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So we beat on, boats against the current, borne back ceaselessly into the past.

-F. Scott Fitzgerald(1896-1940)



10.

Propositions

Accompanying the PhD Thesis
Autogenous shrinkage of early age cement paste and mortar

Tianshi Lu

Autogenous shrinkage is closely related to the internal relative humidity of cement
paste. The most effective way to mitigate the autogenous shrinkage is decreasing the
drop of internal relative humidity of cement paste (this thesis).

Cement paste performs visco-elastic. Autogenous shrinkage of cement paste caused by
the change of internal relative humidity should be divided into two part, i.e. an elastic
part and a creep part. For accurate prediction of the autogenous shrinkage of cement
paste creep cannot be ignored (this thesis).

A PhD study is like a training camp. Academic veterans instruct recruits to become a
qualified soldier.

For a PhD candidate results are important, but the process of getting these results is
even more important.

Data is the word of science and logic is the grammar of it.

The most valuable thing of a good book is not the knowledge it contains, but the
thinking it arouse.

Language is not only the way how people express their thoughts, but also the way how
people’s thoughts were formed.

The essence of forgiving others is relieving ourselves from bad feeling.

Rules themselves will not make things running smoothly, rule-conscious people is the
key of a well-ordered world.

Nothing in life is to be feared, it is only to be understood. Now is the time to

understand more, so that we may fear less. (Marie Curie)

These propositions are regarded as opposable and defendable, and have been
approved as such by the promoter Prof. dr. ir. Klaas van Breugel
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Chapter 1

Introduction

1.1 Background of this research

Portland cement was invented in the early 19th century. Since then, it has gained universal
popularity and is widely used in many different fields, e.g. civil engineering. The primary
application of Portland cement is concrete, that consists of Portland cement paste and
aggregate (sand and gravel). It is a strong and durable building material used for most of the
infrastructures such as buildings, roads, bridges, towers, dams and underground structures.

Designers of concrete structures have traditionally focused on the strength characteristics
of the material. In recent decades the durability of infrastructures has become a more and
more important issue. Many structures are in serious need of repair, retrofitting or
replacement after a certain period of time. It would be a real step forward if concrete
structures can serve for a long period without repair and with only minimum maintenance.
Therefore, the durability of concrete is now considered as important as the structural safety.

There are many factors affecting the durability of cementitious materials. Among these
factors, cracking is a serious problem. Cracks may promote degradation of the concrete due
to chemical and microbiological processes, sulfate attack, corrosion of reinforcing steel and
alkali-silica reaction. Shrinkage is one of the major causes of cracking in concrete
structures. Early-age cracking of concrete occurs due to restrained deformations. Restraint
can be external, e.g. caused by adjoining structures, or internal, caused by the reinforcement
(Sule 2003) or non-shrinking aggregates (Dela 2000). External restraint may cause through-
cracking, while internal restraint will probably result in surface or internal microcracking.

Volume changes of concrete are caused by several factors, e.g. loss of moisture to the
environment and carbonation (Figure 1.1). The paste phase undergoes internal drying of the
pore system due to consumption of moisture from the pore system for hydration, known as
self-desiccation. Unlike external drying that occurs from the outside of the specimen
inwardly, self-desiccation occurs more or less uniformly throughout the cross section of
concrete and results in autogenous shrinkage. This autogenous shrinkage causes cracking if
there are external (adjoining structures) or internal (reinforcement or non-shrinking
aggregates) restraints.

Although the phenomenon of autogenous shrinkage has been recognized for several
decades already (Paillere et al. 1989, Tazawa et al. 1995), the mechanism behind it is not
fully understood yet and no consensus has yet been reached in the scientific community on
standard test methods (JCI 1999). A number of influencing factors have been investigated
to get a better understanding of autogenous shrinkage. The influencing factors include the
chemical compositions and physical properties of the cement, water-binder ratio, presence
of supplementary cementitious materials and temperature.



2 Chapter 1

r}l Plastic
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| Shrinkage )l Autogenous

—Pl Drying

—}l Carbonation

Figure 1.1 Diagram of shrinkage types (after Holt 2001)

Given the increasing utilization of high-performance concrete, containing supplementary
cementitious materials and produced with a low water-cement ratio, quantifying autogenous
shrinkage of cementitious systems becomes more and more important for controlling
premature cracking in concrete structures. In the past few decades, internal self-desiccation
has been considered as the major cause of early-age autogenous deformation. A few
simulation models were built based on this theory (Powers 1965, Koenders 1997, Bentz et
al. 1998, Lura 2003, Wei et al. 2011). In those simulation models, cementitious systems
were considered elastic materials, and autogenous shrinkage was modelled as a function of
the internal relative humidity. However, simulations often show discrepancies between the
measured and calculated autogenous deformations. At later ages these discrepancies
become more pronounced (Lura 2003). A few researchers believed that these discrepancies
are caused by the time-dependent behavior of the material, i.e. creep (Hua et al. 1995,
Person 1999, Lura 2003, Gawin et al. 2007).

In this study creep is assumed to play an important role in autogenous shrinkage of
hydrating cement paste indeed and should not be neglected. Many mechanisms of creep and
creep-promoting factors have been proposed in the past few decades (Neville et al. 1983,
Gilbert 1988), e.g. viscous flow and microcracking. Although no single theory proposed so
far describes the creep phenomena comprehensively, the mechanisms proposed in the past
have one thing in common: they are all related predominantly to the microstructure and
water content of the cement paste and to changes thereof (Lokhorst et al. 1997).

Simulation of autogenous shrinkage of cement paste is the first step to predict the
autogenous shrinkage of mortar and concrete. Shrinkage of the cement paste in hardening
mortar or concrete is restrained by the stiff, non-shrinking sand and aggregate particles.
Measured shrinkage of mortar or concrete is, in fact, the result of the shrinking cement
paste and the interaction between the inert inclusions and cement paste. Taking the
restraining effect of rigid aggregate particles into consideration, autogenous deformation of
mortar or concrete mixtures could be predicted from the autogenous shrinkage of the
cement paste.

1.2 Objective of this research

The main aim of this research is to get a better understanding of the mechanism of self-
desiccation shrinkage, the role that time-dependent behavior of cement paste plays on
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autogenous shrinkage and the influence of supplementary materials on autogenous
shrinkage.
The objectives of this research are listed as follows:

1. To investigate the role of creep plays on autogenous shrinkage of Portland cement
pastes and Portland cement pastes blended with different supplementary materials.

2. To investigate the effect of rigid inclusions (sand and aggregate) on the time-
dependent behaviour of heterogeneous mixtures, i.e. mortar and concrete.

1.3 Research strategy of this study

The strategy to achieve the objectives of this research is described below:

Autogenous shrinkage of cement pastes and Portland cement pastes blended with
different supplementary materials will be studied experimentally and numerically.
Hardening cementitious material is considered as a system that is internal loaded by
capillary stress. This load is supposed to generate elastic deformation followed by time-
dependent deformation. The elastic deformation and the time-dependent deformation
together determine the magnitude of autogenous shrinkage. Due to the different early-age
properties, e.g. internal relative humidity, ion concentration and elastic modulus, the
autogenous shrinkage of different cement pastes are different. The influence of these early-
age properties on the autogenous shrinkage will be studied by simulation. In the simulation
the elastic and time-dependent part of autogenous shrinkage are calculated separately. The
time-dependent part of autogenous shrinkage is simulated with formulas based on the
activation energy theory. The simulated autogenous shrinkage of different cement pastes
will be compared with experimental results to evaluate the simulation.

Autogenous shrinkage of cement mortar” with fine sand (0.125~0.25 mm) will be
studied experimentally and numerically. The restraining effect of rigid sand on the
shrinking mortar will be simulated by a numerical model. This numerical model also takes
the time-dependent behaviour of heterogeneous mixtures, i.e. mortar, into account. The
simulated autogenous shrinkages of different cement mortars will be compared with the
experimental results to evaluate the proposed numerical model. This model will be also
used to simulate the autogenous shrinkage of concrete with larger aggregate particles and
higher aggregate volume ratio.

1.4 Scope of the research

In this thesis, autogenous shrinkage of hydrating cementitious systems is studied with
following restrictions:

1. Only mixtures made with ordinary Portland cement (CEM | 42.5N), silica fume, fly
ash and blast furnace slag cement(CEM 111 42.5N) were studied.

2. Mixtures with water-binder ratios of 0.3 and 0.4 were considered.

1) Fine sand <0.25 mm has also been denoted as fillers. In this thesis, cement paste with fillers is defined as
mortar (see also in standard ASTM C144-17 (ASTM 2004)).
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3. Only cement paste and mortar with fine sand (0.125~0.25 mm) were experimentally
studied.

4. In the mortar mixtures quartz micro-sized sand with the size of 0.125~0.25 mm was
added at an amount of 10% and 30% by weight.

5. The autogenous shrinkage of cement paste and mortar were studied at a constant
temperature of 20°C. The effect of temperature on autogenous shrinkage was not
taken onto consideration.

6. Study of autogenous shrinkage focuses on the period from final setting up to 28
days.

1.5 Outline of the thesis
This thesis consists of seven chapters. The structure is shown in Figure 1.2.

- General introduction and literature survey (chapter 1 and chapter 2)

- Study of autogenous shrinkage of cement paste, which includes the presentation of
the simulation model (chapter 3), experimental research (chapter 4) and evaluation
(chapter 5)

- Numerical and experimental study of autogenous shrinkage of cement mortar and
concrete (chapter 6)

- Discussion and conclusions (chapter 7)

Chapter 1 gives a general introduction including the background, objective, scope and
outline of this research.

Chapter 2 provides a literature review on early-age macroscopic expansion, chemical
shrinkage, microstructure and porosity, internal driving forces of autogenous shrinkage,
properties and influences on autogenous shrinkage of supplementary materials and existing
analytical expressions and formulae of autogenous shrinkage.

In Chapter 3 a simulation model for autogenous deformation that includes an elastic part
and a time-dependent part is proposed. Self-desiccation of hydrating cement paste is
considered as the main cause of the occurrence of autogenous shrinkage.

In Chapter 4 the experimental work conducted in this research and the results of
autogenous shrinkage tests are presented in detail. It covers the determination of final
setting time, non-evaporable water content, chemical shrinkage, internal relative humidity,
compressive strength and autogenous shrinkage. Information on materials and mixture
design is provided.

In Chapter 5 measurements of early-age properties of cement pastes, presented in
Chapter 4, are used as input for the proposed simulation model of autogenous shrinkage.
The calculated autogenous shrinkage of different cement pastes is compared with the
experimental result.

In Chapter 6 autogenous shrinkage of hardening mortar and concrete is calculated based
on the autogenous shrinkage of the cement paste. An existing numerical model, developed
by Pickett for drying shrinkage of concrete, was extended to take the effect of creep into
consideration. The simulation is validated by experimental results.

In Chapter 7 general conclusions and recommendations for further work are presented.
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Chapter 2

Early-Age deformation of cement paste and
concrete - A Literature Survey

2.1 Introduction

In this chapter, a brief overview of the most important aspects of early-age deformations of
cement-based materials will be given. First, hydration, microstructure formation and self-
desiccation of Portland cement paste are briefly discussed. Second, the phenomenon ‘early-
age deformation’ is described. Early-age deformations observed on macroscale are often
the result of two competing processes, i.e. early-age expansion and shrinkage. These two
processes are reviewed separately in this chapter. Third, proposed mechanisms for
autogenous shrinkage are briefly discussed. Numerical models based on these proposed
mechanisms are also presented. Fourth, the existing analytical expressions and formulae of
autogenous shrinkage used in engineering practice are reviewed. Finally, concluding
remarks are made.

2.2 Hydration and formation of microstructure

The reaction of Portland cement with water is called hydration. During the hydration
process a number of complex chemical reactions take place and a solid skeleton is formed.
The absolute volume of hydration products is less than the total volume of unhydrated

, adsorbed water

M =

'A%
| Vs o

Figure 2.1 Schematic view of state of self-desiccation of a cement paste (van Breugel 1991,
Lura 2003)
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cement and water before hydration. This phenomenon is called chemical shrinkage. Due to
chemical shrinkage, empty pores are created in the paste and air-water menisci are formed
as illustrated in Figure 2.1. This process is called self-desiccation. The early-age volume
change of cement paste and concrete is related to self-desiccation and is called autogenous
shrinkage.

2.2.1 Hydration process

The hydration process of cement is a transformation of a system from a high energy state to
a lower one, which develops with liberation of heat (Mindess et al. 1981). Measuring the
heat of hydration provides information about the chemical reactions of the cement during
hydration. Based on a typical heat evolution curve (Figure 2.2), hydration of Portland
cement can be divided into four stages: pre-induction period, dormant stage, acceleration
stage and post-acceleration stage (Mindess et al. 1981). During hydration cement particles
become interconnected and a solid skeleton is formed. The water-cement system evolves
from a colloidal suspension in water to a partially saturated porous solid. Along with the
formation of a microstructure the state of water and the external volume change.

Rate of heat evolution

stage I i
stage II stage III | stage I\

/ -—

C3S hydration

¥

] C3A hydration
ettringite ] (mono-sulphate)

| formation /

Time [hours]

Figure 2.2 Rate of heat evolution during the hydration of Portland cement (after Mindess
etal. 1981)

2.2.2 Microstructure and porosity

Hardening cement paste is a porous system in which the formation of the pore structure
depends on the hydration process and the water-cement ratio. Supplementary materials also
have an influence on the microstructure and porosity. For example, slag cement pastes have
a finer pore structure than Portland cement pastes (Berodier 2015). Several researchers have
proposed classifications of pore size (Powers et al. 1959, Mindess et al. 1981, Jennings
2004). Generally adopted classes are: gel pores, capillary pores and air voids. The finest
pores, ranging from approximately 0.5 nm to 10 nm, are called gel pores. They constitute
the internal porosity of the C-S-H gel phase. The larger pores, ranging from 10 nm to 10
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um, are the residual unfilled spaces between cement grains and are defined as capillary
pores. Pores bigger than 100 um are denoted as air voids.

2.2.3 State of water

In a hydrating water-cement system water is present in roughly three different forms, i.e.
chemically bound water, physically bound water and capillary water. Chemically bound
water is considered part of the C-S-H gel. For completely hydrated cement, an amount of
water of about 22-23% of the weight of the anhydrous cement is chemically bound (Powers
et al. 1948). The amount of physically bound or adsorbed water depends on the relative
humidity in the pore system. The thickness of the adsorbed water layers ranges from 1
monomolecular water layer (about 2.76 A) at 20% RH to about 6 monomolecular layers at
100% RH (Hagymassy et al. 1969, Setzer 1977, Badmann et al. 1981), as shown in Figure
2.3. Capillary water is the total water volume minus the adsorbed water. The amount of
capillary water strongly depends on the relative humidity in the pore system.

