydration

FromFigureH (Appendi¥) the heat generated at (6,12,18 and 24 Hrs) @@, 70, 100,

and 120 J/g) respectively, which is below the mix recommended limits.

From the design results, all preferable parameters have been achieved.

6.8.2 Example 2

As the second example, suppose that an SGC with 28 days target compressive
strength of 30 MPa is needed for a pumped large pour application. As it is a pumped
application, the SCC must have a reasonably low plaistosityof the mix say 2.0 Pa s.
However, as it is a large pour there is néeduppress the heat of hydration by replacing,
say 80% of cement by ggbs and the recommended heat of hydration at 3 days should not

exceed 270 J/durthermore,a post 28days strengttpotential is evaluated
For this example, the design charts in Figbiare used.
Part ¥ Check general parameters

1. For the desired target strength of 30 MPa and ggbs replacementdé0ed the
w/b= 0.57is obtained from Figure 5.8 (approximately)

2. The binder content by massr() is read off the bottom curve iRigure 67

corresponding td mix= 2.0 Pa s. This gives p v,pvhencecm= 2.0x19 =300kg/m3.

3. Thusthe mass of cement is= 0.2 x 30 = 60 kg/n¥, and that of ggbs is ggbs = 0.8
x 30 =240kg/m3. Finally, from step (1), the mass of watewis 0.57 x 300 £71kg/m?.

4. Select a trial supeplasticizer dosage (SP) dosage from Table 6.4 as a percentage

of the mass of binder to be 1.1 % or 3.3 k§/m
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5. Calculate the plastic viscosity of the paste frBigure 4.&orresponding taw/b =

0.57. It works out to be = 0.0145 Pa s.

6. The masses of the three solid phases (LP, FA and CA) can now be read off the

design charts corresponding tenix = 2.0 Pa s, in Figure/6ébeginning with the second

AL d
curve from bottan. This giveng” , whence (cm+LP) = 2.0x191 = 382, so that LP

= 382¢ 300 =82 kg/m?.

7. Next, from the third curve from bottorﬁ%= whence (cm+LP+FA) =
1270, so that FA = 1270382 =888kg/m?.

8. Finally, from the top curveﬁ_ fwhence (cm+LP+FA+CA) =

2150, so that CA = 21§0270 =880kg/m®.

9. The total volume of the mix using the above mix componentsaasand densities
IS
Vol —m — — — — — — 7181 dair-bubbles)
d 81 ¢ = 0.998
d d AL 8 2 ¢ =1.000m

10. The plastic viscosity of the mix so proportioned is calculated using Eq. 6.1.

'mix=0.0145X(18T 8 o 2 8 4 :— 8 =19Pas

Oil i €+ pTT
o~y v 2 18
Ol | e+— pmrm TN

The error is within the acceptable limits £5%, so the proportioning of the example SCC

mix is complete.
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71 Part [I/Checkng the heat generated and R value

From theFigureF1Appendix Rt can be obtained the recommended values of heat

generated ai72 Hrs) is 170 J/g.

Finding (R) value as below

Q Qo
0 C

1

Zp T

= Zpmmu b

The mix desigoutputs for the example are satisfied the input parameters.

6.8.3 Example 3

As the third example, suppose that an SCC mix \ithultimate 200 day target
compressive strengtiof 45 MPaand minimum strength at 28 days 40 MPais needed
for multistorey building with floorghat will not be loaded until 8 monthsAs it is a
pumped application, the SCC must have a reasonably low plastic visioigy mix say

2.0 Pa s replacement ggbs level say 60%.
For this example, the design chaimtsFigure & are used.
Part ¥ Check general parameters

1. For the desire@00daytarget strength of45 MPa and ggbs replacement leve6.
w/b= 0.3 (Figure 5.8and 28daystrengthof 40 MPa

2. The binder content by massn) is read off the bottom curve iRigure 66

corresponding t0 mix= 2.0 Pa s. This gives p w,wvhencecm= 2.0:90 =380

kg/m?.
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3. Thusthe mass of cement is= 04 x 380 =152kg/m?3, and that of ggbs is ggbs =
0.6 x 380 =228kg/m?3. Finally, from step (1), the mass of watewis 0.5 x 380 =
201.4kg/m3.

