UNIVERSITY OF PRETORIA

DEPARTMENT OF CIVIL ENGINEERING

The Influence of Binder Composition and
Content on the Early Age Behaviour of
Concrete

Sophia Visser

DECEMBER 2019

© University of Pretoria



THE INFLUENCE OF BINDER COMPOSITION AND
CONTENT ON THE EARLY AGE BEHAVIOUR OF

CONCRETE

SOPHIA VISSER

A dissertation submitted in partial fulfilment of the requirements for the degree of

MASTER OF ENGINEERING (STRUCTURAL ENGINEERING)

in the

FACULTY OF ENGINEERING

UNIVERSITY OF PRETORIA

December 2019

© University of Pretoria



PROJECT REPORT SUMMARY
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Department: Civil Engineering
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Degree: Master of Engineering (Structural Engineering)

With the increased use of high performance concrete a lower water-to-binder ratio is employed
to improve the properties of concrete and mineral and chemical admixtures are introduced. With
a low water-to-binder ratio, considerable early-age volume changes can occur and compromises
the durability of the concrete. Early age shrinkage is often not tested in practice due to the

difficulty in measuring and the lack of standardisation of measuring techniques.

The tensile capacity of concrete is lowest at an early age and therefore the most susceptible to
cracking and material faults when stresses are induced by, for instance, drying shrinkage. Drying
shrinkage can be prevented by proper placing and curing techniques but even then, cracking has
been observed soon after casting. This occurrence can be attributed to factors such as high thermal
gradients and autogenous shrinkage. Autogenous shrinkage is defined as a change in volume
while no moisture is allowed to leave the material system and is present at low water-to-binder
ratios. The influence of supplementary cementitious materials (SCMs) on autogenous shrinkage

is not well understood but is well documented.
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SCMs are used to improve the properties of concrete but significantly affect the exothermic
hydration process of cement. The strength and heat of hydration is altered, and this is dependent
on the water-to-binder ratio but also on the type of SCM used and the amount present. Autogenous
shrinkage is caused by hydration reactions and the heat of hydration is linked to strength
development. There may thus exist a relationship between autogenous shrinkage, the thermal

processes and strength development.

The primary objective of this study was to investigate the relationship between autogenous
shrinkage, the thermal processes and the strength development of concrete. The influence of
binder composition and content on the early age behaviour of concrete was studied. The results
indicated a correlation between autogenous shrinkage and cumulative heat released where the
autogenous shrinkage observed increased with cumulative heat released. A weak correlation was
found between compressive strength and autogenous shrinkage. Generally, the shrinkage
increased with concrete strength and the early age strength attributed more to autogenous
shrinkage than later age strength. A correlation was observed between the compressive strength
and cumulative heat released. SCM replacement led to a lower cumulative heat but SCM addition
was detrimental in that more heat was released for an equivalent strength than for SCM

replacement samples.

Notably, GGBS replacement led to more shrinkage with a lower cumulative heat released and a
lower strength as well. This was mitigated by additional CSF replacement which was also not
expected as CSF is known to exacerbate autogenous shrinkage. It was believed that the CSF used

in this study conglomerated to behave as a material with a larger particle size.
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CHAPTER 1: INTRODUCTION

BACKGROUND

The increase in the use of high-performance concrete (HPC) has given rise to the use of
supplementary cementitious materials (SCMs) and chemical admixtures. The exothermic
hydration process of cement is complex and SCMs can affect the hydration process and
subsequently the concrete properties significantly. The chemical reaction of cement to form
hydrates generates heat which has a great influence on the early age strength and stress
development due to differential volume changes in concrete. A high early age heat of hydration
can promote early age strength to the detriment of long-term strength and conversely a low early
age heat of hydration may give rise to a lower early age strength, but a high long-term strength
may occur. Silica fume (SF) generally increases the early heat of hydration and early age strength,
fly ash (FA) generally reduces the early heat of hydration and early age strength and the effect of
ground granulated blast-furnace slag (GGBS) used in concrete varies with source and

composition.

Emphasis is frequently placed on the later age properties of the concrete, measured after
acceptable strength has been achieved. When water from the concrete evaporates into the
environment, drying shrinkage takes place. Cracking can occur and adversely affect the durability
of the concrete. The tensile capacity of concrete is lowest at an early age and therefore the most
susceptible to cracking and material faults when stresses are induced by, for instance, drying
shrinkage. Drying shrinkage can be prevented by employing proper placing and curing procedures

to prevent moisture loss to the environment and to allow the concrete to gain sufficient strength.

Even with proper placing and curing techniques, cracking has been observed soon after casting.
This occurrence can be attributed either to volume change caused by thermal gradients resulting
from heat released during cement hydration or to autogenous shrinkage. Autogenous shrinkage
mostly takes place within the first couple of days after casting and it is defined as a change in
volume while no moisture is allowed to leave the material system. Autogenous shrinkage results
from the internal chemical reactions of the concrete constituents. In traditional concrete,
autogenous shrinkage is deemed negligible compared to, for example, drying shrinkage while in
high performance concrete (HPC) autogenous shrinkage can be significant. Autogenous

shrinkage is generally increased by SF and mitigated by FA, while the effect of GGBS on

Chapter 1| Introduction
© University of Pretoria



1.2

1.3

autogenous shrinkage depends on the source and composition. Early age shrinkage is often not
tested in practice due to the difficulty in measuring and the lack of standardisation of measuring

techniques.

HPC contains high volumes of cementitious material to enable the development of high strength.
This high volume of cementitious material in turn results in a high heat of hydration. There may
therefore be a relationship between autogenous shrinkage, the thermal processes and strength

development.

RESEARCH OBJECTIVES

The primary objective of this study was to investigate the relationship between autogenous
shrinkage, the thermal processes and the strength development of concrete. The influence of

binder composition and content on the early age volume change of concrete was studied.

Secondary objectives included:

o To determine the most suitable technique for measuring autogenous shrinkage.

o Finding a suitable reference point in time to start autogenous shrinkage measurements by
comparing different methods for obtaining concrete setting times.

o To determine a method to quantify the reactivity of different cementitious materials in

concrete mixes.

SCOPE OF STUDY

In this study the effect of binder composition and content were evaluated for Portland cement,
condensed silica fume, fly ash and ground granulated blast-furnace slag. The materials were
obtained from the same suppliers throughout this study. It would thus be possible to obtain
different results when different materials are used. Aggregate type is known to have a significant
effect on concrete properties and only one type of aggregate, namely dolomite, was used in this
study. Only fine aggregate was used so that small samples could be tested. The effect of concrete

batch size and sample size were not considered in this study.

Thermal effects were investigated while setting time, early age shrinkage and strength
development were recorded. Environmental effects (such as temperature and relative humidity)
were not part of the study and were kept constant. The thermal influence from the concrete itself

was also not considered.
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1.5

METHODOLOGY

The following methodology was implemented to investigate the effect of binder content and

composition on early age concrete behaviour. A literature study was conducted to study the

relationship between admixtures and mix proportions on autogenous shrinkage. The relationship

between heat of hydration, admixture additions and mixture proportions were also investigated.

Mortar samples were prepared and the methodology below was followed:

The hydration processes were studied in different ways to understand the principle
mechanisms for each method.

Two experimental procedures to determine the concrete setting time were selected,
modified and compared.

Two experimental procedures to study the effect of mix proportions on autogenous
shrinkage were selected and modified. Materials were prepared, various mixes were tested,
and the results were compared

The heat of hydration and setting times were investigated in the first part of the study. In
the second part the autogenous shrinkage of various mixes was investigated and lastly the

mechanical properties were measured as well.

ORGANIZATION OF REPORT

This document consists of the following chapters and appendices:

Chapter 1 serves as an introduction to the report.

Chapter 2 contains a technical introduction based on a literature study.

Chapter 3 describes the experimental procedure and materials used during the study.
Chapter 4 describes the analysis of the study observations.

Chapter 5 contains the conclusions and recommendations of the study.

The list of references follows at the end of the report.

The appendices contain data obtained and used in this study.
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CHAPTER 2: LITERATURE REVIEW

INTRODUCTION

High performance concrete (HPC) is increasingly being used in structures due to the high strength,
improvement in durability and long-term performance. A lower water to binder ratio is employed
to improve the performance of concrete and mineral and chemical admixtures are introduced.
With a low water to binder ratio, considerable early-age volume changes can occur compromising
the durability of HPC. Internal and external restraints in concrete structures results in tensile
stresses where structures cannot move freely. Early age cracking occurs when the tensile stresses
exceeds the tensile strength of the concrete. Early age volume changes are primarily due to
autogenous shrinkage, thermal deformation as well as drying shrinkage and is caused by self-
desiccation of capillary porosity, by temperature and moisture gradients between concrete and
exterior surroundings, respectively (Aitcin, 1998). Autogenous shrinkage accounts for the most
significant volume change of HPC at early ages, compared to that of thermal deformation and

drying shrinkage (Lura, 2003).

Shrinkage of concrete can be divided into two distinct stages: early age and long term. Early age
is typically taken as the first day, when concrete is setting and starting to harden. Long term refers
to 24 hours and later. Long term shrinkage is usually measured on samples which are demoulded
after 24 hours and tested according to standardised shrinkage measurements. Long term shrinkage
is typically the only type of shrinkage that is discussed and addressed in literature and considered
in structural design (Holt, 2001).

Concrete is also subjected to chemical shrinkage and carbonation reactions which are noted here
but fall outside the scope of this study. Figure 2.1 illustrates the types of shrinkage with the

corresponding time frame at which each type of shrinkage tends to occur.

PROPERTIES OF FRESH CONCRETE

Stresses are generated in concrete as water is lost to evaporation or internal reactions. A volume
reduction occurs due to the formation of menisci resulting in high internal tensile stresses (Seddik
Meddah and Tagnit-Hamou, 2011). At early ages, the concrete has not yet developed a high

strength and the shrinkage is more critical. A small stress can induce large strains in the early age
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concrete (Holt, 2001). The risk of cracking as a result of early age shrinkage is increased as a

result of the relatively low early age strength.
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Figure 2.1 Types of shrinkage at early age and long-term stages

2.2.1 Liquid Phase

The concrete is still a liquid immediately after mixing and casting. Any force applied to the
mixture will be corrected by a shift in the material. There is no skeletal structure holding the body
in place and the concrete has no strength. Bleeding can occur as the heavier particles suspended
in the fresh concrete mix move downward with the accompanying movement of water to the
surface.

2.2.2 Skeleton formation phase

Strength develops when the cement and additions chemically react to form a complex series of
hydrates. The cement particles are fixed into a weak structure surrounded by water-filled space.
The spacing between the cement particles increases with water content. The cement particles will
continue to hydrate and fill the space between the cement particles with hydrates and pores. The
strength of the concrete is highly dependent on the volume of pores. The higher the water-to-
cement-ratio, the more pores and the weaker the concrete. Hydration continues to take place for

years as long as there is water available for cement hydration (i.e. the concrete is not allowed to
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dry out) and there is cement and/or additions available to react (Harrison, 2003). Setting occurs

during this phase.

2.2.3 Hardening phase

When the skeleton system is well established the concrete will often have sufficient strength to
resist additional stresses during the early ages. The rate of drying shrinkage and autogenous
shrinkage will decrease due to the developing stable skeleton. Holt (2001) and Kronl6f et al.
(1995) found that the point where concrete can withstand drying shrinkage forces is
approximately 2 hours after the initial setting time. When the concrete strength is less than the

forces caused by drying then the concrete will crack.

Volume changes will occur for a long time as the concrete is still reacting. A measure of the
reactions that has taken place is the degree of hydration. Figure 2.2 illustrates the progression of
hydration of a single grain of Portland cement (PC) (Domone and IlIston, 2010). Pores, that were
not entrapped or entrained at mixing, are created by pockets that were originally filled with mixing
water. The capillary pores fill with hydration products over time. The capillary pores become
discontinuous after approximately 3 days for a water-to-cement ratio of 0.4 and at a water-to-
cement ratio of 0.8 or higher pores will never become discontinuous (ACI, 2014). Figure 2.3
illustrates the pore size distribution and volume of pores for different water-to-cement ratio
cement pastes, a lower water-to-cement ratio paste typically yields a lower volume and size of

pores than a higher water-to-cement ratio paste.

After several  —— E After a
hours _— few days ————- fewweeks

Mix Unhydrated Hydrates Portlandite
= water - cement >< (mainly C-S-H) crystals

Figure 2.2 Illustration of the hydration of a single grain of Portland cement (Domone and IlIston, 2010)
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Figure 2.3 Pore size distribution of 28 day old cement paste at different water-to-cement ratios (Domone and Iliston,
2010)

When the water-to-cement ratio is equal to 0.4 and all the cement hydrates fully, the hydrates will
fill the available space completely. Pastes with a water-to-cement ratio higher than 0.4 will have
capillary pores after all the cement has hydrated. Unhydrated cement will be present in pastes
with a water-to-cement ratio of less than 0.4 when further hydration is constrained by lack of
space (Addis, 1994). Capillary porosity (Pc) and the volume fraction of unhydrateable cement
(Mu) with water-to-cement ratio is shown graphically in Figure 2.4. Powers and Brownyard
(1947) used their developed model to study the minimum water-to-cement ratio for complete
hydration using Cement 15754 and found it to be between 0.42 and 0.44. Later analysis done with
CEM | revealed a value of 0.39.

2.2.4 Tensile strain capacity

Early age shrinkage is a concern due to the stresses developing at a critical time when the concrete
strain capacity is at a minimum. Many researchers have found that the strain capacity decreases
at an early age before increasing again at roughly 10 hours. Nguyen et al. (2017) summarised data

from their study and previous major studies in Figure 2.5.

Early age cracks can occur a few hours after casting, the cracks can propagate and seriously
decrease the serviceability of the structure due to subsequent shrinkage and loading. Even when

early age cracks do not occur, the residual restrained stresses due to early age deformation remain
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in the structure which can reduce the tensile capacity of the structure and cause problems with

serviceability (Nguyen et al., 2017).
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Figure 2.4 Capillary porosity (Pc) and volume of unhydratable cement (Vuc) versus water-to-cement ratio (Addis, 1994)
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Figure 2.5 Decreasing tensile capacity during early ages (adapted from Nguyen et al., 2017)

2.2.5 Workability

Workability is defined in ASTM C125 (2019) as the property determining the effort required to
manipulate a freshly mixed quantity of concrete with minimum loss of homogeneity. The main

factor that affects the workability is the water content of the mix. If all mix proportions are fixed
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then the workability is governed by the maximum size of the aggregate, the grading, the shape
and the texture of the aggregate as well as the cement fineness. If a more workable mix is required
with a constant strength concrete, then the water and cement content may be increased while the

water to cement ratio remains the same (Mehta and Monteiro, 2006, Domone and IlIston, 2010).

2.2.6 Heat of hydration

Cement paste becomes noticeably warm during the early set and hardening period, this is because
the hydration process is exothermic. In some cases, the energy released is enough to raise the
temperature to 100°C or more in a day if the cement paste is kept in adiabatic conditions i.e. zero
heat loss. A more useful indication of the rate of reaction is the measurement of the rate of heat

output at a constant temperature (isothermal conditions).

The heat evolution of concrete is strongly influenced by the physical and chemical properties of
PC, water-to-cement ratio, mineral and chemical admixtures, concrete mix proportions, curing
conditions of the concrete and construction procedures (Schindler and Folliard, 2003, Pan et al.,
2008, Mostafa and Brown, 2005, Bentz et al., 2008, Bentz et al., 2009).

A typical rate of heat output curve with time after mixing is shown in Figure 2.6. Immediately
after mixing there is a spike in heat output lasting only a few minutes or less (A). A low constant
period follows, which is known as the dormant period, when the cement is relatively inactive. The
dormant period can last up to a few hours. The hydration rate then starts to increase rapidly and
reaches a broad peak (B). The reactions then start to slow down gradually and may have a short
spurt in heat output at one or two days giving a further narrow peak (C) (Domone and IlIston,
2010).

The shape of the heat evolution plot will be discussed in detail in Section 2.4 as the rate of heat

output depends on the mix constituents and proportions of the paste or mortar in the concrete.

2.2.7 Setting time

Setting is usually defined as the onset of rigidity in fresh PC concrete and is usually viewed as the
period where the concrete transitions from true fluidity to true rigidity. The setting time of
concrete is important because it controls the timing of certain processes like transporting, placing,
compacting and finishing. The initial setting time usually corresponds to the time when the
concrete can no longer be properly handled and placed. Final set approximates the time when the

concrete hardens, and the concrete begins to gain strength. There are two methods used to
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Figure 2.6 Typical rate of heat output of hydrating cement paste at a constant temperature (Domone and Illston, 2010)

determine the setting time. For cement paste the Vicat needle method is used (ASTM C191
(2018), SANS 50196-3 (2006) or EN 196-3 (2016)) and for mortar the penetration resistance test
is used (ASTM C403 (1999)). Both cement and mortar test methods give initial and final setting
times which are based on arbitrary measurements that do not correspond exactly to any specific
change in the concrete properties. The standard tests to determine setting time can also be very
time consuming, especially when high volumes of supplemental cementitious materials or
admixtures are used. These tests are also user sensitive. Other methods to approximate the setting
time has been developed such as calorimetry setting time models (Bobrowicz, 2015, Schindler,
2004, Hu et al., 2014). This new automated setting time measurement approach could provide for
a more accurate evaluation of the hydration process and can highlight any compatibility issues
(Xu etal., 2010).

The setting time is influenced by the surrounding environment and additions to the concrete.
Water-to-cement ratio is one of the most dominant factors affecting cement hydration since the
water-to-cement ratio determines the interparticle spacing and how much water is available for
each unit volume of cement particle to hydrate. Standard test setting times increases with water-
to-cement ratio (Hu et al., 2014). Fly ash (FA), silica fume (SF) and ground granulated blast-
furnace slag (GGBS) also increases the setting time of concrete (Dave et al., 2017). High-range-
water-reducers (HRWR) or SPs and set retarding admixtures slow down the rate of hydration at
early age and extends the setting time (Nocun-Wczelik and Czapik, 2013, Cheung et al., 2011,
Holt and Leivo, 2000). Valtion Teknillinen Tutkimuskeskus (VTT) Technical Research Centre of
Finland research data by Holt and Leivo (2000) that explores the setting time with a change in SP
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2.3

dosage is shown in Table 2.1. The setting time of concrete is highly dependent on the surrounding
environment and especially the temperature, as indicated by the VTT research completed by Holt

and Leivo (2000) as summarised in Table 2.2.