25Thit:kness of adsorption layer [A ]
\ \

Experimental data
acc. to Hagymassy

Setzer
--------=  Badmann

201

0.0 02 04 0.6 0.8 1.0
Relative humidity (Pg /Psat)

Figure 2.3 Thickness of adsorption layer of water as a function of relative humidity
(Hagymassy 1969)

2.3 Early-Age deformation of cement paste and concrete

Early-age deformations of concrete receive increasing attention because of their effect on
durability of concrete structures. As shown in Figure 2.4 early-age deformations can be
expansion or shrinkage. In fact, the external volume changes observed on the macro-scale
are the result of expansion and shrinkage processes, which develop simultaneously.
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Figure 2.4 Measured autogenous deformations at 20 °C of two types of concrete (CEM |
52.5N, w/c: 0.45; CEM 1II/A 42.5 LA, w/c: 0.45) (Darquennes et al. 2011)

2.3.1 Early-age expansion

If a cement paste hydrates in saturated conditions, the reaction can go along with an
external expansion, as observed already by Le Chatelier (1900). According to Neville
(1995), swelling of 1000-2000 pstrain has been measured for cement pastes cured under
water. In those mixtures the pore system of high water-cement ratio cement paste is
supposed to remain saturated throughout hydration (Neville 1995). The effect of expansion
on autogenous deformation is very important in the early stage of hydration, when the
stiffness of cement paste is still very low. The expansive mechanisms act simultaneously
and cause shrinkage. Several mechanisms have been proposed in the past few decades to
explain this expansion, viz.:

1) Crystal pressure
2) Structure change
3) Shape of hydration products and the formation of ettringite

Sub 1: Crystal pressure generated by crystallization of salts in capillary pores is an
important factor of the decay of rock, stone and concrete in urban areas (Erhard et al. 1972).
In capillary pores filled with supersaturated solution a crystal will grow and may come into
contact with a pore wall and will then stop growing, or repel the object while generating
stresses. Crystal pressure may also explain the early-age expansion of cement paste. The
most common solutes in the pore solution of hardening cement paste are calcium hydroxide
and ettringite. According to Scherer (2002) and Steiger (2005) crystal pressure generated on
the pore walls depends on the crystal size. Different formulae have been proposed to
quantify crystal pressure of different crystal sizes (Scherer 2002).

Sub 2: During hydration, the macroscopic cement particles convert into a number of
hydrated particles which are much smaller than the unhydrated particles (Budnikov et al.
1966). These smaller reaction products together will occupy a larger volume than the
original unhydrated particle, generating an internal pressure that produces macroscopic
swelling.
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Sub 3: Hydration products are found with many shapes, e.g. needles, rods, tree-shaped
particles (van Breugel 1991). Due to the shape of hydration products they form a spatial
network and have a total surface area that is much larger than that of reactants. The
repulsive forces between the solid particles will act on a growing area and will produce an
expansion (Wittmann 1992). The formation of ettringite is also considered a principal cause
of early-age expansion (Tezuka et al. 1986). For a discussion of mechanisms causing early-
age expansion, see also Garcia (2001).

2.3.2 Early-age shrinkage

In recent decades the durability of infrastructures has become a more and more important
issue. In this context, also early-age shrinkage has gained increasing attention. These
shrinkage strains are often attributed to early-age plastic shrinkage. The primary cause of
early-age plastic shrinkage is the rapid evaporation of water from the surface of the
concrete. The most common solution to reduce this type of early-age volume changes is to
avoid evaporation of water at the surface of the concrete by proper curing of the concrete
for the first few hours after placement (Holt 2000).

Beside early-age plastic shrinkage, there are other types of shrinkage that occur at early
ages without moisture exchange with the environment, e.g. chemical shrinkage and
autogenous shrinkage, as shown in Figure 2.5.
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Figure 2.5 Typical results of autogenous deformation and chemical shrinkage tests
(Jensen et al. 2001b)

2.3.3 Chemical shrinkage

Chemical shrinkage is the phenomenon that the absolute volume of hydration products is
less than the total volume of unhydrated cement and water before hydration (Tazawa 1998).
Chemical shrinkage amounts typically to 6-7 ml/100 g of reacted cement (Powers et al.
1948). Chemical shrinkage is described by the following equation (Tazawa 1998):
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_ (VhetVpw)=Vip
VWi

Ses (2.1)

where S, [-] is chemical shrinkage ratio; V, [m3] the volume of cement in the sample
before mixing; V. [m3] the volume of hydrated cement in the sample; ¥, [m3] the volume
of water in the sample before mixing; Vy,, [m3] the volume of water in the sample that has
reacted with cement; V,,, [m?] the volume of hydration products in the sample.

The absolute value of chemical shrinkage of cement paste is hardly affected by the
water-cement ratio (Gangé et al. 1999). The water-cement ratio and cement fineness will
only affect the rate of the chemical shrinkage, while it does not influence the magnitude of
chemical shrinkage. The final magnitude of chemical shrinkage, when the degree of
hydration approaches 100%, is only influenced by the chemical composition of the cement.
For a cement paste hydrating under sealed condition most of the chemical shrinkage that
occurs after final setting will result in internal empty pores.

2.3.4 Autogenous shrinkage

Autogenous shrinkage has been known from the beginning of the 20th century (Neville et
al. 1928, Lynam1934). For a long time autogenous shrinkage has always been considered
negligible compared to drying shrinkage (Tazawa 1991). In recent years, much attention is
given to autogenous shrinkage due to the increasing use of concretes with low water-binder
ratios. Autogenous shrinkage does not include volume change due to loss or ingress of any
liquid substance, temperature variation, application of an external force and restraint
(Tazawa 1998). The drop of relative humidity related to the internal empty pores is
considered the major cause of autogenous shrinkage.

2.4 Factors affecting autogenous deformation of cementitious material

For cementitious material with different water-binder ratios and supplementary materials,
the evolution of autogenous deformation can differ a lot. For the practice, autogenous
shrinkage is relevant since it can cause cracking. In order to mitigate autogenous shrinkage
and reduce the risk of cracking, a better understanding of the mechanism of autogenous
shrinkage is needed. Factors which affect autogenous shrinkage are:

- Water-cement ratio

- Cement type, fineness and composition
- Supplementary materials

- Temperature

- Sand and aggregate

In the following these factors will be briefly discussed.

2.4.1 Effect of water-cement ratio

It is well known that the autogenous shrinkage of cement paste is influenced by the water-
cement ratio (Hanehara et al. 1999, Feylessoufi et al. 2001, Sato et al. 1999). Mixtures with
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Figure 2.6 Measured autogenous deformations of ordinary Portland cement pastes at
three water-cement ratios (cement paste was cast in rig and deformation was measured by
LVDT) (Wei 2008)

low water-cement ratio exhibit a relatively large autogenous shrinkage, as shown in Figure
2.6. The larger autogenous shrinkage of mixtures with low water-binder ratio can be
attributed to less free capillary water and lower relative humidity in cement paste with low
water-binder ratio.

2.4.2 Effect of cement type, fineness and composition

The type and composition of cement affect autogenous shrinkage. According to Tazawa et
al. (1995) the hydration of C;A and C,AF plays an important role in autogenous shrinkage
of cement paste. The hydration of C3A and C,AF result in ettringite formation and
consequently expansion (Beaudoin et al. 1991, Tazawa et al. 1995). The higher the C;A and
C,AF contents in the cement, the lower the autogenous shrinkage of cement paste will be.
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Figure 2.7 Autogenous shrinkage of different mineral compositions of Portland cement
(Jensen 2000)
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Park et al. (1999) reported that the autogenous shrinkage of ordinary Portland cement
mixture is higher than that of high-belite Portland cement mixture with the same water-
cement ratio. One of the reasons for this is that high-belite Portland cement has less C3A.
Jensen (2000) examined autogenous shrinkage of different mineral components of Portland
cement, as shown in Figure 2.7. This Figure shows that the autogenous shrinkage of C3A is
much lower than that of C,S and C5S at the same curing age.

Besides the composition of cement also the fineness will affect autogenous shrinkage. It
is shown experimentally that the cements with finer grain size cause greater autogenous
shrinkage than those with coarser grains (Tazawa et al. 1995, Bentz et al. 2001, Bentz et al.
2004).

2.4.3 Effect of supplementary materials on autogenous shrinkage

A composite cement is a cement composed of Portland cement and one or more inorganic
materials that take part in the hydration reaction and have a substantial contribution to the
hydration product (Taylor 1992). Composite cements are used for various reasons. Utilizing
waste materials and decreasing overall energy consumption in the process of cement
production are two often mentioned reasons (Taylor 1992). Today, ground granulated blast
furnace slag, pulverized-fuel ash (fly ash) and micro-silica (condensed silica fume) are the
three most commonly used supplementary materials.

2.4.3.1 Blast furnace slag

Blast furnace slag is formed from liquid at 1350-1550°C in the manufacture of iron (Taylor
1992). It is a mixture of lime, silica and alumina, the same oxides found in Portland cement,
but not in the same proportions. Hardened blast furnace slag cement pastes have a finer
pore structure and lower permeability compared to Portland cement pastes (Roy et al. 1982).
The fine pore structures are the consequence of the dissolution of the calcium hydroxide
crystals and the precipitation of pozzolanic C-S-H. There are indications that BFS cement
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Figure 2.8 Autogenous deformation of different concretes containing 0%, 30% and 50%
blast furnace slag (w/b=0.42 and aggregate weight ratio = 0.8) (Lee et al. 2006)
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pastes have larger autogenous shrinkage than Portland cement pastes (Figure 2.8)
(Hanehara et al. 1999, Lee et al. 2006). Chan et al. (1999) showed that autogenous
deformation of concrete with 40% blast furnace slag is significantly higher than that of
concrete without blast furnace slag. Lee et al. (2006) attributed this phenomenon to the
greater chemical shrinkage and finer pore structure of the concrete with blast furnace slag
than concretes without slag.

2.4.3.2 Fly ash

Fly ash, also called pulverised fuel ash (PFA), is a by-product of the combustion of coal in
power plants in a temperature range of 1300 -1500°C. The fly ash particles are more or less
spherical and range in diameter from less than 1 pm to about 200 um (Fraay 1990). Fly ash
Is widely applied as a reactive mineral admixture in Portland cement concrete to improve
its long-term properties and prolong the service life of concrete structures (Malhotra 1999,
Malhotra et al. 2002). Fraay et al. (1989) found that after one year cement paste blended
with 30% fly ash had a similar total porosity as Portland cement paste (reference sample).
The cement paste blended with 30% fly ash had a finer pore structure and a smaller
capillary porosity than the reference sample. In other words, the pozzolanic reaction of fly
ash refines the pore structure of binary systems at later ages (Mindess et al. 1981, Fraay et
al. 1989, Bijen 1996, Rilem report 38 2007).

Compared with ordinary Portland cement paste the addition of fly ash will decrease the
autogenous shrinkage at early age (Tangtermsirikul 1999). Some researchers (Fang et al.
2011) considered the lower activity of fly ash compared to that of ordinary Portland cement
as the reason why autogenous shrinkage of fly ash cement paste is smaller than autogenous
shrinkage of ordinary Portland cement paste. Because of its low reactivity fly ash hydrates
slower than cement and resulted in a slower decrease of the internal relative humidity and
smaller shrinkage during the first 14 days, as shown in Figure 2.9 (Bentz et al. 2013).
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Figure 2.9 Autogenous deformation of different cement mortars containing 0%, 40% and
60% fly ash (w/b=0.3 and sand weight ratio = 0.75) (Bentz et al. 2013)
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2.4.3.3 Silica fume

Silica fume is a by-product of the production of silicon or silicon alloys. Silica fume
particles are spherical, typically around 100 nm in diameter, and consist largely of glass
(Taylor 1992). The main effects of silica fume on the microstructure of cement paste come
from the pozzolanic reaction and the filler effect. The average silica-fume particle size (0.1
um) is one order of magnitude smaller than that of cement particles. When silica fume is
added to the cement paste, the total porosity of cement paste is reduced (Khan et al. 2000)
and the pore structure as measured by MIP is refined (Li et al. 1996). The use of silica fume
will lead to larger chemical shrinkage and autogenous shrinkage (Figure 2.10). The reaction
of silica fume with calcium hydroxide results in a larger chemical shrinkage, about 22
ml/100 g compared to 6-7 ml/100 g of Portland cement (Jensen et al. 2001a). Cement
pastes with silica fume show much larger autogenous shrinkage than Portland cement
pastes (Jensen et al. 1996). This can be explained by the fact that the fine and well-
dispersed silica fume particles accelerate cement hydration at early age (Akcay 2007).
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Figure 2.10 Autogenous deformation of different cement pastes containing 0%, 5% and
10% silica fume (Zhang et al. 2003)

2.4.4 Effect of temperature

Since the curing temperature will affect the microstructure of cement paste, the ultimate
magnitude of autogenous shrinkage and the rate of autogenous shrinkage depends on the
temperature. Experimental work of Bentur et al. (1979) shows that denser gel is formed at
higher temperature, resulting in a coarser microstructure, i.e. a higher capillary porosity
(Thomas et al. 2001). A coarser pore structure results in lower capillary tension (see
Section 2.5) and self-desiccation shrinkage than that of hardening cement paste cured at
lower temperature.

2.4.5 Effect of sand and aggregate on autogenous shrinkage

Cement mortar and concrete consists of two phases, i.e. sand/aggregate particles and the
cement paste matrix. The autogenous shrinkage only takes place in the cement phase.
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Autogenous shrinkage of mortar and concrete is, therefore, less than that of cement paste at
the same water-cement ratio. First, because of the lower cement paste content per unit
volume and, second, because of the restraining effect by aggregates (Holt 2002).

2.5 Mechanisms and numerical models of autogenous shrinkage

Autogenous shrinkage has been researched for decades. There is general agreement about
the existence of a relationship between autogenous shrinkage and relative humidity change
in the pores of the hardening cement paste. But the mechanism that causes autogenous
shrinkage is still subject of debate. Three principal mechanisms of autogenous shrinkage
have been proposed and a few numerical models based on these mechanisms have been
developed to predict the development of autogenous shrinkage (Powers 1965, Lura 2003):

1) Change in the surface tension of the solid gel particles
2) Disjoining pressure
3) Tension in capillary water

2.5.1 Surface tension of solid particles

Surface tension results from the asymmetry of attractive forces on atoms or molecules in
the vicinity of the surface of the solid (Hua et al. 1995). Surface tension of solid particles is
affected by the thickness of the water layer adsorbed on solid particles. The thickness of
adsorbed water is related to the internal relative humidity as shown in Figure 2.3. In general,
adsorption of water causes relaxation of the surface tension of the hydration products and
results in expansion. Reversely, removal of adsorbed water engenders an increase of the
surface tension and the solid is compressed. Surface tension can induce compressive
stresses in cement gel particles with large specific surface area of around 250 MPa (Soroka
1979) and noticeable bulk shrinkage. Only the first three layers of adsorbed water play an
important role in surface tension of the solid. The effect of outer layers of adsorbed water,
i.e. 4™ layer and 5™ etc. layer, on the surface tension of the solid is almost negligible. The
linear relationship between deformation and change of the surface tension in the solid
seems to hold as long as the relative humidity is below 40% (Wittmann 1977). This
conclusion is also confirmed by other researchers (Powers 1965, Baron 1982, Buil 1979).