4. Select a trial supeplasticizer dosage (SP) dosage from Table 6.4 as a percentage

of the mass of binder to b@.9% or 342 kg/m?.

5. Calculate the plastic viscosity of the paste frbrgure 4.&orresponding tov/b =

0.53. It works out to be = 04¥ Pa s.

6. The masses of the three solid phases (LP, FA and CA) can now be read off the

design charts corresponding taix= 2.0 Pa s, in Figuregébeginning with the
AL~ d
second curve from bottom. This gi\ﬂégs—” , whence (cm+LP) = 226 =

550, so that LP 550 ¢ 380 =170 kg/m?.

Ao d g =
7. Next, from the third curve from bottorﬁ% ,whence (cm+LP+FA) =

1300, so that FA =290 ¢ 550 = 740 kg/m?.

AL d - .
8. Finally, from the top curve% hwhence (cm+LP+FA+CA) =

2150, so that CA =080g 1290 =800 kg/m?3.

9. The total volume of the mix using the above mix component masses and densities

Vol —m — — — — — — 7181 qair-bubbles)

81 ¢ =1.007m3.

8 8 8 8 8 8

T81 ¢ = 1.000 .

10. The plastic viscosity of the mix so proportioned is@dalted using Eq. 6.1.

'mix=0.047x(1% 8 o 2 8 g :— 8 =201Pas
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Oi 1 €+ pTIT

Ol i é%% PTIITMTA ¢ P

The error is within the acceptable linof £5%, so the proportioning of the example SCC

mix is complete.

The estimated compressive strength for this examga@ be shown irfable 6.4 below,

see estimation of theompressive strength in chapter 5.

Table 64 Calculationof estimated compressive strength at 200 days

vz f-28  for200
h h
ggbs u . b te(day) te(hours) @)U MPa MPa
0.6 0.93 63.41 0.39 200 4800 0.778 40.0 46.7

6.9 Discussion and conclusions

An effective mix proportioning method has been developed for designing SCC with a mid

to high range of ggbs (380) based on the rheological characteristics represented by

plastic viscosity of the mix and the target compresstength. Guidelines have been

provided by way of design charts for choosing the mix proportions. Several examples

have been given to demonstrate the simplicity of the use of mix design charts. The effect

of choosing the mix proportions on, above, and belthe bestfit lines in the design

charts on the plastic viscositf the mixhas been revealed.

The design procedure also allows mixes to be designed for multiple hardened strength

criteria. This could result in significant energy savings and reductior€O2 emissions

from concrete production.
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Chapter 7 Experimental validation of the mix design procedu

7.1 Introduction

The mix design procedure was described in the previous chapter, including several
examples on the use of the design charts. In this chapter, an experimental validation of
the procedure is providedhat assesses whether the mixes designed with various ggbs

levels meet the criteria required of SCC mixes. Details of the mix materials (water,
cement, coarse and fine aggregates, additives and cement replacement material ggbs),

and mixing procedure weregn in chapter 3.

The mixes used for the validation experiments are giveifdbles 7.1 and 7.2 These
cover a strength range from 30 to 80 MPa and ggbs levels from 40 to 80%. As may be
seen from the Table, the mixes are divided into two sétsu{d 3) with set2 having a
different cement type from seB (see chapter 3). The reason for the changeement

type related to the first cement being unavailable in the second half of 2020.
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Table 71 Mix proportions of test SCC mixes, kgfm

. Binder FR
?glfx — b w w/b SP (SOZ)/b L ——FF  CA
' cem ggbs FA* FA**

C30A 190 127 317 216 068 14 0.44 195 292 481 773

C40A 233 155 388 217 056 1.8 0.46 153 230 528 758

C50A 272 181 453 218 048 2.7 0.59 148 223 516 738

C60A 286 190 476 190 0.40 3.7 0.77 116 174 615 789

C70A 305 203 508 173 0.34 46 091 118 177 626 803

C80A 348 232 580 168 0.29 5.8 1.00 120 180 602 782

c40B 187 280 467 233 050 3.1 0.66 150 225 475 659

C50B 188 282 470 212 045 40 0.85 113 170 537 757

C60B 196 294 490 196 040 5.2 1.06 123 185 522 767

Ck 173 173 346 215 062 21 0.60 147 200 558 800

C3 226 226 452 190 042 4.2 094 112 152 632 768

D1 135 203 406 196 058 34 1.00 212 288 443 804

F 70 282 564 176 0.50 4.2 1.20 151 205 586 838

A AYSaG2yS LI26RSNI +fmMHp >YO
bFine aggregate <2 mm (Note: a part of the faggregate FA* is the coarser fraction of the limestone powder,
Ay GKS aAl 62nid, whar&ams RAp* referg to natural river sand <2 mm).