Table 2.1 Concrete setting times with the addition of melamine-based superplasticiser at a water-to-cement ratio of
0.45 (Holt and Leivo, 2000)

SP Dosage Setting time (hr: min)
(%) White cement Gray cement
0 4:10 3:40
0.5 4:20 3:50
1 6:00 4:30
15 7:30 5:00

Table 2.2 Influence of curing temperature on concrete final set (Holt and Leivo, 2000)

Temperature (°C) ‘ Setting time (hr: min)
5 11+
20 5:30
30 4:20

EFFECT OF WATER CONTENT ON HEAT OF HYDRATION

2.3.1 Water-to-binder ratio

Semi-adiabatic calorimetry was carried out by Bentz et al. (2009) to investigate the influence of
water-to-cement ratio on the early-age thermal properties of cement pastes and the data is
presented in Figure 2.7. The heat capacity of water is much higher than that of cement at 4.18
J/(g-K) and 0.75 J/(g-K) respectively. Consequently, it is expected that a smaller temperature rise
will be present when the water-to-cement ratio is increased. Also, the lower amount of cement
per unit volume for the higher water-to-cement ratio mixes implies less heat generation within the

fixed volume of the semi-adiabatic calorimeter samples.

Figure 2.8 shows the influence of water-to-cement ratio on heat flow and cumulative heat. Early
hydration kinetics increased with a decrease in water-to-cement ratio and this is likely due to the
higher concentration of alkali ions in the pore solution, promoting the dissolution of the anhydrous
phases (Danielson, 1962). The long-term degree of hydration decreased with a lower water-to-
cement ratio because less water and space were available for hydrates to grow (Lothenbach et al.,
2011). The isothermal calorimetry samples self-desiccated due to chemical shrinkage that

occurred during hydration because the samples were sealed, and no external curing water was
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Figure 2.7 Semi-adiabatic temperature rise for four different water-to-cement ratio pastes during the first 48 hours of
hydration (Bentz et al., 2009)
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Figure 2.8 Influence of water-to-cement ratio on the a) heat flow and b) cumulative heat of CEM I 52.5 N (Luraetal.,
2017)

available. The on-going hydration rates decreased with time, and the effect was more pronounced
in lower water-to-cement samples (Bentz et al., 2009). Results from previous studies are in
agreement with the results obtained by Lura et al. (2017) in Figure 2.8 (Pane and Hansen, 2005,
Tydlitat et al., 2012, Berodier et al., 2014, Hu et al., 2014, Scholer et al., 2017, De la Varga et al.,
2018, Kirby and Biernacki, 2012). Bentz et al. (2009), Lootens and Bentz (2016) and Han et al.
(2017) found however, that the heat flow is nearly independent of the water-to-cement ratio, but
the cumulative heat followed the same trend as in the previous studies mentioned above. A study

done by Quennoz and Scrivener (2013) however reported that the first maximum peak heat flow
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increased with an increase in water-to-binder ratio and the time at which this peak occurred was

slightly delayed with an increase in water-to-binder ratio.

2.3.2 Chemical admixtures

2.4

SPs (also referred to as HRWRS) are used to either permit a high reduction in the water content
of a given concrete mix without affecting the consistence or increase the workability without
affecting the water content. They are added by percentage of cementitious material weight. They
cause a combination of mutual repulsion and steric hinderance between the cement particles
(Domone and lllston, 2010).

SPs are efficient at interacting with fine-grained materials such as cement, FA, GGBS and SF
resulting in a concrete strength that is higher than expected from the reduction in water-to-cement
ratio alone (Neville, 2011).

For any particular binder and SP ratio there is a saturation point. At dosages higher than the
saturation point, no further increase in fluidity will occur and segregation, excessive retardation

or entrapment of air can take place (Domone and IlIston, 2010).

SPs and set retarding admixtures slow down the early hydration process (Lazniewska-Piekarczyk,
2013, Schindler, 2004, Chaei et al., 2018, Xu et al., 2010, Winnefeld et al., 2007, Kumar et al.,
2012, Pan et al., 2008). Figure 2.9 shows the influence of set retarders and SPs on the heat flow
of CEM | 42.5R. R1 and R2 are phosphate-based set retarders with differing modifiers and SP1
and SP2 are polycarboxylate SPs having a chain-like structure and SP1 has a much lower
molecular weight resulting from a lower amount of side chains. SPs or set retarders prolonged the
induction period and the main peak was reduced. This effect was stronger at a lower water-to-
cement ratio in the presence of set retarders. The delay was more prominent with set retarders.
The total heat evolved was not influenced significantly by SPs compared to the plain cement
sample but set retarders did however hamper the hydration process and resulted in a lower heat
evolved (Nocun-Wczelik and Czapik, 2013).

EFFECT OF CEMENT COMPOSITION ON HEAT OF HYDRATION

When discussing high strength concrete, it becomes important to define what is meant by high
strength. The compressive strength required for a concrete to be defined as high strength has been
revised upwards over the past 20 years and will likely continue to rise in the future (Price, 2003).

In 2001 concrete was classified as high strength if the compressive cube strength was 40 MPa or
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Figure 2.9 Heat flow curves of Portland cement CEM | 42.5R, hydrated in the presence of admixtures added as 2% by
mass of cement at water-to-cement ratio 0.3 (Nocurn-Wczelik and Czapik, 2013)

more (Holt, 2001). More recently high strength concrete has been defined as concrete with
compressive cube strength greater than 80 MPa (Domone and IlIston, 2010). Another proposed
definition is that high strength concrete is a concrete with a higher compressive cube strength than
that covered by current codes and standards. High strength concrete makes it possible to build
smaller sections which in turn will result in more usable space and possible savings in material
costs. High strength concrete also has the benefit of being less permeable due to the reduced

water-to-cement ratio, this in turn results in lower maintenance cost and a more durable concrete.

The very low water-to-cement ratio values for high strength concrete causes impractically low
workability and it is impossible to place concrete using conventional methods, thus SPs must be
included in the concrete mix design. Low water-to-cement ratios are not enough to produce high
strength concrete and therefore mineralogical additions such as FA, SF and/or GGBS are used
(Domone and llIston, 2010).

2.4.1 Cement

Cement clinker consists of two silicate phases, alite (impure C3S) and belite (C,S) and two
aluminate phases, CzA and CsAF. Clinker is ground and mixed with gypsum (calcium sulphate)

to produce PC.
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Calcium sulphate, clinker and water react and form hydrates resulting in hardening and setting.
Calcium silicate hydrate (C-S-H) and Portlandite or calcium hydroxide (CH) form due to the
hydration of the silicates and ettringite or trisulfoaluminoferite hydrate (AFt) and
monosulfoaluminoferite hydrate (AFm) form due to the hydration of the aluminates. The typical

ranges of oxide present in PC is shown in Table 2.3.

Table 2.3 Typical chemical composition for Portland cement (Domone & IlIston, 2010)

Oxide Range
CaO 60-67
SiO; 17-25
Al,O;3 3-8
Fe,03 0.5-6
Na,O + K0 0.2-1.3
MgO 0.1-4
Free CaO 0-2
SO3 1-3

Figure 2.10 illustrates a typical isothermal calorimetry heat flow curve for the hydration of PC.
The fast dissolution of anhydrous phases occurs in stage (0). Calcium sulphate controls the
dissolution of C3A and prevents flash setting. At stage (1) there is a decline in reaction rate and a
period of low chemical activity thereafter (1), this is also known as the induction period. A main
hydration peak occurs at the end of stage (I1) in the acceleratory period resulting from the
precipitation of C-S-H and CH due to the hydration of CsS and C.S. In stage (1V) there is another
deceleration period where a second peak is observed which corresponds to the formation of
ettringite when all the sulphate ions are consumed or due to renewed CsA dissolution. The last
stage (V) is a low reactivity period where a third peak is observed corresponding to the formation
of AFm, a result of the reaction of ettringite with CsA when the calcium sulphate is fully
consumed (Bazzoni, 2014).

The reaction of alite to portlandite and C-S-H contributes the most to the heat of hydration
observed during the early reaction of PC. The other clinker phases do not contribute significantly
to the heat release within the first 12 hours (Schéler et al., 2017).
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Figure 2.10 Typical calorimetry heat flow curve for the hydration of Portland cement (Bazzoni, 2014)

Amongst others, Gutteridge and Dalziel (1990b) realised that blending even inert materials with
cement have a significant influence on the hydration of clinker phases. This is called the filler
effect. The reactivity of the SCMs has frequently been confused with this filler effect. The
reactions of the SCMs are usually negligible during the first day or so due to the dependence of
SCM reactions on the alkalinity of the pore solution, which builds up over the first few days as
the cement hydrates. Thus, the filler effect dominates the changes in hydration kinetics. This is
particularly the case with SF even though 2°Si NMR indicates that almost no reaction of SF
occurred at this stage (Hjorth et al., 1988, Justnes, 1988, Lothenbach et al., 2011).

Two main principle mechanisms can be used to explain the filler effect:
1. The filler does not produce hydrates at early ages, the effective water to clinker ratio is
higher and there is more space for the hydration products of the clinker phases.
2. The larger surface area provided by the SCMs acts as nucleation sites for the hydration

products of the clinker phases to form.

Fernandez Lopez (2009) studied the filler effect. Figure 2.11 show the heat evolution curves for
a blend with quartz filler compared to a reference cement at a water-to-cement ratio of 0.4. The
quartz gives more space for the hydration products of clinker to form leading to an increase in the
induction period. Quartz does not react significantly, there is almost no change in the slope of the
heat evolution curve during the acceleration period, but the acceleration period is extended, and

the maximum occurs later than the 100% PC curve.
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Figure 2.11 Heat flow evolution curves of 100% PC compared to 70% PC with 30% fine quartz filler (Fernandez

Lopez, 2009)

2.4.2 Silica fume

SF, also known as microsilica is very fine noncrystalline silica particles condensed from the waste
gasses given off in the production of elemental silicon or alloys containing silicon. The particle
size range of SF is between 0.03-0.3 um with a spherical shape. The specific surface area is

typically 20 000 m?/kg with a relative particle density of 2.2 (Domone and Illston, 2010). The

time, hrs

typical composition of SF is given in Table 2.4.

Table 2.4 Typical chemical composition ranges of additions (Domone & IlIston, 2010)

Addition  Low lime High lime GGBS SF
Oxides

SiO; 44-58 27-52 30-37 94-98
CaO 1.5-6 8-40 34-45 <1
Al,Os 20-38 9-25 9-17 <1
Fe;0s 4-18 4-9 0.2-2 <1
MgO 0.5-2 2-8 4-13 <1

SF increases the water demand of concrete therefore it is often necessary to include SP into the
mix design or reduce the sand content. Due to the high surface area of SF bleeding is reduced if

SF is added to the concrete mix. As the SF content is increased the concrete becomes sticky and
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more cohesive. The increased cohesiveness leads to reduced segregation and bleed water pockets
forming underneath reinforcing bars and coarse aggregate which in turn benefits the hardened
structure. Some bleed water however is required to inhibit plastic shrinkage cracking (Mazloom
et al., 2004, Sellevold, 1987).

A pozzolanic reaction takes place between the amorphous silica in CSF and calcium hydroxide
produced by the hydration of PC. Thus, the CSF can only be activated after the cement has started
reacting. CSF also contributes to the hydration of PC due to the extreme fineness of the CSF
particles which provide nucleation sites for calcium hydroxide. Early age strength development
takes place due to this. CSF dissolves in a saturated solution of calcium hydroxide within a few
minutes. Calcium silicate hydrate is formed on the surface of the CSF particles as soon as enough
PC has hydrated to result in saturation of the pore water with calcium hydroxide. This reaction

initially proceeds at a high rate, but subsequent reaction is very slow (Neville, 2011).

As the calcium silicate hydrates are formed during the reaction of CSF, the voids and pores within
the concrete are filled with crystals to bridge the gap between the cement grains and aggregate
particles. This physical filling effect of the matrix provides homogenous and dense concrete with
improved strength and low permeability. The relatively porous transition zone that usually
surrounds the aggregate grains in conventional concrete is virtually absent in high-quality CSF

concrete (Newman and Choo, 2003).

Dry curing conditions influence CSF concrete more than normal PC concrete with a higher
reduction in strength as the water to cementitious material ratio increases (Atis et al., 2005). As a
consequence of the high reactivity of CSF the mix water is used up rapidly. Water, if available,
cannot easily penetrate the dense microstructure of the hydrated cement paste to reach the
remnants of unhydrated PC or CSF particles. Self-desiccation takes place and strength

development ceases much earlier than compared with PC alone (Neville, 2011).

Kocaba (2009) studied the filler effect and results from this is shown in Figure 2.12a. When
comparing the heat flow evolution of 100% PC to 90% PC with 10% CSF it is clear that there is
another effect at play than in Figure 2.11. The maximum heat is increased and the slope of the
heat evolution curve of the blended mix is steeper than the 100% PC curve. This effect on the
heat evolution curve is consistent with an increase in the number of nucleation sites that is shown

in Figure 2.12b. The water-to-cement ratio used in this study was however not disclosed.
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Figure 2.12 a) Heat flow evolution curve of 100% PC compared to 90% PC with 10% SF and b) simulation results
of increasing the number of nucleation sites by 30% (Lothenbach et al., 2011)

It appears that nucleation effects are more significant in the case of the hydration products of the
aluminate phase which is normally an indication of the peak in stage (IV) in Figure 2.10. Figure
2.13 demonstrates the effect of fillers on the hydration of cement alone. The fillers are not
expected to react. The two finer fillers have a slight effect on the silicate reaction and a significant
effect on the aluminate reaction as described above. The aluminate peak is increased and narrowed
(Lothenbach et al., 2011).
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Figure 2.13 Heat evolution curves for PC blended with quartz, rutile and corundum. Fineness: quartz 0.76 m?/g; rutile
9.1 m%g; corundum 5.4 m?/g (Lothenbach et al., 2011)
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In a study by Rossen et al. (2015) PC was replaced by different percentages of SF at a water-to-
binder ratio of 0.4 to obtain the heat evolution curves in Figure 2.14. The reaction of CsS (peak
at the end of stage (I11) in Figure 2.10) was accelerated by the presence of CSF. The reaction of
CsA (stage (IV) peak in Figure 2.10) occurs earlier and is improved due to the adsorption of

sulfate on C-S-H. An earlier study by Rahhal et al. (2007) is in agreement with these trends.

Results from a study by Pane and Hansen (2005) is shown in Figure 2.15. Replacing 25% of PC
with CSF produced a higher cumulative heat than the PC paste at a water-to-binder ratio of 0.35
but that was not the case with a water-to-binder ratio of 0.45. Kadri et al. (2010) found that CSF
did however produce a higher cumulative heat than the reference PC system at water-to-binder
ratio of 0.45 and 10% replacement with CSF.

Kadri et al. (2009) found that the maximum heat released in a semi-adiabatic calorimeter,
however, decreased with an increase in CSF replacement. The peak also occurred earlier when
CSF was added.
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Figure 2.14 Heat evolution curves for different replacement percentages of PC with SF normalised by the anhydrous
cement content (Rossen et al., 2015)
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Figure 2.15 Cumulative heat curves for mixes with the replacement of PC (line #1) with 25% FA (line #2), 25% GGBF
(line #3) and 10% SF (line #4) at a water-to-binder ratio of a) 0.35 and b) 0.45 (Pane and Hansen, 2005)

2.4.3 Fly Ash

FA or pulverised fuel ash (PFA) is a by-product from the combustion of pulverised coal. FA
varies with the change of the coal supply and the power station demands; this can be a significant
problem. Not all FA is suitable for use in concrete due to this variability. The particle size range
of FA is between 1-80 um with a spherical shape. The specific surface area is typically 350 m#kg
with a relative particle density of 2.3 (Domone and IlIston, 2010). The typical composition of FA
is given in Table 2.4 with a low lime FA containing between 1.5-6% CaO and a high lime FA

containing between 8-40% CaO.

FA limits the amount of early heat of hydration, increases fluidity and suppresses alkali-aggregate
reactions but concretes containing FA tends to be vulnerable to carbonation (Sakai et al., 2005).
FA is less reactive than cement, which can cause lower strengths at early ages and extended setting
time issues. This can be counteracted by reducing the water-to-cement ratio (De la Varga et al.,
2018).

The hydration of FA particles can take up to a week to initiate and FA acts as an inert filler before
this time. A concrete where cement is replaced with FA is initially more permeable than one
without replacement and becomes denser with time (Fraay et al., 1989). FA reacts with calcium
hydroxide and alkali in concrete to produce calcium silicate hydrate (C-S-H). Cement-FA blends
containing a high volume of FA and a lower water-to-cement ratio displays the dilution or filler
effect much more significantly and the hydration degree of cement is notably improved (Wang,
2014).
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Chaei et al. (2018) reported a 22% decrease in peak heat flow value with the replacement with
20% FA, a 39% decrease with the replacement of 40% and a 51% decrease with the replacement
of 50% FA. The heat evolution curves can be seen in Figure 2.16. FA replacement significantly
affects the early age hydration kinetics but does not have an effect after more than about 3 days.
Similar results were found in previous studies (Bentz, 2014, Han et al., 2017, Diaz-Loya et al.,
2017).
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Figure 2.16 Heat evolution curves for pastes with different levels of low lime FA (Chaei et al., 2018)

Xu et al. (2010) reported a “shift” to the right accompanied by a decrease in peak heat flow
evolution when the amount of FA was increased by 50% compared to the reference PC and FA
blend mix and a “shift” to the left accompanied by an increase in peak heat flow compared to the
reference. A high lime FA was used in this study, but similar results were stated by Deschner et
al. (2012) and Han et al. (2016) using a low lime FA. De Weerdt et al. (2011), however, found
that the heat flow peak increased with 35% replacement of low lime FA and the peak “shifted”
right.

The cumulative heat in Figure 2.15 with 25% low lime FA replacement was less than that of the
PC system for a water-to-binder ratio of both 0.35 and 0.45 (Pane and Hansen, 2005). Contrary
results have been published by De la Varga et al. (2018) where a higher cumulative heat was
reported with 60% and 80% high lime FA replacement compared to the reference system at a
water-to-cement ratio of 0.3 and the heat flow peak “shifted” right with regards to the PC system,
but no significant increase or decrease in heat flow maximum was found. A study by Chen and

Poon (2017) found that replacement with 5-20% FA (low lime) had a negligible effect on the peak
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heat flow compared to the reference PC system. Berodier et al. (2014) found an increase in heat
flow when using a low lime FA at 40% replacement. The difference in chemical composition and
particle size distribution of FA used by different researchers could explain the difference in the

trends observed.

2.4.4 Ground granulated blast-furnace slag

GGBS is obtained from the production of iron where two products are formed, molten iron that
collects in the bottom of the furnace and liquid iron blast-furnace slag floating on the pool of
molten iron. Blast-furnace slag consists of silicates and aluminosilicates of calcium and of other
bases that is then rapidly chilled and subsequently ground to a similar fineness than PC to form
the glassy granular material GGBS. The chemical composition does not vary significantly, there
can be some differences in the chemical content of MgO and Al,Os, but this does not dramatically
change the hydraulic properties of the GGBS when used as a supplementary cementitious material
(Aitcin, 1998). The particle size range of GGBS is between 3-100 um with an irregular shape.
The specific surface area is typically 400 m?/kg with a relative particle density of 2.9 (Domone
and IlIston, 2010, ACI, 2014). The typical composition of GGBS is given in Table 2.4.