Numerical model - Surface tension
In hardening cement paste, the relative vapour pressure in the pore system drops due to the
self-desiccation. If the relative vapour pressure changes from h, to h,, the change of
surface tension Ay is (Gibbs 1957):

Ay = RT f:f A;—;dlnh (2.2)

where R [J/(mol - K)] is the universal gas constant; T [K] the temperature; M, [mol] the
amount of adsorbed water; V, [m3] the volume of the adsorbent and h [-] the relative
vapour pressure.
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Based on this principle Powers (1965) derived an equation for the volume change of a
solid particle:

AV 2
_=§Cs

- R " Ma gimp (2.3)

Wi hy Va

where C; [m?/N] is compressibility coefficient of the solid particle and W, [g/mol] the
molecular weight of adsorbed water.

2.5.2 Disjoining pressure

The disjoining pressure is the distance-dependent pressure between two surfaces. It can be
either attractive or repulsive. It is active in areas of hindered adsorption, i.e. where the
distances between the solid surfaces are smaller than twice the thickness of the free
adsorbed water layer, as shown in Figure 2.11.

adsorbed water unhydrated cement  hydration product

capillary water
skeleton solid

Adsorbed water

Disjoining .
‘ Capillary water

Meniscus

Figure 2.11 Surfaces of hindered adsorption and distribution of disjoining pressure

The disjoining pressure between the solid particles is the result of van der Waals forces,
double layer repulsion and structural forces (Ferraris et al. 1987). Among these forces, van
der Waals forces are always contractive, while double layer repulsion and structural forces
are always repulsive. Disjoining pressure changes with the thickness of the adsorbed water
layer. This thickness is determined by the relative humidity in the pore system. When the
relative humidity drops the magnitude of disjoining pressure decreases, causing shrinkage
of the materials. For cement-based materials, the disjoining pressure also varies with the
concentration of Ca?* ions in the pore fluid (Beltzung et al. 2001).

Though many researchers believe that disjoining pressure plays an important role in
autogenous shrinkage, quantification of disjoining pressure is not easy. For simple
geometries, it can be determined by contacting solid particles (Scovazzo et al. 2001). But
for cement paste, especially for the hardening cement paste at early age, the continuously
changing microstructure makes it very difficult to quantify the disjoining pressure and its
associated volume changes. Moreover, at what relative humidity range disjoining pressure
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is responsible for autogenous shrinkage is still a subject of debate (Hua et al. 1995, Jacob
2011). The relationship between relative humidity, ion concentration and disjoining
pressure will be discussed in more detail in Chapter 3.

Numerical model - Disjoining pressure
A change of the relative vapour pressure in cement paste from h to h, will cause a drop of
the disjoining pressure AIT of (Powers 1965):

RT
WimVsw

All =

Inh (2.4)

where R [J/(mol - K)] is the universal gas constant; T [K] the temperature; W, [g/mol] the
molecular weight of the adsorbed water; h [-] the relative vapour pressure and
Ve, [m3/g] the specific volume of the adsorbed water.

For the volume changes caused by disjoining pressure due to a change of the relative
vapour pressure from h to h, Powers (1965) proposed the equation:

RT
WinVsw

%" = C,f(M,) Inh (2.5)

where C; [m?/N] is the compressibility coefficient of the solid particle and f(M,) the
fraction of internal surface area over which the disjoining pressure is acting.

2.5.3 Capillary tension

The capillary tension in the pore fluid is related to the water-air menisci in the partly empty
pores. With the reduction in internal relative humidity, the radius of menisci between the
liquid and the vapour in capillary pores decreases and the capillary tension increases. The
capillary tension in the capillary pores puts the surrounding solid in compression. This
compressive stress will result in a deformation of the cement paste, i.e. volume decrease.
According to Soroka (Soroka 1979, Mindess et al. 1981, Bentz et al. 1998), the capillary
tension mechanism for autogenous shrinkage is only effective in higher relative humidity
ranges, i.e. above 45%.

Numerical model - Capillary tension
For the relationship between capillary tension and surface tension in the capillary water the
Laplace equation applies:

2
Ocap = —ﬁ (2.6)

where o.,,, [MPa] is capillary tension; y [N/m] surface tension of the liquid and 7, [m] the
radius of menisci curvature.

A model that considers the cement paste as an elastic material was proposed by Bentz et
al. (1998). In that model the capillary tension caused by self-desiccation was adopted as the
main mechanism of autogenous shrinkage. Lura (2003) also used this model in his thesis to
simulate the autogenous shrinkage of early-age cement paste. The deformation of the
cement paste is calculated according to the following equation:
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where S,, [-] is the degree of saturation; o.,, [MPa] the capillary tension that can be

calculated by Equation 2.6; K, [MPa] the bulk modulus of the whole porous body, in this
case the cement paste, and K [MPa] the bulk modulus of the solid material.

2.5.4 Discussion

The aforementioned numerical models based on proposed mechanisms have been used to
predict the development of autogenous shrinkage. The reliability of these predictions,
however, is not always satisfactory. Taking the capillary tension model as an example, the
discrepancy between the measured and calculated autogenous deformation becomes very
pronounced when the relative humidity is lower than 97%, as shown in Figure 2.12 (Lura
2003).

In the capillary tension model cement paste is considered as an elastic material and only
the elastic part of autogenous shrinkage is predicted. In fact, cement paste is not ideal
elastic material. When a cement paste is subjected to a sustained load, it will deform
elastically and continues to deform further with time, which process is known as creep. In
the early stage of hydration, when a cement paste has still an ‘open’ or ‘loose’ spatial
microstructure, the framework built up by the hydration products can deform relatively
easily. Powers (1965) postulated that creep will affect the autogenous shrinkage of a
cement paste. Also Person (1999) and Hua et al. (1995) have pointed to the effect of creep
as an important component of the deformation caused by self-desiccation. Lange (2016)
found that the autogenous shrinkage of cement paste will increase further even after the
internal relative humidity has reached a constant level (see Figure 2.13). Obviously, the
long-term autogenous shrinkage cannot be simulated comprehensively by the capillary
tension model that takes the cement paste as an elastic material. In order to predict the
autogenous shrinkage more accurately, the simulation model must include two parts, i.e.
elastic part and time-dependent part.
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Figure 2.12 Measured and calculated autogenous deformation of Portland cement paste as
a function of internal relative humidity (w/b=0.37) (Lura 2003)
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Figure 2.13 Long term autogenous shrinkage of cement paste (w/b=0.3) (Lange 2016)

2.6 Analytical expressions for autogenous shrinkage - phenomenological
approach

Besides the numerical models of autogenous shrinkage based on proposed mechanisms,
different analytical expressions and formulae of autogenous shrinkage have been proposed
for engineering practice (Naghdi 2010). Among these expressions and formulae, the
empirical formulae based on experimental data, e.g. the F-H model (Hansen et al. 1977)
and the Unified shrinkage model of Ya Wei (Wei et al. 2011) can be mentioned. Some are
found in engineering codes, e.g. the approach in the CEB FIP MC 90 (Mdiller et al. 1999).
Other models are based on certain specific mechanisms, such as thermodynamic models
(Tazawa and Miyazawa model).

2.6.1 Freisleben-Hansen and Pedersen model

Freisleben-Hansen and Pedersen model, which is known as the F-H model, was proposed
by Freisleben-Hansen and Pedersen (Hansen et al. 1977). This model fits a number of
hydration-related processes quite well, such as the development of heat of hydration, the
degree of hydration, compressive strength and elastic modulus. For autogenous shrinkage,
the F-H model has been used for ordinary Portland cement paste, white cement paste and
Portland cement paste blended with ground granulated blast-furnace slag. The F-H model
for autogenous shrinkage can be expressed as (Note: shrinkage is positive and swelling is
negative):

_(T_p)l
eau(t) = &qu,0€ (2-8)

where g4, is autogenous shrinkage at time t; €4, o, the “ultimate” value for autogenous
shrinkage at a given w/c ratio; t,, a time parameter and A a curve-fit parameter.
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2.6.2 The CEB FIP MC 90

In order to predict autogenous shrinkage, a new approach following the CEB FIP MC 90
has been proposed by Miller et al. (1999). In this approach the total shrinkage is subdivided
into autogenous shrinkage and drying shrinkage. The following factors are considered for
predicting autogenous shrinkage strain: cement type, concrete age and compressive strength
of concrete. According to the modified CEB-FIP Model Code 90 autogenous shrinkage can
be determined as (Note: shrinkage is negative and swelling is positive):

eau(t) = gnau(fcm,zs) ’ Bau(t) (29)

where f.,2¢ IS the mean compressive strength of concrete at an age of 28 days;
enau(fem 28) 1S the notional autogenous shrinkage coefficient and can be expressed as:

fem,28/10 (2. -
gnau(fcm,ZS) = _aau(m)z >-107° (2-10)

where a,, is a coefficient which depends on the type of cement. a,,, = 800 for slowly
hardening cements, a,,, = 700 for normal or rapidly hardening cements, a,, = 600 for
rapidly hardening high-strength cements. In Equation 2.10 both the coefficient a,,, and
compressive strength f,,, are related to the type of cement.

The factor B, (t) in Equation 2.9 describes the relationship between the autogenous
shrinkage and time and can be written as:

Lau(t) =1 —exp(—0.2-t%5) (2.11)

2.6.3 Unified shrinkage model of Ya Wei

Based on experimental results, Wei et al. (2011) proposed a relationship between
autogenous shrinkage development and the drop of relative humidity. The model is called
Unified shrinkage model of Ya Wei and can be expressed as (Note: In Wei’s model,
shrinkage is positive and swelling is negative):

Equ(t) =[6150- (1 — RH(t) )] x 10°° (2.12)

where RH(t) [-] is relative humidity in the pore system at time t¢.

2.6.4 Tazawa and Miyazawa Model

According to Tazawa et al. (1995) autogenous shrinkage of cement paste is strongly
dependent on the chemical compositions of cement. It is a linear function of the shrinkage
of each individual constituent, which is dependent on the degree of hydration of each
component. Tazawa & Miyazawa (Tazawa et al. 1995) proposed a model that was obtained
through multiple regressions of the compositions with the autogenous shrinkage measured
from different types of cement at different ages. This model can be used for calculating
autogenous shrinkage of Portland cement paste from its chemical compositions (Note: In
Tazawa’s model, shrinkage is positive and swelling is negative):
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gau(t) = 0012 ) acgs(t) - (%635) + 007 - aczs(t) ' (%CzS)

where &4, (t) is autogenous shrinkage of cement paste at age t; a the degree of hydration
of a cement component at age t and % the percentage of each cement component by mass.

2.6.5 Engineering expressions/formulae - Discussion

Analytical expressions/formulae and codes are proposed for use in engineering practice.
They are based on the experimental results and used to fit the measured autogenous
shrinkage. These expressions/formulae and codes do not differentiate between the elastic
and time-dependent part of autogenous shrinkage. With the increase of time, the time-
dependent part will play a more and more important role in autogenous shrinkage.
Therefore, for long-term autogenous shrinkage, there is a discrepancy between measured
and predicted results.

2.7 Concluding remarks

Early-age autogenous deformation is the macroscopic volume change of cementitious
materials measured from the moment of final setting. In fact, it is the result of two
competing processes, expansion and shrinkage. For early-age expansion, several
mechanisms have been proposed, i.e. crystal pressure and the formation of ettringite. For
autogenous shrinkage, a change in the surface tension of the solid gel particles, disjoining
pressure and tension in capillary water are the three most proposed mechanisms. They are
related to the internal relative humidity and effective in different relative humidity ranges.
Simulation models based on these mechanisms consider the cement paste as an elastic
material. The time-dependent part of the deformation, i.e. creep, is not considered. This
simplification will lead to an underestimation of the autogenous shrinkage, particularly at
later ages. Besides the mentioned numerical models for autogenous shrinkage based on the
proposed mechanisms, several analytical expressions and formulae of autogenous shrinkage
have been proposed by researchers in past decades for use in the engineering practice. Most
of the existing analytical expressions/formulae and codes are empirical. They can only be
used to simulate autogenous shrinkage of a limited number of concrete mixtures and a
limited period of time.

This work aims to propose a simulation model that predicts the autogenous shrinkage
more precisely. In order to achieve this aim, previously proposed mechanisms of
autogenous shrinkage will be discussed in more detail, including the effect of creep. Early-
age expansion will not be considered in this study.
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Chapter 3

Mechanism and numerical simulation of
autogenous shrinkage

3.1 Introduction

In this chapter a simulation model for autogenous deformation of early-age hardening
cement paste is proposed. The mechanisms of autogenous deformation are studied first.
Possible mechanisms are disjoining pressure and capillary tension. Capillary tension is
considered as the driving force of the autogenous shrinkage of early-age cement paste.

A simulation model for autogenous deformation is then proposed that includes an elastic
part and a time-dependent part. The time-dependent part of this model is based on the
activation energy concept and extended to deal with the continuously changing physical
properties of hardening cement paste. The subsequent calculation steps of the proposed
simulation model are illustrated by applying the model for analysing autogenous
deformation of a Portland cement paste (CEM | 42.5N) and a blast furnace slag cement
paste (CEM I11 42.5N). The simulations with the proposed model suggest that creep plays a
substantial role in autogenous shrinkage. The accuracy of the predictions of autogenous
shrinkage with the proposed simulation model will be evaluated in Chapter 5.

3.2 Mechanisms for autogenous shrinkage

In the past few decades many studies have been carried out on the mechanism of
autogenous shrinkage. So far no consensus has been reached about the cause of autogenous
shrinkage. Disjoining pressure, change in the surface tension of the solid gel particles and
capillary tension are considered as the three principal mechanisms. According to Wittmann
(1997) and Setzer (1996), surface tension of the solid does not play a major role when the
relative humidity is higher than 50%. In early-age cement paste, the relative humidity due
to self-desiccation alone does not drop below 75% (Jensen 1995). Therefore, in this thesis
changes of the surface tension in solid particles will not be dealt with as a mechanism of
autogenous shrinkage. Most attention will be given to disjoining pressure and capillary
tension as possible cause of autogenous shrinkage.

