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SUMMARY

A new procedure for designing self-compacting 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 viscosity of liquids
with multiple inclusions of different sizes. The effects of including high levels of ggbs in an
SCC on the yield stress of plastic mixes are also investigated. The second part of the
research considers the hardened properties of SCC. A combined hydration and 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 SCC to be predicted at any
time after casting. The final part of the work brings together the research on plastic and
hardened properties and presents a design procedure for proportioning SCC mixes with
ggbs cement replacement levels from 0 to 80%. The work involved the 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 different times after casting) can be used to
determine the required ggbs level and water-binder ratio. The mix design procedure is
successfully validated using a series of experiments. The research highlights the potential
of SCC blended with high proportions of ggbs to reduce the amount of cement used in the
production of this type of concrete. Overall, the work provides a way to maximise the use
of ggbs in SCC and thereby produce more sustainable and environmentally friendly

concrete.
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NOTATIONS

Self-compacting concrete

Normal vibrated concrete

Coarse aggregate <20 mm

Cementitious materials

Cement replacement materials

Fine aggregate <2 mm

Cube compressive strength, MPa

Ground granulated blast furnace slag

Limestone powder < 125um

Super-plasticizer

Time taken for SCC to spread 500mm in the flow test, s
Time taken for SCC to spread 500mm in the J-ring test, s
Time taken for SCC to spread stop in the flow test, s
Viscosity modifying agents

Superplasticiser/ binder ratio %

Water to cementitious material ratio, %

Water to powder ratio, %

Cylinder strength, MPa

Plastic viscosity, Pa s

Plastic yield strength parameter, Pa

Maximum possible volume fraction

Numerical factor is equal to 2.5 for rigid spherical particles and to 1 for
spherical air bubbles that are packed randomly in a hexagonal arrangement
Numerical factor that depends on the plastic shear rate
Volume fraction

Silica fume

Fly ash

Condensed silica fume

Saturated surface dry

High-range water-reducing admixtures

Calcium—silicate hydrate

Degree of hydration

Consistence classes expressed by slump-flow

Viscosity classes expressed by T500

Viscosity classes expressed by V-Funnel time

Vi
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Chapter 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 and outlines the research outputs.

1.2 Scope of the research

The increasing growth of the world’s population and expansion of cites in recent decades
has led to the need for new structural design ideas and a rise in the demands on
reinforced concrete structures. Forms 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 problem 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 of construction 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 construction. In
1986, a Japanese researcher (Okamura) efficaciously pioneered what is now known as
“self-compacting concrete” (SCC). Since its early use in Japan, SCC has become an
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
obstacles associated with cast-in-situ concrete, ensuring good structural implementation
and robustness, shortening execution time, and contributing to a safe and healthy

working environment by minimizing the use of vibration equipment and noise levels.

Self-compacting concrete is a deliquescent 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 bleeding (EFNARC, 2005).
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Chapter 1 Introduction

Thus, it can achieve the following requirements: filling ability, passing ability and
segregation resistance. This is accomplished by correctly designing 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 relied on trial and error
approaches that were both time-consuming and wasteful in materials. The design process
would be altogether more efficient if a comprehensive systematic design approach for
SCC was available. The author’s predecessors at Cardiff ( Abo Dhaheer et al, 2016b)
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, water and admixtures have a substantial effect on the rheology of SCC, and
also play a pivotal role in its hardened properties. SCC’s flowing ability is its main
characteristic; thus, to understand SCC fully requires an understanding of its rheology.
Good quality control and accurate prediction of SCC rheology are both crucial for
successful SCC production and deployment. Understanding SCC’s flow behaviour is not a
simple matter, particularly when the flow path is impeded by heavy reinforcement and

involves complex 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 this has focused on its properties
in the fresh state with less attention having been being given to its long-term time-

dependent hardened properties.

Compressive strength remains the most widely-used parameter to characterise solid
concrete, playing a key role in assessing its strength and giving an indication of its overall

quality (Neville, 1995).
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Chapter 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 imposed as design 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 such as strength 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 found in the following
references (Dinakar et al., 2013a,b; Obla et al., 2003; Sonebi, 2004; Siddique 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 includes validating a micromechanical
model for predicting the plastic viscosity for these 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 time-dependent strength
development of concrete, including new formulae for 28 day and fully-hydrated

strengths.

Third: to build a modified method for designing SCC mixes containing ggbs cement
replacement levels of up to 80%, using a target plastic viscosity and a hardened

compressive strength as design criteria.
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Chapter 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 long-term 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 the produced SCC mixes meet the design criteria in both the fresh and

hardened states.

Sixth: to emphasize the environmental benefits of using high proportions of ggbs in
concrete, which include reductions in CO2 emissions and raw materials, as well as

reductions in energy usage during production.

1.3 Research methodology

The above objectives were realised using the following methodology:

» First: collecting data available for concrete, mortar and cement paste containing
ggbs as a partial replacement up to 80% of total cement weight, and processing
these data to find a correlation between plastic viscosity of cement paste and ggbs
percentage on one hand and with the water 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 time tstop.

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

» Third: adapting the formulae for estimating the plastic viscosity of an SCC mix
based on micromechanical principles (Ghanbari and Karihaloo, 2009) and
extending the method to mixes with ggbs levels of up to 80%.

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

series of SCC mixes for a range of target plastic viscosities and compressive
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Chapter 1 Introduction

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

» Fifth: Predicting and then validating a time-dependent compressive strength
model for SCC with ggbs cement replacement levels from 0 to 80%, along with an
associated strength gain potential factor (R) that quantifies the post 28-day

strength gain potential of the mix.

1.4 Outline of the thesis

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

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

Chapter 2 reviews SCC literature, including SCC properties, mix design approaches,
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 chapter is a brief review of the

mechanical properties of SCC.

Chapter 3 describes 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 5 presents a mathematical formulation for predicting the time-dependent
compressive 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
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Chapter 1 Introduction

days. In addition, the 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 6 describes a systematic approach for designing SCC mixes with ggbs CRM levels
from 0 to 80% (the quantity of ggbs in the total binder). The 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 28-days). The approach also includes an evaluation of the heat of hydration.

Chapter 7 presents 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 Some specific terms used in the thesis

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

o ‘ggbs %' or the ‘gghs level’ refers to the percentage (or proportion) of cement
replaced by ggbs (the quantity of ggbs in the total binder);

e unless noted otherwise, ‘strength’ refers to the average compressive cube
strength of hardened concrete and the ‘ultimate strength’ refers to the strength at

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 the notation

section.

21



Chapter 2 Background to SCC and

cement replacement materials



Chapter 2 Background to SCC and cement replacement materials

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,

hydration models and SCC mix design procedures respectively.

2.2 Self-compacting concrete: definition

The British Standard (BS EN 206-9 2010) definition of SCC is “the concrete that is able to
flow and compact under its own weight; fill the formwork with its reinforcement, ducts,

box-outs etc., whilst maintaining homogeneity”.

Other researchers Bartos and Marrs (1999) and Khayat (1999) have defined SCC in almost
the same terms as a highly flow-able concrete that should meet the following

requirements:

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

e Passing-ability: SCC should be able to pass around heavy reinforcing steel bars
without any blockage or/ nesting.

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

placing, casting, etc.).
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Chapter 2 Background to SCC and cement replacement materials

2.3 SCC development

The first prototype of SCC was developed in 1986 by Prof. Okamura and his students at
the University of Tokyo (e.g. Ozawa and Maekawa (Ouchi et al., 1998) in Japan when
skilled labour was in limited supply. This initial version of SCC has since been developed
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 applications (Billberg, 1999; Okamura and
Ouchi, 1999). The successful use of SCC in Japan has drawn the attention of many
European countries. Sweden was the first country in Europe to develop SCC, from where
the technology spread to other Scandinavian countries at the end of the 1990s (Goodier,

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 productivity, and assuring
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 on-site working environment (Bartos and Cechura,

2001; Rwamamara and Simonsson, 2012).

2.4 Advantages and disadvantages of using SCC

2.4.1 The advantages of using SCC
SCC offers many advantages (Naik et al., 2012), such as:

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

e a high-level of quality control:
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Chapter 2 Background to SCC and cement replacement materials

a high-quality finish, which is critical in architectural concrete, precast

construction, as well as for cast-in-place concrete construction:

e areduction in the need for surface defect remedies (patching):

e anincrease in the service life of moulds/formwork:

e improved coverage of reinforcement bars:

e areduction in the construction time:

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

e an ability to reach narrow areas such as thin-walled elements or elements with
limited access:

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

environment.

2.4.2 The disadvantages of using SCC

Some of the disadvantages of using SCC are outlined below.

e SCC requires more careful selection of the constituent materials compared with
those needed for vibrated concrete.

e 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 (e.g. 1%) than is the case for
vibrated concrete.

e Traditionally, many trial batches need to be prepared in the laboratory as well as
at ready-mixed concrete plants.

e Greater overall costs due to the cost of additional components (i.e. filler,

admixtures) compared with normal concrete.
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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 stability (Khayat et al., 1999b). Stability 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 occurs during the transport and

casting of the concrete, i.e. during flow (Esmaeilkhanian et al., 2014).

Segregation
resisitance

. Passing
‘ X ablllty

Figure 2.1 Fundamental elements of SCC

These three key requirements are related. A change in one property will lead to a change
in one or both of the 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 a trade-off between these

parameters (Pamnani, 2014).

2.5.1 Filling-ability

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, 2005). Filling-ability can be achieved by
reducing friction between SCC solid particles (fine and coarse aggregates), accomplished
by adding more lubrication as water and/or super-plasticiser (SP). Increasing the water
content may decrease the particle friction and improve filling ability, but this 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 deformability and 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, excessive friction would be initiated between the
aggregate particles, resulting in extremely limited workability. Figure 2.2 displays the

formation of cement paste layers around aggregate particles.

A recent study, Al-rubaye (2017) and Alyhya et al. (2017) used a 3D model to simulate L-
Box and V-funnel tests with the aim of establishing reliable flow and filling-ability 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

Figure 2.2 Excess paste layer around aggregates, after (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. There is a
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 aggregate and
mortar can result in 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 2.3 (Tangtermsirkul 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 is fundamentally
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 J-ring and L-box tests are the most common methods used to assess the
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 SCC in J-Ring and L-Box
tests and determine the final distribution of the coarse aggregate particles, the spread
diameter and the tsoo time parameter. Several other investigations (Sonebi et al., 2007;
Safiuddin et al., 2011; Gesoglu et al., 2014; Wang et al., 2020) have shown that plastic

properties play a significant role in producing acceptable SCC mixes.
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Figure 2.3 Blocking mechanism, after (Tangtermsirkul and Khayat, 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 aggregate content, as well as
high paste volume, are very effective factors in preventing blocking (Billberg et al., 2004).
Billberg et al. also concluded that the ability of SCC to pass through a tight opening
depends primarily on the yield stress 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.

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

Figure 2.4 Aggregate blocking and flowing through a tight opening, After (Daczko, 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 agent (VMA) 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 segregation (RILEM TC174, 2000).

The present investigation into the rheological characteristics of SCC containing the CRM
ggbs in the higher range (25%-80%) considered two important parameters; the plastic
viscosity (n) and the yield stress (ty). These parameters are used to assess whether a mix
satisfies the plastic design criteria (i.e. flow-ability, passing-ability and segregation
avoidance ), as explained above. Their values are notably affected by the level of the ggbs
when the percentage exceeds 25% (Abo Dhaheer (2016b). The trends are; the higher ggbs
level the higher yield stress the lower plastic viscosity. Reliably establishing the
rheological parameters for mixes with high ggbs levels is one of the main research gaps
considered in this study. Further discussion on these issues will 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 and hardened properties of SCC (Sonebi

and Yahia, 2020).
Five rules need to be followed in the selection of ingredients:

e Limit coarse aggregate content
e Use super-plasticiser
e Reduce water—powder ratio

30



Chapter 2 Background to SCC and cement replacement materials

e Increase paste content
e Sometimes use of a viscosity modifying agent

2.7 Forms of SCC

2.7.1 SCC based on increased powder content (Powder-type )

This type of mix is characterised by a low water—powder 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, powder-type SCC mixes are sensitive to changes in
constituent materials. Due to the low w/p ratio, such concretes have a high strength and
low permeability but also have a high shrinkage potential (Kabagire et al., 2017; Pan et al.,

2019).

2.7.2 SCC based on viscosity modifying agents (VMAs) (VMA-type)

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

2.7.3 SCC based on both VMAs and powder (Combined-type)

This mix type has been developed to improve the robustness of powder-type SCC by
adding small amounts of VMA. In these mixes, the VMA content is less than those in
VMA-type SCC; the powder content and (w/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 segregation resistance and improved robustness

(Billberg, 2011, Li et al., 2020).

Partially replacing cement with ggbs, which has a specific 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 2.95. The issue is addressed in this 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 different, with SCC having a lower coarse
aggregate content and a greater content of fine materials than normal vibrated concrete
(NVC). Figure 2.5 compares the volume fractions of ingredients in SCC and standard NVC
(Okamura and Ouchi, 2003). 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 waste materials are being used in the manufacture of
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 waste materials can rival the performance of SCC formed using

conventional products (Granata, 2015; Guo et al., 2020; Revilla-Cuesta et al., 2020).

NVC  10% 18% 3¢
Cement Water  Air h
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Figure 2.5 Comparison between NVC and SCC mix compositions, after (Alyhya, 2016)

Some SCC components, or proportions of those components, are classed as ‘powder’.

This definition applies to material with particle sizes smaller than 0.125 mm. This applies
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to all of the cement particles used in this study, the cement replacement material (i.e.
ggbs) and the filler (limestone powder). Thus, the powder content used to compute the
water /powder ratio is based on all of the material that meets this 0.125 mm criterion (i.e.
cement + ggbs + limestone powder). By contrast, the quantity of ‘binder’ used to calculate

the water binder ratio (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. Initially,
researchers used CEM | in 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 materials. As shown
in Table 2.2, there are 19 types of CEM Il varying from those with a low percentage of
clinker (A) to those with a high percentage (C) (BS EN 179-1, 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 one cementitious
replacement material (CRM), 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 with high strength at both
early and later ages, and with increased quality and durability (Hooton et al., 2018). The
typical powder content ranges (according to JSCE recommendations (Uomoto and Ozawa,

1999)) are shown in Table 2.1.
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Table 2.1 Typical powder contents according to JSCE recommendations

SCC types Powder content (%) Mass* (kg/m?3)

e Powder Type e 1619 * 500-600

e Viscosity modifying agents (VMAs) e 95-16 e 300-500
Type

e Combined Type o >13 e >410

*based on Portland cement only

Chemical admixtures are expensive and incorporating them into the mix may increase the
cost of concrete. Achieving a high powder content by increasing the cement content is
not feasible or desirable; it may lead to a significant rise in material cost and have a
negative effect on the concrete’s properties associated with the rise in temperature
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 Blended cements

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 blast-furnace 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 2.2 Cement types and compositions permitted by BS EN 197-1 (2011)

Cement type Notation Clinker % Addition %
CEM | Portland cement CEM | CEM | 95-100 0-5
CEM II/A-s 80-94 6-20
Portland-slag cement
CEM 1I/B-s 65-79 21-35
Portland-silica fume cement  CEM II/A-D 90-94 6-10
CEM IIA-P 80-94 6-20
Portland-pozzolana cement ~ CEM II/B-P 65-79 21-35
CEM II/A-Q 80-94 6-20
CEM 11/B-Q 65-79 21-35
CEM II/A-V 80-94 6-20
Portland-fly ash cement CEM II/B-V? 65-79 21-35
CEM II CEM II/A-W 80-94 6-20
CEM 1I/B-W 65-79 21-35
Portland-burnt shale CEMI/A-T 80-94 6-20
cement CEM II/B-T 65-79 21-35
CEM II/A-L° 80-94 6-20
CEM II/A-L 65-79 21-35
Portland-limestone cement
CEM II/A-LL 80-94 6-20
CEM II/A-LL 65-79 21-35
CEM II/A-M 80-94 6-20
Portland-composite cement
CEM 1I/B-M 65-79 21-35
CEM III/A 35-64 36-65
CEM 1l Blast-furnace cement CEM I11/B 20-34 66-80
CEM lII/C 5-19 81-95
CEM IV/A 65-89 11-35
CEM IV Pozzolanic cement
CEM IV/B 45-64 36-55
CEM V/A 40-64 36-60
CEM YV Composite cement
CEM V/B 20-38 61-80

2 and ® 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 gradually forms

the microstructure of hardened cement in mortar concrete, but this is not the case for

CEM 1I. In the current study, a combination of (ggbs and two types of blended cement)
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were used; (i) Portland fly ash CEM 11/B-V 32.5 clinker percent 65-79% and additions 21-
35%; (ii) limestone cement CEM Il A-L, clinker percent 80-94% and additions 6-20%
according to the (BS EN 197-1, 2011). These are classified as combination cements. There
are differences in the chemical hydration reactions of these two cements, due to the

differences in the additions (column 4 Table 2.2) and 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 cement in SCC 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 (sf) and fly ash (FA).

These increase the workability 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 situations (Khayat et al., 2000). Ultra-fine particle binders such as
condensed silica fume (CSF) have also been used in SCC, but these are associated with a
reduction in the workability and slump; however, maintaining the desired workability can
be achieved by increasing the super-plasticizer dosage or by using VMAs (Bernal et al.,
2018). Fly ash (obtained from power station coal ash) has pozzolanic properties and can
be used as a partial cement replacement in SCC. There are two classes of fly ash, i.e. class
C fly ash and class F fly ash, which 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
environment by reducing the CO; 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 cement replacement materials

2.8.1.4 Ground granulated blast furnace slag (ggbs)

Blast-furnace slag is a non-metallic product, 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. Air-cooled blast-furnace slag is the material resulting from
solidification of molten blast-furnace slag under atmospheric conditions; subsequent
cooling may be accelerated by application of water to the solidified surface. Expanded
blast-furnace slag is the lightweight, cellular material obtained by controlled processing of
molten blast furnace slag with water, or water and other agents, such as steam or
compressed air, or both. Granulated blast-furnace slag is the glassy granular material

formed when molten blast-furnace slag is rapidly chilled, as by immersion in water.