When GGBS is mixed with water, initial hydration is slower than that of PC. PC, lime or alkali
salts are therefore used to increase the reaction rate. Hydration of GGBS in the presence of PC
depends largely upon breakdown and dissolution of the glassy slag structure by hydroxyl ions
released during the hydration of the PC (ACI, 2014).

Results from a study by Chaei et al. (2018) are shown in Figure 2.17. This illustrates how an
increase in GGBS replacement proportionally decreased the peak heat evolution. Replacement
with 20% GGBS decreased the peak heat flow by about 19%, replacement with 40% and 50%
GGBS reduced the peak heat flow by 34% and 43% respectively. Up until about hour 4, all the
hydration curves follow the same linear path indicating that the rate of hydration is consistent for
each replacement level. Similar results have been found by Darquennes et al. (2011), Bohac et al.
(2014) and Han et al. (2017).

The cumulative heat of the paste containing 25% GGBS replacement was lower than the PC paste
at an earlier age but later on surpassed the cumulative heat of the PC paste as indicated in Figure
2.15, and this may be attributed to the slag reaction (Pane and Hansen, 2005). Han et al. (2017)
found that the cumulative heat of paste containing 30% GGBS replacement was almost the same

as the cumulative heat from the PC paste but slightly less.
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Similar effects on the aluminate peak have been reported for PC slag blends than for PC-CSF
blends and several researchers have attributed the more significant peak to the early reaction of
slag (Lothenbach et al., 2011).
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Figure 2.17 Heat flow curves for PC pastes with different replacement levels of GGBS (Chaei et al., 2018)

2.4.5 Blended cements

2.5

Blended cements consist of ordinary PC with one or more mineral admixtures such as FA, CSF
and/or GGBS. Blended cements have the benefit of reducing carbon dioxide emissions and
improving the performance of concrete as well as reducing the cost (Hemalatha and Ramaswamy,
2017, Han et al., 2017, De la Varga et al., 2018). The combination of SF and FA with ordinary
PC results in several preferable synergistic effects. FA increases the long-term strength
development of CSF concrete, FA offsets the increased water demand of CSF and the relative
low cost of FA compensates for the increased cost of CSF. CSF also compensates for the relatively
low early age strength of FA concretes (Thomas et al., 1999).

THERMAL DEFORMATION

When concrete undergoes temperature changes, thermal dilation takes place, also known as
thermal expansion, which occurs when there is a temperature rise. Movements can occur due to
heating or cooling at any age of the concrete. With a rise in temperature, the concrete will expand
and shrink again when cooling takes place. When the rate of temperature change is severe or when
a temperature gradient exists in the concrete cross-section, thermal movement causes internal

stresses and strains (Holt, 2001).

24
Chapter 2| Literature Review

© University of Pretoria



The importance of thermal movement depends on the structure and on the degree of exposure.
The reaction of PC is exothermic and produces large quantities of heat. In small structures the
heat dissipates relatively quickly and does not adversely affect the structure. Conversely when
casting large concrete masses this becomes critical as a temperature rise of 45°C or more can take
place. Concrete is a relatively good insulating material, most of the heat produced accumulates in
the concrete. At the surface the heat dissipates faster due to the cooler ambient temperature. A
temperature gradient is then present. The hotter inner portion of the concrete tends to expand more
than the outer cooler layer of the concrete as depicted in Figure 2.18. Concrete is brittle and elastic
in nature and will as a result develop stresses due to the differential expansion. Tensile stresses
can develop when the temperature differential between the inner and outer strata is too great and

cracking may then occur.

For normal applications, the three major factors that influence the thermal movement of concrete
are, the type of aggregate, the volume concentration of aggregate in the mix and the moisture
content of the concrete. The cement type, age and strength of the concrete and the curing have far
less of an effect.
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Figure 2.18 Typical temperature development in mass concrete before expansion (a) and after expansion (b) (ICE,
2009)

Concrete that is very dry or saturated has a lower thermal expansion coefficient than a partially
dry concrete. The thermal expansion coefficient of stone used in concrete is much lower than that
of cement paste, and the thermal expansion coefficient of concrete is thus much lower than that

of cement paste. Since concrete usually contains 70-80% stone by volume, there is a considerable
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reduction in sensitivity to humidity observed in concrete when compared to cement paste. Normal
concrete is then usually assumed to have a constant coefficient of thermal expansion regardless
of the humidity. These effects are shown in Figure 2.19. These values are applicable between
temperatures of about 0 to 60°C. Internal microcracking can occur at higher temperatures due to
the difference in the thermal expansion coefficients of the cement paste and the aggregate and

non-linear behaviour will occur (Domone and Illston, 2010).

After casting, the thermal expansion coefficient changes as the concrete inner structure changes
and gains strength. Research done by Hedlund (1996) and results obtained by Weigler and
Alexanderson (Byfors, 1980) is shown in Figure 2.20. The thermal expansion coefficient has a
higher value in the first few hours which then drops significantly and stabilises around 12 pe/°C

after 24 hours. The thermal expansion coefficient of water at 20°C is 207 pe/°C.

Thermal movement at later ages is primarily due to temperature fluctuations in the environment.
These changes are dependant to some extent on the amount of free water present in the concrete.
Water expands during ice formation when it freezes. If the structure is restrained against
movement then there may be no space for the volume change to take place, cracking may then
occur (Holt, 2001). The typical values for the coefficient of thermal expansion for mature concrete
is between 6 and 12 pe/°C according to Mehta and Monteiro (2006) and between 6.8 and 11.9
ue/°C according to the ICE (2009). Research done by Cusson and Hoogeveen (2007) shows that
the coefficient of thermal expansion of high strength concrete reaches a minimum one day after

setting and then slightly increases to stabilise around 10.5 pe/°C.
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Figure 2.19 The effect of humidity on the thermal expansion coefficient of cement paste and concrete (Domone and
Iliston, 2010)
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Figure 2.20 Early age thermal expansions coefficients for concrete(Hedlund, 1996, Byfors, 1980)

PROPERTIES OF HARDENED CONCRETE

Hardened properties of concrete include not only stiffness, compressive strength and tensile
strength, but also volume changes over time, such as shrinkage and creep.

Loading causes concrete to deform and, if the load is high enough, failure will occur. All loading
on a material can be considered as one or more of three basic types — tension, compression and
shear. The mechanical properties of concrete depend on the mix proportions and constituents and

the member dimensions.

Typical stress-strain relationship for cement paste, aggregate and concrete is shown in Figure
2.21. Both aggregate and cement paste has a linear elastic relationship, but concrete does not, this
implies that the properties of complex composite materials does not necessarily equal the sum of

the properties of their components (Mehta and Monteiro, 2006).

Water-to-cement ratio influences the strength and elastic modulus of concrete, the effect can be
seen in Figure 2.22. Generally, with an increase in water-to-cement ratio, the compressive strength

and modulus of elasticity will decrease.
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Figure 2.21 Typical stress-strain behaviours of cement paste, aggregate and concrete (Mehta and Monteiro, 2006)
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Figure 2.22 The effect of water-to-cement ratio on a) compressive strength and b) elastic modulus of concrete (Domone

and IlIston, 2010)

The strength of concrete is governed by porosity and this depends on water-to-cement ratio and

degree of hydration. Abrams (1918) demonstrated an inverse relationship of water-to-cement ratio

with concrete strength which is now known as Abrams law given in Equation 2.1:
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where,

fc — concrete strength (MPa)
k1, k, —empirical constants (unitless)
w — water content (kg/mq)

¢ — cement content (kg/m?3)

The constants k, and k., are dependent on concrete age, type of materials, porosity, test method

and, to a limited extent, aggregate size and type (Domone and Iliston, 2010).

Nichols (1982) confirmed that for any given water-to-cement ratio there is an optimum maximum
size of aggregate, the effect of aggregate size on concrete strength with a fixed cement content is
shown in Figure 2.23. The optimum maximum size of aggregate appears to increase with a

decrease in cement content.
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Figure 2.23 Influence of maximum size of aggregate on the 28-day compressive strength of concretes of differing
richness (Higginson et al., 1963)
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SCMs are used to enhance concrete properties and cement can be replaced in varying amounts
depending on the type of SCM. Domone and Illston (2010) suggests maximum effective PC
replacement levels of 90% for high-lime FA and GGBS, 40% for low-lime FA and metakaolin
and 20% for CSF. They went on to explain that at higher replacement levels there is insufficient
PC to produce the required quantities of calcium hydroxide needed to complete the secondary

reactions of the SCMs which may lead to low early age concrete strengths.

When SCMs are used, an efficiency factor may be calculated to establish the relative performance
of the particular SCM in relation to PC. The cementing efficiency (k) is defined as the number of
parts of cement in a concrete mixture that can be replaced to one part of SCM without changing
the concrete property under investigation, which is typically strength (Smith, 1967, Wong and
Razak, 2003, Khan et al., 2018). Smith (1967) was one of the first to propose this concept, to
rationalise the approach for the mixture proportioning of FA concretes, in the form of model given

in Equation 2.2:

(K) . % (eq. 2.2)
where,

(%) — effective water-to-cement ratio for PC concrete with equivalent strength
N

¢ — cement content (kg/m?3)
k — cementing efficiency factor (unitless)
F — FA content in concrete with equal strength (kg/m?)

w — water content (kg/m?3)

The k-value varies over a wide range depending on type and content of SCM, incorporation of
chemical admixture and strength chosen. Researchers have reported k-values between 0.25 and
1.1 for FA replacement levels up to 50% (Babu and Rao, 1993, Kearsley, 1999, Khan et al., 2018),
k-values between 2 and 5 for CSF replacement of between 5 and 20% (Telford, 1988, Sellevold
and Nilsen, 1987) and k-values between 0.70 and 1.29 for 10 to 80% GGBS replacement (Babu
and Rama Kumar, 2000).

Testing of long-term shrinkage usually starts at 24 hours after casting when the specimens are
demoulded. The length change over time of standard prismatic specimens are measured according
to standards such as SANS 6085 (2006), ASTM C157 (2017), RILEM CPC 9 (1975) and AS

1012.13 (2015). In South Africa, some research facilities conduct natural drying tests, usually
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2.7

performed in conjunction with creep tests and this is done at 22° + 2°C as opposed to between
50°C and 55°C for the SANS 6085 (2006) test method.

Holt (2001) illustrated that there is no correlation between the magnitude of early age and long-
term shrinkage for concrete, this can be seen in Figure 2.24. The poor curing conditions of the
concrete that was subjected to wind illustrates how the early age shrinkage can far exceed the

long-term shrinkage. The long-term shrinkage due to drying was equal for all three cases.
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Figure 2.24 Early age and long term shrinkage with different curing environments during the first 24 hours (wind =
2m/s, dry = 40% RH, wet = 100% RH) (Holt, 2001)

Deformation of concrete results from moisture loss or gain, heat, applied stress and/or internal
reactions. Often this leads to cracking as the member is almost always under restraint in some
way, due to subgrade friction and end constraint of members but usually from reinforcing steel
and from differential strains that develop between the exterior and the interior of the concrete
(Mehta and Monteiro, 2006). The mechanisms and factors influencing the magnitude of concrete

deformation as well as the different types of deformation are discussed in Section 2.7.

TYPES OF CONCRETE DEFORMATION

Concrete deformation is inevitable, due to not only elastic deformation but also shrinkage, creep
and thermal strains. Shrinkage is most often measured over long periods of time and the earlier

volume changes during the plastic stage is often deemed to be insignificant. In the following sub-
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sections chemical shrinkage, thermal deformation and drying shrinkage are briefly discussed

while going into more detail on autogenous shrinkage.

Shrinkage and deformation of concrete is dependent on many intrinsic factors of the concrete mix,
concrete member and extrinsic environmental factors. Figure 2.25 lists factors affecting the

volume change of concrete.

Paste factors ]—45[ Water-to-cement ratio ]

4’[ Intrinsic factors
Concrete factors ] —D[ Degree of hydration ]
A —'P[ Age of paste ]

Deformation Relative humidity and J
temperature 4>[ Cement type ]
Aggregate properties ]
Curing ] and content —>[ Admixtures ]
A 4
[ Extrinsic factors Rate and time of drying J Member geometry "[ Temperature ]
and size

Applied load ] —>[ Moisture content ]

Figure 2.25 Factors affecting deformation of concrete (adapted from Addis, 1994)

Drying shrinkage is caused when water is removed from concrete. When concrete is moved from
a dry condition to wet or humid condition, some of the shrinkage can be recovered and swelling
can occur. Loss of free water takes place first and causes little to no shrinkage. The volume change
is not equal to the volume of water loss. Drying shrinkage is a volumetric effect but is frequently
measured as a linear strain. Figure 2.26 illustrates two scenarios where a) the concrete was
subjected to drying and subsequent re-saturation and shows that a part of the shrinkage is
irreversible and b) the concrete was dried and subjected to drying and wetting cycles also showing
the reversable shrinkage. Thus, concrete shrinkage has two components, reversable and
irreversible shrinkage. The extension curves in Figure 2.26 indicates swelling of concrete when
placed in water. The swelling of the HCP is resisted by the skeletal structure, so the swelling is

small when compared to the drying shrinkage strains (Addis, 1994, Neville, 2011).

Member size has a significant effect on the drying shrinkage. Water will only be lost at the surface,
hence the inner core acts as a restraint against movement. The rate of shrinkage will also be

affected by the rate of moisture transfer from the core to the surface.

Domone and Iliston (2010) summarised the four principle mechanisms of shrinkage and swelling

namely capillary tension, surface tension or surface energy, disjoining pressure and movement of

32
Chapter 2| Literature Review

© University of Pretoria



interlayer water. Drying shrinkage falls outside the scope of this study and is thus not discussed

in further depth.
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Figure 2.26 Swelling and shrinkage of concrete due to moisture movement: a) concrete dried and was then re-saturated,
and b) concrete that dried and was then subjected to wetting and drying cycles (Addis, 1994)

Plastic shrinkage occurs when bleed water rises to an unprotected concrete surface and evaporates
at a greater rate than what the bleed water rises. Tensile strains will occur in the topmost region
of the concrete and as the concrete tensile strength is almost zero, plastic shrinkage cracking may
occur. The cracking pattern resulting from this is fairly regular ‘crazing”. Plastic shrinkage will
be exacerbated by higher environmental or concrete temperatures or if the concrete surface is

exposed to wind which will increase the evaporation of surface water (Domone and IlIston, 2010).

2.8 AUTOGENOUS SHRINKAGE

2.8.1 Definitions and history

Autogenous shrinkage is the shrinkage that does not include volume change resulting from
moisture movement in and out of the environment (sealed conditions), temperature changes or
the application of an external force or restraint. It is also referred to as self-desiccation shrinkage.
Autogenous shrinkage was defined by a technical committee at the Japan Concrete Institute as
the macroscopic volume reduction of cementitious materials when cement hydrates after initial

setting (Tazawa, 1996). Mehta defined it as the measured deformation of cement paste in a closed

system (Mehta, 1986).

A graphic depicting the relationships between chemical and autogenous shrinkage is given in

Figure 2.27. Autogenous shrinkage is a portion of chemical shrinkage. Autogenous shrinkage is
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an external volume change while chemical shrinkage is an internal volume change. It can
therefore be measured as a linear change on a concrete member. In the plastic stage autogenous
shrinkage and chemical shrinkage are equal and the terms may be used interchangeably. However,
Holt (2005) has shown that in concrete specimens with a water-to-cement ratio as low as 0.3 these
two shrinkage values were not equal. It is also known that addition of SPs in the presence of a
low water-to-binder ratio increases chemical shrinkage and autogenous shrinkage but at different
rates (Wu et al., 2017).

Chemical shrinkage is the volume change at early ages due to the volume of hydrates being
slightly less than the combined volume of the reacting cement and water (Bullard et al., 2011).
Chemical shrinkage is the absolute internal volume reduction and is considered the driving force
for autogenous shrinkage which represents the external, bulk volume change (Mounanga et al.,
2004). The relationship between chemical shrinkage and autogenous shrinkage can be seen in
Figure 2.27. As mentioned in the previous section, autogenous shrinkage and chemical shrinkage

is the same in the plastic stage.
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Figure 2.27 The relationship between chemical shrinkage and autogenous shrinkage (Wu et al., 2017)

Factors affecting the magnitude of autogenous shrinkage are often disputed but it is agreed that it
cannot be eliminated during casting, placing or curing but must be addressed with the mix design.
The material components of concrete and the proportions thereof have the biggest influence as
will be discussed in upcoming paragraphs.
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Autogenous shrinkage was first described by Lynam (1934) as a factor that forms part of the total
shrinkage but was difficult to access. It was noted that autogenous shrinkage only became a
problem with low water-to-cement ratios but fell outside the range of practical concretes. Only
recently, with the development and frequent use of admixtures, has it been possible to produce

concrete susceptible to autogenous shrinkage.

Autogenous shrinkage occurs during the three stages within the first day of mixing described in
Section 2.2: liquid, skeleton formation and hardening. The concrete shrinkage after hardening can

easily be measured using standard measuring practices.

2.8.2 Liquid Stage

Immediately after mixing when the cement paste is still in liquid phase, chemical shrinkage takes
place due to the reduction in volume of the reaction products, resulting fully in external volume
change. While the concrete is still liquid, the autogenous shrinkage will be equal to the chemical
shrinkage. No cracking potential is caused by this volume change (Huang and Ye, 2017, Holt,
2001, Jensen and Hansen, 2001).

2.8.3 Skeleton Formation Stage

As the cement hydrates, a “stable” solid skeleton is formed in the hardening paste. The chemical
shrinkage in this solid skeleton of the hardening cement paste cannot be completely transformed
into external volume change. As a result, empty pores are formed inside the paste and water-air
menisci occur (Bentz and Jensen, 2004). The bigger pores in the solid skeleton empty first as the
water is consumed by cement hydration (Jensen and Hansen, 2001). This is called self-desiccation

and produces a drop in the relative humidity (Huang and Ye, 2017).

Water is lost from subsequently smaller pores that causes the water meniscus to be pulled further
into the capillary pores and will generate more stress on the capillary pore walls. As the free water
in the matrix gradually decrease due to the hydration of cement, the internal relative humidity
decreases. The concave surface must remain in equilibrium by increasing the capillary tension by
which autogenous shrinkage takes place (Fisher and Israelachvili, 1981). This mechanism of

autogenous shrinkage is shown in Figure 2.28.
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Surface tension of water Capillary pressure

P

in capillary

Figure 2.28 Schematic diagram of capillary water tension (Wu et al., 2017)

The point when autogenous shrinkage changes from being a function of chemical shrinkage
versus self-desiccation is a function of the degree of cement hydration. The relationship between
autogenous shrinkage and degree of hydration can be found in Figure 2.29. When the concrete is
still a liquid then the autogenous shrinkage is still a function of the degree of hydration and only
due to chemical changes (section AB). Once the skeleton has formed the chemical shrinkage
becomes more constrained (section BC). The material is rigid beyond point C and the autogenous
shrinkage is less and less due to chemical shrinkage (Acker, 1988, Justnes et al., 1996). Self-
desiccation is the driving force for further volume reductions (Boivin et al., 1999).
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Figure 2.29 Schematic evolution of autogenous shrinkage as a function of degree of hydration (Acker, 1988)

The capillary pressure can be calculated by the Laplace equation and the Kelvin equation as

indicated in Equation 2.3 and Equation 2.4 respectively:
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P.—P,=AP = " (eq. 2.3)
M .29, cos6 = RTIn"0 2.4
P cosf = nPr (eq. 2.4)

where,

o — surface tension of gas-liquid interface (N/m)
6 — liquid-solid contact angle (°)

P, — water pressure (kPa)

P, — water vapor pressure (kPa)

P, — actual vapor pressure (kPa)

P. — saturated vapor pressure (kPa)

r — hydraulic radius of capillary (m)

M — molecular weight of water (g/mol)

p — density of water (kg/m?)