3.2.1 Microstructure of concrete

Concrete consists of cement paste matrix and aggregate as shown in Figure 3.1a. During the
hydration process a number of complex chemical reactions take place in cement paste
matrix, resulting in the formation of a solid skeleton. Cement paste matrix is a multi-scale
porous material that comprises gel pores at the nanoscale and capillary pores at the
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microscale. The finest pores, ranging from approximately 0.5 nm to 10 nm, are called gel
pores. Gel pores are an intrinsic part of C-S-H gel. According to Wittmann (1976), C-S-H
consists of layers of C-S-H particles and adsorbed interlayer water (Figure 3.1c). The pore
space between C-S-H particles is defined as interlayer gel pores. The larger pores, ranging
from 10 nm to 10 um, are the unfilled spaces between cement grains and are defined as

capillary pores (Figure 3.1b).

aggregate cement paste  unhydrated cement  hydration product adsorbed water C-S-H particle

water air capillary pore

(a) concrete (b) cement paste (c) reaction product
Figure 3.1 Schematic representation of the multi-scale microstructure of concrete:
(a) concrete; (b) schematic microstructure of cement paste; (c) schematic microstructure of
C-S-H gel (Wittmann 1976)

In Figure 3.2 an example of a measured pore size distribution of a seven days old
Portland cement paste with water-binder ratio 0.3 is shown (Zeng et al. 2012). The pore
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Figure 3.2 Example of differential pore size distribution of Portland cement pastes with
water-binder ratio 0.3 measured by MIP at seven days (after Zeng et al. 2012)
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size distribution was measured by MIP seven days after mixing. In hydrating cement paste
the pore system gradually dries out and the relative humidity decreases. With the drop of
relative humidity, the disjoining pressure in the gel pores and capillary tension in capillary
pore increase. The disjoining pressure and capillary tension will change the shape and
volume of cement paste specimen. In the following section, the disjoining pressure and
capillary tension will be briefly discussed.

3.2.2 Disjoining pressure

Disjoining pressure in cement paste, I1(D) [MPa], is the interaction between two opposite
surfaces across water. The pressure can be either attractive or repulsive and is distance
dependent. Three different types of interacting parts constitute the disjoining pressure
(Derjaguin et al. 1987): Van der Waals term (index v), the electrostatic term (index e) and
the structural term (index s). All three components decrease rapidly with the distance D of
two opposite surfaces. Among all three types of interaction terms, the Van der Waals term
IS an attractive interaction. The other two components are always repulsive. The disjoining
pressure can be written as:

(D) = M, + 11, + I (3.1)

where [T, is the Van der Waals term; 1, the electrostatic term and 1 the structural term.

Disjoining pressure has a significant magnitude in pores smaller than 10 nm, i.e. the gel
pores. In order to study the role of disjoining pressure on the autogenous shrinkage, the
calculation of the three components of disjoining pressure will be discussed in the
following section.

3.2.2.1 Disjoining pressure - The Van der Waals term
The Van der Waals term, II,,, is the short-range attractive force between uncharged
particles, arising from the interaction of permanent or transient electric dipole particles
(Jacob 2011). It plays an important role in all phenomena involving intermolecular forces.
In a young cementitious material the pore system gradually dries out due to ongoing
hydration. First the bigger pores are emptied, while the smaller pores remain filled with
water. Schematically this is shown in Figure 3.3. For smaller water-filled pores (Figure
3.3a), the Van der Waals term IT,, per unit area between two surfaces s and s’ across the
water layer w can be expressed as (Jacob 2011):

1, = —A,,/6nD3 (3.2)

where D [m] is the distance between two opposing surfaces. A, [J] is the Hamaker
constant for surfaces s and s’ interacting across the water layer w. The Hamaker constant is
a material constant that determines the magnitude of the VVan der Waals term between two
opposite surfaces. In order to calculate the Van der Waals term in cement paste, the
Hamaker constant of the C-S-H/water system is used. Note that C-S-H is not the only
hydration product in cement paste. Besides C-S-H, also CH, AFm and ettringite are formed
during the hydration process. The values of the Hamaker constant of CH, AFm and
ettringite are different from that of C-S-H (the values of Hamaker constant of different
inorganic materials vary within the range of one order of magnitude (Bergstrom 1997)).
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adsorbed water C-S-H particle

7

(a) small filled pore

(c) large empty pore

Figure 3.3 Schematic microstructure of C-S-H gel (b), geometry of two surfaces s and s’
across water w (a) and geometry of two surfaces s and s’ with adsorbed layers w and w’
across air a (c)

Therefore, the calculation of VVan der Waals term in cement paste with Hamaker constant of
the C-S-H/water system is only indicative.

The Van der Waals term is dominant if the distance between surfaces is very small.
These small pores are almost always water-filled. Large pores are empty, while the pore
walls are covered with one or more monomolecular layers of water (Figure 3.3c). For large
empty pores, the Van der Waals term I, can be calculated with another equation (For
details: see Jacob’s book (Jacob 2011)). In hydrating cement paste, the Van der Waals term
I, in large empty pores is very small and can be neglected.

An example of the calculated VVan der Waals force in water-filled pores with different
pore size is shown in Figure 3.4. The calculations are carried out with Equation 3.2. In
Equation 3.2 the value of the Hamaker constant of C-S-H is taken as 10 J (Jonsson et al.
2004).
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Figure 3.4 Van der Waals term vs. pore size (Equation 3.2)



Mechanism and numerical simulation of autogenous shrinkage 29

Figure 3.4 shows that the VVan der Waals term decreases with increasing pore size. It has
a significant value in the pores smaller than 3 nm. In larger pores the Van der Waals term is
close to 0 MPa.

3.2.2.2 Disjoining pressure - Electrostatic term

Electrostatic term, I1,, is the repulsive force that exists between two opposite charged
surfaces of the solid phase. The space between the opposite charged surfaces of the solid
phase is filled with pore water as shown in Figure 3.5. The magnitude of the electrostatic
term I1, per unit area between two opposed surfaces separated by a distance D is (Jacob
2011):

11, = (1/2nkp?)Ze=P/xp (3.3)

where Z [J/m] is an interaction constant. k, [m] is known as the Debye length. Its value
depends on the properties of the pore water. For pore water containing NaCl (KCl),
CaCl, (Na,50,,KS0,) and MgS0,, Jacob gave the following formulae for calculating the
Debye length x (Jacob 2011):

Kp = % nm for 1:1 electrolytes (e.g.NaCl, KCl) (3.4)
Kp = % nm for 2:1and 1:2 electrolytes (e.g.CaCl,,Na,S0,,KSO,) (3.5
2
= 212 for 2:2 electrolytes (e. g. MgSO0,) (3.6)
kp = oo nm for 2:2 electrolytes (e.g. MgSO, :

where [NaCl], [CaCl,] and [MgS0,] are the ion concentrations in the pore water.

adsorbed water  C-S-H particle

B

BB A AP A
- S %
) O

(b)

Figure 3.5 Schematic microstructure of C-S-H gel (a) and two positive charged surfaces
separated a distance D in water (b) (after Jacob 2011)
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An example of the calculated electrostatic term in pores with different pore size is shown
in Figure 3.6. The calculation is carried out for a two days old Portland cement paste. In
this thesis, the measured ion concentration of Na*, K* and Ca?* is shown in Table 3.1
(Lura 2003). The ion concentration of Ca?* is very small compared with that of Na*and
K™ and the effect of Ca?* on the electrostatic term I1, can be neglected. For Na* = 1037
mmol/l and K* = 763 mmol/l, equation 3.4 gives a Debye length k, of 0.27 nm.
According to Jacob, the interaction constant Z changes with temperature and ranges from
5.1x10™]/m to 5.26x10™ J/m (Jacob 2011). In this thesis, the interaction constant Z in
Equation 3.3 is taken as 5.18x10™ J /m.

Table 3.1 lon concentration in the pore solution of a two days old Portland cement paste
(Lura 2003)

Na* [mmol/l] K* [mmol/l] Ca**[mmol/l]
1037 763 0.316
6
2
R
= &
= 2
E Pore size [nm]
'2 0 T T 1
= 2 4 6
5,2
T 2
= S
g 6

Figure 3.6 Electrostatic term vs. pore size (Equation 3.3)

Figure 3.6 shows that the electrostatic term between pore walls is repulsive. It decreases
dramatically with increasing pore size. It has a substantial value in pores smaller than 3 nm.

3.2.2.3 Disjoining pressure - Structural term

The structural term reflects the interaction forces between neighboring particles or surfaces
as a result of the overlap of boundary layers of a liquid (Churaev 1985). Schematically, this
is illustrated in Figure 3.7. When the medium between the surfaces is water, the magnitude
of the structural force per unit area between two flat surfaces separated by a distance D is
(Churaev 1985):

D
I, = KeCD (3.7)

where K [N/m?] and L [m] are constant for a given system.
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Figure 3.7 Schematic representation of mechanism of structural term of disjoining
pressure (after Churaev 1985)

An example of the calculated structural term in pores with different pore size is shown in
Figure 3.8. According to Churaev (1985), the parameters K and L are determined by the
type of dissolved ions in the pore solution. For a two days old Portland cement paste with
dissolved ions as shown in Table 3.1, the values of constant K and L in Equation 3.7 are 10’
N/m? and 1 nm (Churaev 1985).
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Figure 3.8 Structural term vs. pore size (Equation 3.7)

Figure 3.8 shows that the structural term between pore walls is repulsive. It decreases
with increasing pore size. It has a significant value in the pores smaller than 5 nm.

3.2.2.4 Calculation of disjoining pressure

If the Van der Waals term I1,,, the electrostatic term II, and the structural term IIg are
known, the resulting disjoining pressure IT in pores with pore sizes D in a cementitious
system can be calculated with Equation 3.1. In Figure 3.9 the whole calculation procedure
is shown schematically. The calculated results in previous sections are summarized in
Figure 3.10.
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Disjoining pressure in pore with pore size of D

I Hamaker constant II lon concentration II lon concentration I

Eq.3.2 l Eq.3.4

Debye length (Kp) I Eq.3.7

Eq.3.3
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R l ~ Eq31

| Disjoining pressure (IT) I

Figure 3.9 Scheme of disjoining pressure calculation
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Figure 3.10 Disjoining pressure vs. pore size

Figure 3.10 shows that the calculated disjoining pressure is repulsive. This is in line with
findings reported by Beltzung and Wittmann (Beltzung et al. 2005). The figure also shows
that the disjoining pressure between pore walls rapidly decreases with increasing of pore
size. It has a substantial value in the pores smaller than 5 nm, which are typically gel pores.

3.2.3 Capillary tension
The capillary tension in the pore fluid is related to the water-air menisci in the partly empty

pores. With the drop of internal relative humidity, caused by self-desiccation of hydrating
cement paste, the capillary tension increases. In section 2.5.3 it has been described that
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capillary forces will put the solid skeleton in compression, which goes along with a
decrease of the volume of the cement paste.

In the following section the relationship between capillary tension and relative humidity
will be briefly discussed. For an extensive description, see Butt’s paper (Butt et al. 2009)

3.2.3.1 Calculation of capillary tension
According to the Laplace law (Defay et al. 1966), the capillary tension o,,, [MPa] in the
pore fluid can be calculated as:

2
Ocap = —% (3.8)

where 7, [m] is the Kelvin radius and y [N/m] is the surface tension of the pore solution.

3.2.3.2 Calculation of the Kelvin radius
In order to calculate the capillary tension with Equation 3.8, the Kelvin radius ry, i.e. the
radius of the air-water meniscus, should be known.

As a consequence of hydration, empty pores are created in the paste and air-water
meniscus will form. As hydration proceeds, the internal relative humidity drops and the
radius of air-water meniscus decreases. For a cylindrical pore as shown in Figure 3.11 (in
this thesis the capillary pores are assumed cylindrical), the relationship between the internal

unhydrated cement

adsorbed water hydration product cylindrical pore

air ’ capillary water

Solid

(@) (b)

Figure 3.11 Schematic microstructure of hardening cement paste (a) and Simplified
cylindrical capillary pore system (b)
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relative humidity and the radius of the air-water meniscus and can be expressed as (Bultt et
al. 2009, Jensen 1993):

2yV.
RH _2¥Vm

R_HS = RHK =e TkRT (39)

where y [N/m] is the surface tension of the pore solution; V,, [m3/mol] the molar volume
of the pore solution; R []J/(mol-K)] the universal gas constant; T [K] the absolute
temperature; RH the measured relative humidity; RH the effect of dissolved ions on
relative humidity; RHy the relative humidity related to air-water menisci.

Based Equation 3.9, the Kelvin radius can be calculated as:

2yV 2yV
o= 2w 2w (3.10)
INRHKRT lnmRT

3.2.3.3 Relationship between internal relative humidity and dissolved ions
In order to calculate the Kelvin radius r;, with Equation 3.10, the effect of dissolved ions on
relative humidity RHg should be known.

Many researchers (Jensen et al. 1996, Bentz et al. 2001) found that the maximum values
of the internal relative humidity of the cement pastes were lower than 100%. According to
Raoult (in: Perrot 1998), the initial relative humidity drop can be attributed to a decrease of
partial pressure of water vapour due to dissolved ions in the pore fluid. For example, for the
pore solution of a two-month old cement paste with water-binder ratio 0.45, a relative
humidity of 96.7% has been reported (Page et al. 1983). The 3.3% relative humidity drop is
due to the dissolved alkali ions. According to Raoult’s law (Jensen 1993), the effect of
dissolved ions on relative humidity RHg can be expressed as:

RHS = tzo (311)

where xp,o [mol water / mol pore fluid] is the mole fraction of the water in the pore
solution.

3.2.3.4 Effect of ion concentration on relative humidity and capillary tension - example
In order to illustrate the subsequent calculation steps of capillary tension, an example of
Portland cement paste with water-cement ratio of 0.4 is given in the following section. The
measured relative humidity of Portland cement paste (CEM | 42.5N) with water-cement
ratio of 0.4 during the first 7 days is measured and shown in Figure 3.12Y. This figure
shows that the measured maximum value of the internal relative humidity is 3% lower than
100%. As discussed in the foregoing, this is due to the dissolved ions in the pore fluid.

In order to calculate the Kelvin radius with Equation 3.10, RHy should be known. RH,
can be calculated with Equation 3.9. The calculated evolution of RHy is shown in Figure
3.12.