Ground granulated blast-furnace slag (illustrated in Figure 2.6) is a by-product of iron
production. It is classified by EN 15167-1 and EN 15167-2 (or BS 6699) according to its
level of reactivity. Ggbs has been used as a cement replacement material in many
countries. There are economic and environmental advantages of using this recycled
material. Ggbs also has advantages in terms of the hardened concrete finish and

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

Figure 2.6 Physical appearance of ggbs used in current study 2021
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The use of ggbs as a cementitious material dates back to 1774 when Loriot, a French
engineer, made a mortar using ggbs in combination with slaked lime (Mather 1957). The
use of ggbs in the production of blended cements accounts for between 6 and 35 % of
Portland-Slag cement and 35 to 95 % of Blast furnace cement relative to the total amount
of hydraulic cement produced in Europe (BS EN 197-1, 2011). The first recorded
production of Portland blast-furnace slag cement was in Germany in 1892; the first United
States production was in 1896. Until the 1950s, ggbs was used in the 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 anhydrite (ACI Committee, 2000). Since the late
1950s, the use of ggbs as 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 States. According to a report by Curry (2020),
domestic slag sales in the USA in 2019 were estimated at 17 million tons and valued at
approximately 470 million USD. The composition of blast-furnace slag is determined by
the ores, fluxing stone, and impurities in the coke put into the ggbs. Typically, silicon,
calcium, aluminium, magnesium, and oxygen constitute at least 95% of the ggbs. Table
2.3 gives the chemical composition ranges for these elements (reported as oxides) in

ggbs produced in the United States and Canada in 1988 (ACI Committee, 2000).

Table 2.3 Typical chemical composition of ggbs (AClI Committee, 2000)

Chemical constituents (as oxide)* Range of composition percent by mass
SiO2 32-42
Al203 7-16
Cao 32-45
MgO 5-15
S 0.7-2.2
Fe20s 0.1-1.5
MnO 0.2-1.0

Except sulphate*
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Regarding the hydraulic reactivity of ggbs, there is common agreement (Leung and Wong,
2011) that the basic hydration product formed when ggbs is mixed with Portland cement
and water is essentially the same as the principal product formed when Portland cement
hydrates, i.e. calcium—silicate hydrate (C-S-H). Slag hydrates are generally more gel-like
than the products of Portland cement hydration, and so increase the density of the
cement paste. When ggbs is mixed with water, the initial hydration rate is much slower
than when Portland cement is mixed with water; therefore, Portland cement, alkali salts

or lime are used to increase the reaction rate (ACl 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 (coarse and fine) all
influence the self-compaction properties of SCC (Koehler and Fowler, 2007; EFNARC,
2005). All standard sizes of coarse aggregate can be used to produce SCC. Domone (2006)
reported in his study of sixty-eight applications of SCC that about 70% of cases used a
maximum aggregate particle size in the range 16—20 mm, but that sizes larger than 20
mm could feasibly be used. Moreover, Domone reported 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 range 125 um to 4 mm in size (BS EN 933-
1, 2012 , BS EN 206-9, 2010, and BS EN 12620, 2013)The physical appearance and
chemical composition of fine aggregate is highly variable, depending on the local rock
sources and conditions. Sand with spherical particles (rather than angular crushed
particles), a well-distributed 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 8kg/m3 in concrete. This could cause 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
(2005) states that “The influence of fine aggregates on the fresh properties of the SCC is
significantly greater than that of coarse aggregate”, particles size fractions of less than
0.125 mm should comprise the fines content of the paste and should also be considered
in calculating the (w/p) ratio. Moreover, the proportion of fine particles (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

(Topgu and Ugurlu, 2003; El-chabib and Nehdi, 2007; Yan et al., 2020).

2.8.2.2 Coarse aggregate

The coarse aggregate content of SCC should be kept to a defined upper limit (i.e. 36%) to
reduce inter-particle 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 less likely they are to cause a blockage since they result in less
frictional flow resistance (relative to angular particles) (EFNARC, 2005). Thus, naturally

rounded aggregate is normally preferred over crushed angular aggregate for SCC.

2.8.3 Chemical admixtures

The production of SCC has been improved in recent years by the use of super-plasticisers

(SP) or high-range water-reducing admixtures (HRWRs), and VMAs.

2.8.3.1 Super-plasticiser

Producing SCC with the required workability 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, modified lignosulfonates, and carboxylated acrylic ester co-

polymers or poly-carboxylic ethers (Boukendakdji et al., 2012).

High-range water-reducers (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 the flow properties in SCC and allows the water to cement ratio to be minimised
whilst maintaining workability and the required strength and durability. Flocculation and
agglomeration of cement particles normally occur when they mix with water, due to Van
der Waals and attractive electrostatic forces that are generated on the surface of the
particles. This results in free water becoming trapped and a reduction in the consistency
of the concrete (See Figure 2.7). Super-plasticisers or water-reducing 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 2.7. The HRWRs decrease the water content in concrete by up to 40%
more than can be achieved by using conventional lignosulfonate-, melamine- or

naphthalene-based superplasticisers (Alonso et al., 2013).

In recent study, Qian and De Schutter (2018) evaluated the differences and similarities of
two types of superplasticizer in fresh cement paste; namely, Naphthalene Sulfonate
Formaldehyde (NSF) and PolyCarboxylate Ester (PCE). They considered differences in the
adsorption, dynamic yield stress, and thixotropic index. The results showed that NSF is

less effective than PCE at decreasing the dynamic yield stress.
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Figure 2.7 The effect of water-reducing agents or super-plasticisers on the flocculation of cement
particles, including water entrapment and dispersion mechanisms

2.8.3.2 Viscosity modifying agents

VMA, also known as anti-washout admixtures, can be added to concrete mixes to
improve segregation resistance, cohesiveness and reduce bleeding. In general, these
admixtures increase vyield 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 cellulose-based water-soluble polymers or polysaccharides of microbial
sources, such as welan gum are commonly used as viscosity-modifying agents in concrete.
Water-soluble polymers can imbibe some of the free water in the system, the VMA works
by increasing the viscosity of the cement paste which, in turn, enables the paste to hold

aggregate particles in a stable suspension (Hisseine et al., 2018).

When using VMAs in SCC mixtures it is important to consider their compatibility with the
super-plasticiser used. For instance, cellulose derivatives are incompatible with a
naphthalene-based super-plasticiser, whereas welan gum is compatible (Khayat, 1995;

Fantous and Yahia, 2020; Ma and Kawashima, 2020; Zhang et al., 2020).
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Fantous and Yahia (2020a) reported that some VMAs affect the air content in SCC. For
example, both synthetic copolymers and methylcellulose VMAs decrease the air content.
Because of the shear thinning behaviour of VMA mixtures, even very small agitations can

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

2.8.3.3 Air-entraining admixtures

According to EFNARC, (2005), air-entraining admixtures should be used in the production
of SCC to improve durability against freeze-thaw actions and to improve the finishing of
flat slabs. Moreover, air-entrainment is particularly useful in stabilising low powder

content, lower strength SCC.

2.8.4 Water

Water (w) 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 yield stress. 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 self-compactibility and performance of SCC (Alyhya, 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 achieve the plastic
properties of the mix and that needed to achieve the hardened properties (Boukendakdji

et al.,, 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, 1999). According to Skarendahl and Petersson, (1999) and
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EFNARC, (2005) a SCC must include total powder materials in the [(cementitious 10%) +
(fillers 8%)] range 380-600 kg/m?3. They are 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 (LP). LP does not participate in cement hydration (Ye et al., 2007). It
causes a change in the microstructure of the cement matrix; the small size of the particles
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 inter-particle friction, due to 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 viscosity (Pan 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 SCC (Felekoglu and Sarikahya, 2008). It has been reported that limestone

powder has a marginal effect on viscosity but can raise the yield stress (Alyhya, 2016).

Although chalk powder is rarely used, SCCs containing 25 to 55% chalk were described by
Tirkel and Kandemir (2010). 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 powder (Zhu and Gibbs, 2005).

The SSC mix composition needs to be selected carefully to satisfy the fresh and hardened

mix design criteria, achieve the required quality and be economically viable.

2.9 Proportioning concrete containing ggbs

In most cases, ggbs has been used in proportions of 25-70% by mass of the total
cementitious material. These proportions are in line with those established by (BS EN
197-1, 2011) for the production of Portland slag cement and blastfurnace cement. The

proportion of ggbs incorporated will depend on the use of the concrete, the curing
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temperature, the grade (activity) of ggbs and the Portland cement or other activator such
as Na-based additives (Jeong et al., 2016). Where ggbs is combined with Portland cement,
the combination of cementitious material will result in physical properties that are
characteristic of the predominant material. Chidiac and Panesar (2008); Boukendakdji et
al. (2012) and Dinakar et al. (2013b) reported that as the percentage of ggbs increases, a
lower rate of strength gain should be expected, particularly at early ages, unless the
water content is substantially reduced, or accelerators are used or accelerated curing is

provided.

2.9.1 Effects of ggbs on properties of fresh concrete

Incorporating ggbs in self-compacting concrete has many advantages related to
increasing its workability and durability, and increases its resistance to sulphate and
chloride attack (Roussel, 2007). Ggbs powder has a lower density than Portland cement;
therefore replacing a part of the cement by mass with ggbs will increase the paste
volume, which in turn increases the cohesiveness, 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 cement-only mixes (Lewis et al., 2003). Ggbs blended concrete initially has a
lower strength that cement-only concrete, but the strength increases during curing.
Several factors, including chemical composition and glass content, affect the reactivity
index of GGBS, which provides a measure of its cementitious performance. (BS EN 197-1,
2011) classifies slag by its reactivity level; e.g. Grade 80, Grade 100, or Grade 120, with
Grade 120 having the highest reactivity index. Thus, given sufficient time for the activity
level and the pozzolanic reaction and the formation of calcium hydroxide, the concrete
made with a combination of ggbs and Portland cement will achieve a higher strength than

cement-based concrete only (Oner and Akyuz, 2007).
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2.9.2 Workability

Blast-furnace slag has good workability properties and improves the performance of self-
compacting concrete in fresh state whilst avoiding the use of viscosity modifying
admixtures (Ramanathan et al., 2013; Esmaeilkhanian et al., 2014). The results of
extensive experimental work indicates that as ggbs content increases in SCC mixes, the
water-to-binder ratio decreases for the same workability (Oner and Akyuz, 2007). A high
volume fraction of ggbs may affect the stability of SCC and make it difficult to control the

consistence, also, slower setting may increase the risk of segregation (EFNARC, 2005).

As discussed, high volume fractions of ggbs in SCC change the fresh properties of 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 plastic properties (see

chapter 4).

2.10 Effects of ggbs on 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,
the degree of hydration (a) is defined as the ratio between the quantity of hydrated
cementitious material and the original quantity of cementitious material. The degree of
hydration is a function of time, with a varying between 0.0, at the start of hydration, and
1.0 when hydration is fully completed. Not all of the cementitious material is likely to
become hydrated, and an a of 1.0 may never be reached. After investigating the
hydration of a range of different cementitious materials, Mills (1966) stated that, “In
most, if not all, cement pastes hydration stops before the cement is totally consumed.” In

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 the complex 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 formation of calcium
silicates hydrates (CSH) can form with the addition of water to either tricalcium silicate or
dicalcium silicate. CSH accounts for about 50-60% of the volume of the hydrated paste
and is strong, stable and durable under most conditions and controls 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. For example, 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 throughout the placement of large mass of concrete did not

exceed 35°C (NCE, 2014).

2.10.1.1 Compressive strength

SCC is usually designated by its compressive strength, because this is seen as the key
parameter of the hardened material. Other mechanical properties provide an indication
of the overall quality of the material (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 researchers (Voigt et al., 2006; Duran Atis et
al., 2007; Koehler and Fowler, 2007; Topcu et al., 2008; Daczko, 2012; Siddique, 2013;
Adesina, 2020; Guo et al., 2020; Sonebi and Yahia, 2020) have pointed out that the type
of cement and CRM have a notable impact on the compressive strength 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 former is 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 ggbs has a lower early age strength than cement-only concrete but the
strength increases as the curing period is extended, so that ultimately ggbs blended
concrete will attain a higher strength than cement-only concrete. This is because the slow
pozzolanic reaction and the formation of calcium hydroxide requires time (Leung and
Wong, 2011; Ozbay et al., 2016; De Belie et al., 2018). Oner and Akyuz (2007) reported
that the compressive strength of ggbs-containing concrete increases as the amount of
ggbs increases, up to an optimum limit of around 55% of the total binder content. The
same study showed that the compressive strengths at 360 days of mixes with high levels

of ggbs surpassed those with lower ggbs levels.

An investigation to determine the efficiency of ggbs in SCC mixes (Dinakar et al., 2013a)
showed that the compressive strength of their concrete exceeded 90 MPa at 28 days and
100 MPa at 90 days, as illustrated in Figure 2.8. Another study conducted on SCC-
containing ggbs (Sethy et al., 2016) showed that concrete with lower compressive
strengths (i.e. 20-30 MPa) can be produced with a slag replacement of about 80-90%,
and that higher strengths, i.e. 60—100 MPa, can be developed with 30% and 60% slag

replacement, respectively.
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Figure 2.8 Compressive strength VS ggbs level %, after (Dinakar et al., 2013b)

2.10.2 Durability

De Schutter et al. (2008) suggested seven factors that should be considered when
designing durable SCC mixes, namely: carbonation, chloride penetration, frost resistance,
ASR, sulphate attack, thaumasite formation, and fire resistance. Normally, high
performance concretes have good durability due to their higher compressive strength and
dense (relatively 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 (2007) investigated the ‘potential’ durability of medium
strength self-compacting concretes and a reference NVC with similar compressive

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

Ggbs plays a significant physical-chemical role in improving SCC’s long-term durability as a
result of the long-term chemical (pozzolanic) reactions, which results in the formation of a
gel that occupies the remaining spaces in the material matrix. From a chemical point of
view, ggbs consumes the calcium hydroxide and makes for more resistant hydrated
cement products. This results in a low permeability hardened cement paste with good

resistance to sulphate 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 Khan, 2018; Awoyera et al., 2020; Huseien and Shah, 2020).

The durability of SCC is directly connected to the delayed hydration associated with the
high ggbs replacement levels investigated in this study. This is a crucial matter because
the presence of ggbs affects the rate of hydration, curing characteristics and associated

strength development response over time of SCC.

2.11 Testing self-compacting concrete in the fresh state

Fresh state tests for SCC include the slump flow filling ability test and the J-ring 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 V-funnel test (BS EN 12350-9, 2010) is used to assess viscosity, filling ability and
stability and the L-box test (BS EN 12350-10, 2010) is used to evaluate the passing-ability
of SCC (EFNARC, 2005) (See Figure 2.9). The results of V-funnel tests categorise concrete
into two classes based on viscosity; namely, viscosity class 1 (VFi1< 8.0s) and viscosity class
2 (8.0s>VF;>25.0s). The test is performed by measuring the time taken for concrete to

flow out of the funnel under its own weight.

The L-box test (BS EN 12350-10, 2010) was developed in Japan to test underwater
concrete, and is used to test highly flowable concretes. The L-box 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.
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Figure 2.9 Set-up for V-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 of 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 (VMAs). Minimising the proportion of coarse

aggregate and the size of the coarse aggregate particles also helps prevent segregation.

Several empirical tests (PCl, 2003) have been reported to evaluate SCC segregation, these
include the following approaches. (i) 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. This is an
inadequate qualitative method that depends on the experience of the individual and fails
to evaluate segregation quantitatively. (ii) The British standard (BS EN 12350-11, 2010)
test for SCC involves the observation of fresh concrete 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 mm? 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 design principles of SCC mix design (Shi et al.,
2015).

2.12.1 Empirical 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 super-plasticiser
dosage (Shi et al., 2015). Numerous trial mixes and alterations are conducted to estimate
the optimum proportion of constituents to produce the required properties. Based on
observations, Okamura and Ouchi (1998) 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 ensure self-compactibility, trials vary the
quantity of super-plasticiser dosage and the water/powder ratio within the range 0.9-1.0
by volume based on the powder properties. The empirical approach is simple but requires
extensive and meticulous laboratory testing and it does not consider the properties of the
aggregate (i.e. grading or maximum particle size). In a recent study (Gil et al., 2019), a
new mix design procedure that can correlate the materials’ composition and properties
has been established based on the empirical method. Similar examples of mix design

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

2.12.2 Compressive strength mix design method

In this category of SCC mix design, the quantity of cement, admixtures, water and
aggregate are chosen to achieve the required compressive strength. Kheder and Al Jadiri

(2010) developed a method that combines the requirements of the ACI 211.1 (1991) used
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for proportioning normal vibrated concrete and EFNARC (2005) to increase the upper
limit of the original compressive strength from 40MPa in ACl 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. The method of Dinakar et al., (2013b) is
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 with time-dependent 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 effects of relative 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 mix 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 in this 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 super-plasticiser
on fresh and hardened properties 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 main mix parameters: coarse aggregate volume,
cementitious materials content, water to cementitious materials ratio, VMA dosage, and
super-plasticiser dosage in addition to different fine aggregate contents. In a statistically
sound approach, all these parameters were assessed relative to the measured properties
(slump flow, filling ability, V-funnel 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 of key variables on SCC properties (Habibi and Ghomashi, 2018).
The weakness of this approach is the establishment of statistical relationships, which
require raw materials and considerable laboratory time. Similar approaches that use
measurements of plastic properties have been suggested by a number of investigators

(Sonebi et al., 2007; Safiuddin et al., 2011; Sonebi et al., 2020).

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 aggregate (Shi et al., 2015). Moreover, this approach
requires a minimum vyield stress and viscosity of 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 without steel fibres
exploiting the plastic viscosity expression of Ghanbari and Karihaloo (2009). Their work
increased the range of SCC mixes that could be designed using this method to include
those formed with traditional coarse aggregate and extended the strength (28-day
characteristic cube strength) range from 35 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 imposed 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 admixtures. The methods proposed by Saak et al. (2001); Bui et al.
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(2002); Ferrara et al. (2007); Abo Dhaheer et al (2016b) and Shi et al. (2018) are also

based on similar 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%) a
revised approach is required for designing SCC mixes. This uses the target plastic viscosity

and hardened compressive strengths at different ages as 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). One of
the most important is ggbs since it is an industrial by-product associated with lower CO;
levels than cement (Khokhar 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, 2020.) DECC (2011) and CSMA (2021) reported that ggbs is one
of the ‘greenest’ construction materials. Its only raw material is an exceptionally
distinctive slag that is a by-product of iron production. Almost all of the slag from iron
production can be used to form ggbs with no significant waste stream. Specifically, ggbs
requires less than a fifth of the energy and produces less than a fifteenth of the CO;
emissions of Portland cement production. Furthermore, ggbs does not require the
quarrying of virgin materials, and if the slag was not used as cement it would have to be

disposed of in a land fill or similar disposal site.