R — ideal gas constant (J/mol)

T — absolute temperature (K)

2.8.4 Hardened Stage

As soon as the concrete has hardened, autogenous shrinkage is no longer the result of chemical
shrinkage only. Li and Li (2014) developed a prediction model for early age autogenous shrinkage
of self-consolidating concrete based on the capillary tension theory and the pore microstructure
of concrete. The negative pressure of capillary and autogenous shrinkage was determined using

the capillary tension theory. Autogenous shrinkage was calculated using Equation 2.5:

1-2u 20 25
= — eq. 2.
€ B r (eq. 2.5)
where,
u — Poisson’s ratio
E — elastic modulus of micro-matrix around the capillary (GPa)
r — critical diameter of capillary pore diameter (m)
37

Chapter 2| Literature Review
© University of Pretoria



2.8.5

As time increased, the median pore diameter decreased and micropore porosity content increased

which led to an increase in autogenous shrinkage.

The capillary tension theory can be used to explain the influence of a low water-to-cement ratio
and the use of admixtures on autogenous shrinkage as these affect the pore structure, relative
humidity, self-stress, degree of hydration and interface structure. Previous studies mostly
investigated the roles of self-stress, degree of hydration and interface structure through the
influence of cement, SCMs, aggregates, chemical admixtures, etc., and only a limited number of

studies have addressed the effects of pore structure and relative humidity.

Snoeck et al. (2015) showed that the rate of shrinkage is an important consideration. They studied
different mixes with and without SCMs and found that the results at 7 days were not necessarily
indicative of which mix would be the better option, when looking to minimise autogenous

shrinkage, as the data from 28 days sometimes favoured a different mix.

“Time-zero”

“Time-zero” is defined as the point in time when autogenous shrinkage starts and this is when the
system develops a stable skeleton able to transfer tensile stress (Weiss, 2002). It is therefore
critical to determine “time-zero” to be able to examine autogenous shrinkage as this can be a
major source of scatter in results (Wyrzykowski et al., 2017). ASTM C1698 (2014) suggests the
use of the final setting time determined by the Vicat apparatus as “time-zero”. Some researchers
have questioned the reliability of the final setting time of the Vicat needle test due to the relative
arbitrariness of the test method (Bentur, 2002, Sant et al., 2006, Chang-wen et al., 2007,
Darquennes et al., 2011, Hu et al., 2014). The above researchers do not believe that the Vicat final

setting time precisely corresponds to the “time-zero”.

Bentur (2002) found that the final setting time is roughly equal to the final setting time but not
exactly. Chang-wen et al. (2007) demonstrated the difficulty in measuring the moisture movement
in very early age concrete by the conventional hygrometer method as the material is still in the
range of 98% to 100% internal relative humidity. They developed a testing method to determine
the meniscus depression within the paste or concrete and determined the “time-zero” from the
capillary depression. Darquennes et al. (2011) stated that the development of autogenous
shrinkage strongly depends on the definition of “time-zero”. Three definitions of “time-zero”
were considered based on the free deformation curve tested in their research: (1) initial and final
setting time, (2) the time of peak expansions at early ages and (3) the time characterized by the

second maximum absolute value of the deformation rate as seen in Figure 2.30. The third
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definition, which corresponds to significant stress development inside the specimen, was chosen
as the “time-zero” and was confirmed by Temperature Stress Testing Machine (TSTM) testing.
A TSTM is an experimental setup that allows for the study of various fundamental properties of

concrete from very early ages, to predict and asses the cracking risk.
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Figure 2.30 Deformation rate and autogenous deformation expressed form the second maximum value of the
deformation rate of the CEM | mix (Darquennes et al., 2011)

Chang-wen et al. (2007) used the approach of determining the initiation of self-desiccation to
define the “time-zero” while Darquennes et al. (2011) determined the initiation of internal tensile
stresses to define the “time-zero”. The “time-zero” defined by the last mentioned two methods is
expected to be correlative due to the fact that self-desiccation is the main reason for autogenous
shrinkage (Jensen and Hansen, 2001). Huang and Ye (2017) found that the Vicat final setting
time was an improper way of determining the “time-zero” as the solid skeleton is not yet formed
at this stage. They also found that the internal humidity does not drop directly after the Vicat final
setting time. They developed an improved hygrometer method to monitor the internal relative
humidity in cement pastes and defined a new “time-zero” which corresponds to the onset of
internal relative humidity drop. Hu et al. (2014) measured the rate of heat evolution with
isothermal calorimetry to determine the time at which a solid skeleton begins to form in the system
and found that the setting times correlated positively with the Vicat needle setting times but was
later with the isothermal calorimeter. This was attributed to the very different mechanisms and

test arrangements.
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29.1

Another proposed method for determining the “time-zero” is the knee-point method where the
transition point between the solid and fluid state determined by the moment when the rate of

autogenous strain becomes zero is taken as the reference point (Filho et al., 2019).

INFLUENCE OF CEMENT COMPOSITION ON AUTOGENOUS SHRINKAGE

The mineral composition of cement influences the autogenous shrinkage. The impact of the CsA
content is the most dominant followed by CsS, C.AF and C,S (van Breugel and van Tuan, 2014).
The effect of different types of cement on autogenous shrinkage is basically due to the difference
in composition. High-early-strength cements contain higher contents of CsA and CsS that cause
more autogenous shrinkage than low to moderate heat generating cements in which higher
contents of C.S are used (Wu et al., 2017).

Bullard et al. (2011) showed that increased fineness and larger specific surface area of cement
decreased the relative humidity at a higher rate and increased the measured autogenous shrinkage.
This may be due to the accelerated cement hydration and water consumption in the matrix. The

effect of cement fineness on relative humidity is shown in Figure 2.31.
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Figure 2.31 Effect of fineness of cement on a) relative humidity and b) autogenous shrinkage (Bentz et al., 1999)

Influence of silica fume

Jensen and Hansen (1996) showed that SF increased the rate of autogenous shrinkage of HPC.
They found that the autogenous shrinkage of cement paste with a water-to-binder ratio of 0.23
increased with the cumulative content of SF within the range of 0-20%. With the presence of 10%
SF, the autogenous shrinkage measured was around three times that observed of plain cement

paste at 28 days. Zhang et al. (2003) also found that using SF at 5% and 10% increased autogenous

40
Chapter 2| Literature Review

© University of Pretoria



29.2

shrinkage and some of the results is shown in Figure 2.32. The autogenous shrinkage increased
with an increase in SF content while this effect became more prominent with a decrease in water-
to-cementitious material ratio. Some other researchers that also reported the negative effect of SF
on autogenous shrinkage include Tazawa and Miyazawa (1995) Maruyama and Teramoto
(2013),Lura et al. (2003), Zhang et al. (2003) Holt (2005), Li et al. (2010) Ghafari et al. (2016)
and Yang et al. (2005).
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Figure 2.32 Effect of SF on the autogenous shrinkage of concrete (Zhang et al., 2003)

Three mechanisms have been used to explain the results: (1) SF refined the pore structure and the
number of small pores increased which led to significant autogenous shrinkage in specimens. (2)
During the hydration of clinker, the formed CH was partly distributed into interlayer pores of C-
S-H gel and restrained the chain. The CH was consumed by the addition of SF and the porous
structure of C-S-H was formed. The consumption of CH caused empty pores and weakened their
restraining effect on the C-S-H structure and increased the shrinkage of the cement paste
(Mazloom et al., 2004, Wu et al., 2017). (3) SF accelerated the reaction process due to the
superfine structure. The large surface area of SF caused the fast combination of SF and mixing
water, increased the water shortage in the pore space of the cement paste, reduced the relative
humidity inside the cement skeleton and intensified self-desiccation (Paillere et al., 1989, Rao,
2001).

Influence of fly ash

Malhotra (2002) showed that FA decreased autogenous shrinkage because FA reduces the rate at
which the internal humidity decreases. The internal relative humidity of concrete specimens was

less when FA was used, this decline slowed down as the amount of FA increased from 15% to
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2.9.3

60% in a sealed condition with water-to-binder ratio of 0.3. When the mixing amount of FA
exceeded 40%, the reduction of internal relative humidity after 120 days was less than 13%
compared to 20% in plain cement samples. When more than 60% FA was used, the internal
relative humidity was maintained for up to 7 days. Termkhajornkit et al. (2005) found that the
replacement with more than 50% FA significantly reduced the autogenous shrinkage of concrete
specimens with a water-to-binder ratio of 0.3. They associated the autogenous shrinkage in part
with the hydration reactions of PC and reactions of Al;Os to form ettringite and partly with
hydration of FA, the hydration of FA causing a slowdown of the shrinkage. Guoxing Huang
(1990) studied the autogenous shrinkage of mass concrete with FA. He reported that the
incorporation of up to 20% FA halved the autogenous shrinkage and incorporation of 40% FA
lowered the autogenous shrinkage to about a tenth of that of the plain specimens. The increased
fineness and the content of FA decreased the autogenous shrinkage and increased the initial
cracking time (Mehta, 1986). This effect is due to the slow reaction time of FA in comparison to
cement which caused a dilution effect and added to the effective water-to-binder ratio, thereby
reducing the autogenous shrinkage (Snoeck et al., 2015). But, Jiang et al. (2004) found that this
was not necessarily true for a low FA amount of 10% where a portion of the FA contributed to
the reduction of autogenous shrinkage and the rest had an adverse effect. Early crack formation
could also not be avoided by adding FA alone (Gdoutos et al., 2003, Subramaniam, 2005). FA is

more effective at reducing autogenous shrinkage compared to SF and slag (Ghafari et al., 2016).

Influence of slag

Tazawa and Miyahara (1997) showed that the autogenous shrinkage of concrete was dependant
on the amount of slag with specific surface area over 400 m?/kg. When 75% or more slag was
used, the autogenous shrinkage of concrete began to decrease. When the fineness increased to 836
m?/kg the inflection point decreased to 60%. Fineness has a significant effect on reactivity, and
this could explain the effect of slag on autogenous shrinkage. With a slag fineness of 338 m?/kg
the autogenous shrinkage had a negative correlation. Lee et al. (2006) found that slag, used in
higher contents, increased the autogenous shrinkage. Figure 2.33 shows the effect of slag
replacement and water-to-cement ratio on the autogenous shrinkage of concrete. The autogenous
shrinkage increased with an increase in slag replacement. A lower water-to-cement ratio increased
the autogenous shrinkage even further. This was attributed to the increase in chemical shrinkage
and finer pore structure of the concrete with slag compared to the pure PC concrete and also the
particle shape of the slag. The slag used in this study has a Blaine of 430 m#kg. Almeida and
Klemm (2018) also found an increase in autogenous shrinkage with an increase in replacement
level with GGBS and attributed this to the so-called filler effect.
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The increasing effect of slag on autogenous shrinkage is reportedly less than that of SF since slag
concrete contains a smaller volume of fine pores compared to SF concrete. Finer pores contribute
to increase capillary pressure in the paste and increases the autogenous shrinkage (Ghafari et al.,
2016).

Li et al. (2010) disputed the increasing effect of slag on the autogenous shrinkage of concrete.
Volume expansion was observed in a previous study where GGBS cement was used, and the
analysis of literature shows that there is still not a consensus on the effect of slag on autogenous
shrinkage. Limited materials were used in previous studies and thus the role of slag in autogenous
shrinkage is still not clear (Wu et al., 2017). Snoeck et al. (2015) found that GGBS reduced
autogenous shrinkage at replacement levels of 15-85% and attributed this to the slag reaction that

occurred mostly at later ages which delayed the formation of a denser structure.

The effect of SCMs on the autogenous shrinkage of high-performance concrete with a low water-
to-cement ratio is still controversial. Early age shrinkage is tested on site quite often, using prisms
and measuring points without corrugated tubes but lack of efficient and practical testing apparatus
and methods often prevents the proper systematic research on the influence of these factors on
autogenous shrinkage with low water-to-binder ratio and this research is indispensable (Wu et al.,
2017).
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Figure 2.33 Effect of slag content on concrete with a) a water-to-cement ratio of 0.27 and b) a water-to-cement ratio
of 0.32 (adapted from Lee et al., 2006)
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2.10

INFLUENCE OF WATER-TO-BINDER RATIO ON AUTOGENOUS
SHRINKAGE

Water-to-binder ratio has a significant influence on autogenous shrinkage and in particular HPC
with a water-to-binder ratio of less than 0.4 (Zhang et al., 2003). Figure 2.34 shows that an
increase from water-to-binder ratio 0.26 to 0.30 decreased the autogenous shrinkage and a more
significant decrease could be seen with an increase of water-to-binder ratio of 0.30 to 0.35.
Although the measured autogenous shrinkage was significantly increased by the inclusion of SF
the use of SF in concrete reduced the effect of water-to-binder ratio on autogenous shrinkage.
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Figure 2.34 Effect of water-to-binder ratio on autogenous shrinkage of HPC (Zhang et al., 2003)

Jiang et al. (2005) also studied the effect of water-to-cement ratio on autogenous shrinkage in the
presence of SF and slag which was in agreement with Zhang et al. (2003). Jiang et al. (2005)
found that addition of slag to a cement and SF binary mix decreased the autogenous shrinkage,
especially at early ages. Wang et al. (2008) used a segmental screw micrometer to measure the
autogenous shrinkage of cement-based materials with ultra-low water-to-binder ratios. The study
found that the water-to-binder ratio of 0.25 was critical and when the water-to-binder ratio
increased, the autogenous shrinkage decreased. The opposite was found for water-to-binder ratios
less than 0.25 where the autogenous shrinkage decreased with a decrease in water-to-binder ratio.
This behaviour was attributed to the pore structure and the low degree of hydration of cement-

based materials with ultra-low water-to-binder ratios, but further research is required.

A study by Tian (2006) found that a reduction in water-to-binder ratio decreased internal relative
humidity of cement slurry especially at an early age and a significant increase in self-desiccation

was detected. As the water-to-binder ratio decreased, the total pore volume of HPC decreased and
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the pore structure was refined. This resulted in water redistribution toward the inside of smaller
micro pores, accelerating the reduction of critical pore radius, increasing the negative capillary
pressure and increasing autogenous shrinkage. Wu et al. (2017) defined critical pore radius as the
minimum size that must be formed by atoms or molecules clustering together in a gas, liquid or
solid matrix, before a new-phase inclusion (a bubble, a droplet or a solid particle) is stable and

begins to grow.

INFLUENCE OF WATER REDUCING AGENTS ON AUTOGENOUS
SHRINKAGE

For the sake of maintaining workability while reducing water content, the addition of water
reducing agents (WRA) makes it possible to decrease the water-to-binder ratio, therefore causing
increased autogenous shrinkage (Tam et al., 2012). Holt (2005) found that the addition of 1% SP
to mortar with water-to-cement ratio 0.3 increased the autogenous shrinkage by around 30%. This
was attributed to the improved cement dispersion and faster rate of hydration reactions.
Conversely, the lower shrinkage of specimens with no added water reducing agents was explained
by the increased heterogeneity, such as cluster formation between aggregates and their restraining
effect. Beltzung and Wittmann (2002) reported the acceleration of hydration rate and the

subsequent increase in autogenous shrinkage for specimen containing WRA.

SUMMARY

From the information in the literature reviewed it can be seen that the binder composition and
content has a significant effect on early age concrete deformation and thermal processes. Concrete
deformation is influenced by the binder composition such as addition and replacement of PC with
SCMs. The binder content or water-to-binder ratio also significantly affects concrete deformation.
The thermal processes evaluated by calorimetry are also influenced by the binder content and
binder composition. A strong relationship between the mixture properties and the isothermal heat
evolution has not been established. The same could be said with regards to the relationship
between SCMs and autogenous shrinkage. As stated in literature, the strength (or reactivity) and
thermal processes of concrete are both a function of binder composition and content. There may
then exist a relationship between the strength (or reactivity), the thermal processes and autogenous
shrinkage. Research is necessary to attempt to establish a link between autogenous shrinkage and

the thermal processes and/or strength of concrete.
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3.1

CHAPTER 3: EXPERIMENTAL PROGRAM

INTRODUCTION

To investigate the relationship between the thermal processes, strength and autogenous shrinkage
of concrete different binder compositions and contents were tested using materials with a wide
range of properties to attempt to obtain general relationships between the properties of the tested
mixes. Table 3.1 serves as a summary of all tests conducted. Material properties were determined
before casting. Workability tests were done to evaluate the effect of the mix constituents and
determine SP dosing. Isothermal calorimetry and semi-adiabatic calorimetry tests were initiated
immediately after casting. The setting time was determined by two methods and were compared.
Autogenous shrinkage tests were conducted to determine the effect of binder content and
composition including the effect of SCMs. Mechanical properties were tested along with material
properties to assist with analysing results and determining the reactivity. One sample was used
for each property tested except in the case of the mechanical properties where two samples were

tested at each stage. Two samples were tested where specified to test variation.

Table 3.1 Summary of all tests conducted in this study

Property Test method Time frame
XRF
Raw materials Particle size distribution Before casting

Relative density
Blaine fineness

Workability Flow table Immediately after mixing
Setting time Modified Vicat needle Immediately after mixing
Isothermal calorimeter
Hydration Isothermal calorimetry Minimum 5 days
Semi-adiabatic calorimetry Minimum 3 days
Deformation Beam - autogenous shrinkage 8 days minimum
Tubes - autogenous shrinkage 8 days minimum
Compressive strength 3,7, 28 days
Mechanical Splitting tensile strength 3,7, 28 days
Modulus of elasticity 3,7, 28 days
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The procedures used to determine all the above are discussed in this chapter as well as the
materials and material properties used in this study. The mixture compositions for all the mortar

mixes and the mixing and casting procedures are also presented in this chapter.

3.2 MATERIALS AND PROPERTIES
This section describes the materials used throughout the experimental program and the material
properties are also discussed.

3.2.1 Cement

Portland cement (PC) conforming to CEM | 52,5 N according to SANS 50197-1 for common
cements was used. The measured relative density and specific surface area was 3.15 and
945 m?/kg respectively. The measured Blaine was 442 m?/kg. The setting time of the cement was
not measured but the setting time of the mortar was. The particle size distribution of all the
materials used were determined with a laser diffraction particle size analyser and the results are

shown in Figure 3.1.