cCoarse aggregate <20 mm.
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Table 72 Further SCC mixes details

. Nominal', Actual', Nominal
Mixes Reference ggbs Pas Pas f.sMPa Cement type
Set 2A C30A 2 1.91 30
C40A 3 2.92 40
C50A 4 3.89 50
40% CEM Il fly ash (B), 32,5R
C60A 8 7.78 60
C70A 12 11.95 70
C80A 12 12.40 80
Set 2B C40B 1 1.00 40
C50B 60% 2 1.91 50 CEM Il fly ash (B), 32,5R
Cce60B 3 2.92 60
Ck 50% 2 2.00 40
0,
c3 50% 6 6.01 60 CEM Il Limestone {B),
Set3 32,5R
D1 60% 2 2.00 50 '
F 80% 2 1.99 30

The mixes were designed using the design charts and calculation steps described in

Chapter 6.

The steps of the experimental validation procedure described in this chapter are
summarised in the flow chart presented in Figure 7.1. The plastic mix musdly dhtes
flowability and passabilitycriteria described in Chapter 6, which are summarised for

convenience in Tabled.
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Table 73 Limitation of design criteria

Parameters/Criteria

Limits

Commentary

Class 1sbo ¥ Sec.

VS1 has good fillingbility even with

x  Viscosityclass congested reinforcement.
VS2 has no uppeaiass limit but with
Class 2sto> 2 Sec. increasing flow time it is more likel
to exhibit thixotropic effects, whicl
may be helpful in limiting the
formwork pressure or improving
segregation resistance.
x  Yield stress Measuring &wop the longe tswpthe higher ggbs level
For assessment of material afte
. . spreading must visually show n
x  Spreading diameter 70050 mm segregation in this limit to pass th
test.
. Between 87 and 173 J/g for ggl . -
. D f I .
x  Heat of hydration 0.8 to ggbs 0.2 at 24hrs period etermined by type of application
x Ultimate compressive Depending on time when applicatio
strength 371097 MPa structure unloaded.
9 .
Compressive strength a 30 to 80 MPa
28 days
x  Varied time . . .
. 56, 90, 180, 270, and 365 days Depending on the desirable time
compressive strength
x  Compressive strengtt 10-15 % for 20% ggbs and .
. See Figuré.24
gain (R) 40-60 % for ggbs 80%
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Selfcompacting concrete mix design andilidation procedure

Design steps €

'

Select strength criteria
feuurand/or fu_28days and/orc(t)

'

SelectSpreading diametelx
and timestsoo& tstop
few utand/or fu_28days and/orf(t)

|

Select
R%, heat of hydration

'

v

Validation steps

\ 4

Flow test (cone)

Select materials

Is the slump
flow spread
700+ 50 mm
diameter with

y

bs Range ‘
ggo_SO% g Pass test (dng)

v

Cast, cure, and cube
test

Figure 71 Flow chart for the design and validation procedure
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7.2 Tests results on fresh SCC

The slump flow and-ting passability tests were described in chapter 3. A separate Wdeo
recorded slumgflow and Jring test was carried out for every mix. The results from all of

the slump and-ding validation tests are given irable 74.