Each year, the UK uses up to two million tonnes of ggbs as cement replacement, which:
* reduces carbon dioxide emissions by some two million tonnes:
* reduces primary energy use by two thousand million kWhs:
* saves three million tonnes of quarrying:

* saves a potential landfill of two million tonnes.

The embodied CO, (ECO2) of cement is relatively, as illustrated 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 own, it is understandable to see why some
commentators suggest that one tonne of cement production leads to almost one tonne of

CO2 emission.

Table 2.4 Embodied CO: Portland cement, ggbs, PFA and LP (UKQAA, 2010)

Materials Embodied CO, kg/tonne
Portland cement CEM | 913

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

Limestone (LP) 75

2.13 Some 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 houses a

Holocaust memorial exhibition (OCCDC, 2021).

The benefits of including ggbs in concrete mixes are well established, as illustrated by the
Severn crossing bridge Figure 2.11 in 1996 (Hanson, 1996), which used a concrete with a
compressive strength of 70MPa and 70% gghbs CRM. Its use was driven by the need to
have a very low heat of hydration rate and high sulphate and chloride ingress resistance,

both of which were achieved.

In 2007, when massive concrete was required to construct the Landmark tower in Abu
Dhabi in hot weather conditions, SCC was recommended (Unibeton, 2013). This project
involved the largest quantity of self-compacting concrete in a single pour in the world,
which was 16000 m3 (See Figure 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 2.10 Winner of the Concrete Award for Architectural Hardscape, the National Holocaust
Monument in Ottawa comprises six triangular concrete elements configured to create the points of a star
October 2017. (OCCDC, 2021)

Figure 2.11 Bridge crossing point for the M4 motorway, over the Severn Estuary 1996 (Hanson, 1996)
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Figure 2.12 The Landmark tower in Abu Dhabi 2007 (Unibeton, 2013)

2.14 Conclusions

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 mixes with high levels of ggbs as a CRM. These ‘research gaps’ are listed below

and provided the motivation for the current work.

% The prediction of the plastic and hardened properties of SCC mixes that contain

significant quantities of ggbs as a CRM.

*

A rational basis for designing SCC mixes with high percentages of ggbs.

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

% Data for concrete mixes (NVC and SCC) formed using cement CEM Il and high
percentages of ggbs since almost all of the previous work used CEM | cement.

+ Mix design methods that simultaneously apply plastic and multiple hardened

property criteria for SCC.
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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, D, E, F and G.

3.2 Materials

In this study materials (cement, 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 3.1 Materials detail under current study inclouding orginal sources

Specific

- Source
gravity

Material Specification

Portland fly ash type 1I/B-V 32.5
clinker percent 65-79% and
additions 21-35%

Cement Limestone cement type Il A-L , 2.95
clinker percent 80-94% and
additions 6-20% according to the
(BS EN 197-1, 2011)

(TARMAC, 2021)

Local UK subside product can

Ggbs reference as x% in text of this 2.40 (Hanson, 2021)
thesis.
Crushed as a filler with maximum

! . 2.40
Imestone particle size 125 um

Fine aggregate Blended crushed stone and river 5 65

sand max. size 2mm (Perkins, 2021)
Crushed limestone coarse

Coarse aggregate aggregate with a maximum size 2.80
of 20 mm

polycarboxylic ether-based type (Solutions, 2021)

1.07
(MasterGlenium ACE 499)

Superplasticiser

*Specific gravity values from (Abo Dhaheer,2016b), since the same materials are 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
the coarser fraction of limestone filler in the size range 125 pum—2 mm to maintain the
required powder particle size limits (EN BS 206-9, 2010). The particle size distributions of

the coarser fraction of limestone filler and river sand is shown in Figure 3.1
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Figure 3.1 Particles size distribution curves for coarser fraction of limestone filler and 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) particle sizes were mixed together first; this was followed by the next coarsest
(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 super-plasticiser (SP) to the dry mix and mixing for 2.5 minutes; and
then by adding the remaining water and SP, 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 video-recorded 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 spread (tspp) and to come to rest (time tswop, With spread diameter
dimension SF) were determined from the time sequencing on the video recording, which
had a recording rate of 1000 frames per second. Three frames from a representative

video are shown in Figure 3.2.

Each mix in the trial mix process was assessed visually to check if any segregation 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 flow-ability

criterion in BS EN 206-9 (2010).

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

associated quantity of water taken into account in the mix design. The reference moisture

level is determined from the saturated surface dry (SSD) state of the aggregate.

Figure 3.2 Video images of the slump cone test at three flow stages

3.4 Curing regime

A standard curing regime was used for all mixes. This involved 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 section 3.7 for 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 of a representative sample of the cement pastes used in this study were
measured using a type NDJ-8S viscometer (see Appendix A for details). The cement paste
samples included the binder materials (i.e. cement and replacement ggbs), water and

superplasticiser (for some of the tests).

Each individual sample had a volume of 400ml, which was placed in a 100x150 mm
(diameter x height) glass container at 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 chosen for the tests with rotations rates of 1.5 to 60 rpm,
which was in accordance with the user manual (see Appendix A). The cement used was
CEM Il (A-L)/32.5, and the ggbs replacement levels considered were 20%, 50% and 80%.
Two series of tests were carried out, (i) Groups A-C without superplasticiser, and (ii)
Groups A and B with superplasticiser. The results are shown in Tables 3.2 and 3.3 and
illustrated and discussed in chapter 4. It is noted that, where necessary, the quantity of
water was adjusted such that the mix proportions given in the tables produced one m3 of

concrete.
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Table 3.2 Viscosity test on cement combination (CEM Il A-L 32.5R +ggbs) without SP

Class mix CEMI% ggbs% Mass, ke/m’ w/b Rotor  Speed
ggbs cem w No. (rpm)

V1 80 20 200 800 300 0.3 2 60

Grzup V2 50 50 500 500 300 03 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 0.5 2 60
V6 20 80 800 200 500 05 2 60

V7 80 20 200 800 700 0.7 2 60

Grcc’“p V8 50 50 500 500 700 0.7 2 60
V9 20 80 800 200 700 0.7 2 60

Table 3.3 Viscosity test on cement combination (CEM Il A-L 32.5R +ggbs) with SP

3

Class mix CIIIE‘;)/I ggbs% Mass, ke/m w/b SP% R:\:;Zor ?eed
ggbs cem w sp . pm)

V1 80 20 200 800 300 35 03 035 2 60
GrZ“p V2 50 50 500 500 300 35 03 035 2 60
V3 20 80 80 200 300 35 03 035 2 60

V4 80 20 200 80 500 2 0.5 0.1 2 60
Gr‘;”p V5 50 50 500 500 500 2 0.5 0.1 2 60
V6 20 80 800 200 500 2 0.5 0.1 2 60

V7 80 20 200 80 700 0 0.7 0 2 60
Gr‘é“p V8 50 50 500 500 700 O 0.7 0 2 60
V9 20 80 800 200 700 O 0.7 0 2 60

3.5.2 Filling and flowability

The combined filling and flow-ability test is a modified version of the slump test (BS EN
12350-8, 2010) for which the apparatus is shown in Figure 3.3. The slump flow test is used
to assess the horizontal flow-ability of SCC when there are no obstacles. The test

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 using tsp0; and the segregation,

which is assessed visually. The time when the flow stops, tstop, is also recorded.

This relatively simple test, which uses an inverted or upright Abram’s cone, is suitable for

assessing the plastic properties of a mix on a construction site or in a laboratory.

The EFNARC (2005) specification for an SCC mix is an SF range of 650—-750 mm, no visible
segregation, and tspp [0.5s to 2.2s.] and fstwp [55 to 20s]. The testing apparatus and
procedure are illustrated in Figures 3.3 and 3.4 where SF=0.5(d1+d2)

300 mm

700 (+/-) 50 mm

Figure 3.3 Slump test apparatus with hollow cone

Figure 3.4 Flow-ability test (cone)
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3.6 Passing-ability test

The J-ring test is used in combination with the slump cone to assess the passing-ability of
an SCC mix through gaps between obstacles, e.g. reinforcement. For this test, the slump
test apparatus is used with an open steel ring (300t2mm) that is supported by twelve
vertical steel rods (diameter = 18+0.5mm and height = 125mm), as shown in the Figures

3.5 and 3.6. The gap between the bars is (59+1mm) (BS EN 12350-12, 2010).

Figure 3.6 Passing-ability test (J-ring)

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 the J-Ring (ts00)). Once the

flow has stopped, the spread dimension (SFj)and stop time (tswop) are recorded.

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

ring apparatus.

3.6.1 Spreading time tso0 & tstop

tsoo is used to classify viscosity using the following EFNARC designations [(VS1< 2s) AND
(VS2 > 2s)] (EFNARC, 2005). Prior to the work reported in this thesis there were no
relationships or graphs that related tsp0 to the viscosity parameter n. This issue has been
explored in the present work although, as may be seen in Chapter 7 (Figure 7.4), the
relationship is highly nonlinear and varies with the percentage of cement replacement

material.

Viscosity slump (VS1) describes a mix that has ‘good filling-ability even with congested
reinforcement’. It is capable of self-levelling and has a high quality surface finish.
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 be helpful 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 successive lifts. The measured time until flow reach stops (tswop;) only
provides an indication of the vyield 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 mixes were used in this programme of research:

Set 1 (C11, C21, C31 and C41). The proportions of these mixes are shown in Table 3.4. The
binder refers to cement plus ggbs. These four mixes were used for the work on the
hydration model described in chapter 6. The hydration study considered curing times of
2,4,7,14, 28, 210, and 300 days. The powder content is the total weight of materials
with particles sizes not exceeding 0.125 mm; this includes the cement, ggbs, limestone

and a proportion of the fine aggregate.

Table 3.4 Mixes ingredients for SCC and ggbs (50%), (kg/m3)

. Binder FA®

:\:;x b w w/b  SP f;{ b —
" cem ggbs ’ FA* FA**

Cl: 108 108 216 147 0.68 1.10 0.51 187 310 593 930

C2 150 150 300 168 0.56 1.74 0.58 143 237 627 872

C3:1 192 192 384 184 0.48 2.80 0.73 146 242 515 847

c4 232 232 464 185 0.40 4.17 0.90 102 169 633 762

2Limestone powder <125 pm.
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,
in the size range125 um — 2 mm, whereas FA** refers to natural river sand <2 mm).

¢Coarse aggregate <20 mm.

Set 2 (C30A-C80A & C40B-C60B). The twelve mixes used for developing and validating the
mix design procedure (see Chapters 6 and 7) are given in Tables 3.5 and 3.6. 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 3.5 Mix proportions of test SCC mixes, kg/m3, ggbs 40%

. Binder FAP
:\:::x — b w w/b SP (S;{b LP? — CA®
’ cem ggbs ) FA*  FA**

C30A 190 127 317 216 0.68 14 0.44 195 292 481 773

C40A 233 155 388 217 0.56 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 4.6 0.91 118 177 626 803

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

2Limestone powder <125 um.
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,
in the size range125 um — 2 mm, whereas FA** refers to natural river sand <2 mm).

¢Coarse aggregate <20 mm.

Table 3.6 Mix proportions of test SCC mixes, kg/m3, ggbs 60%

Mi Binder sp/b FAP
Ix ———————————————————————————— LPa —————————————————— CAC

ref. b w w/b SP (%)
cem ggbs FA* FA**

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

2Limestone powder <125 um.
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,
in the size range125 pum — 2 mm, whereas FA** refers to natural river sand <2 mm).

¢Coarse aggregate <20 mm.

Set 3 (C1,,C3,,D1,F). The four mixes given in Table 3.7 were used to provide additional
data to integrate the hydration model (Chapter 5) with the mix design procedure
(Chapters 6 and 7). The ggbs replacement level considered in these 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 3.7 Mixes ingredients for SCC and ggbs [ 50% (C12 & C32), 60% (D1) and 80% (F)], kg/m?3

. Binder FA®
'r\:': b w  wh SP s('://)b PP ——————— CAC
" cem ggbs > FA*  FA**
Cl1; 173 173 346 215 0.62 2.1 0.60 147 200 558 800

C3: 226 226 452 190 0.42 4.2 0.94 112 152 632 768

D1 135 203 406 196 0.58 34 1.00 212 288 443 804

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

aLimestone powder <125 um.
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,
in the size range125 pm — 2 mm, whereas FA** refers to natural river sand <2 mm).

¢Coarse 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 at ambient temperature (20°C) for the entire curing period. Each cube was air dried
before testing according to the requirements of BS EN 12390-3:2019 The mean
compressive strength and coefficient of variation was determined for each batch of

cubes.

3.9 Data gathering and processing

The strengths obtained from 100mm cube tests may be related to uniaxial strengths
(associated with cylinder strengths) using the standard dual strength classes of BS EN 206-
1. These standard strength classes measured cube strengths (f.) and the equivalent
cylinder strengths (fc) are given in Table 3.8. These are based on the dual strength classes

given in Table 3.1 of EN1992-1-1.
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Table 3.8 Conversion from national standard specimens to 100 mm czubes (BS EN 206-1:2000,
2013+A1:2016)

fc, N/mm? feu, N/mm? fc, N/mm? feu, N/mm?
Compressive strength Cylinder Cube Cylinder Cube

class (Standard) (Standard) (Equivalent) (Equivalent)
(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 16.7 204
C20/25 20 25 20.8 25.5
C25/30 25 30 25.0 30.6
C30/37 30 37 30.8 37.7
C35/45 35 45 37.5 45.9
C40/50 40 50 41.7 51.0
C45/55 45 55 45.8 56.1
C50/60 50 60 50.0 61.2
C55/67 55 67 55.8 68.4
C60/75 60 75 62.5 76.5
C70/85 70 85 70.8 86.7
C80/95 80 95 79.2 96.9
C90/105 90 105 87.5 107.1
C100/115 100 115 95.8 117.4

3.10 Standards 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 3.9 The main BS EN Standard applied in this study

Description Code
» Testing fresh concrete
BSEN 12 -8:201

Part 8: Self-compacting concrete - Slump-flow test > 350-8:2010

» Testing fresh concrefce BS EN 12350-9:2010
Part 9: Self-compacting concrete — V-funnel test

» Testing fresh concrete_: BS EN 12350-10:2010
Part 10: Self-compacting concrete — L- Box test

> Testing fresh concrete . . BS EN 12350-11:2010
Part 11: Self-compacting concrete — sieve segregation test

» Testing fresh concrett? . BS EN 12350-12:2010
Part 12: Self-compacting concrete — J- ring test

» Cement
Part 1: Composition, specifications and conformity  criteria for BSEN 197-1:2011
common cements

» Concrete

- . BS EN 206-9:2010

Part 9: Additional Rules for Self-compacting Concrete (SCC)

> Concrete . . BS EN 206:2013+A1:2016
Part 1: Specifications, performance production and conformity

» Testing hardened. concrete . BS EN 12390-3:2019
Part 3: Compressive strength of test specimen

» Ground granulated blast furnace slag for use in concrete, mortar
and grout BS EN 15167-1:2006

» Part 1: Definitions, specifications and conformity criteria

» Ground granulated blast furnace slag for use in concrete, mortar
and grout BS EN 15167-2:2006

» Part 2: Definitions, specifications and conformity evaluation

» Ground granulated blast furnace slag for use with Portland BS 6699:1992
cement

> EFNARC
The European Guidelines for Self-Compacting Concrete 2005

Specification, Production and Use

3.11 Concluding remark

In this chapter, a description is given of the materials, test procedures and standards 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 self-compactibility 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 process. Tools to assess the plastic
characteristics of SCC have been divided into three categories (Tattersall, 1991):
qualitative assessment, quantitative empirical assessment and quantitative fundamental
assessment. In the previous chapter, methods for the qualitative and quantitative
assessment of SCC were presented; flow-ability, passing-ability and stability for the
former; and slump flow and J-ring for the latter. In this chapter, methods for describing
and predicting the workability of SCC will be reviewed in 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 subject (Barnes et al., 1993).
Innovative concretes have explicit properties, often gained by using additives, and these
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 obtained directly from
soils (Cristescu, 2010). Workability is a way of describing the performance of concrete in
the plastic state and for SCC it is often characterised using the following properties:
flowing-ability, filling-ability, passing-ability, and stability (segregation resistance) (PCI,
2003).

Cement paste, mortar and concrete should be studied as systems; looking at these
materials as systems represents a step forward, and the term “system properties
(Rheology)” may be used as an alternative to “materials properties” when discussing

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 cement-based materials
at different scales and in all subsequent stages of their lifetime. Rheology in the broad
sense is the science of flow and deformation of matter under stress (Tattersall and Banfill,
1983). Fundamental rheological approaches make it possible to predict fresh properties,
select materials and model processes to achieve the required performance. Knowing the
rheological parameters (yield stress and plastic viscosity) of a fluid provides a quantitative
and fundamental way of characterizing the flowing-ability, filling-ability, passing-ability

and stability of SCC.

4.3 The rheological parameters of SCC

SCC in the plastic state behaves as a viscous non-Newtonian fluid, which can be described
by a bi-linear Bingham-type rheological model (Heirman et al., 2009). This model uses two
parameters, namely the plastic viscosity (n) and the yield stress (z,). Plastic viscosity is
the measure of the 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 viscosity to ensure
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 initiate SCC
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 yield stress 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 vyield stress of a fresh concrete
mix is greater than the stress caused by gravitational forces (termed the ‘gravitational
stress’), the fresh 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 displacement 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 vyield stress, the fresh mix
completely collapses onto the plate, followed by the spreading of the mix over the plate

surface.

A number of investigations have shown that the role of viscosity is more important during
spreading and that the yield stress of SCC mixes is very low (circa 200 Pa) (Dransfield,
2003; Badry et al., 2016) in comparison with normal concretes (thousands of Pa), and

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

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 4.1 Rheological parameters for two types of concrete mix

4.4 Yield stress

Fresh concrete is a non-Newtonian fluid that may be described in terms of ‘Bingham’-type
models (See section 4.6). The yield stress 1, in the Bingham 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 flow curve measurements. Mixtures
with high plastic viscosity are often described as “sticky” or “cohesive”. The plastic
viscosity is closely related to tsp0 and the v-funnel time (the higher the plastic viscosity,

the larger tso0 and the v-funnel time).

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

bleeding, excessive air migration, or paste separation.