X-ray fluorescence (XRF) is a non-destructive test technique used to determine the elemental
composition of materials. The results of the XRF test done on the cement used in this study is
shown in Table 3.2. The chemical composition corresponds to typical ranges from literature (see
Table 2.3).
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Figure 3.1 Particle size distribution of CEM | PC, CSF, FA, GGBS and dolomite aggregate used in this study

Table 3.2 Chemical composition and physical properties of PC, dolomite, FA, GGBS and CSF

Chemical composition/physical properties PC Dolomite FA GGBS CSF
SiO; (wt %) 214 22.8 54.1 37.5 86.0
Al;O3 (wt %) 4.35 0.84 32.6 15.7 0.34
MgO (wt %) 1.28 18.0 1.23 9.02 1.30
NaxO (Wt %) <0.01 <0.01 0.25 0.27 0.62
Fe;0z (Wt %) 3.07 0.59 3.15 0.51 1.66
K20 (wt %) 0.10 0.09 0.72 1.02 2.39
CaO (wt %) 62.39 21.11 4.14 32.05 1.19
TiO, (Wt %) 0.50 0.05 1.52 0.65 <0.01
SO3 (Wt %) 1.31 0.07 0.01 0.89 0.02
LOI (wt %) 4.97 35.86 0.66 0.10 6.01
Relative density 3.16 2.86 2.20 2.90 2.30
Specific surface area (m?/kg) 945 528 768 1070 503"
D10 (um) 3.96 5.78 3.73 2.41 6.24"
Dso (m) 15.99 139.11 37.23 18.13 43.84"
Dgo (Mm) 36.95 703.36 213.69 57.88 137.56"
Blaine (m?/kg) 442 - 216 342 -
“Although these values were repeatedly measured, it was not typical and as in literature.
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3.2.2 Fly ash

This FA meets the requirements of SANS 50450-1:2014 for a Class N FA, where the mass
proportion in percent of FA retained on a 45 um sieve was less than 40%. The measured relative
density and specific surface area was 2.2 and 768 m?/kg respectively. The measured Blaine was
216 m?/kg. The particle size distribution is shown in Figure 3.1. The results of the XRF test done
on the FA used in this study can be seen in Table 3.2 and indicated a low lime FA which contains
less than 6% lime (CaO). The chemical composition corresponds to typical ranges from literature
(see Table 2.4).

3.2.3 Condensed silica fume

Condensed silica fume (CSF) with a relative density of 2.30 was used. CSF typically has a surface
area of 20 000 m?/kg and a maximum particle size of 0.3um. The measured specific surface area
however was 503 m2/kg and the Blaine could not be measured. The particle size distribution was
difficult to obtain with the laser diffraction particle size analyser as is shown in Figure 3.2. SP
was added in the maximum dosage used in this study during particle size distribution testing in
an attempt to mimic the actual particle size distribution obtained when mixing full scale. When
only a laser was used to determine the size distribution the two measurements where almost
identical. However, when also making use of ultrasound to disperse particles more effectively, a
constant result was difficult to obtain. This may be because this specific CSF clumps together and
acts as a material possessing a larger particle size. For reference, the cumulative particle size

distribution shown in Figure 3.1 is the CSF Laser & Ultrasound 2 series shown in Figure 3.2.

The results of the XRF test done on the CSF used in this study is shown in Table 3.2. The typical
content of SiO, in CSF from literature is 94-98%, the SiO; content of the CSF used was however
much less at 86.0%. MgO, Fe,03, K-0 and CaO is typically present at less than 1% but was found
to be present at a slightly higher content of 1.30%, 1.66%, 2.39% and 1.19% respectively.
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Figure 3.2 Particle size distribution of CSF tested with laser and with and without ultrasound using a laser diffraction
particle size analyser

3.2.4 Ground granulated blast furnace slag

GGBS with a measured relative density and specific surface area of 2.89 and 1070 m%kg
respectively was used. The measured Blaine was 342 m?/kg. The particle size distribution is
shown in Figure 3.1. The results of the XRF test done on the GGBS used in this study is shown
in Table 3.2. The chemical composition corresponds to typical ranges from literature (see Table
2.4), except with typical values of CaO where the measured amount was 32% and the typical

range is between 34-45%.

3.2.5 Aggregate

Dolomite sand with a relative density of 2.86 was used. The particle size distribution of the
aggregate that was used can be seen in Figure 3.1. The results of the XRF test done on the dolomite

aggregate used is shown in Table 3.2.

The laser diffraction particle size analyser that was used was limited to a maximum particle
diameter size of 1000 um thus manual sieve analysis was also done to determine the complete

particle size distribution of the dolomite aggregate. The results from the laser diffraction particle
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size analyser was combined with the sieve analysis to obtain the complete particle size
distribution. Figure 3.3 shows the results from both methods. The difference in particle size can
be explained by the assumption that the laser diffraction particle size analyser makes which is that
the particles are perfect spheres, while the sand used was angular in shape due to the crusher used

to manufacture the sand.
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Figure 3.3 Dolomite particle size distribution obtained by sieve analysis and laser diffraction particle size analyser

3.2.6 Superplasticiser

3.3

A superplasticiser based on a modified polycarboxylate polymer, with a specific gravity of 1.065,
was used. A dosing rate of 0.25 to 2 kg per 100 kg cementitious material by weight was suggested
by the manufacturer (Chryso — Premia 100). As SP is known to influence hydration, a minimum
dosage for each PC mix was determined based on constant workability. These ratios were retained

for all further testing.

CONCRETE MIX DESIGNS

Based on literature, CSF increased early age heat of hydration and strength, FA decreased early
age heat of hydration and early age strength and GGBS varied with source and composition. The
above mentioned SCMs were chosen due to the relatively wide range of properties and expected

behaviours.
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To ascertain the effect of binder composition and content on the strength, heat of hydration and
autogenous shrinkage, the water-to-cement ratio was first varied, SCMs were added and PC was
replaced with SCMs. The cementitious material used in the different mixture combinations was
either PC or a combination of PC and CSF, FA and/or GGBS. The mix designs used in this study
are shown in Table 3.3. The percentages of SCMs were selected based on common values used
in practise. The first six mixes contained no SCMs and the water content was kept constant at
220 I/m?® while the water-to-cement ratio was varied from 0.25 up to 0.75. 15% CSF and/or 35%
FA was added to the 0.45 mixture design for the three mixtures after the first six. With water-to-
cement ratios 0.25, 0.45 and 0.75, the PC was first replaced with 15% CSF, secondly with 35%
FA and lastly with 15% CSF and 35% FA. Addition and replacement were done by mass. Two
additional mixture compositions with water-to-cement ratio 0.45 was done with a 15% CSF
replacement and/or 35% GGBS replacement.

Mortar mixtures were chosen for use in small samples. The content of aggregate used was
however comparable to that of conventional concrete (Dewar, 2003, Mehta and Monteiro, 2006)
and the term concrete will be used in place of mortar from this point forward.

All the water-to-cement ratios and water-to-binder ratios indicated are mass relationships. Where
replacement took place with SCMs, the volume of cementitious materials increased because of
the relative density of PC being more than the SCMs used. The sand content of all mixes was
adjusted to maintain a constant volume of material per mixture. The trends observed would be

affected by the increase in volume of reactive material where SCMs were used.
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Table 3.3 Mix designs for all the concrete mixes used in the study

wc 0.25 wc 0.35 wc 0.45 wc 0.55 wc 0.65 wc 0.75 wc 0.45 C wc 0.45 F wc 0.45 CF
w/c 0.25 0.35 0.45 0.55 0.65 0.75 0.45 0.45 0.45
w/b 0.25 0.35 0.45 0.55 0.65 0.75 0.39 0.33 0.30
FA (%) 0% 0% 0% 0% 0% 0% 0% 35% 35%
CSF (%) 0% 0% 0% 0% 0% 0% 15% 0% 15%
GGBS (%) 0% 0% 0% 0% 0% 0% 0% 0% 0%
Water (kg/m?®) 220 220 220 220 220 220 220 220 220
Cement (kg/m?) 880 629 489 400 338 293 489 489 489
Dolomite aggregate (kg/m?®) 1407 1643 1775 1858 1915 1958 1684 1552 1461
FA (kg/m?®) 0 0 0 0 0 0 0 171 171
CSF (kg/m®) 0 0 0 0 0 0 73 0 73
GGBS (kg/m?®) 0 0 0 0 0 0 0 0 0
SP (kg/mq) 8.80 5.47 3.69 2.62 1.93 1.48 3.69 3.69 3.69
Theoretical density (kg/m?) 2516 2498 2487 2481 2476 2472 2470 2436 2418
Paste (vol %) & (mass %) 51 (44) 42 (34) 38 (29) 35 (25) 33 (23) 31 (21) 41 (32) 46 (36) 49 (40)

wb 0.25 C wb 0.25 F wh0.25CF wb0.45C wb 0.45 F wbh045CF wb045G wbh0.45CG wbh0.75C wb 0.75 F
w/c 0.29 0.38 0.50 0.53 0.69 0.90 0.69 0.90 0.88 1.15
w/b 0.25 0.25 0.25 0.45 0.45 0.45 0.45 0.45 0.75 0.75
FA (%) 0% 35% 35% 0% 35% 35% 0% 0% 0% 35%
CSF (%) 15% 0% 15% 15% 0% 15% 0% 15% 15% 0%
GGBS (%) 0% 0% 0% 0% 0% 0% 35% 35% 0% 0%
Water (kg/m?®) 220 220 220 220 220 220 220 220 220 220
Cement (kg/m3) 748 572 440 416 318 244 318 244 249 191
Dolomite aggregate (kg/m?®) 1363 1289 1247 1750 1709 1685 1764 1738 1943 1918
FA (kg/m?®) 0 308 308 0 171 171 0 0 0 103
CSF (kg/m®) 132 0 132 73 0 73 0 73 44 0
GGBS (kg/m?®) 0 0 0 0 0 0 171 171 0 0
SP (kg/mq) 8.60 7.72 6.60 3.61 3.22 2.75 2.40 2.77 1.43 1.29
Theoretical density (kg/m?) 2472 2396 2354 2463 2421 2397 2475 2450 2458 2432
Paste (vol %) & (mass %) 52 (45) 55 (46) 56 (47) 39 (29) 40 (29) 41 (30) 38 (29) 39 (29) 32 (21) 33 (21)
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3.4

3.5

The dosage of superplasticiser was selected based on obtaining a similar workability for the
different mixes and the percentages used as a fraction of cementitious material content are shown
in Table 3.4.

Table 3.4 Superplasticiser dosing

Water-to-binder Superplasticiser

ratio dosing
0.25 1.00%
0.35 0.87%
0.45 0.75%
0.55 0.65%
0.65 0.57%
0.75 0.50%

MIXING, CASTING AND CURING

All materials used during this study were pre-conditioned in a climate-controlled room set to
20 = 2°C and 60 + 5% RH. A rotatable pan mixer was used to mix the concrete. All the dry
components were added to the pan from course to fine and was mixed. The superplasticiser was
added to the water and added to the dry components. The concrete was then mixed for five

minutes.

The cubes and cylinders used for strength and stiffness testing were cast first followed by the
semi-adiabatic temperature flasks, the beams and the tubes for autogenous shrinkage testing. All
samples were vibrated until sufficient compaction was achieved (when air bubbles stopped
coming to the surface). Setting time test samples were mixed by hand until mixture components
were fully incorporated. Isothermal calorimetry samples were mixed in situ. Cubes and cylinders
were covered and cured at 20 + 2°C, demoulded after 24 hours and placed in a water bath at 25 +

2°C until testing.

Only the mixes without SCMs were tested for workability to determine the SP dosing. Setting

time, calorimetry, autogenous shrinkage, strength and stiffness was tested for all the mixes.

WORKABILITY

Workability was determined according to ASTM C1437 (2015) using a flow table. The diameter
of flow was measured to the nearest millimetre and the resulting increase in average base diameter

was expressed as a percentage of the original base diameter.
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3.6 CALORIMETRY

Calorimetry is the study and measurement of heat and the heat production rate. It is a generic way
to study processes as all processes are associated with enthalpy changes. Various types of
calorimeters exist but the most common type used in the cement field is isothermal (heat
conduction) calorimetry where the heat production from a small sample is directly measured.
Semi-adiabatic calorimeters use larger samples and are insulated so that their hydration can be
followed by measuring the temperature change of the sample. Perfectly adiabatic calorimeters
can be used for mass concrete where the heat losses are negligible. Fully adiabatic calorimeters
are surrounded by an adiabatic “shield” that prevents any heat loss from the sample instead of

being insulated like semi-adiabatic calorimeters (Scrivener et al., 2016).

3.6.1 Isothermal calorimetry

Isothermal calorimetry measures the heat production rate in a small sample by a heat flow sensor
as heat is conducted to a heat sink that is placed in a thermostated environment. It is necessary to
use a reference sample with the same properties (especially heat capacity) than the sample but
without any heat production. The output of the calorimeter is obtained as the difference between

the signals from the sample and the reference.

AfriSam’s TAM Air Isothermal Calorimeter was used in this study as is shown in Figure 3.4. The

isothermal calorimeter was kept in a temperature-controlled room at 25 °C.

9

@

v

I
-

Figure 3.4 TAM Air Isothermal Calorimeter machine used in this study
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The available arrangement allowed for 2 ml of liquid to be used which implied the use of 7.1 cm?®
of solids for the mixes in Table 3.3. Glass ampoules with a 20 ml volume was filled with
approximately 20 g of material and was placed into the calorimeter to equilibrate. The fluid
mixture of water and superplasticiser was then introduced by means of syringes and mixing took
place for 5 minutes. The ampoule holder with two 1 ml syringes and mixing system is shown in
Figure 3.5. One sample for every mix composition in Table 3.3 was tested for a minimum of about

five days.

Syringe needles

>

Figure 3.5 Ampoule holder arrangement

A comparative study was done on the heat evolution curves, focusing on the time when peak heat

flow occurred and the corresponding magnitude of the peak heat flow.

3.6.2 Semi-adiabatic calorimetry

The semi-adiabatic temperature rise was measured to get an indication of the heat evolution.
Samples were cast in metal containers with a thermocouple embedded in the centre. The container
was then placed inside a Dewar flask with polystyrene particles surrounding the metal container
for insulation and was subsequently sealed. The heat evolution was measured for a minimum of
about three days. One sample was tested for every unique mixture and identical 769 ml (27 fl 0z)

containers were used which were filled completely to keep the volume tested consistent.

The thermocouples were calibrated using a Digitron System Calibration Checker shown in Figure

3.6. The temperature was corrected when data analysis took place.
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3.7

System Calibration Checker

|

[FREERESS———
Figure 3.6 Digitron System Calibration Checker used to calibrate thermocouples

A comparative study was done on the temperature rise curves looking at the time when the peak

temperature occurred and the magnitude of the peak curve.

SETTING TIME

The setting times of all mixes were determined firstly with a method based on SANS 50196-3:
2006 Part 3: Determination of setting times and soundness and secondly with the data from the

isothermal calorimeter.

3.7.1 Modified Vicat needle

For the method based on SANS 50196-3 (2006), the samples were not kept in a water bath but
rather covered with a slightly damp cloth to prevent drying out. The samples were tested in the
mix combinations as stated in Table 3.3 and not using standard consistence. The initial setting
time was taken as the time elapsed between mixing and the time when the Vicat apparatus
measured 6 mm between the base plate and the end of the needle. The final setting time was taken
as the time elapsed between mixing and the time when the Vicat needle ring attachment failed to
mark the specimen. Not only were all the mixture combinations tested, but for a and water-to-

cement ratio of 0.55 an additional test was conducted without SP.
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3.7.2 Isothermal calorimeter

The setting time was also determined using the isothermal calorimeter data. The derivative of the
heat flow data was calculated for each mixture composition. The initial setting time was taken as
the maximum rate of heat flow and the final setting time was taken as the intercept of the rate of

heat flow with the x-axis. These two points are shown in Figure 3.7.
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Figure 3.7 First derivative of heat flow and determination of setting times

3.8 AUTOGENOUS DEFORMATION TESTING

3.8.1 Measurements of autogenous deformation

Hammer (2002) stated that there is an enormous difference in autogenous deformation magnitude
and even sign between different publications and results are difficult to interpret when different
techniques are used (Barcelo et al., 1999). Different measurement techniques are discussed in this

section and the methods and procedures used in this study are described.

Cement paste measuring methods

Autogenous deformation can be measured in two ways, volumetric and linear. Jensen and Hansen
(2001) explained that volumetric autogenous shrinkage is frequently measured by placing the

fresh cement paste in a tight rubber balloon immersed in water. The water displaced by the
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immersed sample is measured to obtain the change in volume of the cement paste, as shown in
Figure 3.8.
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Figure 3.8 Apparatus for the measurement of volumetric autogenous deformation of cement paste (Setter and Roy,
1978)

Linear measurement of autogenous deformation is frequently performed by placing the cement
paste in a rigid mould with low friction, see Figure 3.9. The length change is measured by a
displacement transducer at the top of the specimen. However, in a vertical setup like this,
segregation, bleeding and plastic settlement is expected.

_ ) ﬁ Sensor
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i I Stud

———— Cement paste
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Figure 3.9 Apparatus for the measurement of linear autogenous deformation of cement paste (adapted from Buil, 1979)
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These two methods should give the same results, but this is not true as the volumetric method,
after being converted to linear strain, yields up to 5 times higher shrinkage than the linear method
(Barcelo et al., 1999).

An advantage of the volumetric technique is that the measurement can commence immediately
after casting but there is a lack of constant contact between the balloon and the cement paste
which is a considerable disadvantage of the volumetric method. Bleed water may interfere with
this contact. As the cement paste reacts the water may be reabsorbed as a consequence of chemical
shrinkage and the internal volume reduction may also be erroneously measured as outer volume
reduction. Buil (1979) also remarks that the pressure caused by the tight rubber balloon could
damage the weak structure during the setting period. Osmosis through the latex membrane used
in volumetric measurements may be another source of error (Marciniak, 2002). Lastly, volumetric

measurements of autogenous deformation produce a large scatter in results (Lura, 2003).

An advantage of the linear autogenous deformation method is the firm anchorage of the measuring
points to the set sample which greatly reduces the above-mentioned problems. This comes at a
cost since the measurements cannot be carried out before the sample has set. The mould may also
restrain the cement paste in the early hours after setting when the cement paste is too weak to
overcome the friction against the rigid mould (Barcelo et al., 1999, Hammer et al., 2002). The
friction can however be greatly reduced by lubricating the mould. Bleeding may also influence
the measurements. Bleed water may be reabsorbed after setting and reduce the autogenous
deformation or even cause expansion (Hammer et al., 2002). This may be eliminated by rotating

the samples for both the volumetric and linear measuring technique.

The vertical deformation is expected to be different from the deformation in the horizontal

directions before setting due to settlement.