Table 74 (Set2 and 3) Flow and Passingbility test results

Slump flow Jring pass
Mix . . Dr- '
Ref. agbs ott tso0(S) o e & Di(mm) P
(mm)  (s) (mm)

C30A 40% 1.91 0.5 650 0.6 650 20 VS1
C40A 40% 2.92 0.5 680 0.6 670 10 VS1
C50A 40% 3.89 0.5 700 0.7 690 10 VS1
C60A 40% 7.78 1.6 750 1.7 730 20 VS1
C70A 40% 11.95 1.6 750 1.9 730 20 VS1
C80A 40% 12.40 1.8 750 2.0 730 20 VS1
C30B 60% 1.00 0.4 700 0.5 690 10 VS1
C40B 60% 1.91 0.7 750 0.8 730 20 VS1
C50B 60% 2.92 1.4 750 1.6 725 25 VS1
Ck 50% 2.00 0.8 710 1.2 710 0 VS1
C3 50% 6.01 1.8 750 2.4 740 20 VS1
D1 60% 2.00 1.6 660 2.6 650 10 VS1
F 80% 1.99 2.2 730 2.7 705 25 VS2

The final position of the plastic SCC for a selection of sests, taken from the videos,
are shown in Figures 7.2 & 7.3 for the slump tests and 7.4 & 7.5 forrihg fests, and

those for set3 (both slump and-ding) are given in Figures 7.6 to 7.9

All mixes met the slump test spreadnge criterion (65750 mm) and showed no signs

of segregation or bleeding, the latter being judged accordinB$cEN 12358 (2010)
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Figure 73 Horizontal spread of SCC mix when it stopped to flow

All the above mixes also satisfied theiny passability criterion(EFNARC, 2005b; EN BS
2069, 2010)with no nesting of the larger aggregate particles in the gagsveen the

rods and no signs of segregation.

A criterion set out iBS EN 123502 (2010)s that the difference between the spread in
the standard slump flow test and the spread in thengj test should not exceed 25mm.
This criterion was satisfied by all mixes. The corresponding spfeaddour set3 mixes

are shown in Figures&to 7.9.
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Figure 75 JRing final horizontal spread of SCC mix
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SCC Grade 30
GGBS 50%
n=2

Figure 77 Slump and <Ring final horizontal spreads for mix €3
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SCC Grade 30
GGBS 60%
e 0226

Figure 79 Slump and Ring final horizontal spreads for mix F

SCC has a mix design requirement that the dynamic viscosity meets certain criteria (see
Tables 7.1 and 7.2). However, the testhihp flow and <3ing) used to judge whether a

mix meets these plastic criteria do not directly measure the dynamic viscosity. This is

understandable because, for the reasons explained in Chapter 4, the dynamic viscosity of
a concrete mix is very difficutb measure directly. It is also known, as discussed in

] KFLIWGSNI n dKFG GKS LXIFAadAO O0SKF@A2dzNI 27F

although there is no specific criteria used in either the mix design or mix validation
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procedures related tdhe yield stress. It would be useful to have a way of linking the
slump flow parameterstéoo, tswop and Dr) and the dynamic viscosity, and to have some
indication of the effect of changing the yield stress on these flow parameters. The data
collected n the validation exercise (Table 7.3) provides a means of exploring these
relationships. This has been accomplished by plottingsthe, #s:p and Dr againsts for

the set2 and set3 mixes. These plots, given in Figures 7.10 to 7.12, show a number of
trends. As expected, Figure 7.10 shows thatincreases with increasing plastic viscosity
for the same target flow spread. Alsésoo increases significantly with increasing ggbs

levelfor ggbs levels greater than 25% .

Badry, Kulasegaram and Karihaloo (2016) showed conclusivelytddsatisop and Dr
depend on both the yield stress and the dynamic viscosity. Using the graphs presented by
Badry et al., and the trends shown in Figurekl and 7.12, is is clear that the ggbs level
has a significant effect on the yield stress. Furthermore, it is evident that mixes with
replacement levels up to 50%, and a consistent plastic viscosity (2.0 Pa s), spread more
quickly (i.e. have a shortefspp) than mixes of the same plastic viscosity but with
replacement levels exceeding this value (see Figure 7.12). Thus, it is clear that the ggbs

level has an effect on the yield stress of the mix and therefore its-&bility.
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m ggbs 60% + ggbs 40%
A ggbs 25%(Abodhaheer) * Spread g60%
< Spread g40% A Spread g25%(Abodhaheer)
2.5 o o - 800 £
X X
20 o <©oa 4 ap B A - 700 g
' s . - 600 =
J . ¢ - 500 =
3 15 - A E
= AA - 400 @
S 1.0 &
3 - 300 O
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0.5 * ¢ & a4 - r 200 E
- 100 5
0.0 o 7
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Plastic viscosity, Pa s
Figure 710 Variation of ¢sp0 and Dr with plastic viscosity
m gghs40% ¢ gghs 60% 4 gghs 50% ®m gghs 60% + gghs 80%
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25 (]
20 + A " -
o
@ o
=~ 15
g
- .
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0
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Figure 711 Relationship betweentswp and the plastic viscosity for various ggbs levels (8eind 3)