4.6 Common rheological models

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 complex non-Newtonian
flow behaviour (Macosko, 1994). Most authors use the Bingham or Herschel-Bulkley
models, which follow expressions 4.1-4.2 and 4.3-4.4 respectively. The Bingham equation
is the most commonly used equation, 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 the flow of real SCC seems to follow this equation fairly
well in most cases (Ferraris, 1999). An overview of different rheological equations that
describe suspension flows can be found in (Macosko, 1994), and those used for

cementitious materials are given in (Ferraris, 1999; Banfill, 2006).
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4.6.1 Bingham plastic model

The basic Bingham model is written as;

T=1T,+NY T> T, (4.1)
¥ =0 T< T, (4.2)

where T, =yield stress, n = plastic viscosity and y = shear rate.

4.6.2 Herschel-Bulkley 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

Herschel-Bulkley model is described by the follow equations;

T= T, +nY" T> T, (4. 3)
¥ =0 t< T, (4. 4)

For n <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 curve-fitting parameter identified as the flow
behaviour index. For a shear thinning fluid, n has a value between 0 and 1. The greater
degree of shear thinning the smaller value of n and vice versa. For a shear thickening

fluid, n will be greater than unity.
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Figure 4.2 shear stress vs shear strain rate predictions with different models

4.6.3 Modified Bingham model

The Modified Bingham model is used when there is a non-linear relationship between t
and applied y, (see equation 4.5). It provides a closer match to the behaviour of many
materials and predicts a lower level of shear-thinning (i.e. n< 2) than the Herschel-Bulkley

model (Feys et al., 2013).

T=19+ 0y +cy? (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 solid-liquid 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 changes in
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 opposite (Domone, 2003).

Domone investigated several SCC mixes and found that different rheometers (see

discussion of types below) give different values for the rheological parameters (see Figure
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4.3). This confirmed the findings of Banfill et al. (2000) who used a set of comparative
tests on SCC mixes using three different instruments. 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, and that there is a need for a universal tool for computing the

plastic parameters (Vasili¢, 2015).
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Figure 4.3 Two different responses for a single SCC mix tested with two rheometers (Feys et al., 2007)

There are various rheometers that can be used for determining the rheological properties
of cementitious materials (Wallevik, 2009). Typically, the torque or force, and rotational
or linear velocity are measured, then transformed to shear stress and shear strain values,
which depend on the geometry of the instrument (Banfill et al., 2000). Four basic types of
rheometer are listed in Table 4.1 along with some comments regarding the advantages

and disadvantages of each type (Khayat et al., 2019).

Coaxial cylinder rheometers (ConTec and 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 fibres (Feys
et al., 2013). Yield stress and viscosity can be estimated by using Reiner-Rivlin equation in

fundamental units.
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Table 4.1 Rheometers type for UHPC (Khayat et al., 2019)

Type Apparatus Advantage Disadvantage

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

(2) Can change temperature
without reloading sample

(3) Easy to load and clean

Concentric Anton Paar (1) For large radii, the shear rate (1) Difficult transformation for
cylinders MCR is nearly constant. wide gap

(2) Ideally suited for pourable (2)Bottom effect

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

Coaxial cylinders ConTec, BML (1) Suited for mortar and (1) Large sample volume

concrete containing coarse (2) Risk of wall slip

aggregate.
(3) Plug flow
Two-point test MH system (1) Suited for mortar and (1) Large sample volume
concrete  containing  coarse (2) Oil pressure needs to be
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 the mix composition. 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 super-plasticizer) can be measured fairly accurately 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, 2011). Feys 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)

W

RS= min(Rp,Ro) = Rp

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

Figure 4.4 Schematic top view of a viscometer; left, illustrates a sample with sufficient yield stress to
generate plug; right, a sample with insufficient yield stress to generate a plug (Feys et al., 2013)

Ghanbari and Karihaloo (Ghanbari and Karihaloo, 2009) therefore proposed a method
(micromechanical procedure) for 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 viscous liquid phase. 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 solid material, 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 two-phase suspension from the
first step. This procedure is continued until all the solid phases forming the mix have been
added to the suspension. The plastic viscosity of the i-th liquid—solid suspension is

estimated from the plastic viscosity of the preceding (i - 1)th phase
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Nei = Nei—1 X f(Py) (4.6)

Here, n.; is the plastic viscosity of the i-th liquid—solid suspension; n.;_1 = plastic viscosity
of the preceding (i — 1)th phase. In the first step i = 1, 1. is the known plastic viscosity of
the paste; and f;(¢;) = a factor larger than unity that predicts the increase in the plastic
viscosity induced by the solid phase with a volume fraction ¢;. Figure 4.5 shows the order

of the successive two-phase suspensions used to compute the plastic viscosity of SCC.

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

Figure 4.5 Two-phase liquid-solid suspensions hierarchy constituting an SCC mix (Ghanbari and Karihaloo,
2009)

Solid liguid

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

Nci = Npaste X f1(@1) X f2(P2) oo X fr(p) (4.7)

where n is the total number of solid phases in the mix. Besides the filler, fine, and coarse
aggregates, air voids can be regarded as an additional phase. Einstein was the first to
develop an expression f;(¢;) for dilute suspensions (second phase volume fraction less
than 10%) containing randomly distributed rigid or hollow spheres with no hydrodynamic

interactions:

filg) =1+ He; (4. 8)
The numerical factor H is equal to 2.5 for rigid spherical particles and equal to 1 for

spherical air bubbles that are packed randomly in a hexagonal arrangement. Subsequent
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investigations have proved that the numerical factor 2.5 is quite accurate even for rigid

ellipsoidal particles with an aspect ratio less than 3 (Struble and Sun, 1995).

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

done by Krieger and Dougherty (Krieger, 1959) who proposed the formula 4.9

foo =@ =77 von (4.9)

The particle size distribution significantly affects ¢,,. Its value is 0.74 for hexagonal close
packing, 0.63 for random hexagonal packing, and 0.524 for cubic packing (Krieger and
Dougherty, 1959). Furthermore, the numerical factor  and ¢,, 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 decrease in ¢ leads to an
increase in ¢,,, but the product of the both changes remains nearly constant and on
average equal to 1.9 (de Kruif et al., 1985). The volume fractions of the filler, fine, and
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, the volume fraction of the trapped air bubbles is low (around 2%) such that Eq.
4.8 can be used with the numerical factor H equal 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:

bFiller \-1.9 PFine Agg. \—1.9 Pcoarse Agg. \-1.9
L= x (1 — I%(1-— _ Ix (1 - ——=222 . 4.10
Nmix = Mpaste ( ¢m,,~i”er) ( dmFine Agg_) ( Pmcoarse Agg. ( )

It should be noted that the packing density (i.e. the maximum volume fraction, ¢,,)
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 approximated by hexagonal close
packing with ¢,,=0.74. However, when the last solid phase is added to the suspension,

the packing is loose and it is appropriate to assume cubic packing with ¢,,= 0.524.
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where ¢m_filler= 0.74, dmrFine Agg. — 0.63, and ¢mC0arseAgg. = 0.524

In this study, an important amendment has been made to Abo Dhaheer et al.'s (2016b)
parameter values. The maximum possible volume fraction parameters (¢,, ....) have been
changed to allow for the effects of having higher proportions of ggbs and limestone
powder (LP) in the mix. This ensures that the maximum packing volume criterion is not
violated (see expression 4.11 and Table 4.2). The revised packing values are ¢,,= 0.74 for
the filler (the value for hexagonal close packing) and ¢,,=0.524 (cubic packing) for the

coarse aggregate.

. . Nparticle*Vparticl
Maximum possible volume = —2&dde particle (4.11)

Vunit cell

where Npariice is the number of the particles in the unit cell, Vparticie is the volume of each
particle, and Vunit cenr is the total volume of available space. The proposed values also
contrast with those used by Deeb and Karihaloo (2013) who used ¢,,,= 0.63 in all three

phases.

Table 4.2 Maximum possible volume fraction

Previous study (Abo
on Dhaheer,ZO\:{éb) Current study
Do silter 0.524 0.74
PmFine Agg. 0.63 0.63
Pmcoarse Agg. 0.74 0.524

Regarding the rheological properties of cement paste; it is known (Nehdi and Rahman,
2004; Dinakar et al.,, 2013b; Abo Dhaheer et al.,, 2016b) that the replacement of 25%
cement (c) by ggbs has little or no effect on the paste viscosity (1,4ste ). However, this is
no longer true when 80% of cement is replaced by ggbs (Wang et al., 2002; Park et al.,
2005; Hwang et al., 2009; Grzeszczyk and Janowska-Renkas, 2012; Tiwari et al., 2015), as
illustrated by the data shown in Table 4.3
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Table 4.3 Plastic viscosity for cement paste for different replacement fractions of cement by ggbs

Plastic viscosity of cement paste, n (Pa s)

Source w/b 2gbs SP%
30% 40% 50% 60% 70% 80%
(Tiwari et al., 2015) 0.45 0.16 0
;Ge';zlf:zc%';;;'d Janowska- 0.45 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 0.12 0
(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. However, by
employing the above data and interpolating missing values, it is possible to see some
trends in the plastic viscosity data for cement paste, as shown in Table 4.4. From the
tabulated data it is clear that the paste viscosity decreases with increasing 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.

The method used to predict the values in Table 4.4 from Table 4.3 is now explained. The
values in Table 4.3 proved insufficient to directly fit a two-variable function (w/b and
ggbs) to the experimental data using regression methods. Rather, the following

procedure used was;

1) Using the available values from Table 4.3, bounds were placed on the plastic
viscosity values (given in brackets below) for each w/b ratio.
e (0.38-0.17) for w/b=0.3
e (0.28-0.14)for w/b=0.4
e (0.16-0.03) for w/b=0.5
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2)

3)

4)

5)

e (0.08-0.01) for w/b=0.6

e (0.04-0.005) for w/b=0.7
By inspection, approximate trends in ggbs and w/b were established and the most
promising values selected for each w/b ggbs combination. In doing this, the
differences between the values in each row (w/b ratio) were considered, and
these are the values shown small font in Table 4.4.
Once the overall trends had been established, a fourth order function was fitted to
the data for each ggbs level, as shown in Figure 4.6.
Steps 2 and 3 were then iterated until the coefficient of correlation between the
available data and the 4™ order functions was a close as possible to one.

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

Table 4.4 Predicted paste plastic viscosity Pa s

n(Pas)
w/b ggbs%
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 0.04 0.04 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 0.025 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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Figure 4.6 Plastic viscosity for cement paste of ggbs 0-80%

In the Figure 4.6 it can be seen that the trend in the plastic viscosity (w.r.t. f., for different
ggbs levels) for cement paste with 25% ggbs 25 is not the same shape as in the higher
range (i.e ggbs 30-80%). The reason of this because the viscosity does not change
significantly with the ggbs level in the range 0-25%, as identified by Abo Dhaheer (2016b)
and Nehdi and Rahman (2004).
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4.9 Plastic viscosity of the cement paste

The experimental procedure for testing plastic viscosity of cement paste was described in
(chapter 3 sec. 3.5.1). These tests used a non-Newtonian based viscometer and a
summary of the pastes tested are given in Table 3.10. The results of the paste viscosity

tests containing superplasticiser are presented in Table 4.5 and Figure 4.7.

Table 4.5 Viscosity test results on CEM Il A-L 32.5R with superplasticiser SP

Rotor Speed

Class  mix ggbs% CEM 1% w/b No. (rom) n(Pas) SP/b%
V1 20 80 0.3 2 60 0278  0.35
GrZ“p V2 50 50 0.3 2 60 0112  0.35
V3 80 20 0.3 2 60 0181  0.35
V4 20 80 0.5 2 60 0248 0.1
Grg“p V5 50 50 0.5 2 60 0.091 0.1
V6 80 20 0.5 2 60 0144 0.1
V7 20 80 0.7 2 60 0.205 0
Grg“p V8 50 50 0.7 2 60 0.061 0
V9 80 20 0.7 2 60 0.120 0

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

without using superplasticiser as listed in Table 4.6.
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Table 4.6 Viscosity test results on CEM Il A-L 32.5R without superplasticiser SP

Rotor

Class mix ggbs% cem% w/b No. Speed n(Pas)
V1 20 80 0.3 2 15 10.023
GrOA“p V2 50 50 0.3 2 15 9.535
V3 80 20 0.3 2 15 8.640
V4 20 80 0.5 2 3 8.221
Grg“p V5 50 50 0.5 2 3 7.309
V6 80 20 0.5 2 3 7.047
V7 20 80 0.7 2 60 0.181
Grcc’“p V8 50 50 0.7 2 60 0.144
V9 80 20 0.7 2 60 0.120

Figure 4.7 shows the experimental results from the viscometer tests and Figure 4.8 gives
the predicted values using the values in Table 4.4. It is evident from these figures that the
experimental results for the cement paste plastic viscosity for ggbs 80% are noticeably
different from the predicted values. The probable reason of this is that the viscometer
gives inaccurate readings for fluids with high yield stresses; this phenomenon was also
reported by Wang (2002). Furthermore, there may be variation in the results from 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 4.7 Plastic viscosity results of cement paste for current study, ggbs 20%, 50% and 80%
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Figure 4.8 Predicted plastic viscosity of cement paste for ggbs 20%, 50% and 80%

4.10 Conclusions

The primary objective of this chapter was to present the micromechanical procedure (sec.
4.8) used in this work for calculating the plastic viscosity of SCC. The model is needed
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 non-Newtonian fluid.

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

described and verified in chapters 6 and 7 of this thesis.

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

viscosities in the range required for the SCC mix designs.
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Previous work has not quantified the influence of ggbs percentage and w/b ratio on the
plastic viscosity 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 in-situ performance of structures (Schindler 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 water-binder ratio of
the mix (Schindler and Folliard, 2005). Cement components 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 heat released at a particular time after
casting -relative to the total heat potential- provides 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 time-dependent concrete strength.
The model builds on the work of Schindler and Folliard (2005) and DeSchutter and Taerwe
(1996). The first of these two models defines the degree of hydration in terms of the
relative heat release 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 experiments was undertaken. 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, C40, and C50, with the mixes being

denoted C1; to C44 respectively (see Table 3.4).

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 experiments undertaken to calibrate and
subsequently validate the hydration, strength development and strength prediction

models;

section 5.4 presents new formulae for predicting the 28-day and ultimate compressive

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

section 5.6 presents a validation of the time-dependent compressive strength calculation

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

section 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 time-dependent 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 time ¢ (H(?) ) relative to the total heat released by the reaction (H7).
Many mathematical formulations to predict the degree of hydration have been proposed
in the past (Knudsen, 1982; Freiesleben and Pedersen, 1985; Jonasson, 1988) and 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 5.1 Comparing different hydration-maturity functions

Schindler (2002) (see also Schindler and Folliard, 2005) suggested a modification to
Freiesleben and Pedersen's (1985) hydration function and introduced the ultimate degree

of hydration parameter (au). The resulting relationship is given in equation 5.1.

B
a(t,) = Hg:) = a,exp [— [i]] (5.1)

a(te) = the degree of hydration at equivalent age,
te= the effective time(hours),

T = hydration time parameter (hours),

F = hydration shape parameter,

au= ultimate degree of hydration.

An expression for the total heat of hydration (A7) is given in Section 5.9.

The effect of changing the hydration parameters (7, £, and au) on the rate and ultimate

degree of hydration is shown in Figure 5.2.

96



Chapter 5 Hydration & strength development procedure

08

=
=

Increasing p

Increasing

-
=

Increasing ©

=
=
groe of Hydration

Dogros of Hydratlon
Dogres of Hydration

=
ra

=

1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000

Real Time Concrete Age (hours) Real Time Concrete Age (hours) Real Time Concrete Age (hours)

Figure 5.2 The effects of changing the hydration parameters ( z, £ and au) on the degree of hydration
development.

Equation 5.1 includes the parameter (au) to characterize the ultimate extent of the
hydration reaction. The effect of the water-binder ratio on the degree of hydration and

heat evolution can be seen in Figure 5.3.

Measure of Degree of Hydration
n
°
3

1 1 1 1 1 1 1 Eoanad
2 s 0 20 50 100 200 SO0 1000 2000 5000 10,000
CURING PERIOD (HR)

Figure 5.3 Ratio of chemically bound water per gram of cement versus log curing age (Taplin, 1959)

After investigating the hydration of a range of different cementitious materials, Mills
(1966) stated that, “In most, if not all, cement pastes, hydration stops before the cement
is totally consumed.” The explanation of why the maximum degree of hydration is less
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 hydration, the hydration
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 water-binder) ratio, the less water per
unit volume, and the lower the ultimate degree of hydration. This requirement can be

quantified as follows (Hansen, 1986):

= we

a, = <
U 036

(5.2)

(ii) 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 cements, Hansen (1986) recommended the following formula for «,,:

= wie
w =g, 1 (5.3)

In order to measure the influence of the factors discussed above, Mills (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 various physical limitations determined by
Powers (1958), to derive the following expression for the ultimate degree of hydration for

saturated concrete:

___ 0262wjc
U ) max 01944 w/0) (5.4)

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

»  Cement: (Wn/Cmax = 0.253, Powers and Brownyard (1946) also suggested a value
of 0.253
= Cement with 50% Ggbs: (Wn/C)maex = 0.261

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

chemical bound (non-evaporable) water. It can be quantified as the amount of water

98



Chapter 5 Hydration & strength development procedure

emitted from a dried (105°C) specimen when it is subjected to ignition, which occurs at
about 1050°C (Byfors and Betong, 1980). If the recommended ( Wn/)max of 0.253 is used,
Equation 5.4 can be simplified to equation 5.5, which is recommended for use by Van
Breugel (1997) and Cervera (1999). When 50% ggbs is used, Equation 5.6 presents the
form recommended by Mills. The effect of varying the water-cement ratio on the ultimate
degree of hydration as determined by equations 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 these three relationships.

For Cement:

_ 1.031-w/c
% 0.194+w/c (5.5)

For Cement and 50% ggbs

_ w/c
Xu = 5104 +w/c (5.6)

——Cement Only - Mills (1966)

06 ¢ -+~ Cement + 50% Slag - Mills (1966)
——Hansen (1986)

05 S S —

0.30 0.40 0.50 0.60 0.70
w/cm ratio

Ultimate Degree of Hydration ()

Figure 5.4 Comparing the effect of water-binder ratio on the ultimate degree of hydration predicted by
equations 5.3, 5.5 and 5.6

Schindler and Folliard (2005) developed a relationship for au based on the above work
and the results of 352 of their own experiments. The latter included mixes with CEM |

cement and two types of fly ash (class C and F) as a CRM in the range 15% to 45%, and
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mixes of CEM | cement and (30% and 50%) ggbs as a CRM . Accordingly, they proposed
Equation 5.7 for a,, for a concrete that contains any percentage of slag (ggbs) and fly ash

(FA).