Jensen and Hansen (1995) developed a corrugated mould system (see Figure 3.10), which
combines the advantages of linear and volumetric measurement of autogenous deformation. The
corrugated mould transforms the volumetric deformation into linear deformation before set and
linear deformation is measured after set. This technique provides the opportunity to start
measuring directly after casting. This method is what the ASTM C1698 (2014) standard test
procedure for the measurement of autogenous strain of cement paste and mortar is based on. The
moulds suggested by the standard test method has a length of 420 mm and an outer diameter of
29 mm which is too small to test mortar and limits testing to cement paste. Rotation of samples

reduces bleeding and researchers have found that rotation leads to a higher shrinkage value in
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samples where visible bleeding occurred but also increases the initial shrinkage in cement pastes

with a water-to-cement ratio as low as 0.3 (Wyrzykowski et al., 2017).
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Figure 3.10 Apparatus for the measurement of linear autogenous deformation of cement paste (Jensen and Hansen,
1995)

Concrete

Volumetric autogenous deformation measurement is not possible due to the possibility of
aggregates damaging the rubber balloon. Different linear methods have been used to measure the
autogenous deformation of concrete. Figure 3.11 shows a system where the autogenous

deformation is measured using cast-in rods at the ends of the beam.
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Figure 3.11 Measuring system utilising cast-in pins to measure autogenous deformation (Bjontegaard, 1999)

Figure 3.12 shows a beam with movable endplates with rods cast in to measure autogenous

deformation.
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Figure 3.12 Measuring system utilising movable end plates in a 40x40x160 mm beam (Morioka et al., 1999)

Figure 3.13 shows a measuring system using horizontal transverse cast-in bars through a beam.
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Figure 3.13 Measuring system with horizontal cast-inn bars in a 150x150x1000 mm beam (Lokhorst, 1998)

Figure 3.14 shows a measuring system where vertical rods were cast in to measure autogenous

shrinkage.
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Figure 3.14 Measuring system with vertical cast-in bars in a 270x270x100 mm slab (Holt and Leivo, 1999)
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Figure 3.15 details the measuring system using flexible corrugated tubes with metal plates placed
on top of specimen to measure autogenous deformation. Again, as with the testing setup in Figure

3.9, segregation, bleeding and plastic settlement is expected.
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Figure 3.15 Measuring system with flexible corrugated tubes with a diameter of 100 mm and length of 375 mm (Hansen
and Jensen, 1997)

The movement was measured either by linear variable differential transformers (LVVDT) or non-

contact transducers like reflection of electronic pulses or lasers.

For all measuring methods the main problems to overcome included ensuring good contact
between the measuring points and the sample, minimising moisture loss and restraint and keeping
the temperature constant. Solutions to these problems were to embed rods in the fresh concrete,
reduce friction with low-friction foils, reduce moisture loss by sealing upper face with plastic or
aluminium foil. A constant temperature was obtained by using temperature-controlled baths or by

the circulation of cooling liquid in the mould.

3.8.2 Experimental setup for autogenous deformation

Concrete was to be tested so the size of the specimen was of importance. Two measurement
techniques were selected, firstly, a vertical corrugated tube system based on Figure 3.15. and

secondly, a beam with cast-in rods based on Figure 3.11.
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Corrugated tube

Wirquin Magicflex corrugated tubes were used as moulds. The tubes have a length of 230 mm
and an inner diameter of 50 mm. These tubes were relatively easy to obtain from the local

hardware store.

A corrugated tube was prepared before casting by inserting a rubber stopper/cap at the bottom
and inserting the tube in a steel pipe as shown in Figure 3.16. Two steel plates were slided into
the grooves of the tube at the top and the bottom to keep it stretched out and upright during casting.
This also provided a constant measuring length across all samples when filled with concrete.
Concrete was first poured halfway before vibrating and then filled to the required final level. The
tube in the pipe was vibrated again until sufficient compaction was obtained. The top cap was
then inserted to seal the corrugated tube thus preventing moisture movement in or out of the
system. The tube with the caps fitted securely was then removed from the steel mould, ready to

be instrumented in a temperature-controlled room.

Corrugated tube

Steel mould to hold corrugated

tube upright

—— Plates to keep corrugated tube

stretched out

—— Top view of plate holding

corrugated tube in place

Figure 3.16 Corrugated tube casting setup
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The corrugated tube filled with concrete was placed in a frame with four rods holding the tube
upright, a schematic of this can be seen in Figure 3.17. The top cap had four screws attached that
were embedded into the sample during casting, this ensured contact between the sample and the
end cap. A measuring point for the LVDT was located on the outside of the top cap, a small indent
was placed on the measuring point for the LVDT to rest on, thus preventing possible horizontal
movement after initial setup. The LVDT was fixed in place by a screw located on the side of the

LVDT mount and proper range was checked to prevent the need for adjustment during testing.

LVDT

LVDT mount and screw to fix LVDT in place

Frame to hold corrugated tube in place and
/ upright

Measuring point for LVDT

T

x . -
Rubber top cap with screws cast into the sample

Corrugated tube

Rubber bottom cap with screws cast into the

sample

]

Figure 3.17 Schematic of the corrugated tube autogenous deformation experimental setup

The time when the water was added to the dry mixture components as well as the time at which

the LVDT was fixed on the frame was taken down for future use during analysis.
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Beam

Steel moulds with a length of 520 mm (20.5 inches) and a height and width of 101.6 mm (4
inches) were used to test beam samples. The moulds were completely taken apart and wrapped in
plastic sample bags that were filled with baby powder to reduce friction. The wrapped moulds

were also oiled before casting. Mould in the process of being wrapped are shown in Figure 3.18.

- e o

Figure 3.18 Moulds in the process of being wrapped in plastic sample bags filled with baby powder

A beam mould was prepared before casting by fixing rods at a spacing of 420 mm in the place
where the LVDTs were to be placed. This provided a constant effective length for all the samples.
The layout can be seen in Figure 3.19. The rubber end plates were glued with foam around the
perimeter to enable the plate to slide over the plastic with the movement of the sample. The mould
was filled halfway before vibrating and was then filled to the top and vibrated until sufficient
compaction was obtained. The mould was taken to a temperature-controlled room to be

instrumented.

A thermocouple was fixed into place in the middle of the sample. The two LVDTs were fixed
onto the beam and checked for range. Rather than mainly providing for elongation of the LVDT
(shrinkage of the beam), as in the case of the corrugated tube measuring experimental setup, the
LVDTs fixed onto the beam was placed so that possible expansion of the beam could also be

measured.
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Three mixture compositions were tested simultaneously and an example of one set of tests are
shown in Figure 3.20. The table was covered by a layer of foamed rubber to dampen any

vibrations from the surrounding environment.

PLAN VIEW

— —

Concrete beam > ;‘: LAH
— LBl
Embedded thermocouple ——
END VIEW
Top plate
. —>
— Embedded pin |
— Rubber end plate
L Foam strips to enable movement iil— l\

|
|
|
L Bracket to fix LVDT in place \
L LVDT | !

Figure 3.19 Schematic of beam autogenous deformation experimental setup
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Figure 3.20 Table with complete autogenous deformation experimental setup

All LVDTs were calibrated before being used and the calibration curves can be found in

Appendix A.

3.9 MECHANICAL PROPERTIES

3.9.1 Compressive strength

The compressive strength of the concrete was determined using SANS 501-1:2006 Part 1:
Determination of strength. Load was applied to a 100 mm cube until failure. Two cubes were
tested for each mixture combination at each age and the values recorded in this dissertation is the

average of these two results.

3.9.2 Static modulus of elasticity

The modulus of elasticity was determined according to ASTM C469 (2014) on concrete
specimens with a diameter of 105 mm and 210 mm length. Strain measuring equipment was fixed

to the specimen and placed in a loading press. Load was applied at 270 kPa/s and the strain was
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measured up until 40% of the failure load of the concrete (it was assumed that the cylinder strength
was 80% that of the cube strength). The samples were then cut into two 105 mm long specimen

that were used to determine the tensile splitting strength.

3.9.3 Tensile splitting strength

The tensile splitting strength was determined according to SANS 6253:2006 Concrete tests —
Tensile splitting strength of concrete. The cylinder that was first used to determine the modulus
of elasticity (Section 3.9.2) was then cut in half to obtain two cylinders with a diameter of
105 mm to test the tensile splitting strength. One cylinder that was cut in half to yield two samples
were tested at each age for all the concrete mixture compositions. The experimental setup is

shown in Figure 3.21. The average of these two test results was used in this dissertation.

ORI
A

Figure 3.21 Cylinder splitting strength testing setup before being loaded
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4.1

CHAPTER 4: RESULTS AND DISCUSSION

WORKABILITY

The flow percentages measured with change in water-to-cement ratio is shown in Figure 4.1.
Although the data points were not enough for statistical analysis, dashed lines were placed through
the data to indicate a general trend and assist in interpretation, this was done throughout
Chapter 4. Overall it can be seen that the water-to-cement ratio affected the workability. The
workability followed a parabolic curve. The workability of the mixes increased with an increase
in water-to-cement ratio up to a water-to-cement ratio of 0.55. The flow then decreased with an
increase in water-to-cement ratio. The mix with a water to cement ratio of 0.55 flowed off the
flow table during the test and is indicated with the arrow in Figure 4.1. This could be due to the
amount of superplasticiser exceeding the optimal dosage. All of the mixtures were deemed to
have a high workability indicating that the chosen SP dosages of 0.5-1% of cementitious content

were suitable for the relatively large range of water-to-cement ratios.
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40% | g
- 0.2% 2
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0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85
Water-to-cement ratio

+ Flow Superplasticiser dosage

Figure 4.1 Flow percentage measured and superplasticiser dosage with change in water-to-cement ratio
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4.2

SETTING TIME

The setting times obtained from the modified Vicat needle method and calculated from isothermal
calorimetry data were compared, the effect of SCMs on the setting time versus the setting time of

the PC samples discussed and the influence of the different testing methods highlighted.

4.2.1 Modified Vicat needle

Figure 4.2 and Figure 4.3 show the results for initial setting time with water-to-cement-ratio and
cementitious material content respectively. The initial setting time for the mixes with no SCMs,
indicated as PC in Figure 4.2 and Figure 4.3, increased on average with an increase in water-to-
cement ratio, which is expected. The initial setting time of the sample tested at water-to-cement
ratio 0.55 without SP, indicated as PC w/o SP in Figure 4.2 and Figure 4.3, was delayed when
compared to the sample with SP. This may be due to the SP acting as a dispersant which leads to
particles that are arranged with more sites for nucleation because of less flocculation that may in

turn accelerate the reactions.

Although it is widely accepted that CSF does not significantly affect the setting time of concrete,
an increase in initial setting time was observed with an addition of CSF (ACI, 2000). A larger
increase in initial setting time was observed when cement was partially replaced by CSF. It is
expected that the setting time of the mixes with CSF replacement will increase with an increase
in water-to-cement ratio, however, a parabolic relationship was observed. The test method
specified in SANS 50196-3 (2006) is user sensitive, the results will be discussed with this in mind.
CSF is frequently used to gain early age strength in high strength concrete, but the results
indicated that the setting time was increased especially in the case of mixes containing more than
600 kg/m?® cementitious material. There may not have been enough PC to provide a high enough

pH to start the reaction for the amount of CSF present.

As expected, an increase in initial setting time was observed with FA addition or replacement, as
FA only participates in the reaction process at later ages and can have a retarding effect (ACI,
2002). The initial setting time for FA replacement increased with an increase in water-to-binder
ratio. The initial setting time followed a parabolic curve with the peak at water-to-binder ratio
0.45. In Figure 4.3 FA has the same tendency to increase initial setting time when comparing PC-

FA mixes at different cementitious material contents (and constant replacement levels).

An increase in initial setting time was observed when cement was partially replaced by GGBS
and a larger increase in initial setting time was observed with both CSF and GGBS replacement.

Previous research has shown that GGBS can increase setting time (ACI, 2003).
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When cement was replaced by CSF and FA or when CSF and FA were added, the initial setting

time increased. Addition results in a smaller increase in initial setting time than replacement.
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Figure 4.2 Effect of water-to-cement ratio on modified Vicat needle initial setting time
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Figure 4.3 Effect of cementitious material content on modified Vicat needle initial setting time

The final setting times in Figure 4.4 and Figure 4.5 followed the same type of trends as the initial
setting times with the exception that CSF and FA addition did not affect the final setting time.

The average elapsed time between initial and final setting time for all mixes was approximately

3 hours, with a minimum and maximum time of approximately 2 and 5 hours.
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Figure 4.5 Effect of cementitious material content on modified Vicat needle final setting time
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4.2.2 Isothermal calorimeter

The initial setting time calculated using the isothermal calorimeter data is shown in Figure 4.6 for
water-to-cement ratio and Figure 4.7 for cementitious material content. The initial setting time
decreased on average with an increase in water-to-binder ratio for the PC samples, and this could
possibly be explained by the addition of SP delaying the reactions and thus the heat development.

The lower the water-to-cement ratio the higher the dose of SP.

CSF addition and replacement brought on a delay in initial setting time. The increase in initial
setting time with CSF replacement followed a parabolic curve and the increase in setting time
was more pronounced at water-to-binder ratio 0.45 with respect to both water-to-cement ratio and
cementitious material content (Figure 4.6 and Figure 4.7 respectively). CSF and FA addition also
resulted in a delay in initial setting time. CSF and FA replacement increased the initial setting
time at water-to-cement ratio 0.5 but reduced the initial setting time at water-to-cement ratio 0.9.
This again may be due to the fact that the CSF content may be in excess of what could react with
the available hydrates that formed during PC hydration. The same trends were observed when
initial setting time was compared with respect to water-to-cement ratio and cementitious material

content.
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Figure 4.6 Effect of water-to-cement ratio on isothermal calorimeter initial setting time
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Figure 4.7 Effect of cementitious material content on isothermal calorimeter initial setting time

FA replacement increased the initial setting time at water-to-cement ratio 0.38 or at a cementitious
material content of 880 kg/m?® but decreased the initial setting time at higher water-to-cement
ratios and cementitious material contents, this may have been due to the fact that more SP was

used at the lower water-to-binder ratios.

GGBS replacement decreased the setting time and CSF and GGBS replacement increased the

initial setting time.

The final setting time calculated using the isothermal calorimeter data is shown in Figure 4.8 for
water-to-cement ratio and Figure 4.9 for cementitious material content. The final setting time for
the PC samples decreased with an increase of water-to-cement ratio similar to the results from
initial set. CSF addition decreased the final setting time while CSF replacement increased final
setting time with respect to water-to-cement ratio. The same was observed with respect to
cementitious material content except for a low cementitious material content which resulted in a

decrease is final setting time.

FA addition decreased final setting time and FA replacement delayed final setting time at water-
to-cement ratio 0.38 and water-to-cement ratio 1.15 but slightly decreased final setting time for

water-to-cement ratio 0.69 in Figure 4.8. The final setting time with respect to cementitious

76
Chapter 4| Results and Discussion

© University of Pretoria



material content was delayed only at a cementitious material content of above 700 kg/m?®. CSF
and FA addition decreased final setting and CSF and FA replacement decreased the final setting
time when comparing equivalent cementitious material contents but increased final setting time
with respect to equivalent water-to-cement ratios. GGBS replacement decreased final setting
time. CSF and GGBS replacement increased final setting time with respect to cementitious

material content and increased final setting time with respect to water-to-cement ratio.

The average time elapsed from initial set to final set was approximately 13 hours with the

minimum and maximum time being 5.5 hours and 23.5 hours respectively.
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Figure 4.8 Effect of water-to-cement ratio on isothermal calorimeter final setting time
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Figure 4.9 Effect of cementitious material content on isothermal calorimeter final setting time

4.2.3 Comparison of setting times

The relationship between water-to-binder ratio and initial or final setting time for both the
modified Vicat needle test and isothermal calorimeter data is shown in Figure 4.10 and Figure
4.11 respectively. The setting times determined from the isothermal calorimeter were longer that
that determined from the modified Vicat needle method. This difference in time is due to the fact
that the two methods have very different mechanisms for determining the setting time. The
calorimetry method is based on the heat of hydration which is a measure of the chemical reactions
while the modified Vicat needle method is based on the penetration force against microstructure
development which is a physical process. Another reason for the shorter setting time from the
modified Vicat needle method is the accumulation from the exothermic reaction from cement
hydration which can result in acceleration of hydration from the increased temperature of the

larger specimen compared to the isothermal calorimeter specimen (Wyrzykowski et al., 2017).
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Figure 4.12 illustrates a moderate correlation between the isothermal calorimeter setting time and
modified Vicat needle setting time. Calibration of setting times obtained from isothermal
calorimeter data may be necessary to account for the use of SP, SCMs, and even the type of
cement used, to relate the time with the modified Vicat needle time. It should be noted that an
alternative method as well as a more accurate method than the modified Vicat needle test to

determine the setting time used for autogenous shrinkage initiation is desired.

The modified Vicat needle testing method indicated an increase in setting time when any SCM
was used where the setting time calculated with isothermal calorimeter results varied with the
specific SCM. The setting time will have an effect on autogenous shrinkage, and “time zero”

values based on different methods may significantly change the trends that are observed.

It is assumed that the initial setting time from the isothermal calorimeter corresponds to the time
when an initial skeleton structure is formed in the system and this was used as the “time zero” for
autogenous shrinkage. The shrinkage results will be interpreted using the isothermal calorimeter
setting times as calculated and emphasis will not be put into calibrating the curve to fit the equality

line.
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Figure 4.12 Relationship between the modified Vicat needle and isothermal calorimeter setting times
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4.3 THERMAL EFFECT

Thermal effects are discussed in this section. The semi-adiabatic temperature rise is discussed
first followed by the isothermal calorimetry data. The temperature data measured in the beams

can be seen in Appendix B.

4.3.1 Semi-adiabatic Temperature Rise

As all the mixes were not tested on the same day but weeks apart, some environmental
temperature effects were observed. The temperature in the temperature-controlled room where
the tests were conducted was not constant. Figure 4.13 clearly shows the effect of ambient
temperature on the semi-adiabatic temperature rise results. Ambient 1 was the ambient
temperature for wc 0.25, wc 0.35, we 0.45 and wc 0.55 and Ambient 2 was the ambient temperature
for we 0.65 and wc 0.75. The temperature of the mixes converges to the ambient temperature after
some time. The first four mixes were tested for approximately 75 hours while the other two mixes
were tested for approximately 290 hours. A similar trend was seen for all mixes and another
example is shown in Figure 4.14 where the effect of ambient temperature between seasons can be
observed for wc 0.75 which converges to ambient temperature Ambient 2 and for wb 0.75 C and

wb 0.75 F which converges to ambient temperature Ambient 6.
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Figure 4.13 Semi-adiabatic temperature rise with time for wc 0.25, wc 0.35, wc 0.45, wc 0.55, we 0.65 and we 0.75
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Figure 4.14 Semi-adiabatic temperature rise with time for wc 0.75, wb 0.75 C and wb 0.75 F

In an effort to be able to better compare the semi-adiabatic temperature rise, the temperature

change was calculated and is used in the rest of the document.

Influence of water-to-binder ratio

The semi-adiabatic temperature changes for the PC only mixtures are shown in Figure 4.15.
Generally, the time of maximum temperature rise increased with an increase in water-to-cement
ratio but there was a shift for the wc 0.65 and wc 0.75 mixes. However, this can be explained by
the average ambient temperature being 5°C higher than the other four mixes. The higher ambient
temperature had an accelerating effect on the hydration reactions and gave rise to the maximum

peaks occurs earlier than expected.