Plastic viscosity, Pa s
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m ggbs 50% mgghbs 60% ggbs 80%

o — I
t500

Spreading times, t;,, and t,,,

= = N N
o (7 (= (o

Time, Sec

o

tstop

Figure 712 Relation betweenspreadingtimes, tsooand tstop and ggbs level (S&3)

7.3 Compressive strength of SCC test results

At least three 100 mm cubes from each variant of the test mixes were cast, cured and
tested in accordance withhe procedure described in Chapter 3. The mean values of the
28 day compressive cube strength for mix se&nd 3 are given in Table Z, along with

the coefficients of variation (CoV) and associated 95% confidence characteristic values.
The mean and predied strengths are also plotted against the w/b ratio in Figure 7.13

and

The results giverin Table 7% show that the compressive strengths of all cubes were
within (or just above) the specified limits. This provides confidence in the mix design

procedure and in the equations used within the procedure.

The change from CEMII-B) to CEMII (A) cement did not affect the applicability of the

prediction equations. However, as noted earlier in chapters 3 and 5, the equation for the

169



Chapter 7 Experimental validation of the mix design procedu

28 day strength wuld vary with cement type (I,IL,III) and(N, R, S), and both the 28 day
strength and strength at ultimate hydration would vary with the cement strength rating
(32.5,42.5,52.5).

Table 75 Compressive strength results of SCC nsixBet and 3

feu Mean CoV fcu_Estimated Allowable feu_char
Mix Ref. ggbs%  w/b

(MPa) % (MPa) limits (MPa)  (MPa)

C30A 40% 0.68 35.0 3.8 33 27-33 31.78
C40A 40% 0.56 43.0 4.3 44 37-43 36.44
C50A 40% 0.48 50.0 4.3 53 47-53 46.85
C60A 40% 0.40 61.0 4.7 64 57-63 55.97
C70A 40% 0.34 71.0 3.0 73 67-73 67.10
C80A 40% 0.29 78.0 24 82 77-83 75.15
G40B 60% 0.50 n yo 1.7 44 37-43 46.32
0B 60% 0.45 p 3.8 50 47-53 48.84
G60B 60% 0.40 p 10 3.9 56 57-63 53.72
Ck 50% 0.62 41.0 24 36 37-43 38.94
C3 50% 0.42 58.0 0.9 57 57-63 56.98
D1 60% 0.58 47.0 25 37 47-53 44.67
F 80% 0.50 36.0 2.6 38 27-33 33.99

170



Chapter 7 Experimental validation of the mix design procedu

B Mean (Experimental)  m Estimated (Equation 6.2)

feu, MPa

0.68 0.56 0.48 0.40 0.34 0.29 0.50 0.45 0.40 0.62 0.42 0.58 0.50
w/b

Figure 713 Compressive strength comparison between mean and predicted

For mix set3, the compressive strength of the hardened concrete was measured at a
range of times after casting up to 135 days. These results are presented insFigide
and7.15. As may be seen, the strength gains over time are consistent with the combined
hydration and strength development model presented in Chapter 5. The associated post
28 day strength gain factor$i(ss) (see section 5.8) are shown in Figure57 It isnoted

that the Rz35 values computed here are the 135 day strengths rather than the values at
full hydration. It is clear from comparing Figure ¥uiith the plots for Rat full hydration
(Figure 5.2) that the gap betweenR:szs and R increases with the leveof ggbs. The

adjusted values for full hydration are shown in Tabk 7.
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—+—C1_2(ggbs 50%) —#—C3_2(gghs50%) —+— D1(gghs60%) —e—F(ggbs80%)