_ 1.031w/c

u — 0.194—+W/L' + 0 50pFA + 0 30pSLAG S 1 (5. 7)

where prrepresents the proportion of the cement formed of component n.

The two other parameters in Schindler and Folliard’s hydration model (equation. 5.1) are
Tand . These depend on the fineness of the cement and its composition, including the

amount of ggbs and FA, as follows;

T=066.78. pC3A_0.154' pc3s_0'401. Blaine_0'804p503 _0'758. exp(Z. 187pSLAG + 9. 50pFA' pFA—CaO)
(5.8)

B =181.4. pC3A0'146. Pc 50'227. Blaine_0‘535p503 0'558. eXp(—O. 647pSLAG)

(5.9)

3

where Blaine = Blaine value, specific surface area of cement (cm?/g)

Changing the cement type will affect the C3A, C3S, SOs and Blaine values in the above
equations. The cement component proportions for standard type Portland cement of

CEM 1 42.4N and CEM Il A-L 32.5R are given in Table 5.1 (Mrema, 2010).

Table 5.1 Fraction by weight of total cement content for CEM 1 42.5N and CEM Il A-L 32.5R (Mrema,

2010).
Chemical iti :
Cement emical composition Blalne
type
L Css S CA  CAF FreeCaO SOs  Mgo  cmM/8
ACEMI 0529 0218 0075 0085 0666 0027 0012 367
BCEMII 0531 0205 0084 0082 0663 0026 0010 378
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Table 5.2 and Figure 5.5 show the variation of the parameters 7 and £ with the
percentage of ggbs for CEM Il cement. It is evident that the characteristic time (7) grows

with the proportion of ggbs while the hydration shape parameter () decreases.

Table 5.2 Estimation of r and 8 by using Egs. (5.8 & 5.9)

Cement type GA CsS Blaine SO; t(hrs) B
CEM I 0.084 0.531 378 0.026 17.071 0.578
CEM Il + 20% GGBS 0.084 0.531 378 0.026 26.44 0.508
CEM Il + 30% GGBS 0.084 0.531 378 0.026 32.90 0.476
CEM Il + 40% GGBS 0.084 0.531 378 0.026 40.94 0.446
CEM Il + 50% GGBS 0.084 0.531 378 0.026 50.95 0.418
CEM Il + 60% GGBS 0.084 0.531 378 0.026 63.41 0.392
CEM Il + 70% GGBS 0.084 0.531 378 0.026 78.91 0.368
CEM Il + 80% GGBS 0.084 0.531 378 0.026 98.20 0.345
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Figure 5.5 Variation of parameters t and 8 with ggbs replacement level

The degree of hydration computed using equation 1 is now used to evaluate the time-
dependent compressive strength. Using a model proposed by De Schutter and Taerwe

(1996), the compressive strength is given by;

fela) _ (a—“o)a (5.10)

fe(a=1) B 1-a,

where ayand a are parameters that depend on the concrete composition and w/b ratio.

The original form suggests that the ultimate degree of hydration is unity (i.e. au=1),
whereas (as discussed above) this is not normally the case and the limit for « is au
equation 5.7. To allow for this, equation 5.11 will be used in place of 5.10. Also, the
uniaxial compressive strength (fc) has been replaced with the compressive cube strength

(fcu) used in the present study.
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fcu(ate) = fcu_ult ) (M)a (5.11)

ay—0ao

where:

a. = the degree of hydration at time £, equation 5.1.
a,,= the ultimate degree of hydration equation 5.7.
feu (@)= compressive strength at degree of hydration a.

feu uit= compressive strength at the ultimate degree of hydration.

5.3 Experimental investigation 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 28-day compressive strengths. Details of the materials 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 5.6. It is noted that all of these mixes had a ggbs replacement level of 50%.
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Figure 5.6 Compressive strength results for mixes set 1 (C1_1 to C4_1), ggbs 50% in times 2, 4, 7, 14, 28,
210 and 300 days

5.4 Predicting the ultimate and 28-day 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 at the ultimate degree
of hydration. These two values (i.e. fe2s and fo 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 which feu2s is computed from a predicted fey 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.
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5.4.1 Compressive strength at 28 days hydration

The compressive cube strength (/) of a concrete mix is primarily determined by the ratio

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

Abo Dhaheer et al. (2016b) proposed the following equation for predicting the 28-day
compressive cube strength (in MPa) from the w/b ratio for mixes containing 25% ggbs for

concrete grades C30 to C80;

fou = — (5.12)
12.65(3)

Noting that from this point forward £ denotes the 28-day compressive cube strength

unless noted otherwise.

Abo Dhaheer et al. (2016b) determined this equation using regression analysis from a

large amount of published data, as illustrated in Figure 5.7:

105



Chapter 5 Hydration & strength development procedure

120 @ Deeb and Karihaloo (2013)
Beygi et al. (2013a)
Dinakar et al. (2013a)
Panesar and Shindman (2011)

X Felekoglu et al. (2007)

+ Rozie're et al. (2007)

X Nikbin et al. (2014a)
Boukendakdiji et al. (2012)

M Persson (2001)

Dinakar et al. (2013b)

# Leemann and Hoffmann (2005)

M Parra et al. (2011)

B Beygi et al. (2013b)
Nuruddin et al. (2014)

Zhu and Gibbs (2005)

A Carpinteri and Brighenti (2010)

M Rabehi et al. (2013)

® Beygi et al. (2014a)

@® Dinakar et al. (2008)

@ Collepardi et al. (2007)

— Nikbin et al. (2014b)

@ Khaloo et al. (2014)

Bui et al. (2002)

+ Domone (2007)

A Ferrara et al. (2007)

A Cardiff test 1
Cardiff test 2

= Cardiff test 3

X Cardiff test 4

X Cardiff test 5
Cardiff test 6
Cardiff test 7

< Cardiff test 8

20 I ! A Cardiff test 9

0.2 0.4 0.6 0.8

110

100

90

80

70

for MPa

60

50

40

30

w/cm

Figure 5.7 Relationship between compressive strength and water to binder ratio for 0-25% 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 replacements levels up to 80%.
This issue has been explored by a number of investigators (Bharatkumar et al., 2001;
Khatib and Hibbert, 2005; Duran Atis and Bilim, 2007; Oner and Akyuz, 2007; Chidiac and
Panesar, 2008; Shi et al., 2009; Elahi et al., 2010; Topcu and Boga, 2010; Becknell and
Hale, 2011; Glineyisi and Gesoglu, 2011; Kou et al., 2011; Leung and Wong, 2011; Megat
Johari et al., 2011; Li et al., 2012; Deeb and Karihaloo, 2013; Elchalakani et al., 2014), the
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data have been presented in appendix B. In order to develop a compressive strength
prediction formula that covered the full range of ggbs replacement (0-80%), data from
these articles were extracted (see Figures 5.10-5.15 and Appendix B for the raw data)
(section 5.3). Where the data were given in terms of £:, the values were converted to
equivalent f., values using the (BS EN 206, 2013) equivalence relationships 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. Furthermore, 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 strength. Collating the data and accounting for these

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

feur = X1 (2 — ggbs%) - 103725 (5. 13)

where fu1 is the 28-day cube strength predicted using equation 5.13, and x; and y_, are
factors depending on cement type and mix materials. For the materials used in this study,
x2=1, and x»=1, these factors have no units and were included in the function to

accommodate future cements and mixes.

The method used to determine equation 5.13 is explained below.
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gebs 0-20% gebs 30% gebs 40% gebs 50%
——— ggbs 60% gebs 70% ——— ggbs 80% ——ggbs 80%
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=
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Figure 5.8 Relationship between w/b, gghs%, and f.u

A comparison between the f., 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 gathered from the previously mentioned
references and equations 5.13 are given in Figures 5.10 & 5.11. This covers concretes with
ggbs replacement levels of 30 to 80%. These graphs show the increasing inaccuracy of
Abo Dhaheer et al.’s expression as the percentage 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 account. The steps used to develop equation 5.13 are given below

in5.4.2.
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GGBS 25%

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

Ceofficient of correlation =99
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Figure 5.9 Relationship between compressive strength and water to binder ratio for 0.25 ggbs

5.4.2

1)

2)

3)

4)

Steps used to develop a general formula for predicting the 28-day compressive

strength.

Existing data (see Appendix B) were collected, as shown in Figure 5.10 and Table
5.3. These data are given in terms of f., vs w/b for a range a ggbs percentages.
New data was then gathered (i.e. mix sets A-ggbs40% and B-ggbs60%), as shown
in Table 5.4.

A combined data set was then produced and missing values interpolated /
extrapolated where necessary. The combined data set is shown in Table 5.5.
Whilst an attempt was made to use mathematical interpolation to fill in the
missing values, a degree of judgement was applied in producing Table 5.5.
Regression was then applied to the fo, vs w/b data for each ggbs percentage
shown in Table 5.5, with the ‘best fit’ being judged from the R? correlation

coefficient.
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5)

6)

A range of function forms were explored to determine a single function that could
reproduce the experimentally observed trends for the full range of data (Table
5.5). This started with the form of best fit lines, but it was found that these varied
considerably with ggbs level. Then other equations types were tried until the form
shown in equation 5.13 was arrived at. This was a trial and error process that used
the author’s knowledge of various function types and how they behaved.

Finally, the coefficients of correlation between equation 5.13 and the data shown
in Table 5.5 were determined (using EXCEL) for each ggbs level, and the
coefficients of the equation altered until the best fit to the full data set was
obtained. A comparison between equation 5.13 and the full data set, along with

the R? values, are shown in Figure 5.11.
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Figure 5.10 Correlation between w/b ratio and compressive strength from gathered data for ggbs (30%-

80%)
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Table 5.3 f.. (MPa) vs w/b for ggbs 30%-80% using data from 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 5.4 Experimental results: fo, (MPa) vs w/b for ggbs 40% and 60%

Ggbs feu 43 50 61 71 78
40%

w/b 0.68 0.56 0.48 0.40 0.34 0.29
Ggbs feu 48 52 57
60%

w/b 0.5 0.45 0.4

Table 5.5 Combined fcu vs w/b data for ggbs 30%-80% including interpolated values

Compressive strength Grade, MPa

gghbs %
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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Figure 5.11 Correlation between w/b ratio and compressive strength from single equation 5.13 for ggbs

(30%-80%)

5.4.3 Compressive strength at ultimate hydration

The same basic form of equation can 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 on fe ui is much less than on the 28 day strength, and fey_uri is greater than fe

at 28 days. Allowing for these two factors, gave the following expression for fey ui:

feut uie = X3(2 — 0.2ggbs%) - 10.4%7%4%) (5. 14)

The values for the material factors y3 and ys used in this study are given in Table 5.8.

Equation 5.10 can be used to determine the ultimate strength from the 28 strength and
vice versa; however, it was felt beneficial to have a separate equation for the ultimate
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 different coefficients

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

It is interesting to plot feuz uie from equation 5.14 against the w/b ratio for different ggbs
percentages (See Figure 5.12). This 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 5.12 Correlation between ultimate compressive strength (equation 5.13) fcuz.ut, and w/b ratio for
the entire ggbs range
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5.5 Computing the time-dependent compressive strength

The application of equations 5.1, 5.7, 5.11 and 5.14 to the calculation of the compressive
strength at a given time is explained in Figure 5.13. The parameters ap and a are
obtained from De Shutter and Taerwe (1996) and take the values o, = 0.25 and a=0.6.
The parameters 7 and £ are obtain from equations 5.8 and 5.9 respectively, using the

chemical composition data in Table 5.1 for the relevant cement type.

eCalculate the ultimate Degree of Hydration ay,
Ste p one from Equation. 5.7

eCalculate the degree of hydration a(t,) at
equivalent age, t, from Equation. 5.1, tand B
from Equations. 5.8 and 5.9.

eCalculate f;,,(a) by substituting a(t,) from
Equation.5.1 with o from Equation.5.11

Figure 5.13 Flow chart for compressive strength estimation procedure

5.6 Validation of the time-dependent compressive strength calculation

procedure

The accuracy of the combined hydration-strength development model is now assessed by
comparing the predicted compressive strengths at different times with those measured in
the tests described in the section 5.3. The au values computed from equation 5.7 are

given in Table 5.6.
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Table 5.6 Calculated au values for the set 1 mixes, ggbs 50%

Designation w/c a,
Cl: 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 5.14 to 5.17 for mixes C1; to C41 respectively. In addition, the specific calculated
values and coefficients are given in Table 5.7 for mix C31. The full results for the other

mixes are presented in Appendix C.

As may be seen from Figures 5.14 to 5.17, the combined hydration strength-development
model is able to predict the characteristics of the strength development curve with good
accuracy with.

—e—fcu Experimental fcu Estimated
25
20
g 15 Coefficient of correlation = 0.9
=
«S 10
5
0
0 50 100 150 200 250 300 350
Time (day)

Figure 5.14 Calculated compressive strength C1: including f..(300) days
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—o—fcu Estimated

—a—fcu Experimental

Coefficient of correlation = 0.9
0 50 100 150 200 250 300 350
Time(days)
Figure 5.15 Calculated compressive strength C2: including f..(300) days
—+—fcu Experimental —e—fcu Estimated
Coefficient of correlation = 0.92
0 50 100 150 200 250 300 350
Time(days)

Figure 5.16 Calculated compressive strength C3: including f.x (300) days
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Figure 5.17 Calculated compressive strength C4: including f.., (300) days

In the graph 5.17 it can be seen there is inadequate matching between the experimental
results and the calculated values for mix C4; for low w/b ratios. Further research and

more experimental data would be required to improve the accuracy of the prediction in

this range.
Table 5.7 Estimated a(te) for Mix C33,
O T B te(days)  te(hrs) o(te) Jalt) fal@)
Experimental  Calculated

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 30.4 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 time (t) since the concrete cubes remained very close to

the laboratory ambient temperature of 20°C

The time dependent compressive strength calculation is now extended to the full range of
ggbs proportions considered in this study (i.e. cement replacement levels of 20% to 80%).
The C30 mix has been selected to illustrate the computation. Table 5.8 gives the
hydration parameters, as well as the computed 28 day and ultimate compressive
strengths. Table 5.9 presents the computed strength results at different curing times.

Computed results relating to the other mixes are given in Appendix D.

Table 5.8 Calculated f.. at 28 days from the ultimate strength for design mix C30

ggbs% o T B t{days)  tohrs) a(te) feut_ule fen

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 40.3 314
50% 0.95 50.95 0.42 28 672 0.678 41.8 31.1
60% 0.97 63.41 0.39 28 672 0.653 45.4 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 52.4 33.1
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Table 5.9 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% 253 31.6 34.6 35.8 36.6
40% 245 31.4 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% 224 315 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 observed by Oner and Akyuz (2007)

and Megat Johari et al. (2011) but the difference has not previously been quantified for a

full range of strengths and ggbs replacement percentages. This post 28-day strength

development value could be used to determine the self-healing potential of a concrete

mix (see section 5.8).

5.7 Assessing the consistency of the strength predictions

As discussed in section 5.4, fzy at 28 days can be calculated in two ways i.e. from equation

5.13 and from equation 5.15

feuz—28 = (—

Where. fcy1 wie (equation 5.14)

a
) . fculfult

(5. 15)
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a,g is the degree of hydration at 28 days

A comparison between the values predicted using these two approaches is shown in
Figure 5.18. 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 they a larger for

the lowest w/b (5% and 7%), with all other w/b ratios having differences of 3% or less.
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60 [— [ - [ Loy R
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w/b
Figure 5.18 Predicted compressive strength at 28 days from equations 5.13 and 5.15

Alternatively, feuz from equation 5.13 and the degree of hydration at 28 days can be used

to predict the final strength, as follows;

azg_a,\ "%
fcuZ—ult = (M) -fcu1_28 (5. 16)

Ay =0y
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For completeness, a comparison between the two predictions for fc, uir is shown in Figure
5.19. As may be expected, the values predicted using equations 5.14 and 5.16 are close to

one another.

The full set of Tables for both fcy ur and foy 25 for equations 5.13, 5.14, 5.15 and 5.16 is

listed in Appendix E.

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 3% %] 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 5.19 Predicted ultimate compressive strength from equations 5.14 and 5.16

A comparison between predicted strength using equation 5.16 and the experimental data

is presented in Figure 5.20 for specimens with an age of 300 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 5.20 Comparison between experimental results and equation 5.16 for mixes C1:-C41 at 300 days

It may be seen in Figure 5.20 that there is a slight deviation between the experimental
data and the calculated values in the lower w/b range. It is likely that, in this range, there
is insufficient space for the hydration products. As soon as the space is restricted in this
way, the trend in the w/b vs strength data is likely to change. This is not fully reflected in

the predictive formula.

The values of %3 and y4 for the mixes considered in this study are given in Tables 5.8 and
5.9, and strength predictions obtained using these values in equation 5.14, along with

equation 5.16, are given in Figures 5.21-5.23.
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Table 5.10 calculation details to find the factors x3 and xa

Mix type fou, target ggbs%

30 50%

30 50%
Set 1

40 50%

50 50%

30 50%

50 50%
Set 3

30 60%

30 80%

Table 5.11 Further details for the calculation of factors x3 and xa

feu _tef feur _ult feuz_tef feur _28

xs Xa w/b feu 28 exp exp calc calc calc
1.3 1.5 0.68 16.6 21.7 23.6 22.6 18.6
1.3 1.5 0.56 24.0 31.3 36.0 344 28.2
1.3 1.5 0.48 35.6 47.5 47.6 45.4 37.2
1.3 1.5 0.4 54.1 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 41.1
0.8 0.75 0.50 35.50 39.6 62.3 53.0 40.5
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Figure 5.21 Compressive strength after applying x3=1.3 and x4=1.5 for mix set 1 for ter=300
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Figure 5.22 Compressive strength after applying x3=0.8 and x4=0.75 for mix set 3 for ter=150
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Figure 5.23 Compressive strength after applying x3=0.8 and x4=0.75 mix set 3 for ter=150

5.8 Post 28 day compressive 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 strength gain after 28 days also varies with the
ggbs level. To quantify this, a strength gain factor (R) is introduced, as follows;

R = feuutt—feu 28 (5.17)

feu_ 28

Using the hydration model, R has been computed for a range of strengths and ggbs
replacement levels. The results are given in Figure 5.24. These data illustrate that mixes

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

Also, the greater R, the greater the associated self-healing 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 strength (fey_uit) with a check 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 5.24 Compressive strength gain R for C30-80 concretes with a ggbs range of 20-80%

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 the hydration process. To evaluate the quantity of heat released at a
given time ({), a prediction of the total heat of hydration (H7) is required. This can be

calculated using Equation 5.18 (Schindler and Folliard, 2005).