1) The testing method and equipment will be presented in Chapter 4.
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Figure 3.12 Measured RH and calculated evolution of RHy of Portland cement paste with
w/b ratio of 0.4

With the calculated RHy the Kelvin radius 7, can be calculated with Equation 3.10. The
surface tension y of pore water is 0.072 N/m (Vargaftik et al. 1983). The molar volume of
pore water V,, is taken as the value of molar volume of water, i.e. 18.02x10° m3/mol
(Mazur 1963). The calculated Kelvin radius is shown in Figure 3.13.
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Figure 3.13 Calculated Kelvin radius of Portland cement paste with w/b ratio of 0.4

The Kelvin radius being known, the capillary tension in the pore fluid 0.4, can be
calculated with the Laplace law (Equation 3.8). The calculated capillary tension is
presented in Figure 3.14 as a function of both the age and the degree of hydration. Similarly
calculated results of capillary tension can be found in Lebental’s paper (Lebental et al. 2012)
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(see also Section 5.3.2). The evolution of the degree of hydration « is simulated with
HYMOSTRUC? (van Breugel 1991) and shown in Figure 3.15.
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Figure 3.14 Calculated capillary tension in the pore fluid for Portland cement paste with

water-binder ratio of 0.4

100

90

80

70

60

50
40 /
30 /

Degree of hydration [%]

20 /
10 /

4
Time [days]

Figure 3.15 Simulated Degree of hydration (with HYMOSTRUC) vs. age of Portland
cement paste with water-binder ratios of 0.4

2) HYMOSTRUC is a simulation model of reaction process and formation of the microstructure in hydrating
Portland cement. In this model the degree of hydration is simulated as a function of the particle size
distribution and of the chemical composition of the cement, the water/cement ratio and the reaction
temperature. In this case, the particle size distribution and the chemical composition of the Portland cement
are given in Figure 4.1 and Table 4.2. The water-binder ratio is 0.4 and curing temperature is 20°C.
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3.2.4 Discussion

Disjoining pressure and capillary tension are two mechanisms, which have both been
proposed for explaining autogenous deformation of early-age hydrating cement paste. Some
researchers consider disjoining pressure as the dominant mechanism of autogenous
shrinkage (Wittmann 2009), while others think that capillary tension is the dominant
mechanism (Hua et al. 1995, Wei 2008). For the conditions considered in this chapter, the
disjoining pressure is repulsion-dominated and its magnitude increases with decreasing
pore size. The disjoining pressure separates the adjacent cement particles in cement paste
and it has a significant magnitude in small gel pores where reaction products are densely
packed (as shown in Figure 3.10). Meanwhile, the pore water in capillary pores is in tension
and puts the solid skeleton of cement paste, including the water between reaction products,
in compression, which results in an external volume reduction of the cement paste, i.e.
autogenous shrinkage. Capillary tension increases with decreasing internal relative
humidity. In cement paste the compressive forces must be in equilibrium with tensile
forces. It is assumed, therefore, that capillary tension and disjoining pressure must be are
somehow related. If so, either disjoining pressure or capillary tension can be adopted as
parameter for describing autogenous shrinkage, still leaving the question whether the first
or the latter mechanism should be considered as the °‘real’ shrinkage mechanism
unanswered.

3.3 Deformation of hardening cement paste under changing internal load -
autogenous shrinkage of cement paste

Cement paste is not an ideal elastic material. The deformation of cement paste under
constant external load includes two parts, an elastic and a time-dependent part, as shown in
Figure 3.16. In formula form:

e(t,7) = & (1) + £, (4, 7) (3.12)
where e(t, ) [m/m] is the total deformation at time ¢; &,.;(tr) [m/m] the elastic deformation

at loading time t; &.,.(t, t) [m/m] the time-dependent deformation at time t, which is called
creep; T the time at loading.
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Figure 3.16 Schematic representation of deformation of the cement paste under constant
external load
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3.3.1 Elastic deformation &,;(7)

For a cement paste under uni-axial load, the elastic part of the deformation, &.;(7), is given
by Hooke's law:

ea(® =55 (3.13)

where g(t) [MPa] is the applied stress at time t; E(7) [MPa] elastic modulus of cement
paste at time .

For a tri-axial load condition the elastic deformation &, (z) in one direction can be
calculated as:

o
g1 (1) = E

@ (1 _ 9oy — 0@
® (1-29) 3K (3.14)

where 9 [-] is the Poisson ratio; Kp(7) [MPa] is the bulk modulus of the cement paste at
time 7. Kp(7) can be calculated using the following formula (Soboyejo 2002):

Kp(D) = 505 (3.15)

In Equation 3.13 and Equation 3.14 o (7) is considered to be a constant external load.
For autogenous shrinkage of early-age cement paste, there is no external load, the capillary
tension is the changing internal load. Capillary tension increases with the drop of relative
humidity. In order to calculate the deformation of cement paste under a changing internal
load, the concept of effective stress has been introduced.

3.3.2 Effective stress g,

Cement paste is a porous material of which the pores are usually partially filled with water.
Even if there is no applied external load, the shape and volume of cement paste can still be
changed due to the internal pressure exerted by the capillary pore water on the solid phase,
e.g. capillary tension (Gawin et al. 2007). The internal pressure exerted by the pore water
on the solid phase is called effective stress (called also Skempton’s stress (Skempton 1961)).

3.3.2.1 Theoretical basis of effective stress
According to Gray et al. (2001), the effective stress o, [MPa] may be written as:

o, = kp°l (3.16)

where I [-] is the unit tensor of second order; p* [MPa] is the internal pressure exerted by
the pore water on the solid phase; x [-] is the Biot coefficient. The Biot coefficient
describes to which extent the internal pressure causes the deformation of porous materials
(Alam et al. 2010). It can be written as:
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k=1-Kp/Ks (3.17)

where Ks [MPa] is the bulk modulus of the solid material; K, [MPa] the bulk modulus of
the cement paste.

For early-age autogenous shrinkage of cement paste, only the internal pressure exerted
by the pore water, p*, acts on the solid phase (Figure 3.17). Due to the exerted internal
pressure, the cement particles move toward to each other. A compressive pressure ps will
be generated in the adsorbed water between cement particles to equilibrate the exerted
internal pressure and the solid skeleton of the cement paste is under compression, as shown
in Figure 3.17.

unhydrated cement hydration product

air water AAAAAARAAAAARARAA] ARLARE

Figure 3.17 Schematic representation of the internal pressure pSand resulted compressive
pressure 'ps'in the adsorbed water

Capillary tension is considered as the internal pressure exerted by the pore water, p®,
acts on the solid phase. According to Gawin et al. (2007), in this case, the internal pressure
p* can be written as:

PS = SiyOea (3.18)

where S, [-] is the degree of saturation and o4, [MPa] the capillary tension.

The effective stress g, in one direction can be written as (Bentz et al. 1998, Gawin et al.
2007):

Oc = KSyOcap (3.19)

It should be noticed that capillary tension o, is multiplied by the degree of saturation
S, to calculate the effective stress in Equation 3.19. All the pores filled with water in
cement paste are considered as capillary pore. But in reality, part of the pores filled with
water in cement paste is gel pore (van Breugel 1991). The effective stress o, calculated by
Equation 3.19 is a virtual stress (Bentz et al. 1998).
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3.3.2.2 Degree of saturation S,,

In order to calculate the effective stress a,, the degree of saturation S, should be known.
The degree of saturation S,, can be calculated as the ratio between the evaporable water
content in the hardening paste, V,,, [cm® water / cm3 paste], and the pore volume of the
paste, V, [cm® pore / cm? paste] (Powers et al. 1948):

S, =‘ow = Viw=Vnew (3.20)

Vp Viw—VnewtVcs

where V;,, [cm3 water / cm? paste] is the initial water content; V,,,,, [cm3 non-evaporable
water / cm? paste] the non-evaporable water content and V.., [cm3 chemical shrinkage / cm3
paste] the volume of chemical shrinkage. The non-evaporable water content and the
chemical shrinkage can be determined experimentally or numerically with adequate
software (e.g. HYMOSTRUC).

An example of the calculated degree of saturation of BFS cement paste (CEM 111 42.5N)
with water-cement ratio of 0.3 is shown in Figure 3.18. For BFS cement paste (CEM llII
42.5N) with water-cement ratio of 0.3, the measured values of non-evaporable water
content V,,,, and volume of chemical shrinkage V., are shown in Figure 3.19%. More
detailed discussion about the calculated degree of saturation will be given in Chapter 5.
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Figure 3.18 Degree of saturation of BFS cement paste with water-binder ratio of 0.3
calculated from measurements

3) The testing method and equipment will be presented in Chapter 4.



Mechanism and numerical simulation of autogenous shrinkage 41

0,040 0,09

0,035 0,08 /
= 0,030 S 0,07
£ T ¥
£ 0,025 A g o /
£ / = 0,05
S 0,020 £ f
¥ S 0,04
2 0,015 o
2 g 0,03 -
> 0,010 0,02
0,005 0,01
0)000 T T T 1 0 T T T T 1
0 2 4 6 8 0 2 4 6 8
Time [days] Time [days]
(a) Non-evaporable water content (b) Chemical shrinkage

Figure 3.19 Measured non-evaporable water content and chemical shrinkage as a function
of time of BFS cement paste with water-binder ratio of 0.3

3.3.2.3 Elastic deformation of cement paste under internal load-example
For a cement paste under internal load, i.e. capillary tension, the elastic deformation in one
direction can be calculated with (Bentz et al. 1998):

ge(T) _ KSW(T)UCap(T) _ SW(T)O'cap(T) 1-29 _ i
3Kp(1) B 3Kp(7) - 3 (E(T) KS) (321)

ge(7) =

where o, is the effective stress and Kp is the bulk modulus of the cement paste.

In order to illustrate the calculation of elastic deformation of cement paste under internal
load, an example of BFS cement paste (CEM I11 42.5N) with water-binder ratio 0.3 is given.
The capillary tension o, is calculated as function of the relative humidity using Equation
3.8. The measured relative humidity” of BFS cement paste is shown in Figure 3.20a and
the calculated capillary tension and effective stress are shown in Figure 3.20b.

For calculating the elastic deformation with Equation 3.21, the physical properties of
cement paste must be known. The elastic modulus is calculated from the measured
compressive strength® and shown in Figure 3.21a. The calculated degree of saturation
using Equation 3.20 was given in Figure 3.21b. The bulk modulus of the solid material, K
= 44 GPa (Nielsen 1991), and the Poisson ratio, ¥ = 0.2 (Nielsen 1991), are obtained from
the literature. The elastic deformation of BFS cement paste (CEM 11l 42.5N), calculated
with Equation 3.21, is shown in Figure 3.22.

4) The testing method and equipment will be presented in Chapter 4.
5) The measured compressive strength will be shown in chapter 4. The calculation formula of elastic modulus

will be given in Chapter 5.
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Figure 3.20 Measured relative humidity, calculated capillary tension and effective stress of
blast furnace slag cement paste (CEM 111 42.5N) with water-binder ratio 0.3
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Figure 3.21 Calculated elastic modulus and degree of saturation of blast furnace slag
cement paste (CEM 111 42.5N) with water-binder ratio 0.3
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Figure 3.22 Calculated elastic deformation of blast furnace slag cement paste (CEM lIlII
42.5N) with water-binder ratio 0.3 under capillary tension (Equation 3.21)

3.3.3 Time-dependent deformation &.,.(t, T)

During the past few decades, many papers about creep mechanisms of hardened concrete
have been published (Neville et al. 1983, Gilbert 1988). The most often mentioned
mechanisms are: viscous flow, seepage, delayed elasticity and microcracking. None of
these mechanisms describes the time-dependent properties comprehensively. According to
Coutinho et al. (1977), several mechanisms may together determine the time-dependent
properties of concrete. Different formulae and simulation models have been developed for
creep of hardened concrete, e.g. double and triple power laws and solidification model.
Most of these models are empirical, or semi-empirical. In this thesis, activation energy
concept will be applied to calculate the time-dependent part of autogenous deformation.
The activation energy equation was proposed by Svante Arrhenius in 1889 (Glasstone
1941). It has been applied to describe the temperature dependency of diffusion coefficients,
creep rates and many other temperature-dependent reactions.

3.3.3.1 Theoretical basis of Activation energy concept

Many researchers have used activation energy concept to calculate the creep of
cementitious materials (Hirst et al. 1977, Bazant et al. 1982, Day et al. 1983). In the
activation energy concept, each cement particle in mixture is fixed to its position. In order
to change the position of a cement particle, a certain amount of energy is needed, which is
called activation energy. During the creep process, many cement particles move. All the
energy needed for changing the positions of these cement particles is called the activation
energy of creep.
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For a hardened cement paste under constant external load, the time-dependent strain of
the cement paste specimen can be written as (For details: see Appendix):

20(T T)E(T
e (t,7) = ;(< (1 - exp(—%t)) (3.22)
RT

where Q(t) [K]/mol] is the activation energy of the cement paste; w [-] and n [m?/N] are
structure dependent parameters and constant for a given material; a(z) is the external load
at time 7; E () [MPa] is the elastic modulus of cement paste at time z; 7 is the time at
loading; R [J/(mol - K)] is the universal gas constant and T [K] is the absolute temperature.
Based on the Equation 3.22, the rate of creep can be written as (Wittmann et al. 1968):

£,(t,7) = wno(z)exp(— L) (3.23)

RT

For a cement paste under internal load, the effective stress o, should be used. Inserting
Equation 3.19 in Equation 3.22, the creep deformation can be calculated as:

2KSy (T) 0 cap(T) (1—29) WNKSy (T)0 cap(T)E(T)
er(t,T) = E(pT) (1—exp(— . )t)) (3.24)

2KS ()0 cap (T) €Xp (%

where S, is the degree of saturation; o.,, is the capillary tension and x is the Biot
coefficient as explain in section 3.3.2.

3.3.3.2 Creep of the hardening cement paste under changing load

For early-age autogenous shrinkage of cement paste, the internal load, e.g. capillary tension,
increases with the drop of relative humidity. In the meantime, the elastic modulus increases.
In order to simulate the time-dependent part of early-age autogenous shrinkage, the
changing physical properties of cement paste, which are related to the changing
microstructure, should be taken into consideration.

During the past few decades, several models have been proposed to simulate the early-
age time-dependent deformation of hardening cement paste (van Breugel 1982, Bazant et al.
1984, Bazant et al. 1985, Tamtsia et al. 2004, Gawin et al. 2006). Lokhorst (1998) and
Gawin et al. (2006) have improved solidification theory (Bazant et al. 1989) by using a
flow term to deal with the effect of hydration on creep. Tamtsia et al. (2004) and Bazant et
al. (1984,1985) have improved log-double power to deal with the effect of hydration on
creep. These models are based on the experimental results and only an approximation of the
visco-elastic behaviour.

In the following section, an extended activation energy concept model is proposed. In
this model, the effect of the changing physical properties of the hardening cement paste on
creep is taken into account.

As shown in Figure 3.23, the autogenous shrinkage of early-age cement paste consists of
two parts, the elastic part and the time-dependent part. The autogenous shrinkage can be
expressed as:

e(tn, ) = €a1(Tn) + €cr(tn, Tn) (325)

where &(t,, t,,) is the total deformation at time z,,; €.;(z,,) the elastic deformation at time 7,,;
gq(ty, 7o) the time-dependent deformation at time t,,, which is called creep.
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Figure 3.23 Schematic representation of autogenous shrinkage of hardening cement paste

The elastic part of autogenous shrinkage ¢, (z,,) follows Hooke's law (Equation 3.21). It
is determined by the internal driving force o(z,) and elastic modulus of cement paste E (z,,)
at time z,,.