70
60
& 50 J—/’/’{
=
S
40 —4- 4
30
20
0 28 56 84 112 140 168
Time, day
Figure 714 Compressive strength results up to 135 days
BF mD1 mC1_2 mC3_2
25%
né gghs 60%
© 15%
= Fggbs 80%
‘6'.0 ggbs 50%
5 10%
| =
-
w0
5%
0%

ggbs

Figure 715 post-28 day strength gain factorRsss) at 135 days
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Table 76 Extrapolated R values at full hydration.

ggbs w/b feu (28day) feu (ultimate) R%
0.4 0.68 35 40 15
0.4 0.56 43 53 23
0.4 0.48 50 64 27
0.4 04 61 76 25
0.4 0.34 71 88 24
0.4 0.29 78 98 26
0.6 0.50 ny 59 24
0.6 0.45 pH 67 28
0.6 0.40 pT 75 31
0.5 0.62 41 46 11
0.5 0.42 58 72 25
0.6 0.58 47 49 5

0.8 0.50 36 58 62

7.4 Discussion

The measured plastic properties of the mixes metdlesign criteria for all mixes.

The influence of the proportion of ggbs on flow parametetsoo &Lwp ard D) is
significant, which means that it is insufficient to rely only on the plagscosity to
determine if an SCC mix will meet the plastic criteria. This justifies the need for different
charts for each ggbs level (see Figurésabid 67). Also, the influence of ggbs on the the
flow parameters governs the range of viscosity classascan be achieved for each ggbs

level. From the results, it can be observed that most mixes are class VS1 and only mix F is
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class VS2, even with the minimum value of plastic viscosity. This is attributed to the

higher yield stress of this high ggbs %.mi

A more general point, that is highlighted by the present results, is that the maximum 28
day strength that can be achieved with an SCC mix decreases with the increasing ggbs
level. This is because the range of w/b ratios required to satisfy the plasticriteria

limits the maximum achievable zZ8ay strength. This is different from NVC, for which the
plastic criteria are easier to achieve. For instance, a w/b=0.4 with 80% ggbs is acceptable
for NVC but not for the SCC. The 28 day limitialyies are tghlighted in Figure 76l
However, as discussed in Chapters 5 and 6, the strength at full hydration relative to the
28-day strength increases greatly with the gghs% and therefore significantly higher

strengths, than those shown in Figure G, &re achievale with high ggbs% mixes.

w/b=0.5

60

55

35

30
0% 20% 40% 60% 80% 100%

gghs%

Figure 716 Hfect of ggbs level on compressive strength for only SCC
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7.5 Conclusions

This chapter presented an experimental validation of the mix design method. In addition,
the results from the expements quantify the influence of the ggbs level on the plastic

parameters and compressive strengths.
The main conclusions from the work of this chapter are given below.

1 The mix design procedure provides a reliable and systematic method for designing
SCC mes with a range of ggbs levels from 0 to 80%.

1 The procedure leads to mixes that satisfy both plastic and hardened deign criteria.

1 The ggbs level affects both the dynamic viscosity and yield stress of SSC in the
plastic state. This means that itirssufficient to a use a single plastic parameter
(i.e. viscosity) to characterise a mix. Therefore different plastic design curves are
required for mixes with different ggbs replacement levels.

1 The ggbs level limits the range of plastic properties and cesgive strengths
achievable for SCC mixes with ggbs levels greater than 25% when compared to

those for mixes with ggbs levet25%.
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Chapter 8 Conclusion and recommendation for further stuc

8.1 Conclusions

The individual conclusions from the work of this thesis were given in Chapters 4 to 7.
These conclusions are now brought together to provide the overall conclusions from this
PhD programme of research that has developed a new design procedure fer self
compacting concrete mixes. This new procedure covers mixes with ggbs cement

replacement leels from O to 80%.

1 SCC is a neNewtonian fluid that can be described with a Binghtype flow
model that has dynamic viscosity and yield stress as its primary parameters.

1 The dynamic viscosity is a key parameter in the design and behaviour of SCC in the
plastic state but it is a parameter that is very difficult, and unreliable, to measure
directly due to effects of the inclusions (filler, fine and coarse aggregate) on the
plastic behaviour of the inhomogeneous fluid.

1 The dynamic viscosity of SCC can b&utated accurately using the miero
mechanical hierarchical suspensions model originally suggesté&hbybari and
Karihaloo (2009)with the dynamic viscosity of the paste as a primary input.
Different parameters, rbm those of previousinvestigators, arerequired to
simulate the plastic properties of SCC mixes with high percentages of ggbs.