Hiotar = Heem -Peem + 4‘61-pslag (5.18)

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

Pslag = slag weight ratio in terms of total cementitious content,

H em = 500pc,s + 260pc,s + 866pc, 4 + 420pcaar + 624pso, + 1186ppree c,0 +850py 0

Using equation 5.1, the data from Tables 5.1, 5.2 and 5.5 for a C30 target mix, the heat of
hydration released at different times for mixes with only 50% ggbs Figure 5.25 and
different ggbs percentages are shown in Figures 5.26 and 5.27. Values for the full

strength range (30, 40, 50, 60, 70, and 80) are given in Appendix F.

The time dependent heat of hydration was estimated by calculating the degree of
hydration from equation 5.1 and then multiplying it by the total heat of hydration from
equation 5.18, as shown below in equation 5.19. The estimated heat is based on the

semi-adiabatic test data of Schindler (2002).

H(t,) = Hypq X a(t,) (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 given by Paine et

al. 2005.
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Figure 5.25 Predicted heat of hydration (semi-adiabatic) vs ggbs 50% at various times for C30
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Figure 5.26 Predicted cumulative heat of hydration (semi-adiabatic) vs ggbs percent at various times for
Cc30
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Figure 5.27 Predicted cumulative heat of hydration (semi-adiabatic) for various times for C30 MPa

5.10 Conclusions

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 useful for validating hydration and strength development models

for SCC.

The extended hydration and strength development models of Schlinder and Folliard
(2005) and De Schutter and Taerwe (1996)) provide an effective method for predicting
the time dependent compressive strength of SCC 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 of self-healing

potential, which can be built into a new mix design procedure.

130



Chapter 5 Hydration & strength development procedure

A prediction of the time-dependent 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 Chapter 6.
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6.1 Introduction

The required performance of self-compacting 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, and -at the same time-
achieve the required hardened properties (Domone and Jin, 1999; Edamatsu et al., 1999;
Hiromi Fujiwara, 1999; Khayat et al., 1999a; Okamura and Ouchi, 1999; Domone, 2000;
Alami et al., 2016; Cepuiritis et al., 2016; Ferraris et al., 2016). The early mix proportioning
method proposed by Okamura et al.(Okamura and Ouchi, 1999; Domone, 2000; Okamura
and Ouchi, 2003), and later developed by others (Ouchi et al., 1998), 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 procedures (Orjan Petersson, 1999;
Saak et al., 2001b; Roussel, 2006; Chidiac and Mahmoodzadeh, 2009; Li and Kwan, 2011;
Li and Kwan, 2013; Figueiras et al., 2014). These methods are also discussed in Shi 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 guidelines (EFNARC, 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, still require 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 by Abo 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 (2013). 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 6.1 Typical range of SCC mix compositions according to (EFNARC, 2005)

Typical range by mass Typical range by volume
Constituent
(kg/m?) (I/m?)
Powder (cementitious
380 - 600
materials + filler)
water 150-210 150-210
Coarse aggregate 750 -1000 270-360

Typically 48 — 55% of
Fine aggregate
total aggregate mass.

Water to powder ratio by Vol 0.85-1.10

In this study, the rational mix design method proposed in Abo Dhaheer et al. (2016a,b) 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 target characteristic 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 Figure 6.1 (Park
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 achieved is highly sensitive to the level of this cement
replacement material. As in Abo Dhaheer et 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 range of 30—80 MPa. The lower
limit of target plastic viscosity 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 have been

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 6.1 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 Table 6.2 and Figure 6.2. In Figure 6.2, x-time refers the age

of the concrete for which the compressive strength is designed.
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Table 6.2 Limitation of design criteria

Parameters/Criteria

Limits

Commentary

Viscosity class

Class 1 tsoo < 2 Sec.

Class 2 tso0 > 2 Sec.

VS1 has good filling-ability even with
congested reinforcement.

VS2 has no upper-class limit but with
increasing flow time it is more likely
to exhibit thixotropic effects, which
may be helpful in limiting the
formwork pressure or improving
segregation resistance.

Yield stress

Measuring tstop

the longer tsop the higher ggbs level

Spreading diameter

70050 mm

For assessment of material after
spreading must visually show no
segregation in this limit to pass the
test.

Heat of hydration

Between 87 and 173 J/g for ggbs
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 application
structure unloaded.

Compressive strength at 28 days

Varied
strength

time compressive

30 to 80 MPa

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 Figure 5.24

Design criterion

Fresh state

Heat of hydration tsoo

Hardened state

I'stop

fe(x-time)

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

Figure 6.2 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;

Priller )_1.9 % (1 _ PFine Agg )_1,9 x (1 _ PcCoarse Agg ~—1.9 (6 1)

Nmix = Npaste X (1 - - -
Pm_Filler ¢m,FlneAgg ¢m,CoarseAgg

where ¢, Finer=0.74, d)m_FineAgg= 0.63, and ¢m_CoarseAgg= 0.524

It is known (Nehdi and Rahman, 2004; Dinakar et al., 2013; Abo Dhaheer et al., 2016b)
that the replacement of 25% cement (c) by ggbs has little or no effect on the paste
viscosity (1paste ). However, this is not the case when up to 80% of cement is replaced by
ggbs, as shown by a number of investigators (Wang et al., 2002; Park et al., 2005; Hwang
et al., 2009; Grzeszczyk and Janowska-Renkas, 2012; Tiwari et al.,, 2015). The strong
dependency of the plastic viscosity on the proportion of ggbs (once the percentage
exceeds 25%) is shown Figure (4.6, page 88) which is a representation of the data

presented in chapter 4 (Table 4.4)

6.3 Superplasticizer

The superplasticizer dose required to produce an effective SCC needs to be carefully
chosen to achieve a target plastic viscosity (for the mix) in the range 1-14 Pa s, with the
actual target value depending on the concrete grade and cement type (see Table 6.3, and
Figures 6.3 and 6.4). The manufacturer of the SP used in this study (MasterGlenium)
recommends that the effective dosage is between 0.2-1.2 kg per 100 kg of mass binder.

This range (also expressed as 0.2-1.2%) by mass of binder was used in this 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 Table 6.3 that were
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obtained from the experimental work described in chapter 7. Figures 6.3 and 6.4 provide

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

ggbs feu (MPa) w/b nmix (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 0.3-0.8
0-25%
60 0.47 6--15 0.4-1.0
70 0.41 7--15 0.8-1.2
80 0.35 8--15 1.0-1.2
30 0.72 2--10 0.2-0.6
40 0.60 2--10 0.2-0.6
50 0.52 3--12 0.4-1.0
30%
60 0.45 4--12 0.4-1.0
70 0.40 8--14 0.8-1.2
80 0.36 9--14 1.0-1.2
30 0.70 2--12 0.3-0.6
40 0.58 2--12 0.4-1.0
40% 50 0.50 4--12 0.6-1.0
60 0.43 6--13 0.8-1.2
70 0.38 7--13 1.0-1.2
30 0.68 2--8 0.6-1.0
40 0.56 2--8 0.6-1.0
50%
50 0.48 4--10 0.8-1.2
60 0.40 7--11 1.0-1.2
30 0.64 1--6 0.6-1.0
60% 40 0.53 1--7 0.8-1.2
50 0.44 2--8 1.0-1.2
30 0.6 1--6 0.8-1.2
70%
40 0.48 1--6 1.0-1.2
80% 30 0.55 1--4 1.0-1.2

139



Chapter 6 Mix design procedure

fou (MPa)
30 40 50 60 70 80
0.2 2
3
0.3 4
04 —
1 w
0.5 ] &
; =
< 06 - ) @
= ] <
& 07— ) 2
o
0.8 — @
1 - =1
0.9 — 3 ; =
=
10 — 12 12 ﬁ q
1 !
1.1 — 1 1
1 1
12 14] 14 14
Figure 6.3 Super-Plasticiser (SP) dose as f: and nmix for ggbs 30%
feu (MPa)
30 40 50 60
0.6 2
w
©
07 ] 4 9;
=
2 0.8 2
o 5 9
» 09 —— ) =
RS
7 7 0w
1.0 i c_‘@
o
1.1 — e x
— 10 =
1 2 10 11 11

Figure 6.4 Super-Plasticiser (SP) dose as fc and nmix for ggbs 50%
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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 (w/b) under given curing conditions. Formulae for predicting the 28-day cube
strength (fou) and the strength at the ultimate degree of hydration (feu ut) were

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

feu = x1.(2 — ggbs%) - 10274 %) (6.2)

fewnic = X3.(2 — 0.2ggbs%) - 10,4714 (6.3)

Figures (5.8, p108) and (5.12, p114), which represent 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, R was defined as the post 28 day compressive strength gain factor (see
equation 5.18). This is represented for the range of SCC mixes considered in this
programme of work in Figure (5.24, p128). The fact that R varies considerably with the
percentage of ggbs 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. Also, various 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 strength of 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 characteristic strength of 50MPa at 28 days,
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irrespective of its strength gain potential after this time. This issue is also important
because a 30MPa / 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 process. The total
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 cracks (Bamforth, 2007). Standard design guides would
not cover the type of specialist SCC mix considered in this PhD 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 grades are given in Appendix F.
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6.6 Basic steps of the proposed mix design method

The basic steps of the mix design method are summarised below, and Figure 6.5
1) Select the mix design criteria from Table 6.2
2) Either:

(i) 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 factor (R) meets the required value.
Or

(ii) Calculate the w/b ratio that produces the cube characteristic strength at the
required age (fige) from Eq. 6.3 (or uses Figure 6.7) depending on the ggbs
replacement level, and check that the required strengths at other ages are

satisfied.

3) Calculate the plastic viscosity of the paste from Figure 4.6 depending on the ggbs

fraction for w/b determined in step 2.

4) Choose the water content in the range of 150-210 kg/m?3, following EFNARC and
calculate the mass of the binder (b) in kg/m3. Then, calculate the mass of cement (kg/m?3)

depending on the ggbs replacement level.

It is important to highlight that Egs. 6.2 and 6.3 are more applicable for cement type | or
type 11/B-V 32.5 R, or type II/A-L 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 super-plasticizer (SP) dosage from Table 6.3 as a percent of the binder mass

(or equivalently use Figure 6.3 for 30% ggbs or Figure 6.4 for 50% ggbs)
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Select target criteria from Table 6.2

Calculate w/b according to selected strength at any targeted age, fou( tge)

+

Select target viscosity, Nmix

1
Calculate cement pastﬂ(/iscosity, Npastefrom
Figure 4.6

*

Choose water content (150-210) I/m3

Calculate the cm content and select SP dosage from Table 6.3 or figures 6.3 and 6.4

I

Calculate ingredient volume fractions: ¢.p, praand ¢pca

n

Calculate ingredient masses: LP, FAand CA

a

Total volume =
1m3

No

Scale the masses to achieve 1.0 Yes

m3

Calculate within £5% of the
target

‘lr Yes

Output the SCC mix details

Figure 6.5 Flow chart of the mix design procedure
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6.7 Design charts for mix proportioning of normal and high strength SCC

mixes

In this section design charts for proportioning SCC mixes are presented, with 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 from 30 to 80 MPa, and at
the ultimate degree of hydration from 37 to 97 MPa. The target plastic viscosity of the
mix can range from 1 to 14 Pa s. The lower limit of target plastic viscosity of the 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 procedure used to build these charts was
reported in Abo Dhaheer et al. (2016a). This was achieved using a Matlab code written by
the author. This considered the limits shown in Table 6.1, and used w/b and the plastic

viscosity as the main variables.

Selected charts are shown in Figures 6.6 and 6.7, while the full set can be seen in
Appendix G. In all these figures, the term cm refers to binder or cementitious material, LP
to limestone powder filler (particle size < 125 um), FA to fine aggregate (particle size in
the range from 125 um to 2 mm), and CA to coarse aggregate (particle size range from 2
to 20 mm). The viscosity of the mix (77) in the denominator of the line labels in Figures 6.6
and 6.7 is the target plastic viscosity of the mix (7mix) and the denominator applies to all

of the terms i.e. CM+LP+FA+CA/1 means (CM+LP+FA+CA)/ Nmix.
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Ingredient mass, kg/ Plastic viscosity, Pa s

Ingredient mass, kg/ Plastic viscosity, Pa s

GGBS 40%, C60 GGBS 50%, C60
300 300
CM+LP+FA+CA/n CM+LP+FA+CA/n
250 250
w
o
o
Z
200 B 200
&
E CM+LP+FA/n
CM+LP+FA/n E
150 & 150
1]
-
o
w
[}
£
100 t 100
Q
CM+LP/n ﬁ L CM+LP/n
b e ——
£
50 50 ‘I ————
cM/n CM/n
0 0
7 8 9 10 11 12 . s 9 10
Plastic viscosity, Pa s Plastic viscosity, Pa s
GGBS 60%, C30 GGBS 60%, C40
1100 1100
1000 1000
200 900

800 800

700 700

600 600
500 500

400 400

CM+LP+FA/n CM+LP+FA/n

Ingredient mass, kg/ Plastic viscosity, Pa s

300 300
CM+LP,
200 CM+LP/n 200 /n
100 100
CcM/n CM/n
0 0
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9

Plastic viscosity, Pa s Plastic viscosity, Pa s

Figure 6.6 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity of the mix
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Ingredient mass, kg/ Plastic viscosity, Pa s
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Figure 6.7 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity of the 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 Examplel

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 application. As it is a non-pumping application, the SCC can have a
reasonably high plastic viscosity of 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 generated (H(%)) 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 6.6 are used.
e Part 1/ Check general parameters

(2) For the desired target ultimate strength of 75 MPa, a 28 day strength of 60MPa
and ggbs replacement level of 0.4 (40%), the w/b=0.43 for f.,=60MPa is obtained from

Figure 5.8.

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

corresponding to nmix = 10 Pa s. This gives % = 44, whence cm= 10x44 = 440 kg/m3

(3) Thus, the mass of cement is c= 0.6 x 440 = 264 kg/m3, and that of ggbs = 0.4 x
440 =176 kg/m3. Finally, from step (1), the mass of water is w = 0.43x 440 = 189.2 kg/m?3.

(4) select a trial super-plasticizer (SP) dosage from Table 6.3 as a percentage of the

mass of binder to be 0.6 % or 2.64 kg/m?3;
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(5) Calculate the plastic viscosity of the paste from Figure 4.6 corresponding to w/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 corresponding to nmix = 10 Pa s, in Figure 6.6 beginning with the second

curve from bottom. This gives Cm;;LP = 55, whence (cm+LP) = 10x55 = 550, so that LP =
550 — 440 = 110 kg/m3.
(7) Next, from the third curve from bottom, w = 125, whence (cm+LP+FA) =

1250, so that FA = 1250 — 550 = 700 kg/m?3.

cm+LP+FA+CA

(8) Finally, from the top curve, n

= 212, whence (cm+LP+FA+CA) = 2120,

so that CA =2120— 1250 = 870 kg/m3;

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

is

c bs w SP LP FA CA .
=499 =+ 24 =2 4 0.02 (air bubbles)
pc  pggbs =~ pw  psp plp  pfa pca

264 | 176 189.2 264 , 110 , 700 , 870
= + + + + + +0.02 =0.995m3
2950 2400 1000 ~ 1070 = 2400 = 2650 2800

Vol

__ 2653 176.9 190.2 2.7 110.6 703.5 874.4

= + + + + + + +0.02 =1.000m3
2950 2400 1000 1070 2400 2650 2800

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

0.109

— 0.386 0.312
Nmix = 0.211 x (1— m) L9 x (1 - —_—

-1.9 _ -19 _
0-63) X (1 0_524) 9.69 Pa s

Calculated ix—Target i
Error = ( Nmix get Nmix) x 100

Target Nmix

9.69-10
10

Error = X 100 = —3.14%

If it is assumed that the acceptable error in the target plastic viscosity of the mix is +5%,

then the mix proportioning of the first example SCC mix is complete.
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e Part ll/ Check heat of hydration

From Figure F4 (Appendix F) the heat generated at (6,12,18 and 24 Hrs) are (30, 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 SCC mix 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 plastic viscosity of the mix, say 2.0 Pa s.
However, as it is a large pour there is need to suppress 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/g. Furthermore, a post 28-days strength potential is evaluated.
For this example, the design charts in Figure 6.7 are used.
Part I/ Check general parameters

1. For the desired target strength of 30 MPa and ggbs replacement level of 0.8 the

w/b= 0.57 is obtained from Figure 5.8 (approximately).

2. The binder content by mass (cm) is read off the bottom curve in Figure 6.7

corresponding to nmix = 2.0 Pa s. This gives % = 151, whence cm=2.0x150 = 300 kg/m3.

3. Thus, the mass of cement is c¢= 0.2 x 300 = 60 kg/m3, and that of ggbs is ggbs = 0.8
x 300 = 240 kg/m3. Finally, from step (1), the mass of water is w = 0.57 x 300 = 171 kg/m?3.

4. Select a trial super-plasticizer dosage (SP) dosage from Table 6.4 as a percentage

of the mass of binder to be 1.1 % or 3.3 kg/m?.
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5. Calculate the plastic viscosity of the paste from Figure 4.6 corresponding to w/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 to nmix = 2.0 Pa s, in Figure 6.7, beginning with the second

cm+LP

curve from bottom. This gives = 191, whence (cm+LP) = 2.0x191 = 382, so that LP

=382 — 300 = 82 kg/m>.

7. Next, from the third curve from bottom, cmtlP+FA _ 635 ,whence (cm+LP+FA) =
1270, so that FA = 1270 — 382 = 888 kg/m3.
8. Finally, from the top curve, W = 1075, whence (cm+LP+FA+CA) =
2150, so that CA = 2150— 1270 = 880 kg/m3.
9. The total volume of the mix using the above mix component masses and densities
is

Vol= < 49955 4 W 5P L 2P L P4 L 2 4 0.02 (air-bubbles)

pc  pggbs ~ pw psp  plp  pfa  pca
_ 60 240 171 3.3 82 888 880 005 _(998ms.
2950 2400 1000 = 1070 = 2400 2650 = 2800
_ 601 2405 1713 33 | 822 8889 8818 .05 _q o003
2950 = 2400 = 1000 = 1070 = 2400 = 2650 = 2800

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

0.315

0524)‘1'9 = 19Pas

0.098, _ 0.490, _
Nmix=0.0145 x (1— m) 19 % (1— E) L9 % (1

(Calculated Nyix—Target Nmix)

Target Nmix

x 100

Error =

Error = 1'92‘2 x 100 = —4.97 %

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

mix is complete.
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e Part Il /Checking the heat generated and R value

From the Figure F1 Appendix F it can be obtained the recommended values of heat

generated at (72 Hrs) is 170 J/g.