The time-dependent part of autogenous shrinkage e..(t,, t,) is the summation of
increments of creep that formed at subsequent time intervals, e.g. from z,,_; to z,,. It can be
expressed as:

n—1

cr(tn Tn) = Z Aeery, 20 (3.26)
k=1

where Aeg,., o) is the increment of creep from 7, t0 744 4.

At time 7,,, the internal load of autogenous shrinkage is a(z,), the increasing rate of
creep ¢.,.(t,, t,) at 7, (as shown in Figure 3.23) can be calculated with Equation 3.23
(Wittmann 1968):

£ (tn 1) = w10 (1) exp(— E2) (3.27)
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According to Wittmann (1971), the activation energy Q(t,) can be expressed as:
Q(t) = Qo + mint, (3.28)

where m is the change rate of activation energy.
The increment of creep Agcr(tnr ) (as shown in Figure 3.23) that formed from time z,, to

time t,, + At can be calculated as:

. tn
Agcr(tn'rn) = &, (ty, 1,)AT = wno(t,) exp (_ %) At (3.29)

The creep &.,(t,+1, Ths1) at time 7, + Az can be calculated as summation of increments
of creep:

n—-1

Q(tn)

T (3.30)
k=1

Eer(tnst Tna1) = Ecr(Cn, T) + Agcr(tn;n) = wNo(t,)exp(—

For a cement paste under internal load, i.e. capillary force, the effective stress o, should
be used. Inserting Equation 3.19 in Equation 3.30, the creep deformation can be calculated
as:

n-1
Q(tn)
D)1= 2DT + ) Beer (3.31)

k=1

Scr(tn+1' Tn+1) = wnKSw(Tn)Ucap(Tn)exp(_

3.3.4 Calculation of autogenous shrinkage of early-age cement paste

3.3.4.1 Proposed simulation model of autogenous shrinkage of early-age cement paste

The autogenous shrinkage of hardening cement paste can be calculated as the sum of the
elastic part and creep (for a cement paste under internal driving force, i.e. capillary tension,
the loading time 7 is equal to the time t):

Sw (1) 0cqp (T) <1 -29 1 )

e(t, 1) = g,q(1) + £, (t,T) = 3 ORI +
n-1
WNKSy, (Ty) Ocap (Tn)exp(— Qs;’f))(l —20)AT + Z Aecr iz (3.32)
=1

In Equation 3.32, the elastic and time-dependent part of the autogenous shrinkage of the
cement paste are calculated according to Equation 3.21 and Equation 3.31. S,, is calculated
with Equation 3.20. ., is calculated with Equation 3.8. In Figure 3.24 a flow chart of the
whole calculation procedure is shown.
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Figure 3.24 Scheme of simulation model of autogenous shrinkage

3.3.4.2 Example

In order to illustrate the subsequent calculation steps of autogenous shrinkage, an example
of BFS cement paste with water-cement ratio of 0.3 is given in the following. The measured
relative humidity of BFS cement paste was shown in Figure 3.20a. The calculated capillary
tension and effective stress were shown in Figure 3.20b. The calculated elastic modulus
was shown in Figure 3.21a. The calculation of degree of saturation was shown in Figure
3.21b. More details of these inputs were given in Section 3.3.2.3. The bulk modulus of the
solid material Ks is taken as 44 GPa (Nielsen 1991) and the Poisson ratio 9 is taken as 0.2
(Nielsen 1991). According to Wittmann (1967), for cement paste with water-binder ratio
0.3, the value of the parameters w and 1 in Equation 3.31 are 0.03 and 4.8x10®m?/N. The
value of activation energy Q, is taken as 15 KJ/mol (Wittmann 1967). For cement paste
with water-binder ratio 0.3, the change rate of activation energy m is taken as 1.4 K]/
mol (Wittmann 1971).

The calculated autogenous shrinkage of blast furnace slag cement paste with water-
cement ratio of 0.3 is shown in Figure 3.25. The contributions of the elastic and the time-
dependent part of autogenous deformation are shown explicitly. From Figure 3.25 it can be
noticed that creep plays an important role in the proposed simulation model of autogenous
shrinkage. In this example, the magnitude of creep at seven days is bigger than that of the
elastic deformation. Similar results were reported by other researchers (van Breugel 1980,
Lura 2003, Hu 2017). Van Breugel studied the thermal stress in early-age hardening
concrete. According to Van Breugel the calculated thermal stress in early-age concrete will
reduce to one third by taking relaxation into consideration, which means the time-
dependent part of autogenous deformation of concrete is twice as big as the elastic part. Hu
and Lura also gave similar conclusion.
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Figure 3.25 Calculated autogenous shrinkage of blast furnace slag cement paste (CEM IlI
42.5N) with water-cement ratio of 0.3

3.4 Concluding remarks

The disjoining pressure and capillary tension are two mechanisms for autogenous
deformation of early-age hydrating cement paste. The disjoining pressure consists of an
attractive Van der Waals term and a repulsive electrostatic term and structural term. It is
repulsion-dominated and its magnitude increases with decreasing pore size. The disjoining
pressure separates the adjacent cement particles in cement paste and it has a significant
value in small gel pores where reaction products are densely packed. Meanwhile, the pore
water in capillary pores is in tension and puts the solid skeleton of cement paste, including
the water between reaction products, in compression, which results in the external volume
reduction of the cement paste, i.e. autogenous shrinkage. Capillary tension increases with
decreasing internal relative humidity. In cement paste the compressive forces must be in
equilibrium with tensile forces. This equilibrium requirement somehow links the
(compressive) disjoining pressure to the capillary tension.

A simulation model for autogenous deformation is proposed. In this model, the
autogenous deformation have been split up in an elastic and a time-dependent component.
The elastic component is calculated by Hooke's law. The time-dependent component of
model is based on activation energy concept that can simulate the creep of hydrating
cement paste under changing internal driving force. The simulation model is used to predict
the autogenous shrinkage of blast furnace slag cement paste (CEM Il 42.5N) with water-
cement ratio of 0.3. From the simulation result it can be noticed that creep plays an
important role in the proposed simulation model of autogenous shrinkage.
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Chapter 4

Experimental study of early-age properties
and autogenous shrinkage of ordinary
Portland cement paste and cement paste with
supplementary materials

4.1 Introduction

In Chapter 3 a simulation model of autogenous shrinkage has been proposed. In that model
capillary tension is considered the major driving force of autogenous shrinkage. The
internal driving force acts on a continuously changing microstructure. The evolution of
material properties also plays an important role in the development of autogenous shrinkage.
In this chapter measurements of setting time, internal relative humidity, non-evaporable
water content, chemical shrinkage, compressive strength and autogenous deformation of
cement paste are presented and discussed. Pure Portland cement paste and three kinds of
cement paste with different supplementary material, i.e. silica fume, fly ash and blast
furnace slag, were considered. Water-binder ratios of these cement pastes are 0.3 and 0.4.
The objective of these experimental studies is to provide data for numerical modelling of
the autogenous shrinkage (in Chapter 5). Non-evaporable water content and chemical
shrinkage are measured to calculate the degree of saturation of cement paste. Internal
relative humidity of cement paste is measured to calculate the capillary tension, whereas the
compressive strength of cement paste is measured to calculated the elastic modulus.

4.2 Materials

Chemical composition of binder (Type of cement and other powders)

The materials used in this study are Portland cement (CEM 1 42.5N), silica fume, fly ash,
BFS cement (CEM 111/B 42.5N) and de-ionized water. Portland cement (CEM | 42.5N) was
produced by ENCI, The Netherlands. The mineral composition of Portland cement is
presented in Table 4.1. The chemical compositions of the materials are given in Table 4.2.
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Table 4.1: Mineral composition of Portland cement (% by weight)

Phase Weight(%)
C3S 67.1
C,S 5.9
C;A 7.8

C,AF 9.6

Other 9.6

Table 4.2: Chemical composition of materials (% by weight)
Chemical Composition CEM 425N  SilicaFume Fly Ash CEM III/B 42.5N

Si0, 20.36 97.2 48.4 30.61
AL, 0, 4.96 0.51 31.4 10.58
Ca0 64.4 0.39 7.14 45.52
Fe,0; 3.17 0.18 4.44 1.42
K,0 0.64 1.04 1.64 0.58
MgO 2.09 - 1.35 7.33
SO, 257 0.26 1.18 2.66
Na,O 0.14 - 0.72 0.31
Total 98.33 99.58 96.7 99.01

Particle size distribution

Figure 4.1 shows the particle size distribution curves of Portland cement, silica fume, fly
ash and BFS cement measured by laser diffraction. The mean particle sizes, D50, of
Portland cement, silica fume, fly ash and BFS cement are 22 um, 23 pm, 18 um and 24 um,
respectively.
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Figure 4.1 Particle size distribution of materials powders used in this thesis
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The silica fume used in this thesis is commercial dry densified silica fume produced by
Elkem. Silica fume is a reactive pozzolan and can be supplied in various forms, i.e. slurry
form and dry densified silica fume. The dry densified form used in this thesis is said to be
by far the most commonly used form (Diamond et al. 2006).

Mixture design

The experimental series considered in this study comprise eight mixtures. Portland cement
pastes (CEM | 42.5N) serve as reference. The silica fume and fly ash dosages in blended
mixtures are 10% and 30% by weight of the binder respectively. BFS cement (CEM 111/B
42.5N) is also used, in which clinker accounts for 34% by mass. The water/binder ratios are
0.3 and 0.4. The mixture compositions are listed in Table 4.3. Cement paste is mixed in a
5 | epicyclic Hobart mixer. De-ionized water is mixed with the admixtures and added in two
steps to ensure homogeneity. Total mixing time from first water addition is 3 minutes.

Table 4.3: Mixture composition of Portland cement paste and blended cement paste (% by
weight)

CEM I CEM lII/B Silicafume Flyash  Water/Binder
Name 42.5N 42.5N (%) (%) (wib)
(%) (%)

OPC 0.3 100 0 0 0 0.3
OPC 0.4 100 0 0 0 0.4
SF0.3 90 0 10 0 0.3
SF0.4 90 0 10 0 0.4
FA 0.3 70 0 0 30 0.3
FAO0.4 70 0 0 30 0.4
BFS 0.3 0 100 0 0 0.3
BFS 0.4 0 100 0 0 0.4

4.3 Experimental methods and equipment
4.3.1 Final setting time

After final setting a solid skeleton of cement paste forms. The final setting time is taken as
the beginning of the built up of the driving force of autogenous shrinkage. In this study, the
final setting time was determined by the Vicat method according to standard NEN-EN 196-
3:2005. An automatically recording Vicat apparatus was used.

4.3.2 Non-evaporable water content

The non-evaporable water content will be used for calculating the degree of hydration and
degree of saturation of the hardening cement paste. For determining the non-evaporable
water content, about 10 g of fresh cement paste was placed in a plastic vial. The height of
the cement paste sample was about 5 mm. The vials were capped to ensure sealed curing
conditions. The samples were stored at 20°C until the moment of testing. At the required
age, samples for the determination of non-evaporable water content, W, [g water / g
cementitious material], were ground to powder and flushed with liquid nitrogen to stop
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hydration, using a porous ceramic filter and vacuum. The powder was divided into two
approximately equal parts and placed in two crucibles of known mass, which were left
overnight in an oven at 105°C (for about 20 hours). When removed from the oven, the
crucibles and samples were weighed before placing them in a furnace at 950°C for at least 4
hours. The non-evaporable water content was calculated as the average difference of the
mass measurements between 105°C and 950°C for the two crucibles, corrected for the loss
on ignition of the cement powder itself, which was assessed in a separate measurement.

4.3.3 Chemical shrinkage

About 50 g of freshly mixed cement paste was put in an Erlenmeyer flask (Figure 4.2a),
with a capacity of 250 ml. The thickness of the cement paste sample was about 8 mm.
After the cement paste was covered with a thin layer of distilled water, the Erlenmeyer
flask was filled with paraffin oil and sealed with a rubber stopper encasing a graduated tube
with a total volume of 5 £ 0.1 ml. The flask was then immersed in a constant temperature
water bath at 20°C (Figure 4.2b). The first measurement was performed after 30 min
immersion of the samples in the water bath. Measurements were performed for 7 days. The
chemical shrinkage is presented as the volume decrease of the paste per gram of cement and
supplementary materials. For each measurement two specimens were tested.

-5
(a) Glass Erlenmeyer flask with graduated tube  (b) Constant-temperature water bath

Figure 4.2 Equipment for chemical shrinkage measurement

4.3.4 Internal relative humidity

The development of the internal relative humidity cement pastes was measured by Rotronic
HygroLab C1 (Figure 4.3a) equipment with two HC2-AW RH station probes with an
accuracy +0.5% (Figure 4.3b). The RH probes were placed in a temperature controlled
water bath at 20°C (Figure 4.3c). The RH probes were calibrated using saturated salt
solutions with known constant RH in the range of 65-95%. After calibration the freshly
mixed cement pastes were cast in two plastic containers and then put into the measuring
chambers. The RH in the samples and the temperature were recorded every 2 minutes. The
duration of the test was 7 days.



Experimental study of early-age properties and autogenous shrinkage of ordinary Portland
cement paste and cement paste with supplementary materials 53

HYGROLAE N

rotronic

(c) Top view of temperature controlled water bath

Figure 4.3 Apparatus for internal relative humidity measurement

4.3.5 Compressive strength

Compressive strength tests were carried out after 1, 3 and 7 days of sealed curing on cement
paste cubes, 40 x 40 x 40 mm3. The cubes were cured in sealed condition at 20°C. At least
three specimens were tested for each measurement.

4.3.6 Autogenous deformation

The cement paste was cast under vibration into tight plastic molds (low-density
polyethylene plastic, LDPE), which were corrugated to minimize restraint on the paste
(Figure 4.4a). The length of the samples was approximately 430 mm and the diameter 25
mm. Measurement of autogenous shrinkage starts after the final setting time when a solid
skeleton of cement paste forms. Before that time the specimens were placed on a rotation
machine at a speed of 10 rpm to avoid bleeding (Figure 4.4c). The specimens were placed
in a dilatometer and immersed into a temperature controlled glycol bath at 20 + 0.1°C. A top
view of the dilatometer is shown in Figure 4.4b. The dilatometer frame consisted of two
steel plates joined rigidly by six solid invar rods (diameter 20 mm). Each specimen was
longitudinally supported by two parallel rods attached to the steel plates. The specimens
were gripped by screws at one end, while the rest could slide freely on the rods, which were
lubricated by the glycol bath. The longitudinal deformation was measured at the free end by
a TRANS-TEK 350-000 displacement transducer. Three samples were tested in the
dilatometer simultaneously, with a measurement accuracy of £5 pstrain. Length changes
were recorded every 5 minutes.
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(a) Corrugated plastic tube

¥,

(c) Rotation machine

Figure 4.4 Setup for the autogenous shrinkage measurement

4.4 Results and discussion

4.4.1 Final setting time

In Figure 4.5 the final setting times of cement pastes with water-binder ratio of 0.3 and 0.4,
cured at 20°C, are shown. From Figure 4.5 it can be noticed that the final setting time is
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(a) Water-cement ratio of 0.3 (b) Water-cement ratio of 0.4

Figure 4.5 Final setting time of cement pastes with different supplementary materials.
Code: See Table 4.3
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longer for pastes with higher water-binder ratio for all kinds of cement paste. Fly ash
cement paste has longer setting time than other cement pastes with the same water-binder
ratio.