Water has a much larger heat capacity than cement, 4.18 J/(g-K) vs. 0.75 J/(g-K) thus a smaller
temperature rise is expected when the water-to-binder ratio increased (Bentz and Peltz, 2008).
The amount of cement in the sample decreased with an increase in water-to-cement ratio which

implies less heat generation with an increase in water-to-cement ratio.

The temperature for the wc 0.25 sample decreased more rapidly after the maximum peak than the

other high water-to-cement ratio samples. Free water, if available, may not have been able to
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penetrate the dense microstructure of the hydrated cement paste to reach the remnants of the

unhydrated PC particles and self-desiccation took place as suggested in literature (Neville, 2011).

The maximum temperature change of 37.6 °C occurred in the wc 0.25 sample and the minimum
temperature change of 15.1 °C occurred in the wc 0.75 sample.
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Figure 4.15 Semi-adiabatic temperature change with time for PC mixtures

The maximum semi-adiabatic temperature change with cement content and cementitious material
content for all mixes are shown in Figure 4.16 and Figure 4.17 respectively. The maximum
temperature decreased with a decrease in cement content (and by default cementitious material
content) for the PC mixtures. When the cement content was increased from 293 kg/m? to

880 kg/m?, the maximum temperature change increased about 2.5 times.
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Influence of CSF

The semi-adiabatic temperature change with time graphs for mixes containing SCMs can be found
in Appendix C. For all cement contents, the maximum temperature change was reduced by CSF
replacement as shown in Figure 4.16. The time at which the maximum temperature occurred was

also delayed. This is expected and corresponds to literature on semi-adiabatic calorimetry.

The percentage reduction of maximum temperature change due to CSF replacement decreased
with an increase in cementitious material content as shown in Figure 4.17. Conversely, the
percentage delay in maximum temperature change time increased with an increase in cementitious
material content. The percentage reduction in maximum temperature change at 293 kg/m?,
489 kg/m?® and 880 kg/m?® with CSF replacement (green markers and line) was 53%, 47% and
30% respectively and the percentage delay time at which this occurred was 58%, 81% and 93%
respectively. The maximum temperature change for CSF addition was slightly reduced (6%) and
the maximum change time delayed by 25%. The maximum temperature change with cementitious
material content for CSF replacement and PC samples followed almost the same trend and in this
case was offset by approximately 8°C in Figure 4.17. The reduction in temperature and delay in
maximum temperature may be explained by the CSF particles conglomerating as explained in
Section 3.2.3 or by the high replacement rate resulting in a dense microstructure where water
cannot penetrate, and hydration ceased. Literature suggests that SF only reacts later and only the
filler effect is present at this earlier stage which can also explain this behaviour (Hjorth et al.,
1988, Justnes, 1988, Lothenbach et al., 2011).

Influence of FA

FA replacement did not have an effect on the maximum temperature change at higher cement
contents when comparing the same cement contents as can be seen in Figure 4.16 at a cement
content of 572 kg/m*. The maximum temperature change with FA replacement converges with
the PC line when the cement content is increased. FA addition did however lower the maximum

temperature change.

The percentage reduction of maximum temperature due to FA replacement decreased with
cementitious material content (blue markers and line in Figure 4.17) (65%, 45% and 30% for
293 kg/m?3, 489 kg/m? and 880 kg/m?® cementitious material contents respectively), conversely,
the percentage delay in time at which this occurred increased with cementitious material content
(36%, 49% and 71% for 293 kg/m?3, 489 kg/m?® and 880 kg/m® cementitious material contents

respectively). The FA addition produced a reduction in maximum temperature change of 16%
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and a 20% delay in the time at which this occurs. The maximum temperature change with FA
addition followed the same trend as with FA replacement for each unit cementitious material in
Figure 4.17. The reduction and delay in maximum temperature change time can be explained by

the tendency of FA to retard the hydration of a PC-FA system explained in Section 2.4.3.

Influence of GGBS

The maximum temperature change was significantly reduced by 71% compared to the effect of
CSF and FA at a cementitious material content of 489 kg/m?®. The time at which this occurred was
also delayed by 43%. This is expected because of the slow reaction speed of GGBS which is

explained in Section 2.4.4.

Influence of multiple SCMs

The effects of the SCMs on their own were compounded when used in a ternary blend. When PC
was replaced by both CSF and FA the maximum temperature change was reduced by 58% and
50% at 489 kg/m? and 880 kg/m? cementitious material contents respectively (in Figure 4.17) and
the time at which these maximum temperature changes occurred were delayed by 78% and 153%
respectively. The maximum temperature change was decreased by only 5% when both CSF and
FA were added at a cementitious material content of 489 kg/m® and the time at which this
maximum took place was delayed by 43%. When PC was replaced by both CSF and GGBS the
maximum temperature change was reduced by 76% and the time at which this occurred was
delayed by 133%. CSF and FA addition had the same effect on maximum temperature change
than FA addition and FA replacement with respect to cementitious material content in Figure
4.17.

In summary for Figure 4.16, the addition of SCM had less of an effect on maximum temperature
change with respect to cement content than SCM replacement. FA addition lowered the maximum
temperature change while both CSF and FA addition while CSF addition had a negligible effect.
GGBS had the biggest temperature lowering effect when used alone or with CSF. FA replacement
was more effective in lowering the temperature at a lower cement content but had no effect at
higher cement contents. CSF replacement lowered the maximum temperature consistently with
all cement contents. This may be caused by agglomeration of CSF particles and the material

behaving like a coarser material.

With respect to cementitious material content in Figure 4.17, CSF replacement, FA replacement

and FA addition had the same temperature lowering effect with cementitious material content.
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4.3.2

CSF addition had the least of an effect of all the SCM additions or replacements. GGBS
replacement and CSF and GGBS replacement lowered the temperature the most of all the SCM
additions and replacements. Interestingly, when CSF was used with another SCM, the other SCM
effects governed because of the higher replacement or addition level at 35% compared to the

replacement or addition level of 15% for CSF.

Isothermal Calorimetry

Influence of water-to-binder ratio

The heat flow and cumulative heat with time for the PC samples is shown in Figure 4.18. The
heat flow curves are labelled “HF” and the cumulative heat curves are labelled “CH”. The results
are in agreement with studies conducted by Lura et al. (2017) and Pane and Hansen (2005) which
found that a lower water-to-binder ratio mix produces a lower cumulative heat compared to a
higher water-to-binder sample. This is due to the fact that more space is available for hydration
products to form in a higher water-to-binder environment than a lower water-to-binder
environment and full hydration may not be possible for a water-to-binder ratio of about 0.4 or less
and self-desiccation may occur (Lothenbach et al., 2011). Research done by Nocun-Wczelik and
Czapik (2013), Kumar et al. (2012) and Lazniewska-Piekarczyk (2013) concluded that
superplasticisers may significantly increase the induction period on the heat evolution curve and
retard the hydration overall. The retarding effect of the SP can be seen in Figure 4.18 where the
peak heat flow of the mixes “shifted” right with an increase in SP content (which corresponded
to a decrease in water-to-binder ratio). A decrease in maximum heat flow and cumulative heat

with a decrease in water-to-binder ratio is also observed.

The cumulative heat per gram cement with cement content and cementitious material content for
all of the mixes are shown in Figure 4.19 and Figure 4.20 respectively. The total and normalised
graphs for maximum heat flow with cement content and cementitious material content can be
found in Appendix D. The total cumulative heat with cement content and cementitious material

content can be found in Appendix D as well.
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Influence of CSF

The heat flow and cumulative heat curves for the mixes containing SCMs are in Appendix D. The
peak heat flow was reduced when PC was replaced by CSF which is not in agreement with
literature but can be explained by the CSF particles possibly behaving as larger particles due to
flocculation as explained in Chapter 3.2.3. Hu et al. (2014) found that the heat flow peak was
reduced when the fineness of the cement was reduced which corresponds to the belief that the

particles may have clumped together to act as bigger particles.

The cumulative heat was reduced with respect to cement content in Figure 4.19 when PC was
partially replaced with CSF for cement contents above approximately 300 kg/m3. CSF addition

also reduced the cumulative heat but only by 8%.

It appears that CSF addition and CSF replacement did not affect the cumulative heat significantly
with respect to cementitious material content in Figure 4.20 showing only about a 10% variation

in cumulative heat at 100 hours.
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Influence of FA

The peak heat flow was reduced when PC was replaced by FA for wc 0.25 and wc 0.45 and

increased for wc 0.75. Adding FA also resulted in an increase in peak heat flow.

FA replacement increased the cumulative heat at cement contents below about 300 kg/m? but
reduced the cumulative heat above 300 kg/m? as can be seen in Figure 4.19. This effect was less
noticeable with cementitious material content in Figure 4.20. FA addition produced a relatively
small difference in cumulative heat with respect to both cement content and cementitious material

content.

Influence of GGBS

The peak heat flow was reduced as expected when PC was partially replaced by GGBS while
Figure 4.19 and Figure 4.20 indicated no increase in cumulative heat per unit cement, an increase

in cumulative heat was observed per unit cementitious material.

Influence of multiple SCMs

The peak heat flow was increased by partially replacing PC with CSF and FA for wc 0.25 and wc
0.45 or replacing with CSF and GGBS in wc 0.45. The peak heat flow was reduced when CSF
and FA were added to wc 0.45.

Similarly, the cumulative heat was not significantly influenced when PC was partially replaced
by CSF and FA when compared to PC samples with similar cement contents, but the cumulative
heat was higher when the cementitious material content was compared. CSF and GGBS

replacement resulted in the highest cumulative heat.

Figure 4.19 and Figure 4.20 both indicate that for a higher cement content or cementitious material
content enough time may not have elapsed for the SCMs to begin hydrating properly thus
contributing to the reactions and thus the thermal processes. The replacement levels were possibly
too high, and enough hydration products might not have been present at 100 hours to allow for

contribution to the reactions.
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4.4

AUTOGENOUS SHRINKAGE TESTING

Autogenous shrinkage measurement was done as described in Section 3.8.2. The shrinkages in
the beams were measured in the horizontal direction and the corrugated tubes were measured in

the vertical direction.

Figure 4.21 shows the autogenous shrinkage results of a beam and a corrugated tube for the
concrete with a water-to-cement ratio of 0.25. Shrinkage was measured at both ends of the beam
and the total shrinkage is given. The test results presented in Figure 4.21 is from the start of
measurement and is not zeroed to any reference point in time (see Section 2.8.5). Four distinct

shrinkage stages were observed (Holt, 2011):

o I: For the first 5 hours approximately, the shrinkage increased at a relatively slow rate in
the beam samples. Rapid settlement took place in the corrugated tube samples followed by
the same relatively slow rate than for the beam shrinkage.

o I1: An inflection point was present at about 4 hours where after shrinkage occurred more
rapidly and slowed down after approximately 8 hours. Some mixes reabsorbed bleed water
through small capillary suction and expansion took place. This was present in mixes with
a higher water-to-cement ratio.

o I11: Another inflection point was present at 8 hours, and shrinkage resumed and slowed
down after approximately 10 hours. The maximum temperature in the beam was measured
around the end of this stage.

o IV: A third inflection point was present at about 10 hours where after steady but slow
shrinkage took place.

These trends were visible for the majority of the mixtures cast. The rest of the data captured from

the time of instrumentation up until 200 hours can be found in Appendix E.
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Figure 4.21 Autogenous shrinkage results from testing in a beam and a corrugated tube for the concrete with a water-
to-cement ratio of 0.25

The same mixture compositions were casted twice and results for the water-to-binder ratio 0.25
can be seen in Figure 4.22. The values obtained from the beam test method were within 35 pm/m
of each other while the data from the tubes differed by 894 um/m. This difference changed to 45
um/m and 132 um for the beam and corrugated tube respectively when the data was zeroed with
the modified Vicat needle setting time and to 35 um/m and 98 um/m for the beam and corrugated
tube respectively when the data was zeroed with the isothermal calorimeter initial setting time. A
typical within-operator standard deviation for the same mix has been reported at 130 um/m and
the highest precision obtained by a single operator in both automatic and standard measurements
corresponded to a standard deviation of about 50 pum/m (Wyrzykowski et al., 2017). The results
of the beam method were far better than the results of the corrugated tube testing method, but the
latter is still valuable to be able to determine the propensity for settlement of the various mixture
compositions. To prove repeatability, more samples would need to be tested to be able to carry
out statistical analysis. A possible reason for the larger variation in the results from the corrugated
tube setup include variations in the corrugated tube moulds providing possible restraint against

movement and early age settlement of the specimen before a solid structure was developed.
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Figure 4.22 Two sets of autogenous shrinkage testing for water-to-cement ratio 0.25

Thermal expansion or contraction is present in all the shrinkage measurements. As the qualitative
effect of altering material properties is of interest, the thermal component was not removed,
making it possible to interpret the effect of binder composition and content on actual autogenous
shrinkage in a field situation. When autogenous shrinkage is referred to from this point forward
it is implied that the thermal movements are included and will be referred to as shrinkage to

simplify explanations.

The data was zeroed using the modified Vicat needle final setting time and the isothermal
calorimeter initial setting time. The results were compared to determine the influence of the binder
content and composition on shrinkage at 75 hours which is roughly equal to 3 days. The effect of

mixture design on early age shrinkage is discussed in this section.

Influence of Water-to-cement Ratio

Figure 4.23 shows the effect of water-to-cement ratio on shrinkage. The effect of water-to-cement
ratio was clear in the results obtained for the beam testing method but the results from the
corrugated tube were difficult to interpret. By using the isothermal calorimeter initial setting time

to zero the results, all the samples experienced shrinkage although expansion occurred at early
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ages for all the water-to-cement ratios above 0.25 for the beam testing method, but the isothermal
calorimeter initial setting time zero method excluded the expansion period for the water-to-

cement ratio mixtures below 0.55 and less shrinkage was observed overall.

The expected higher amount of settlement from the mixtures with a higher workability influenced
the corrugated tube shrinkage reading significantly, to the point that the wc 0.35 and wc 0.45
shrinkage exceeded the shrinkage of wc 0.25 when the modified Vicat needle final setting time
was used, which is unlikely. Only the results from the beam testing method will be discussed as

the results from the corrugated tube method was deemed inconclusive.

Early age shrinkage increased with a decrease in water-to-cement ratio for both reference points
used in the beam samples as was expected from literature due to the increase in cement content
and increased tendency for self-desiccation to be present. The shrinkage for wc 0.25 was 18 times
that of wc 0.55 when zeroed with the modified Vicat needle final setting time and 9 times that of

wc 0.55 when zeroed with the isothermal calorimeter initial setting time.
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Figure 4.23 Autogenous shrinkage for mixtures without additions tested in beams (a & c) and corrugated tubes (b &
d) and zeroed with the modified Vicat needle setting time (a & b) and zeroed with the calorimeter setting time (c & d)
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The beam shrinkage at 100 hours for both reference points are shown in Figure 4.24 and indicates
that the initial setting time from isothermal calorimeter data may be used to estimate the starting
point for autogenous shrinkage for this study. As suggested by literature, shrinkage was only
significant at lower water-to-cement ratios where unhydrated cement was present and further
hydration was constrained by lack of space available for hydrates to form, the relative humidity
decreased and self-desiccation was intensified (Paillere et al., 1989, Addis, 1994, Rao, 2001, Tian,
2006, Lothenbach et al., 2011).
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Figure 4.24 Beam shrinkage with reference to modified Vicat needle and isothermal calorimeter setting time

Influence of CSF

Figure 4.25 shows the effect of cement content and Figure 4.26 the effect of cementitious material
content on shrinkage with modified Vicat needle reference. The same graphs with respect to the
isothermal calorimeter setting time is located in Appendix E. Generally, the shrinkage was
reduced by replacing with or even adding CSF. A decrease in water-to-binder ratio in the samples

containing CSF brought on a decrease in shrinkage.

When comparing Figure 4.25 and Figure 4.26 it is apparent that by incorporating CSF the
shrinkage can be reduced significantly, by replacing 15% of PC with CSF the shrinkage was

decreased by 25%. Shrinkage appears to be strongly related to cement content.

Generally, it is expected to observe an increase in shrinkage when CSF is used but this was not

the case for all the measurements.
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Figure 4.25 Beam shrinkage with cement content for modified Vicat needle setting time reference
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Figure 4.26 Beam shrinkage with cementitious material content for modified Vicat needle setting time reference
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The CSF used in this study may have acted as a material possessing a larger particle size and the
SP used did not disperse particles effectively in the mixture thus preventing the typical refinement
of pore structure found in literature. This may be the reason why the CSF used in this study

affected the shrinkage observed in a positive way in most cases.

Influence of FA

Shrinkage was reduced in all samples when FA was incorporated. This is expected as it is widely
known that FA inhibits autogenous shrinkage due to the reduction in the rate at which the internal
relative humidity decreases (Malhotra, 2002). The slow reaction time of FA may also have
reduced the shrinkage by effectively diluting the system and thus increasing the water-to-cement
ratio. The shrinkage was also reduced when the cement content was not altered but FA was added.
FA replacement reduced shrinkage by almost 50% at a cementitious material content of
880 kg/m?®,

Again, when comparing Figure 4.25 and Figure 4.26 it appears that shrinkage is dependent on

cement content rather than cementitious material content.

Influence of GGBS

Shrinkage was increased by approximately 45% with GGBS replacement. Shrinkage did not
appear to be dependent on either the cement content or the cementitious material content when
looking at Figure 4.25 and Figure 4.26. The increasing effect was also observed in literature when
GGBS with a similar Blaine than the GGBS used in this study was used and where the fines
content of the GGBS was more than that of the cement and vice versa for the coarser particles as
is the case for the GGBS used in this study. The increasing effect of shrinkage can be attributed
to the filler effect since the reaction rate of GGBS is lower and there is relatively more space for
the formation of the clinker hydrates at early ages. The presence of GGBS may also lead to a
refinement of the pore structure which would explain the increase in shrinkage (Almeida &
Klemm, 2018). Interestingly, the combination of the increase in autogenous shrinkage combined

with a lower heat of hydration has also been reported by Wyrzykowski & Lura (2014).

Influence of Multiple SCMs

CSF and FA replacement significantly reduced shrinkage compared to equivalent cementitious
material PC samples by around 95%. CSF and FA addition reduced shrinkage by about half of
that at around 40%. CSF and GGBS replacement reduced shrinkage by approximately 90%. The
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CSF used in this study was beneficial when used either alone or with another SCM. The increasing

effect of GGBS on shrinkage was mitigated by CSF replacement of PC.

When comparing Figure 4.25 and Figure 4.26, shrinkage was more cement content dependent

than cementitious material content dependant.