Finding (R) value as below

_ fcu_ult - fcu(28) "

R=""r.a '

_45-30
30

* 100 = 50%

The mix design outputs for the example are satisfied the input parameters.

6.8.3 Example3

As the third example, suppose that an SCC mix with an ultimate 200 day target
compressive strength of 45 MPa and minimum strength at 28 days of 40 MPa is needed
for multistorey building with floors that will not be loaded until 8 months. As it is a
pumped application, the SCC must have a reasonably low plastic viscosity of the mix, say

2.0 Pa s, replacement ggbs level say 60%.
For this example, the design charts in Figure 6.6 are used.
Part I/ Check general parameters

1. For the desired 200 day target strength of 45 MPa and ggbs replacement level 0.6,
w/b= 0.53 (Figure 5.8) and 28-day strength of 40 MPa.

2. The binder content by mass (cm) is read off the bottom curve in Figure 6.6

corresponding to nmix = 2.0 Pa s. This gives ? = 190, whence cm=2.0x190 = 380

kg/m3.

153



Chapter 6 Mix design procedure

3. Thus, the mass of cement is c= 0.4 x 380 =152 kg/m3, and that of ggbs is ggbs =
0.6 x 380 = 228 kg/m?3. Finally, from step (1), the mass of water is w = 0.53 x 380 =
201.4 kg/m?3.

4. Select a trial super-plasticizer dosage (SP) dosage from Table 6.4 as a percentage

of the mass of binder to be 0.9 % or 3.42 kg/m3.

5. Calculate the plastic viscosity of the paste from Figure 4.6 corresponding to w/b =

0.53. It works out to be = 0.047 Pas.

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

design charts corresponding to nmix = 2.0 Pa s, in Figure 6.6, beginning with the

cm+LP

second curve from bottom. This gives = 275, whence (cm+LP) = 2.0x275 =

550, so that LP = 550 — 380 =_170 kg/m?3.

7. Next, from the third curve from bottom, w = 645 ,whence (cm+LP+FA) =

1300, so that FA = 1290 — 550 = 740 kg/m>.

cm+LP+FA+CA
2.0

2150, so that CA = 2090- 1290 = 800 kg/m?3.

8. Finally, from the top curve, = 1045, whence (cm+LP+FA+CA) =

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

is

c bs W  SP LP _ FA _ CA
Vol= — + 22 e —=
pc  pggbs  pw psp plp  pfa  pca

152 228 201.4 3.42 170 740 800
= + +0.02 =1.007 m3.
2950 2400 1000 1070 2400 2650 2800

150.9 226.4 200 3.4 168.8 734.8 749.4
= + +0.02 =1.000 m3.
2950 2400 1000 1070 2400 2650 2800

+ 0.02 (air-bubbles)

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

0.387)_1_9 % (1 _ %)_1'9 =2.01Pas

= —016y-19 _
Nmix=0.047 x (1 0.74) x (1 0.63
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(Calculated Npix—Target Nmix)

Target Nmix

x 100

Error =

2.01-2.0

Error = X 100 = 0.52%

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

mix is complete.

The estimated compressive strength for this example can be shown in Table 6.4 below,

see estimation of the compressive strength in chapter 5.

Table 6.4 Calculation of estimated compressive strength at 200 days

fcu '28 fcu'zoo

ggbs ou T B te(day) te(hours)  afte) 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 (30-80) based on the rheological characteristics represented by
plastic viscosity of the mix and the target compressive strength. 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 below the best-fit lines in the design

charts on the plastic viscosity of the mix has been revealed.

The design procedure also allows mixes to be designed for multiple hardened strength
criteria. This could result in significant energy savings and reductions in CO2 emissions

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

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 provided that 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 were given in chapter 3.

The mixes used for the validation experiments are given in Tables 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 sets (2 and 3) with set 2 having a
different cement type from set 3 (see chapter 3). The reason for the change in cement

type related to the first cement being unavailable in the second half of 2020.
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Table 7.1 Mix proportions of test SCC mixes, kg/m3

Binder FAP
Mix SP/b . c
ref. b w w/b SP (%) LP — CA

cem ggbs FA*  FA**

C30A 190 127 317 216 0.68 14 0.44 195 292 481 773

C40A 233 155 388 217 0.56 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 4.6 0.91 118 177 626 803

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

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

ce0B 196 294 490 196 0.40 5.2 1.06 123 185 522 767

Cl 173 173 346 215 0.62 2.1 0.60 147 200 558 800

C3; 226 226 452 190 0.42 4.2 0.94 112 152 632 768

D1 135 203 406 196 0.58 3.4 1.00 212 288 443 804

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

aLimestone powder <125 um.
bFine aggregate <2 mm (Note: a part of the fine aggregate FA* is the coarser fraction of the limestone powder,
in the size range125 pum — 2 mm, whereas FA** refers to natural river sand <2 mm).

¢Coarse aggregate <20 mm.
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Table 7.2 Further SCC mixes details

. Nominaln, Actualn, Nominal
Mixes Reference ggbs Pas Pas fou MPa Cement type
Set 2A C30A 2 191 30
C40A 3 2.92 40
C50A 4 3.89 50
40% CEM Il fly ash (V-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% 2 191 50 CEM Il fly ash (V-B), 32,5R
C60B 3 2.92 60
Cl; 50% 2 2.00 40
C3 50% 6 6.01 60 )
Set 3 CEM Il Limestone (A-L),
€ 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 must satisfy the

flowability and passability criteria described in Chapter 6, which are summarised for

convenience in Table 7.3.
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Table 7.3 Limitation of design criteria

Parameters/Criteria

Limits

Commentary

R/
0.0

Viscosity class

Class 1 tsoo < 2 Sec.

Class 2 tso0 > 2 Sec.

VS1 has good filling-ability even with
congested reinforcement.

VS2 has no upper-class limit but with
increasing flow time it is more likely
to exhibit thixotropic effects, which
may be helpful in limiting the
formwork pressure or improving
segregation resistance.

Yield stress

Measuring tstop

the longer ts0p the higher ggbs level

Spreading diameter

70050 mm

For assessment of material after
spreading must visually show no
segregation in this limit to pass the
test.

Heat of hydration

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

Determined by type of application.

+ Ultimate compressive 37 t0 97 MPa Depending on time when application
strength structure unloaded.
+» Compressive strength at 30 to 80 MPa

28 days

Varied time
compressive strength

56, 90, 180, 270, and 365 days

Depending on the desirable time

Compressive
gain (R)

strength

10-15 % for 20% ggbs and
40-60 % for ggbs 80%

See Figure 5.24
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Self-compacting concrete mix design and validation procedure

Design steps €

'

Select strength criteria
feu ur and/or feu_28days and/or feu(t)

'

Select Spreading diameter Dy
and times tso0 & tstop
feu ur and/or fcu_28days and/or feu(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

ggbs Range
0-80%

Pass test (J-ring)

Cast, cure, and cube
test

Figure 7.1 Flow chart for the design and validation procedure
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7.2 Tests results on fresh SCC

The slump flow and J-ring pass-ability tests were described in chapter 3. A separate video-
recorded slump-flow and J-ring test was carried out for every mix. The results from all of

the slump and J-ring validation tests are given in Table 7.4.

Table 7.4 (Set 2 and 3) Flow and Passing-ability test results

Slump flow J-ring pass
Mix Ds-
ggbs n(Pas) Dr tso0 Dy n Class
Ref. tsoo (S) Dj(mm)
(mm)  (s) (mm)

C30A 40% 1.91 0.5 650 0.6 650 20 VSs1
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
C308 60% 1.00 0.4 700 0.5 690 10 VSs1
C408B 60% 1.91 0.7 750 0.8 730 20 VS1
C508B 60% 2.92 1.4 750 1.6 725 25 VS1
C1; 50% 2.00 0.8 710 1.2 710 0 VS1
C3: 50% 6.01 1.8 750 24 740 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 set 2 tests, taken from the videos,
are shown in Figures 7.2 & 7.3 for the slump tests and 7.4 & 7.5 for the J-ring tests, and

those for set 3 (both slump and J-ring) are given in Figures 7.6 to 7.9.

All mixes met the slump test spread-range criterion (650-750 mm) and showed no signs

of segregation or bleeding, the latter being judged according to BS EN 12350-8 (2010).
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Figure 7.3 Horizontal spread of SCC mix when it stopped to flow

All the above mixes also satisfied the J-ring pass-ability criterion (EFNARC, 2005b; EN BS
206-9, 2010) with no nesting of the larger aggregate particles in the gaps between the

rods and no signs of segregation.

A criterion set out in BS EN 12350-12 (2010) is that the difference between the spread in
the standard slump flow test and the spread in the J-ring test should not exceed 25mm.
This criterion was satisfied by all mixes. The corresponding spreads from four set 3 mixes

are shown in Figures 7.6 to 7.9.
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Figure 7.5 J-Ring final horizontal spread of SCC mix
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SCC Grade 30
GGBS 50%
n=2

SCC Grade 50
GGBS 50%

Figure 7.7 Slump and J-Ring final horizontal spreads for mix C3:
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SCC Grade 307
GeBs 6%, o
=2

-
SCC Grade 30

GGBS.80%

SCC Grade 30 n | 5 A

Figure 7.9 Slump and J-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 tests (slump flow and J-ring) 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 difficult to measure directly. It is also known, as discussed in
Chapter 4, that the plastic behaviour of the mix is influenced by the fluid’s yield stress,

although there is no specific criteria used in either the mix design or mix validation
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procedures related to the yield stress. It would be useful to have a way of linking the
slump flow parameters (ts00, tstop 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 in the validation exercise (Table 7.3) provides a means of exploring these
relationships. This has been accomplished by plotting the ts00, tstop and Dr against 7 for
the set 2 and set 3 mixes. These plots, given in Figures 7.10 to 7.12, show a number of
trends. As expected, Figure 7.10 shows that tsooincreases with increasing plastic viscosity
for the same target flow spread. Also, tsoo increases significantly with increasing ggbs

level for ggbs levels greater than 25% .

Badry, Kulasegaram and Karihaloo (2016) showed conclusively that tso0, tstop 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 Figures 7.11 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 shorter tsp0) 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 flow-ability.
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m ggbs 60% + ggbs 40%
A ggbs 25%(Abodhaheer) * Spread g60%
< Spread g40% A Spread g25%(Abodhaheer)
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Plastic viscosity, Pa s
Figure 7.10 Variation of ¢s00 and Dr with plastic viscosity
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Figure 7.11 Relationship between &,y and the plastic viscosity for various ggbs levels (set 2 and 3)

168



Chapter 7 Experimental validation of the mix design procedure

m ggbs 50% mgghbs 60% ggbs 80%

o — I
t500

Spreading times, t;,, and t,,,

Time, Sec
[ () N
(%) ] o (%) ]

[y
o

o

tstop

Figure 7.12 Relation between spreading times, tsoo and tstop and ggbs level (Set 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 with the procedure described in Chapter 3. The mean values of the
28 day compressive cube strength for mix sets 2 and 3 are given in Table 7.4, along with
the coefficients of variation (CoV) and associated 95% confidence characteristic values.
The mean and predicted strengths are also plotted against the w/b ratio in Figure 7.13

and.

The results given in Table 7.5 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 (V-B) to CEMII (A-L) cement did not affect the applicability of the

prediction equations. However, as noted earlier in chapters 3 and 5, the equation for the
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28 day strength would vary with cement type (I,11,11l) 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 7.5 Compressive strength results of SCC mixes, Sets 2 and 3

feu_Mean CoV feu_Estimated Allowable feu_char.

Mix Ref.  ggbs% w/b
(MPa) % (MPa) limits (MPa)  (MmPa)
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 2.4 82 77-83 75.15
Cc408B 60% 0.50 48.0 1.7 44 37-43 46.32
C50B 60% 0.45 52.0 3.8 50 47-53 48.84
Ce0B 60% 0.40 57.0 3.9 56 57-63 53.72
C1, 50% 0.62 41.0 2.4 36 37-43 38.94
C3: 50% 0.42 58.0 0.9 57 57-63 56.98
D1 60% 0.58 47.0 2.5 37 47-53 44.67
F 80% 0.50 36.0 2.6 38 27-33 33.99
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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 7.13 Compressive strength comparison between mean and predicted

For mix set 3, the compressive strength of the hardened concrete was measured at a
range of times after casting up to 135 days. These results are presented in Figures 7.14
and 7.15. 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 factors (Rz35) (see section 5.8) are shown in Figure 7.15. It is noted
that the Ri35 values computed here are the 135 day strengths rather than the values at
full hydration. It is clear from comparing Figure 7.15 with the plots for R at full hydration
(Figure 5.24) that the gap between Rz3s and R increases with the level of ggbs. The

adjusted values for full hydration are shown in Table 7.6.
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—+—C1_2(ggbs 50%) —#—C3_2(gghs50%) —+— D1(gghs60%) —e—F(ggbs80%)
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Figure 7.14 Compressive strength results up to 135 days
MF mD1 mCl_2 mC3_2
25%
né gghs 60%
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Figure 7.15 post-28 day strength gain factor (Rz35) at 135 days
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Table 7.6 Extrapolated R values at full hydration.

ggbs w/b feu (28day) feu (ultimate) R%
0.4 0.68 35 40 15
04 0.56 43 53 23
04 0.48 50 64 27
04 0.4 61 76 25
04 0.34 71 88 24
0.4 0.29 78 98 26
0.6 0.50 48 59 24
0.6 0.45 52 67 28
0.6 0.40 57 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 met the design criteria for all mixes.

The influence of the proportion of ggbs on flow parameters (ts00, tstop and D) is
significant, which means that it is insufficient to rely only on the plastic viscosity to
determine if an SCC mix will meet the plastic criteria. This justifies the need for different
charts for each ggbs level (see Figures 6.6 and 6.7). Also, the influence of ggbs on the the
flow parameters governs the range of viscosity classes that can 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 % mix.

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 plastic mix criteria
limits the maximum achievable 28-day 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 limiting values are highlighted in Figure 7.16.
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 7.16, are achievable with high gghs% mixes.

w/b=0.5

35

30
0% 20% 40% 60% 80% 100%

gghs%

Figure 7.16 Effect 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 experiments 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.

e The mix design procedure provides a reliable and systematic method for designing
SCC mixes with a range of ggbs levels from 0 to 80%.

e The procedure leads to mixes that satisfy both plastic and hardened deign criteria.

e The ggbs level affects both the dynamic viscosity and yield stress of SSC in the
plastic state. This means that it is insufficient 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.

e The ggbs level limits the range of plastic properties and compressive strengths
achievable for SCC mixes with ggbs levels greater than 25% when compared to

those for mixes with ggbs levels <25%.
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Chapter 8 Conclusion and recommendation for further study

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 for self-
compacting concrete mixes. This new procedure covers mixes with ggbs cement

replacement levels from 0 to 80%.

e SCC is a non-Newtonian fluid that can be described with a Bingham-type flow
model that has dynamic viscosity and yield stress as its primary parameters.

e 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.

e The dynamic viscosity of SCC can be calculated accurately using the micro-
mechanical hierarchical suspensions model originally suggested by Ghanbari and
Karihaloo (2009) with the dynamic viscosity of the paste as a primary input.
Different parameters, from those of previous investigators, are required to
simulate the plastic properties of SCC mixes with high percentages of ggbs.

e The micro-mechanical model for predicting the viscosity of SCC mixes can be used
to produce design charts for this type of concrete.

e A new table that relates the ggbs percentage and w/b ratio to the dynamic
viscosity of cement paste provides a convenient method for predicting its
viscosity.

e The 28 day and ultimate (i.e. at full hydration) compressive strengths of SCC
concrete with 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.

e When rearranged, the above formulae provide a convenient method of
determining the w/b ratio required to achieve a target 28 day and/or ultimate

strength.
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Chapter 8 Conclusion and recommendation for further study

e The combined hydration and strength development models of Schlinder and
Folliard (2005) and De Schutter and Taerwe (1996) provides an effective method
for predicting the time dependent compressive strength of SCC mixes with high
ggbs levels.

e 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.

e The difference between the 28 day and fully-hydrated compressive strengths of
SCC concrete grows with the proportion of ggbs. This difference is quantified in a
new factor (&) that provides a measure of the post-28 day strength development
potential.

e The 28 day and ultimate strength prediction formulae, combined with the
strength development model, led to the development of a new mix design
procedure that allows strengths at multiple times to be considered.

e 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 considered in the
present research.

e 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 mixes. The method eliminates the need for extensive trial mixes.

e A number of mix design worked examples demonstrate the convenience and
simplicity of the design procedure.

e The new design procedure also allows mixes to be designed for multiple strengths
at different times after casting. The new method can used to save energy and
reduce CO2 emissions of SCC by maximising the potential of the low energy waste
material ggbs.

e Experimental validation shows that the mix design procedure works well for SCC
mixes with the full range of ggbs levels (0 to 80%). The procedure results in mixes

that satisfy all of the necessary plastic and hardened design criteria.
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Conclusion and recommendation for further study

¢ 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 levels <25%.

e Mixes with high percentages of ggbs have higher post-28-day strength

development potentials and are significantly more environmentally friendly than

concrete that has lower levels of cement replacement material.

8.2 Recommendations for further study

Several areas are recommended for future study:

Extend the design procedure to SCCs formed with different cements by
undertaking further experiments on plastic and hardened properties;

Extend the strength range of the hardened material to include higher strength
concretes, with 28 day compressive strengths in the range 90 to 120MPa;
Extend the procedure to include fibre-reinforced SCC mixes with high levels of
ggbs, exploring steel, polymer and organic fibres;

Explore the possibility of including permeability as a factor in the mix design
procedure;

Considering the degree of durability as a specific factor in the SCC mix design
procedure along with the associated minimum and maximum cement contents
and w/b ratios.

Investigate the formwork pressure applied by the SCC mixes considered in this

work.
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Appendix A

Viscometer

Appendix A The instructions of using viscometer type NDJ-8S

Table A1 Viscometer type (NDJ-8S) specification and measurements details

Specification

Description

Measuring range

Displaying resolution
Measurement accuracy
Rotor spec.