Some authors (Huang et al. 1985) reported that silica fume accelerates the reaction of
C3A and C;S during the first hours of hydration. But as shown in Figure 4.5 the final setting
times seem hardly influenced by the addition of silica fume. In these experiments silica
fume was added in dry densified form. The silica fume used in other studies was often in
slurry form. The phenomenon of accelerated hydration reported by other authors is due to
the extreme fineness of silica fume they used. The commercial dry densified silica fume
used in this thesis exists primarily in the form of clusters of spheres. The influence on the
hydration process and final setting time is not as pronounced as that of silica fume added in
slurry form. That coarse silica fume does not significantly influence the final setting time
was also found by Rao (2003).

The addition of fly ash increases the final setting time of fly ash cement paste compared
to that of ordinary Portland cement paste. This result is in line with the finding of Berg and
Kukko (Berg et al. 1991). Compared with Portland cement, fly ash contains a higher
amount of inactive minerals, such as quartz and mullite. As a consequence of this the fly
ash reacts slower than cement at early age and results in longer final setting time.

Figure 4.5 shows that the final setting time of CEM 111/B 42.5N is shorter than that of
CEM 1 42.5N. Shorter setting time of BFS cement paste has also been observed by Xiao et
al. (2009). This, however, is contradictory to the common understanding that the setting
time will increase with the addition of BFS. If the Portland cement and BFS cement are
made with the same kind of clinker, the lower clinker content in BFS cement results in
longer final setting time. According to the producer, CEM | 42.5N and CEM 111/B 42.5N
used in this study are made with different kind of clinker. CEM I11/B 42.5N made with
higher activity clinker may have shorter final setting time than that of CEM | 42.5N made
with lower activity clinker.

4.4.2 Non-evaporable water content

The non-evaporable water contents (per gram of original powder) of different kinds of
cement paste with water-binder ratio of 0.3 and 0.4 are displayed in Figures 4.6 and 4.7 as a
function of time.

These figures show that the non-evaporable water content in fly ash cement pastes is
lower than that in ordinary Portland cement pastes with the same water-binder ratio at the
same curing age. This experimental result is in accordance with those reported by Zhang et
al. (2000) and Lam et al. (2000).

The non-evaporable water content of the BFS cement paste is much lower than that of
Portland cement paste with the same water-binder ratio and the same curing age. The lower
non-evaporable water content of the BFS cement paste has two reasons. On one hand, the
water binding capacity of BFS is lower than that of Portland cement. According to Gruyaert
(2011), the water bound by Portland cement at complete hydration is about 0.221 g H,O / g
cement. The non-evaporable water content of BFS cement with 15% Portland cement and
85% BFS at complete hydration is about 0.114 g H,O /g cement. On the other hand, the
hydration rate of BFS during the first seven days is much slower that of Portland cement. A
lower degree of hydration of BFS results in a lower non-evaporable water content.
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Figure 4.6 Non-evaporable water content as a function of age for different cement pastes
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Figure 4.7 Non-evaporable water content as a function of age for different cement pastes

with water-binder ratio of 0.4

Figures 4.6 and 4.7 show that the non-evaporable water content of the silica fume
cement paste is lower than that of Portland cement paste with the same water-binder ratio at
the same curing age. This result is in line with the finding of Gleize et al. (2003) and Huang
et al. (1985). According to Taylor (1992) the reason of the lower non-evaporable water
content of silica fume cement paste is similar to that of BFS cement paste, i.e. a lower
quantity of water bound by silica fume than bound by Portland cement.

For all mixtures pastes with a higher water-binder ratio have higher non-evaporable
water contents at the same curing age. At the same curing age, the degree of hydration of
cement paste with higher water-binder ratio is higher than that of cement paste with lower
water-binder ratio. Higher degree of hydration leads to a higher non-evaporable water

content.
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4.4.3 Chemical shrinkage

Chemical shrinkage will be used for calculating degree of saturation of cement paste.
Measured chemical shrinkage of four different types of cement is displayed in Figure 4.8.
The mixture compositions of these cements are listed in Table 4.4.

Chemical shrinkage of fly ash cement paste is lower than that of other mixtures in the
first week. Chemical shrinkage is proportional to the degree of hydration (Criado et al.
2007, Parrott et al. 1990). Compared with Portland cement, fly ash contains a higher
amount of inactive minerals, such as quartz and mullite. As a consequence of this the fly
ash reacts slower than cement and results in smaller chemical shrinkage at early age (Fang
etal. 2011).

Chemical shrinkage of the BFS cement paste develops faster than that of Portland
cement paste in the first 3 days. These results are in line with findings of Bentz (Thomas et
al. 2012). According to Thomas et al. (2012) the density of hydration product of Portland
cement and BFS cement paste is similar. The density of BFS particles is lower than that of
Portland cement. Lower density of BFS results in bigger volume change between
unhydrated BFS and hydration products.
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Figure 4.8 Chemical shrinkage as a function of age

Table 4.4: Mixture composition of Portland cement and blended cement (% by weight)
CEM1425N  CEMIII/B 425N  Silica Fume Fly ash

Name

(%) (%) (%) (%)
OPC 100 0 0 0
SF 90 0 10 0
FA 70 0 0 30

BFS 0 100 0 0
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4.4.4 Internal relative humidity

The internal relative humidity of the cement pastes mentioned in Table 4.3 was measured
for a period of 7 days. For each series two specimens were tested. The difference between
measured internal relative humidity of two specimens was less than 1%. The development
of internal relative humidity with hydration time is provided in Figures 4.9, 4.10 and 4.11.
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Figure 4.9 Internal relative humidity vs. age for different cement pastes with water-binder
ratio of 0.3
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Figure 4.10 Internal relative humidity vs. age for different cement paste with water-binder
ratio of 0.4
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Figure 4.11 Internal relative humidity vs. age for different cement pastes with water-
binder ratio of 0.3 and 0.4

Figures 4.9 and 4.10 show that the relative humidity of fly ash cement paste is higher
than that of ordinary Portland cement paste with the same water-binder ratio. The higher
relative humidity of fly ash cement paste is in accordance with the findings of Varga et al.
(2012). Compared with Portland cement fly ash contains a higher amount of inactive
minerals, such as quartz and mullite. Fly ash reacts slower than Portland cement. At the
same curing age the non-evaporable water content in fly ash cement pastes is lower than
that in ordinary Portland cement pastes with the same water-binder ratio as shown in
Figures 4.6 and 4.7. More water is present in the pore structure of fly ash cement paste
which results in higher relative humidity.

From Figures 4.9 and 4.10 it can be found that the moment that the relative humidity of
BFS cement paste starts to drop significantly is later than that of Portland cement paste with
the same water-binder ratio. For BFS cement paste with water-binder ratio 0.3 the relative
humidity starts to drop 0.6 day later than that in the Portland cement paste with water-
binder ratio 0.3. For BFS cement paste with water-binder ratio 0.4 the relative humidity
starts to drop even 3.5 days later than that of Portland cement paste with water-binder ratio
0.4. A similar result can be found in Lura’s thesis (Lura 2003). In his thesis the relative
humidity of BFS cement paste with water-binder ratio 0.37 starts to drop 1 day later than in
the Portland cement paste. The later starting moment of the RH drop of BFS cement paste
can be attributed to the low activity of BFS after final setting. According to Taylor (1992)
the hydration rate of BFS at early age is much slower than that of Portland cement. BFS
cement (CEM 111/B 42.5N) used in the test series contains BFS (66% by mass) and Portland
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clinker (34% by mass). The large amount of low active BFS in CEM 111/B 42.5N results in
lower water consumption of BFS cement during the first few days of hydration and a later
starting moment of RH drop of BFS cement paste.

4.4.5 Compressive strength

The compressive strength of cement paste will be used (in Chapter 5) to calculate the elastic
modulus. Elastic modulus of cement paste, on its turn, is an important factor in modelling
of autogenous shrinkage. Figures 4.12 and 4.13 show the compressive strength as a
function of age of four cement pastes with water-binder ratio of 0.3 and 0.4.
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Figure 4.12 Compressive strength vs. age for different cement pastes with water-binder
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Figure 4.13 Compressive strength vs. age for different cement pastes with water-binder
ratio of 0.4
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Note that during the first 7 days the compressive strength of the samples with silica fume
is lower than of the samples without silica fume. This is different from the common
understanding that the addition of silica fume will increase the strength of concrete.
Houssam and Tahar (Houssam et al. 1995) pointed out that the increase of strength of
mortar and concrete with the incorporation of silica fume is due to the improvement of the
aggregate-matrix bond. For the silica fume pastes, in the absence of ITZ, there is no
substantial strengthening effect.

4.4.6 Autogenous deformation as function of time

Figures 4.14 and 4.15 show the measured autogenous deformations as a function of age of
different cement pastes with water-binder ratio of 0.3 and 0.4. Three samples were tested
simultaneously. The final setting time is chosen as the starting time of the measurement.
According to Standard ASTM 1698 the final setting time is determined by the Vicat
apparatus. Before the final setting time the specimens were on a rotation machine to avoid
bleeding.

For all mixtures a fast shrinkage can be noticed at the beginning. This fast shrinkage is
followed by a short period of swelling. After the period of swelling the specimens steadily
shrink.
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Figure 4.14 Autogenous deformation vs. age for different cement pastes with water-binder
ratio of 0.3 (Starting time: final setting time)
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Figure 4.15 Autogenous deformation vs. age for different cement pastes with water- binder
ratio of 0.4 (Starting time: final setting time)

From Figure 4.14 and Figure 4.15 a fast shrinkage can be noticed after final setting.
After a short period of swelling the specimens shrink steadily. According to some
researchers (Miao et al. 2007, Bentur 2002, Darquennes et al. 2011, Sant et al. 2006) taking
the final setting time as the starting point of autogenous shrinkage is questionable. The
starting time of autogenous shrinkage is roughly equal to the setting time but is not
necessarily identical with it (Bentur 2003). A lot of researchers start counting autogenous
shrinkage from ‘Time-zero’ which is defined as the duration between this instant when the
water comes in contact with cement and the time at which the concrete develops sufficient
structure to enable tensile stress transfer through the concrete (Weiss 2002, Kovler et al.
2007). According to Bjgntegaard (1999), the time when the maximum (macroscopically)
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Figure 4.16 Autogenous deformation vs. age for different kinds of cement paste with water
binder ratio of 0.3 (Starting time: after early-age swelling)
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Figure 4.17 Autogenous deformation vs. age for different kinds of cement paste with water
binder ratio of 0.4 (Starting time: after early-age swelling)

swelling is observed can be taken as the starting time of autogenous shrinkage (‘Time-
zero’). In this section the steady shrinkage after maximum (macroscopically) observed
swelling is considered as autogenous shrinkage of the cement pastes.

Figures 4.16 and 4.17 show that in the first 7 days the addition of fly ash leads to smaller
autogenous shrinkage of cement paste compared with that of ordinary Portland cement
paste with same water-binder ratio. These results are in line with findings of
Tangtermsirikul (1999). The lower activity of fly ash compared to ordinary Portland cement
is considered the major reason of smaller autogenous shrinkage of fly ash cement paste
(Fang et al. 2011). The low activity of fly ash led to slower hydration and resulted in a
slower decrease of the internal relative humidity and smaller shrinkage at early age.

Figs 4.16 and 4.17 also show that in the first 7 days the addition of silica fume does not
lead to bigger autogenous shrinkage of cement paste compared with that of ordinary
Portland cement paste with same water-binder ratio. This result is contradictory to the
finding reported by Jensen and Hansen (1996) that the addition of silica fume significantly
increases the autogenous shrinkage of cement paste. The silica fume used by Jensen and
Hansen is in slurry form which has large specific surface area and high activity at early age.
High activity of silica fume results in larger chemical shrinkage and bigger drop of internal
relative humidity which result in larger autogenous shrinkage of cement paste (Jensen et al.
1996). The silica fume used in this thesis is commercial dry densified silica fume produced
by Elkem. The mean particle sizes of silica fume is not significantly smaller than Portland
cement (as shown in Figure 4.1). The activity of dry densified silica fume at early age is not
as high as that of silica fume in slurry form. The drop of internal relative humidity of
cement paste dose not increase with the addition of dry densified silica fume (as shown in
Figure 4.9 and Figure 4.10) and the autogenous shrinkage of silica fume cement paste is not
significantly bigger than that of ordinary Portland cement paste with same water-binder
ratio.

The measured autogenous shrinkage of BFS cement paste is much bigger than that of
Portland cement paste with the same water-binder ratio. According to Chan et al. (1999),
the autogenous deformation of concrete with 40% BFS is significantly higher than that of
concrete without BFS. When the BFS content is higher, the autogenous deformation
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decreases slightly, but it still remains higher than that of concrete without BFS. The bigger
autogenous shrinkage of BFS cement paste has two reasons. First, the stiffness of BFS
cement paste, e.g. elastic modulus, is lower than that of Portland cement paste with same
water-binder ratio at the same curing age. Second, the drop of internal relative humidity of
BFS cement paste is larger than that of ordinary Portland cement paste with the same water-
binder ratio, as shown earlier in Figures 4.9 and 4.10. Similar results are also found by Lura
and Ekaputri (Lura 2003, Ekaputri et al. 2016). According to Ishida et al. (2003), BFS
cement pastes have a finer pore structure than Portland cement pastes. Finer pores of BFS
cement paste result in a smaller radius of air-water meniscus and larger internal driving
force of autogenous shrinkage, e.g. capillary tension.

4.4.7 Autogenous deformation as function of relative humidity

Figures 4.18 and 4.19 show the measured autogenous deformations as a function of internal
relative humidity of different cement pastes with water-binder ratio of 0.3 and 0.4. The
starting time is after the maximum early-age swelling.