Figure 4.27 illustrates the effect of cumulative heat at 100 hours on shrinkage at 100 hours.
Samples containing SCM that produced the same heat as pure PC samples generally underwent
less shrinkage. The samples with either CSF addition or FA addition exhibited the same behaviour
as pure PC samples. Notably, GGBS replacement did not generate heat but caused high shrinkage.
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Figure 4.27 Shrinkage with cumulative heat at 100 hours

45 MECHANICAL PROPERTIES

4.5.1 Compressive Strength

The 28-day compressive strength for the mixture compositions used in this study is shown in
Figure 4.28. Generally, the strength increased with a reduction in water-to-binder ratio. CSF
addition and replacement had the biggest effect on the concrete strength with an increase when
PC was replaced, or CSF added to the mixture. Adding FA or adding both CSF and FA did not
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have a significant effect on the concrete strength. FA replacement slightly reduced the 28-day
strength for all water-to-binder ratios. Replacement with both CSF and FA or CSF and GGBS
reduced the 28-day strength. The strength development curves for all samples are shown in

Appendix F.

The results were as expected as FA generally retards the hydration process and reduces the early
age strength and at some point, the strength for a PC-FA sample could be more than that of a PC
sample. This can happen at a later stage than 28 days, so the strengths observed were as expected.
GGBS can have a varying effect on strength depending on the slag activity index. CSF typically
increase strength which was the case for the samples tested. The grey trend line in Figure 4.28 is
for all the samples and the cyan line for the PC samples. The samples with SCM seem to have a
higher strength than PC samples at higher water-to-binder ratios. The reactivity of the SCMs

individually may shed light on the behaviour.
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Figure 4.28 28-day cube strength with water-to-binder ratio (grey dashed line = trendline for all data points & cyan
dashed line = trendline for PC samples)

Using Equation 2.1, k; and k, was calculated such that the error from the fitted compressive
strength curve using Abrams law was minimised. The resulting fitted curve is shown in Figure

4.29. The strength at water-to-cement ratio 0.45 was taken as an outlier. The fitted function
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equation in shown in Figure 4.29 and was used to calculate an effective water-to-cement ratio for

each mix composition containing SCM(s).
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Figure 4.29 Compressive strength results and fitted Abrams law curve

Equation 2.2 was used to calculate the k-value after 28 days for each mix composition and is
shown in Figure 4.30. A k-value of 1 would indicate that the contribution of the SCM was
identical to that of the cement that was replaced. The k-values calculated was between 0.75 and
1.3 for all mixes except for CSF replacement at higher water-to-cement ratios. CSF replacement
yielded a k-value of around 4.3 at water-to-cement ratio 0.45 and water-to-cement ratio 0.75. The
k-values calculated was within ranges obtained in literature. For this study the k-value did not
vary significantly with SCM or content of SCM except with CSF replacement and CSF addition
at water-to-cement ratio 0.45 and higher. Below a water-to-cement ratio of 0.4 the CSF did not
contribute to the strength as efficiently as with higher water-to-cement contents and there
probably was not enough water for the mixture to fully hydrate. Addition (hollow markers in
Figure 4.30) was more efficient than replacement for FA and GGBS but this was not the case with
CSF. Although there is not a significant increase in k-values with water-to-cement ratio there is a
definite incline indicating that the efficiency of SCMs increased with water-to-cement ratio as

indicated by the grey dashed line in Figure 4.30.
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The 3-day strength with cumulative heat at 72 hours can be seen in Figure 4.31. There appears to
be a relatively strong correlation between 3-day strength and cumulative heat at 72 hours for
samples with SCM replacement regardless of which SCM was present. With SCM addition the

cumulative heat was not increased significantly in relation to strength compared to PC samples.

The shrinkage with compressive strength at 3 days (grey dashed line) and 7 days (cyan dashed
line) is shown in Figure 4.32 and indicates that early strength gain is related to more shrinkage.
This is to be expected as hydrates formed faster than in the other mixes with a lower early strength
and formed a dense microstructure. Water, if available, could not easily reach the remnants of
unhydrated PC or SCM and self-desiccation took place and shrinkage was increased (Addis, 1994,
Neville, 2011).

The 7-day k-values with corresponding shrinkage is shown in Figure 4.33 and illustrates that there
is no correlation between reactivity and shrinkage. The 28-day k-values with shrinkage at 200
hours is shown in Figure 4.34, the mixtures containing highly reactive SCMs (k>2) did not shrink
significantly. The mixes with the highest shrinkage to k-value ratio was the low water-to-binder
ratio CSF replacement mix, the GGBS replacement mix (at a water-to-binder ratio of 0.45) and

the low water-to-binder FA replacement mix in both Figure 4.33 and Figure 4.34.
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4.5.2 Static Modulus of Elasticity

Figure 4.35 shows the static modulus of elasticity with water-to-binder ratio at 28 days. The
modulus of elasticity increased on average with a decrease in water-to-binder ratio. The modulus

of elasticity was not significantly affected with addition or replacement with CSF, FA and/or
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GGBS. This however was not the case for water-to-binder ratio 0.75 where CSF increased the

modulus of elasticity and FA decreased the modulus of elasticity.

The modulus of elasticity of CSF concrete is similar to that of PC concrete (Lgland, 1983, Luther,
1989). Lane and Best (1982) reported that the modulus of elasticity of low lime FA concrete is
slightly less at early ages and slightly more at later ages when compared to similar concretes
without FA. Brooks et al. (1992) conducted research and concluded that the modulus of elasticity
for concrete containing slag cement was similar at early ages and higher at later ages than that of

similar concrete containing pure PC.
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Figure 4.35 28-day modulus of elasticity with water-to-binder ratio at 28 days (dashed line indicates the trendline for
all data points)

4.5.3 Splitting cylinder tensile strength

Figure 4.36 shows the 28-day splitting tensile strength with water-to-binder ratio for different
additions and replacements. The split cylinder tensile strength generally increased with a decrease
in water-to-binder ratio, the grey dashed line indicates the average for all samples and the cyan
dashed line indicates the trend for PC samples. The tensile strength generally increased when

SCM(s) were incorporated and the increase was constant over all water-to-binder ranges.
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SUMMARY

Mechanical properties, thermal processes and shrinkage were recorded for mixtures with different
water-to-binder ratios and SCM additions and replacements to investigate the relationship
between autogenous shrinkage, reactivity and thermal processes. The results found that there was
no correlation between autogenous shrinkage and reactivity. There seems to be a correlation
between autogenous shrinkage and cumulative heat released which is expected as both processes
are a function of water and cement content (Danielson, 1962, Zhang et al., 2003, Tian, 2006,
Bentz et al., 2009, Lothenbach et al., 2011). GGBS replacement did not behave like the other
SCMs and more shrinkage was observed with less heat released. A correlation was observed
between the compressive strength and cumulative heat released regardless of which SCM was

used.

4.6.1 Setting time

Two methods of determining the setting times were investigated and the observations from results

are discussed.
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Modified Vicat needle method:

Both CSF addition and CSF replacement delayed initial setting time the most except when
GGBS replacement was also present.

CSF replacement delayed final setting time, but CSF addition did not influence final setting
time. When GGBS replacement was also present, the final setting time was similar to the
final setting time of a CSF replacement sample.

Both the initial and final setting times for samples containing CSF replacement was more
delayed at a lower water-to-cement ratio or higher binder content which could have been
due to the higher level of SP present.

Both FA replacement and FA addition delayed the initial setting times, but a similar initial
setting time was observed for PC samples and PC-FA samples at a water-to-cement ratio
of around 1.15.

FA replacement delayed final setting time, but less so for water-to-binder ratio 0.45 than
for water-to-binder ratios of 0.25 and 0.75. FA addition did not influence the final setting
time significantly.

Comparing equal cementitious material contents, the initial setting time of mixes
containing both CSF and FA replacement was similar to FA replacement samples, except
at a high cementitious material content (880 kg/m®) where the initial setting time was
delayed more significantly as with CSF replacement alone. The initial setting time of CSF
and FA addition samples were similar to the initial setting time of FA replacement samples
containing only FA replacement.

The final setting time with CSF and FA replacement was increased to a similar extent than
for CSF replacement samples, while CSF and FA addition did not seem to have an effect
on final setting time.

GGBS replacement had a negligible effect on the initial setting time but delayed final
setting.

Notably, all SCMs delayed setting or had a negligible effect on setting.

Isothermal calorimeter method:

The initial and final setting time determined by this method showed an increase in setting
time with a decrease in water-to-cement ratio which could suggest a strong link to the SP
dosing which is increased with a decrease in water-to-cement ratio.

Both CSF addition and CSF replacement delayed initial setting time the most significantly.
When GGBS replacement was also present the initial setting time was comparable to a

sample with CSF replacement at an equivalent cement content.
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o The final setting time with CSF replacement only differed by a maximum of 10% compared
to PC samples with equivalent cementitious material contents but CSF addition decreased
the final setting time considerably by about 40%. When GGBS replacement was present as
well, the final setting time was delayed or decreased depending on the comparison with
either equivalent water-to-cement ratios or equivalent cementitious material contents
respectively.

o Both FA replacement and FA addition decreased initial setting time below a cementitious
material content of about 800 kg/m?®.

o Similarly, FA replacement decreased final setting time below cementitious material
contents of about 750 kg/m?. FA addition decreased final setting time as well.

o CSF and FA replacement decreased initial setting time at a cementitious material content
of less than about 800 kg/m® and CSF and FA addition yielded an initial setting time close
to CSF replacement which delayed the initial setting time.

o CSF and FA replacement and CSF and FA addition decreased final setting time compared
to PC samples containing equivalent cementitious material contents.

o GGBS replacement decreased both the initial setting time and final setting time and the

smallest results indicated that this mix was the first to set out of all the mixes.

The setting times obtained by the isothermal calorimeter data was longer than the setting times
obtained from the modified Vicat needle method, but this is explained by the different
mechanisms used in the different methods. The setting times obtained from the two methods were
opposing in terms of the setting time generally increasing with water-to-cement ratio for the
modified Vicat needle method and the opposite being true for the isothermal calorimeter setting
time in general. This may be explained by the difference in sample size and again by the difference
in mechanisms present in both methods, and the probability that the isothermal calorimeter results
are strongly linked to SP dosing. There seems to be a correlation between the setting times of the
two different measuring methods. Calibration or further investigation however fell outside of the

scope of this study.

4.6.2 Thermal effect

Thermal effects were measured by semi-adiabatic calorimetry, isothermal calorimetry and
thermocouples in beam shrinkage samples. The first and second method was focussed on and the

general observations made from both methods are listed.
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Semi-adiabatic calorimetry:

The maximum temperature change increased with a decrease in water-to-binder content.
CSF replacement lowered the maximum temperature change with a constant offset at all
binder contents in relation to the PC samples. CSF addition resulted in a similar maximum
temperature change than a PC sample with the same cement content.

FA replacement lowered the maximum temperature change at lower cement contents
(lower than about 500 kg/m?) but did not influence the maximum temperature change at
higher cement contents.

Both CSF and FA replacement and CSF and FA addition lowered the maximum
temperature change at lower cement contents (below about 480 kg/m?).

GGBS replacement lowered the maximum temperature change. CSF and GGBS

replacement lowered the maximum temperature change as well.

Isothermal calorimetry:

The peak heat flow increased with a decrease in water-to-binder content and the time at
which this peak occurred increased as well. The time at which the peak occurred seem to
be strongly linked to SP content.

CSF replacement lowered the peak heat flow; the lowering effect was more prominent at a
high cementitious material content (880 kg/m?). CSF addition resulted in a slight increase
in peak heat flow.

FA replacement did not influence the peak heat flow at cement contents of less than about
320 kg/m? but lowered peak heat flow at higher cement contents. FA addition, however,
slightly increased the peak heat flow.

The peak heat flow was not influenced by either CSF and FA replacement or CSF and FA
addition when compared with PC samples with equivalent cement contents.

GGBS lowered the peak heat flow. CSF and GGBS replacement did not influence the peak

heat flow when compared to PC samples with the same cement content.

The semi-adiabatic temperature and peak heat flow was either reduced or the influence was

negligible when SCMs were present depending on the specific SCM.

4.6.3 Autogenous shrinkage

During autogenous shrinkage measurements the following main observations were made:

The data from the corrugated tube method was inconclusive and this was attributed to the

possible variance in the stiffness of the moulds or the measuring method including
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settlement in the shrinkage measurements. Interpretable results may possibly be obtained
from mixes with limited variations in consistency.

Starting autogenous shrinkage measurements at the initial setting times from the isothermal
calorimeter data resulted in only positive shrinkage for all mixtures, where using the final
setting times of the modified Vicat needle method resulted in slight negative shrinkage
values for some mixes. The shrinkage from the two reference points did however display
the same trends and it was concluded that the setting times may be used interchangeably to
make qualitative conclusions for the data in this study.

Significant shrinkage was only observed below water-to-cement ratios of around 0.4 and
this is in agreement with the belief that self-desiccation and thus autogenous shrinkage will
take place only below this point as discussed in Chapter 2 (Addis, 1994, Zhang et al., 2003).
Shrinkage generally increased with an increase in cement content.

Shrinkage was more dependent on cement content than cementitious material content for
all mixes, whether SCM(s) were present or not, with the exception of GGBS replacement,
where a lower cement content resulted in more shrinkage.

In hindsight, consideration of the knee-point method of determining the “time-zero” could

have been useful to compare to the modified Vicat needle “time-zero” results.

4.6.4 Mechanical properties

Compressive strength tests were conducted, and the following observations were made:

The compressive strength decreased on average with an increase in water-to-binder ratio
with variations when SCMs were used.

The variation in reactivity of the mixes was deemed to be negligible for all mixes except
where CSF was used above a water-to-cement ratio of 0.4.

The cumulative heat at 72 hours correlates with the 3-day compressive strength where
mixes containing SCMs were stronger per unit cumulative heat than the PC mixes.
Replacement with SCM(s) was more effective than addition with SCM(s).

The shrinkage with strength at 3 days and 7 days were compared and it was observed that
a higher shrinkage was expected at 3 days with a certain compressive strength than the
shrinkage that was expected at the same strength at 7 days indicating that early age strength
attributed more to the shrinkage measured.

The reactivity or k-value did not show a correlation with shrinkage.
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The modulus of elasticity and splitting cylinder tensile strength was tested and the following

observations were made:

o A negligible variation in modulus of elasticity was observed for mixes containing SCM(s)
compared to PC mixes and the modulus of elasticity decreased generally with an increase
in water-to-binder ratio.

o The splitting cylinder tensile strength decreased with an increase in water-to-binder ratio.
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5.1

CHAPTER 5:

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The primary objective of this study was to investigate the relationship between autogenous
shrinkage, the thermal processes and the strength development of concrete. The influence of
binder composition and content on the early age volume change of concrete was studied. The
results indicated a correlation between autogenous shrinkage and cumulative heat released where
the autogenous shrinkage observed increased with cumulative heat released. A weak correlation
was found between compressive strength and autogenous shrinkage. Generally, the shrinkage
increased with concrete strength and the earlier age strength contributed more to autogenous
shrinkage than later age strength. A correlation was observed between the compressive strength
and cumulative heat released. SCM replacement led to a lower cumulative heat but SCM addition
was detrimental in that more heat was released for an equivalent strength to SCM replacement

samples.

Notably, GGBS replacement led to more shrinkage with a lower cumulative heat released and a
lower strength as well. This was mitigated by additional CSF replacement which was also not
expected as CSF is known to exacerbate autogenous shrinkage. The results seem to indicate that
the particles of the CSF used in this study conglomerated to behave as a material with larger

particles.

It was also found that:

o Autogenous shrinkage measurements conducted in a corrugated tube mould were
inconclusive and the beam mould testing method provided interpretable results and seem
to indicate that the results are repeatable.

o The initial and final setting time was obtained by means of the modified Vicat needle
testing method as well as from the isothermal calorimeter data. When autogenous shrinkage
taken from the reference point of the modified Vicat needle final setting time and compared
to the autogenous shrinkage measured from the isothermal calorimeter initial setting time

the results were observed to be almost interchangeable. By using isothermal calorimeter
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5.2

data to determine the setting time of mixes, the impractical Vicat needle testing procedure
may be bypassed and the process automated. Isothermal calorimetry is less user sensitive
which may assist in obtaining repeatable reliable results.

o The reactivity of SCM was determined in each mix through the calculation of k-values that
were comparable to that found in literature. Although this was not successful in explaining
the behaviour observed, interesting observations could be made in terms of the reactivity
of CSF and GGBS.

RECOMMENDATIONS

o Testing of more samples would enable future researchers to carry out statistical analysis on
the results obtained to be able to plot statistically meaningful graphs.

o The effects of CSF on concrete behaviour observed in this study should be further
investigated to determine the cause. The use of Microsilica, when the fine particles are in
solution and cannot conglomerate could significantly affect the results and further testing
is recommended.

o GGBS should be used with caution as early age cracks could form due to the lower early
age strength combined with a higher autogenous shrinkage.

o CSF may be used to increase early age strength without increasing the risk of cracking.

o Heat of hydration and autogenous shrinkage can be reduced with the use of SCMs.

o The knee-point method of determining the “time-zero” could be helpful.
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APPENDIX A: CALIBRATION CURVES
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Figure B.3 Beam temperatures for mixtures with FA
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Figure B.4 Beam temperatures for mixtures with GGBS
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Figure C.1 Semi-adiabatic temperature change with time for mixtures with CSF
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Figure C.2 Semi-adiabatic temperature change with time for mixtures with FA
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Figure C.3 Semi-adiabatic temperature change with time for mixtures with GGBS
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Figure C.4 Semi-adiabatic temperature change with time for mixtures with multiple SCMs
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Figure D.1 Isothermal calorimetry heat flow and cumulative heat with time for mixtures with CSF
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Figure D.2 Isothermal calorimetry heat flow and cumulative heat with time for mixtures with FA
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Figure D.3 Isothermal calorimetry heat flow and cumulative heat with time for mixtures with GGBS
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Figure D.4 Isothermal calorimetry heat flow and cumulative heat with time for mixtures containing multiple SCMs
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Figure D.5 Total maximum heat flow with cement content
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Figure D.6 Normalised maximum heat flow with cement content
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Figure D.7 Total maximum heat flow with cementitious material content
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Figure D.8 Normalised maximum heat flow with cementitious material content
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Figure D.9 Total cumulative heat released at 100 hours with cement content
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Figure D.10 Total cumulative heat released at 100 hours with cementitious material content
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APPENDIX E:
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Figure E.1 Beam shrinkage for PC mixtures
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Figure E.2 Beam shrinkage for samples containing CSF
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Figure E.3 Beam shrinkage for samples containing FA
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Figure E.4 Beam shrinkage for samples containing GGBS
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Figure E.5 Beam shrinkage for samples containing multiple SCMs
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Figure E.6 Corrugated tube shrinkage for PC samples
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Figure E.7 Corrugated tube shrinkage for samples containing CSF
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Figure E.8 Corrugated tube shrinkage for samples containing FA
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Figure E.9 Corrugated tube shrinkage for samples containing GGBS
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Figure E.10 Corrugated tube shrinkage for samples containing multiple SCMs
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Figure E.11 Beam shrinkage with cement content for isothermal calorimeter setting time reference
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APPENDIX F:

STRENGTH DEVELOPMENT CURVES
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Figure F.3 Strength development curves for samples with multiple SCMs
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