1 The micremechanical model for predicting the viscosity of SCC mixebeaised
to produce design charts for this type ofrawete.

1 A new table that relates the ggbs percentage and w/b ratio to the dynamic
viscosity of cement paste provides a convenient method for predictiag
viscosity.

1 The 28 day and ultimate (i.e. at full hydration) compressive strengths of SCC
concrete wth ggbs levels of 0 to 80% can be predicted reliably with new formulae
that have the w/b ratio and ggbs level and the primary inputs.

1 When rearranged, the above formulae provide a convenient method of
determining the w/b ratio required to achieve a targe8 day and/or ultimate

strength.
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1 The combined hydration and strength development models of Schlinder and
Folliard (2005) and D8chutter and Taerwe (199fyovides an effective method
for predicting the time dependent compressive strength of SCC mixes with high
ggbs levels.

1 New experimental data for SCC mixes with a range of ggbs cement replacement
levels was useful for calibrating and validating the above strength development
model.

1 The difference between the 28ay and fully-hydrated compressive strengths of
SCC concrete gns with the proportion of ggbs. This difference is quantified in a
new factor () that provides a measure of the pe38 day strength development
potential.

1 The 28 day and ultimate strength prediction formulae, combined with the
strength development modelled to the development of a new mix design
procedure that allows strengths at multiple times to be considered.

1 A new chart presented in this thesis can be used for predicting the-time
dependent heat of hydration for the full range of SCC mixes considardioe
present research.

1 The new mix design procedure, which uses design charts for predicting the plastic
and hardened properties of a mix, is an effective and convenient way to design
SCC mixed he method eliminates the need for extensive trial mixes.

T A number of mix design worked examples demonstrate the convenience and
simplicity of the design procedure.

1 The new design procedure also allows mixes to be designed for multiple strengths
at different times after casting. The new method can used to sawergy and
reduce CO2 emissions of SCC by maximising the potential of the low energy waste
material ggbs.

1 Experimental validation shows that the mix design procedure works well for SCC
mixes with the full range of ggbs levels (0 to 80%). The procedatdtsan mixes

that satisfy all of the necessary plastic and hardened design criteria.
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1 Including significant levels of ggbs in a mix can limit the range of plastic properties
and compressive strengths achievable when compared to those for mixes with
ggbs évelst25%.

1 Mixes with high percentages of ggbs have higher {&stlay strength
development potentials and are significantly more environmentally friendly than

concrete that has lower levels of cement replacement material.

8.2 Recommendations for further stug

Several areas are recommended for future study:

1 Extend the design procedure to SCCs formed with different cements by
undertaking further experiments on plastic and hardened properties;

1 Extend the strength range of the hardened material to incladgher strength
concretes, with 28 day compressive strengths in the range 90 to 120MPa,;

1 Extend the proceduréo include fibrereinforced SCC mixes with high leveds
ggbs, exploring steel, polymer andganicfibres;

1 Explore the possibility of includingepmeability as a factor in the mix design
procedure;

71 Considering thalegree ofdurability as aspecificfactor in the SCC mix design
procedure along with the associateinimumand maximum cement conteist
and w/b ratios

1 Investigate the formwork pressur@oplied by the SCC mixes considered in this

work.
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AppendixA Viscometer

AppendixA The instructiors of using viscometer type NB3S

TableAl Viscometer type (ND8S) specification and measurements details

Specification Description

1mPa s 2000,000mPa s
1 Measuring range
(Below 15 cp requires ULR uHmaw viscosity adapter)

1 Displaying resolution 0.01lmPa s

1 Measurement accuracy +2% (full measuring range)

1 Rotor spec. Rotor #1, #2, #3, and #4 (Rotor #0 is optional)
1 Rotating speed 0.3,0.6, 1.5, 3, 6, 130, and 60 rpm

1 Sample volume 300mLg 400mL

FigureAl Viscometer type ND8S
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FigureA2 Rotor number and shape for viscometer NB$
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FigureA3 Instruction from user manual
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FigureA4 Instruction from user manual

FigureA5 Instruction from user manual
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