Rotating speed

Sample volume

ImPa s~ 2000,000mPa s

(Below 15 cp requires ULR ultra-low viscosity adapter)
0.01lmPas

2% (full measuring range)

Rotor #1, #2, #3, and #4 (Rotor #0 is optional)
0.3,0.6,1.5,3,6,12, 30, and 60 rpm

300mL - 400mL

Figure Al Viscometer type NDJ-8S
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Figure A2 Rotor number and shape for viscometer NDJ-8S

Figure A3 Instruction from user manual
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Appendix B Processed row data from literature

Appendix B Processed row data from literature justified to 100 mm

cube

Table B1 Compressive strength data for ggbs 30 % gathered from references

Ref. ggbs w/b fcu

(Oner and Akyuz, 2007) 0.30 0.87 23.5
(Oner and Akyuz, 2007) 0.30 0.75 30.0
(Oner and Akyuz, 2007) 0.30 0.66 36.1
(Oner and Akyuz, 2007) 0.30 0.59 41.8
(Glineyisi and Gesoglu, 2011) 0.30 0.35 63.6
(Bharatkumar et al., 2001) 0.35 0.30 72.9
(Li etal., 2012) 0.30 0.41 57.7

(Shi et al., 2009) 0.30 0.28 95.0

(Shi et al., 2009) 0.30 0.28 87.6

Table B2 Compressive strength data for ggbs 40 % gathered from references

Ref. ggbs w/b fcu

(Deeb and Karihaloo, 2013) 0.40 0.56 35.0
(Deeb and Karihaloo, 2013) 0.40 0.55 45.0
(Oner and Akyuz, 2007) 0.40 0.74 27.0
(Oner and Akyuz, 2007) 0.40 0.64 34.0
(Oner and Akyuz, 2007) 0.40 0.57 41.4
(Oner and Akyuz, 2007) 0.40 0.51 47.5
(Chidiac and Panesar, 2008) 0.40 0.31 88.0
(Duran Atis and Bilim, 2007) 0.40 0.30 82.7
(Duran Atis and Bilim, 2007) 0.40 0.30 85.5
(Duran Atis and Bilim, 2007) 0.40 0.30 83.7
(Duran Atis and Bilim, 2007) 0.40 0.40 68.6
(Duran Atis and Bilim, 2007) 0.40 0.40 68.2
(Duran Atis and Bilim, 2007) 0.40 0.40 67.8
(Duran Atis and Bilim, 2007) 0.40 0.50 57.0
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(Duran Atis and Bilim, 2007) 0.40 0.50 52.7
(Duran Atis and Bilim, 2007) 0.40 0.50 50.3
Current study 0.40 0.68 35.0
Current study 0.40 0.56 43.0
Current study 0.40 0.48 50.0
Current study 0.40 0.40 61.7
Current study 0.40 0.34 71.0
Current study 0.40 0.29 78.0

Table B3 Compressive strength data for ggbs 50 % gathered from references

Ref. ggbs w/b fcu

(Oner and Akyuz, 2007) 0.50 0.66 27.8
(Oner and Akyuz, 2007) 0.50 0.57 34.9
(Oner and Akyuz, 2007) 0.50 0.51 42.3
(Oner and Akyuz, 2007) 0.50 0.47 48.4
(Guneyisi and Gesoglu, 2011) 0.50 0.50 40.0
(Bharatkumar et al., 2001) 0.50 0.50 42.9
(Chidiac and Panesar, 2008) 0.50 0.31 79.0
(Li et al., 2012) 0.50 0.41 56.8
Current study 0.50 0.42 58.1

Table B4 Compressive strength data for ggbs 60 % gathered from references

Ref. ggbs w/b fcu

(Oner and Akyuz, 2007) 0.56 0.60 27.2
(Oner and Akyuz, 2007) 0.56 0.52 34.5
(Oner and Akyuz, 2007) 0.56 0.47 41.5
(Oner and Akyuz, 2007) 0.56 0.43 47.0
(Oner and Akyuz, 2007) 0.61 0.55 25.1
(Oner and Akyuz, 2007) 0.61 0.48 31.8
(Oner and Akyuz, 2007) 0.61 0.44 37.5
(Oner and Akyuz, 2007) 0.61 0.41 42.7
(Chidiac and Panesar, 2008) 0.60 0.31 79.0
(Becknell and Hale, 2011) 0.60 0.45 50.1
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(Becknell and Hale, 2011) 0.60 0.45 47.6
(Becknell and Hale, 2011) 0.60 0.45 40.2
(Becknell and Hale, 2011) 0.60 0.45 44.1
(Shi et al., 2009) 0.60 0.30 72.0

(Shi et al., 2009) 0.60 0.35 57.0
(Duran Atis and Bilim, 2007) 0.60 0.30 74.8
(Duran Atis and Bilim, 2007) 0.60 0.30 79.4
(Duran Atis and Bilim, 2007) 0.60 0.30 82.2
(Duran Atis and Bilim, 2007) 0.60 0.50 40.9
(Duran Atis and Bilim, 2007) 0.60 0.50 40.3
(Megat Johari et al., 2011) 0.60 0.28 86.7
Current study 0.60 0.40 57.0

Table B5 Compressive strength data for ggbs 70 % gathered from references

ref ggbs w/c fc

(Elahi et al., 2010) 0.70 0.30 74.3
(Leung and Wong, 2011) 0.70 0.53 56.3
(Leung and Wong, 2011) 0.70 0.53 56.3
(Leung and Wong, 2011) 0.70 0.47 60.8
(Leung and Wong, 2011) 0.70 0.47 66.0
(Elchalakani et al., 2014) 0.70 0.38 68.0
(Elchalakani et al., 2014) 0.70 0.38 60.8

Table B6 Compressive strength data for ggbs 80 % gathered from references

ref ggbs w/c fc
(Duran Atis and Bilim, 2007) 0.80 0.30 64.0
(Duran Atis and Bilim, 2007) 0.80 0.30 69.1
(Duran Atis and Bilim, 2007) 0.80 0.30 67.7
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Appendix B Processed row data from literature

(Duran Atis and Bilim, 2007) 0.80 0.40 514
(Duran Atis and Bilim, 2007) 0.80 0.40 54.2
(Duran Atis and Bilim, 2007) 0.80 0.40 47.8
(Duran Atis and Bilim, 2007) 0.80 0.50 30.5
(Duran Atis and Bilim, 2007) 0.80 0.50 25.8
(Duran Atis and Bilim, 2007) 0.80 0.50 28.3
(Elchalakani et al., 2014) 0.80 0.38 66.0
(Elchalakani et al., 2014) 0.80 0.35 68.3
(Elchalakani et al., 2014) 0.80 0.42 54.0
(Elchalakani et al., 2014) 0.80 0.38 56.3
(Elchalakani et al., 2014) 0.80 0.38 49.5
(Khatib and Hibbert, 2005) 0.80 0.50 29.0
Current study 0.80 0.50 35.5
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Appendix C Estimated compressive strength

Appendix C Tables of compressive strength at interval times;

Experimental and Estimated

Figure C1 Experimental results of compressive strength, GGBS 50%

Curing time Compressive strength, MPa

(days) c1 c2 c3 ca

2 1.5 3.0 7.8 14.3

4 3.0 6.0 15.5 24.8

7 8.4 14.2 22.6 36.2

14 13.0 20.4 30.4 48.3

28 16.6 24.0 35.6 54.1
210 20.4 30.6 42.8 61.5
300 21.7 31.30 47.5 62.8

Figure C2 Exprimental and Estimated compressive strength for Mix C1:

au T B te(day) te(hrs) a(te) fcu Exp. fcu Est.
0.95 50.95 0.418 2 48 0.341 3.0 6.9
0.95 50.95 0.418 4 96 0.441 6.0 10.8
0.95 50.95 0.418 7 168 0.518 8.4 13.3
0.95 50.95 0.418 14 336 0.603 13.0 15.7
0.95 50.95 0.418 28 672 0.676 16.6 17.5
0.95 50.95 0.418 210 5040 0.821 20.4 20.9
0.95 50.95 0.418 300 7200 0.838 21.7 21.2
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Appendix C Estimated compressive strength
Figure C3 Exprimental and Estimated compressive strength for Mix C23,

au T B te(day) te(hrs) a(te) fcu Exp. fcu Est.
0.92 50.95 0.418 2 48 0.330 5.0 10.1
0.92 50.95 0.418 4 96 0.427 11.0 16.2
0.92 50.95 0.418 7 168 0.501 14.2 20.0
0.92 50.95 0.418 14 336 0.584 20.4 23.7
0.92 50.95 0.418 28 672 0.655 24.0 26.6
0.92 50.95 0.418 210 5040 0.795 30.6 31.8
0.92 50.95 0.418 300 7200 0.811 31.30 32.4

Figure C4 Exprimental and Estimated compressive strength for Mix C3;,

au T B te(day) te(hrs) o(te) fcu Exp. fcu Est.
0.88 50.95 0.418 2 48 0.316 7.8 12.2
0.88 50.95 0.418 4 96 0.409 155 20.8
0.88 50.95 0.418 7 168 0.480 22.6 25.9
0.88 50.95 0.418 14 336 0.559 30.4 31.0
0.88 50.95 0.418 28 672 0.626 35.6 34.9
0.88 50.95 0.418 210 5040 0.760 42.8 41.9
0.88 50.95 0.418 300 7200 0.776 47.50 42.6

Figure C5 Exprimental and Estimated compressive strength C4s,

ou T B te(day) te(hrs) o(te) Fc Exp. fc Est.
0.84 50.95 0.418 2 48 0.301 14.3 14.6
0.84 50.95 0.418 4 96 0.390 24.8 26.6
0.84 50.95 0.418 7 168 0.458 36.2 33.7
0.84 50.95 0.418 14 336 0.533 48.3 40.6
0.84 50.95 0.418 28 672 0.598 54.1 459
0.84 50.95 0.418 210 5040 0.726 61.5 55.4
0.84 50.95 0.418 300 7200 0.741 62.80 56.4
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Appendix D Compressive strength

Appendix D Tables of estimated compressive strength at 28 days and

ultimate

Figure D1 Estimated fc at 28 days from the ultimate strength for C30 target

ggbs ou T B te(day) te(hrs) a(te) fcul(ult) fcul(28)
0.2 0.88 26.44 0.51 28 672 0.723 37.5 31.6
0.3 0.90 32.90 0.48 28 672 0.711 38.9 31.6
0.4 0.93 40.94 0.45 28 672 0.696 40.3 314
0.5 0.95 50.95 0.42 28 672 0.678 41.8 31.1
0.6 0.97 63.41 0.39 28 672 0.653 45.4 321
0.7 1.00 78.91 0.37 28 672 0.631 47.1 31.5
0.8 1.01 98.20 0.34 28 672 0.603 52.4 331

Figure D2 Estimated fc at 28 days from the ultimate strength for C40 target

ggbs au T B te(day) te(hrs) a(te) fcul(ult)  fcul(28)
0.2 0.85 26.44 0.51 28 672 0.699 48.5 40.8
0.3 0.87 32.90 0.48 28 672 0.685 51.5 41.7
0.4 0.89 40.94 0.45 28 672 0.670 53.4 41.4
0.5 0.92 50.95 0.42 28 672 0.652 55.4 40.9
0.6 0.93 63.41 0.39 28 672 0.629 58.8 41.2
0.7 0.95 78.91 0.37 28 672 0.604 62.4 41.4

Figure D3 Estimated fc at 28 days from the ultimate strength for C50 target

ggbs au T B te(day) te(hrs) a(te) fcul(ult) fcul(28)
0.2 0.82 26.44 0.51 28 672 0.675 59.0 49.5
0.3 0.84 32.90 0.48 28 672 0.663 61.2 49.4
0.4 0.86 40.94 0.45 28 672 0.648 63.5 49.0
0.5 0.88 50.95 0.42 28 672 0.629 65.8 48.3
0.6 0.90 63.41 0.39 28 672 0.603 71.5 49.7
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Compressive strength

Figure D4 Estimated fc at 28 from the ultimate strength for C60 target

ggbs ou T B te(day) te(hrs) a(te) fcul(ult) fcul(28)
0.2 0.79 26.44 0.51 28 672 0.651 70.5 59.0
0.3 0.81 32.90 0.48 28 672 0.639 73.1 58.7
0.4 0.83 40.94 0.45 28 672 0.623 75.9 58.2
0.5 0.84 50.95 0.42 28 672 0.601 80.5 58.7

Figure D5 Estimated fc at 28 from the ultimate strength for C70 target

ggbs ou T B te(day) te(hrs) a(te) fcul(ult) fcul(28)
0.2 0.76 26.44 0.51 28 672 0.626 81.2 67.6
0.3 0.78 32.90 0.48 28 672 0.614 84.2 67.3
0.4 0.79 40.94 0.45 28 672 0.593 89.4 68.1

Figure D6 Estimated from the ultimate strength for C80 target

ggbs ou T B te(day) te(hrs) a(te) fcul(ult) fcul(28)
0.2 0.72 21.32 0.65 28 672 0.651 934 84.6
0.3 0.75 26.53 0.61 28 672 0.650 94.6 83.1
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Appendix E Compressive strength comparison

Appendix E Compressive strength comparison; Ultimate [f.:(ult) , fou(ult)]

and [fcul(ZS) ,fcu2(28)]

Table D1 (28-days) Compressive strength comparison between Equations 5.13 and 5.16

fcu Grade ggbs w/b fcul(28) fcu2(28)
0.2 0.74 32.8 31.6
0.3 0.72 32.4 31.6
0.4 0.70 31.9 31.4
C30 0.5 0.68 313 31.1
0.6 0.64 321 32.1
0.7 0.62 31.2 31.5
0.8 0.57 323 331
0.2 0.63 42.2 40.8
0.3 0.60 42.7 41.7
0.4 0.58 42.1 41.4
C40
0.5 0.56 41.3 40.9
0.6 0.53 41.3 41.2
0.7 0.50 41.1 41.4
0.2 0.54 51.9 49.5
0.3 0.52 51.3 49.4
C50 0.4 0.50 50.6 49.0
0.5 0.48 49.7 48.3
0.6 0.44 50.8 49.7
fcu Grade ggbs w/b 61.0 59.0
0.2 0.47 60.3 58.7
0.3 0.45 59.4 58.2
ce60
0.4 0.43 59.7 58.7
0.5 0.40 70.0 67.6
0.2 0.41 69.3 67.3
C70 0.3 0.39 69.8 68.1
0.4 0.36 80.4 84.6
Cc80 0.2 0.35 77.7 83.1
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Appendix E Compressive strength comparison

03 0.34 32.8 31.6

Table D2 Ultimate compressive strength MPa comparison between Equations 5.14 and 5.17

fcu Grade ggbs w/b fcul(ult) fcu2(ult)
0.2 0.74 37.5 355
0.3 0.72 38.9 36.9
0.4 0.70 40.3 38.5
C30 0.5 0.68 41.8 40.4
0.6 0.64 45.4 42.5
0.7 0.62 47.1 44.8
0.8 0.57 52.4 47.5
0.2 0.63 48.5 47.5
0.3 0.60 51.5 49.4
0.4 0.58 53.4 51.6
C40
0.5 0.56 55.4 54.2
0.6 0.53 58.8 57.0
0.7 0.50 62.4 60.3
0.2 0.54 59.9 59.6
0.3 0.52 62.1 62.0
C50 0.4 0.50 64.4 64.8
0.5 0.48 66.8 68.1
0.6 0.44 72.6 71.9
0.2 0.47 70.5 71.7
0.3 0.45 73.1 74.7
€60
0.4 0.43 75.9 78.2
0.5 0.4 80.5 82.3
0.2 0.41 81.2 84.0
C70 0.3 0.39 84.2 87.6
0.4 0.36 89.4 91.9
0.2 0.35 93.4 96.5
C80
0.3 0.34 94.6 100.7
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Appendix F Heat of hydration

Appendix F Heat of hydration for rang of ggbs (0-80%) and range of
compressive strength (30-80) MPa
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Appendix G Design charts

Appendix G Design charts for mix design procedure for ggbs (30-80%)

and targeted compressive strength 30-80 MPa.
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Figure G1 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 30% and
compressive strength 30MPa mix
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GGBS 30%, C40
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Figure G2 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 30% and
compressive strength 40MPa mix
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GGBS 30%, C50
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Figure G3 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 30% and
compressive strength 50MPa mix
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GGBS 30%, C60
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Figure G4 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 30% and
compressive strength 60MPa mix
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GGBS 30%, C60
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Figure G5 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for gghs 30% and
compressive strength 70MPa mix
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GGBS 30%, C80
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Figure G6 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 30% and
compressive strength 80MPa mix
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Figure G7 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 40% and
compressive strength 30MPa mix
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GGBS 40%, C40
600

500

400 CM+LP+FA+CA/n

\

300

CM+LP/n

Mass ingredient, kg/ Plastic viscosity, Pa s

100

4 5 6 7 8 9 10 11 12
Plastic viscosity, Pa s

Figure G8 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for gghs 40% and
compressive strength 40MPa mix
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GGBS 40%, C50
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Figure G9 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 40% and
compressive strength 50MPa mix
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GGBS 40%, C60
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Figure G10 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 40% and
compressive strength 60MPa mix
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GGBS 40%, C70
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Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 40% and compressive
strength 70MPa mix
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GGBS 50%, C30
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Figure G12 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 50% and
compressive strength 30MPa mix
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GGBS 50%, C40
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Figure G13 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 50% and
compressive strength 40MPa mix

235



Appendix G Design charts

GGBS 50%, C50
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Figure G14 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 50% and
compressive strength 50MPa mix
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GGBS 50%, C60
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Figure G15 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 50% and
compressive strength 60MPa mix
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GGBS 60%, C30
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Figure G16 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 60% and
compressive strength 30MPa mix
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GGBS 60%, C40
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Figure G17 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for

ggbs 60% and compressive strength 40MPa mix
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GGBS 60%, C50
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Figure G18 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for

ggbs 60% and compressive strength 50MPa mix
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GGBS 70%, C30
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Figure G19 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 70% and
compressive strength 30MPa mix
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GGBS 70%, C40
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Figure G20 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for

ggbs 70% and compressive strength 40MPa mix
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GGBS 80%, C30
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Figure G21 Ingredient mass (kg) normalised by mix plastic viscosity vs. plastic viscosity for ggbs 80% and
compressive strength 30MPa mix
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