The Figures 4.18 and 4.19 show that the autogenous shrinkage of cement pastes with
different supplementary materials follows a similar trend with decreasing internal relative
humidity. This is consistent with the assumed existence of a relationship between
autogenous deformation and relative humidity changes in the capillary pores of the
hardening cement paste (L’Hermite 1960, Wittmann 1968, Powers 1968). The Figures 4.18
and 4.19 also show that the autogenous shrinkage of different cement pastes at the same
relative humidity can differ significantly. The difference between the autogenous shrinkage
of different cement pastes at the same relative humidity might be attributed to the different
resistance to deformation, e.g. elastic modulus, of different cement pastes. Under the same
internal load, the elastic deformation of different cement paste is different. The different
capillary tension and resistance of cement paste to deformation will result in different
autogenous shrinkage of different cement paste at the same relative humidity. In order to
illustrate this, the Portland cement paste and BFS cement paste with water-binder ratio 0.3
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Figure 4.18 Autogenous deformation vs. internal relative humidity for different kinds of
cement paste with water binder ratio of 0.3



Experimental study of early-age properties and autogenous shrinkage of ordinary Portland
cement paste and cement paste with supplementary materials 65

Relative humidity [%]
0 — T T 1
1)5\ *%‘t ¥5 90 85
NN .
200 \ S
300 OPCO0.4

-400 \\I\I\ SF0.4

—FA 0.4

-500 !
~
-600

—BFS 0.4

Shrinkage [pstrain]|

-/00

-800

-900

Figure 4.19 Autogenous deformation vs. internal relative humidity for different kinds of
cement paste with water binder ratio of 0.4

Is taken as an example. The elastic modulus of Portland cement paste and BFS cement
paste with water-binder ratio 0.3 at seven days is 25 GP and 20 GP, respectively (see Figure
5.10). Under the same internal load, the elastic deformation of BFS cement paste is 1.25
times bigger than that of Portland cement paste. It should also be noticed that the cement
paste is visco-elastic material. Under internal load, the autogenous shrinkage of different
cement pastes includes an elastic part and creep part. Apart from the elastic part, the creep
part of the autogenous shrinkage of different cement pastes are also different. In the
following chapter, autogenous shrinkage of cement paste will be simulated with the model
proposed in Chapter 3, which model includes an elastic part and a creep part and the role of
elastic part.

4.5 Concluding remarks

In order to provide data for modeling autogenous shrinkage in the first week of hydration,
measurements of setting time, internal relative humidity, non-evaporable water content,
chemical shrinkage, compressive strength and autogenous deformation of cement paste are
presented and discussed in this chapter. Pure Portland cement paste and three kinds of
cement paste with different supplementary material, i.e. silica fume, fly ash and blast
furnace slag, were considered. Water-binder ratios of these cement pastes are 0.3 and 0.4.
The following conclusions can be drawn:

1) Final setting time

The final setting times seem hardly influenced by the addition of silica fume. The
commercial dry densified silica fume used in this thesis is primarily present in the form of
clusters of spheres. Its influence on the hydration process and final setting time is not as
pronounced as that of silica fume added in slurry form. The addition of fly ash increases the
final setting time of fly ash cement paste compared to that of ordinary Portland cement
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paste. The chemical composition and slow reaction of fly ash is considered the main reason
of the longer setting time of fly ash cement paste (Berg et al. 1991).

2) Non-evaporable water content

The non-evaporable water content in fly ash cement pastes is lower than in ordinary
Portland cement pastes with the same water-binder ratio and the same curing age. Fly ash
contains a higher amount of inactive minerals compared with Portland cement. Fly ash
reacts, therefore, slower than Portland cement, resulting in a lower non-evaporable water
content at the same curing age.

The non-evaporable water content of the cement pastes with silica fume and BFS was
lower than that of pure Portland cement paste at the same curing age. The reason of the
lower non-evaporable water content of silica fume and BFS cement paste is the same, i.e.
less water bound by silica fume and BFS than bound by Portland cement (Taylor 1992).

3) Chemical shrinkage

Up to seven days the chemical shrinkage of the cement paste with fly ash was much smaller
than that of Portland cement paste. Chemical shrinkage is proportional to the degree of
hydration (Criado et al. 2007, Parrott et al. 1990). Because of the low reactivity of fly ash,
the degree of hydration of fly ash cement paste is lower than that of Portland cement at the
same curing age.

Chemical shrinkage of the BFS cement paste develops faster than that of Portland
cement paste in the first 3 days. The density of hydration product of Portland cement and
BFS cement paste is similar. According to Thomas et al. (2012) the density of BFS is lower
than that of Portland cement. Lower density of BFS results in bigger volume change
between unhydrated BFS and hydration products.

4) Internal relative humidity

The moment that the relative humidity of BFS cement paste starts to drop significantly is
later than that of Portland cement paste with the same water-binder ratio. The later start of
the RH drop of BFS cement paste can be attributed to the low activity of BFS in CEM
I11/B 42.5N after final setting time.

5) Compressive strength

For running the numerical simulation of autogenous shrinkage as proposed in Chapter 3,
the evolution of the elastic modulus must be known. In this study, the elastic modulus of
cement paste is calculated from the measured compressive strength of cement paste. The
compressive strength of the samples with silica fume is lower than of the samples without
silica fume. This is different from the common understanding that the addition of silica
fume will increase the strength of concrete. Increasing strength of silica fume concrete is
caused by the improvement of the aggregate-matrix bond (Houssam et al. 1995). For the
silica fume pastes, in the absence of ITZ, there is no substantial strengthening effect.

6) Magnitude of autogenous shrinkage
The measured autogenous deformations are the result of expansion and shrinkage processes
which develop simultaneously. When shrinkage is dominant, the external volume will
decrease, otherwise it will increase.

The type of cement has big effect on autogenous shrinkage. The addition of fly ash
resulted in smaller autogenous shrinkage of cement paste compared with that of ordinary
Portland cement paste with same water-binder ratio. The low activity of fly ash is
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considered the major reason for this. The measured autogenous shrinkage of BFS cement
paste is much bigger than that of Portland cement paste with same water-binder ratio.
Lower elastic modulus and larger drop of relative humidity of BFS cement paste are
considered as the two major reason.

The measurements also show that there is a relationship between autogenous
deformation and relative humidity changes in the capillary pores of the hardening cement
paste. The autogenous shrinkage of cement pastes with different supplementary materials
follow a similar trend with decreasing internal relative humidity.
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Chapter 5

Numerical simulation of autogenous shrinkage
of ordinary Portland cement paste and cement
paste with supplementary materials

5.1 Introduction

In chapter 3 a simulation model of autogenous shrinkage has been described. In that model
autogenous shrinkage was divided into two parts, an elastic part and a time-dependent part.
The elastic part and time-dependent part of autogenous shrinkage are calculated with
Hooke's law and activation energy theory, respectively. Figure 5.1 shows a scheme of the
formulas used in this simulation model of autogenous shrinkage. In this model, the degree
of saturation, capillary tension and elastic modulus of cement paste are the inputs. In
chapter 4 early-age properties of Portland cement pastes and cement pastes with
supplementary materials were measured for providing input for modelling of the
autogenous shrinkage. Non-evaporable water content and chemical shrinkage are used to
calculate the degree of saturation. Internal relative humidity is used to calculate capillary
tension. Compressive strength is used to calculate the elastic modulus of cement paste.

In this chapter, the degree of saturation, capillary tension and elastic modulus are
calculated separately, using the experimental data generated in chapter 4. With these
calculated results, the autogenous shrinkage of Portland cement pastes and cement pastes
with supplementary materials are calculated with the proposed simulation model in chapter
3. The calculated autogenous shrinkages of different cement pastes are compared with the
experimental results to evaluate the accuracy of the predictions with the proposed
simulation model.


https://en.wikipedia.org/wiki/Hooke%27s_law
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Figure 5.1 Scheme of autogenous shrinkage calculation

5.2 Mixture compositions of cement pastes used for verifying the numerical
model

In order to validate the proposed numerical model of autogenous shrinkage presented in
chapter 3, eight Portland cement and blended cement paste mixtures are studied, i.e.
Portland cement paste, silica fume cement paste, fly ash cement paste and slag cement paste.
The water/binder ratios are 0.3 and 0.4. The mixture compositions were listed in Table 4.3.
More details of the materials were given in section 4.2.

5.3 Determination of material parameters used for numerical simulation of
autogenous shrinkage

For calculating the autogenous shrinkage of cement paste with the numerical model
proposed in chapter 3, the following materials parameters have to be determined (see
Figure 5.1):

1) Degree of saturation
2) Capillary tension
3) Elastic modulus

5.3.1 Calculation of the degree of saturation
During the hydration process, a porous rigid microstructure forms while free water in the

cement paste is consumed. The cement paste becomes partially saturated. The degree of
saturation S,, can be calculated using Powers” model or directly from the non-evaporable
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water content and the chemical shrinkage measurements, as mentioned in Chapter 3. In
Powers’ model, the degree of saturation S, [-] is calculated based on the degree of
hydration « [-]. For blended cement pastes with supplementary materials, it is not easy to
determine the degree of hydration. Therefore, in this chapter, the degree of saturation is
calculated directly from the non-evaporable water content and chemical shrinkage
measurements. It holds (Powers et al. 1948):

_ Vew(@) _ Viw—Vnew
SW N Vp(a) N Viw=—Vnew+Vcs (51)

where V,,, [cm?/cm?] is the evaporable water content in the hardening paste, V, [cm®/cm?]
the pore volume of the paste, V;,, [cm3/cm?3] the initial water content; V,,,,, [cm3/cm?3] the
non-evaporable water content in the paste and V., [cm3/cm3] the volume of chemical
shrinkage.

In order to calculate the degree of saturation with Equation 5.1, the non-evaporable
water content 1},,,, and the chemical shrinkage V. were measured as mentioned in Chapter
4. The measured non-evaporable water content V., of different cement pastes with water-
binder ratio 0.3 and 0.4 were shown in Figures 4.6 and 4.7 as a function of age. The
chemical shrinkage V., of four different cement pastes was shown in Figure 4.8. The
calculated degree of saturation of these four cement pastes with water-binder ratio of 0.3
and 0.4 are shown in Figures 5.2 and 5.3 as a function of age.
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Figure 5.2 Calculated degree of saturation as a function of age for different cement pastes
with water binder ratio of 0.3 (calculated with Equation 5.1)
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Figure 5.3 Calculated degree of saturation as a function of age for different cement pastes
with water binder ratio of 0.4 (calculated with Equation 5.1)

These figures show that at the same age the degree of saturation of fly ash cement pastes
is higher than that of other cement pastes. This is due to the fact that the chemical shrinkage
of the fly ash cement paste is lower than that of other cement pastes in the first week, as
shown in chapter 4. The magnitude of chemical shrinkage is proportional to the degree of
reaction (Criado et al. 2007, Parrott et al. 1990). Compared with Portland cement, fly ash
contains a higher amount of inactive minerals, such as quartz and mullite. The low
reactivity of fly ash leads to a slower hydration rate than that of other cements and results in
smaller shrinkage at early age (Fang et al. 2011). The lower chemical shrinkage leads to
higher degree of saturation.

5.3.2 Capillary tension

The capillary tension o, [MPa], in pores with radius r, [m] can be calculated with the
Laplace equation as (Defay et al. 1966):

2
Ocap = —i (5.2)

where y [N/m] is the surface tension of the pore water; r;, [m] the radius of the largest
capillary pore still filled with water. The radius r;, of the largest capillary pore still filled
with water can be calculated as a function of the measured internal relative humidity with
the classic Kelvin equation (von Helmholtz 1886):

2yVv
re = — 21w (5.3)
IHERT

where y [N/m] is the surface tension of the pore water; V,,, [m3/mol] the molar volume of
the pore water; RHs [-] the drop of internal relative humidity due to effect of dissolved ions;
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RH [-] the measured internal relative humidity; R [J/(mol - K)] the universal gas constant
and T [K] the absolute temperature. More details can be found in Section 3.2.3.

In order to calculate the capillary tension the relative humidity should be determined
first. The measured internal relative humidity of different cement pastes with water-binder
ratio 0.3 and 0.4Y are shown in Figure 5.4%.
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Figure 5.4 Measured internal relative humidity vs. age for different cement pastes (Section
4.4.4)

In order to calculate the capillary tension in the pore water with Equation 5.2, the radius
of the largest pore still filled with water must be known. The values of the radius of the
largest water-filled pore is calculated with Equation 5.3 as a function of the relative
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Figure 5.5 Calculated radius of the largest water-filled pore of different cement pastes
with water-binder ratio of 0.3 (calculated with Equation 5.3)

1) The mixture compositions were listed in Table 4.3.
2) The experimental method and equipment were presented in Chapter 4.
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Figure 5.6 Calculated radius of the largest water-filled pore of different cement pastes
with water-binder ratio of 0.4 (calculated with Equation 5.3)

humidity. The calculated values of the radius of the largest water-filled pore of cement
pastes with water-binder ratio of 0.3 and 0.4 are shown in Figures 5.5 and 5.6, respectively.
The starting point of calculation is the time when the measured internal relative humidity
reaches its peak (see Figure 5.4) and starts to decrease. The calculated capillary tension of
different cement pastes with water-binder ratio 0.3 and 0.4 is shown as a function of age in
Figures 5.7 and 5.8.
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Figure 5.7 Calculated capillary tension in the pore water for different cement pastes with
water-binder ratio of 0.3 as a function of age (calculated with Equation 5.2)
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Figure 5.8 Calculated capillary tension in the pore water for different cement pastes with
water-binder ratio of 0.4 as a function of age (calculated with Equation 5.2)

By comparing Figures 5.7 and 5.8 it is clear that for the same curing age the capillary
tension in cement pastes with lower water-binder ratio is larger than that of cement paste
with higher water-binder ratio. The reason for this is that the relative humidity of cement
paste with lower water-binder ratio will decrease faster with elapse of time than that of
cement paste with higher water-binder ratio.

Similar calculated results of capillary tension can be found in Lebental’s paper (Lebental
et al. 2012). In that paper the calculated capillary pressure and water saturation were plotted
against relative humidity and shown in Figure 5.9. That figure shows that the capillary
pressure (tension) increases from 0 MPa to 20 MPa when the relative humidity drops from
100% to 85%. In BFS cement pastes with water-binder ratio 0.3, the calculated capillary
tension increases from 0 MPa to 16 MPa in the first 7 days after casting (Figure 5.7). In
these 7 days the measured internal relative humidity drops from 98% to 87% (Figure 5.4).
This result is in accordance with that reported by Lebental.
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5.3.3 Elastic modulus

For calculating the elastic part of the autogenous deformation of cement paste the evolution
of the elastic modulus is needed. In the past, several equations for predicting the elastic
modulus E of cementitious materials as a function of compressive strength f. have been
proposed (ACI Committee 363, AlJ 1985, Takafumi et al. 2009). Among these equations,
the equation proposed by Takafumi et al. (2009) takes the effect of type of supplementary
material on the elastic modulus into consideration. In this thesis, this equation is adopted to
calculate the elastic modulus E [MPa]. It holds:

E = kik,of,?p? (5.4)

where k; [-] is the correction factor related to the type of aggregate. For cement paste, k; is
taken as 1 because there is no effect of aggregate on the elastic modulus of cement paste. k,
[-] is a correction factor related to the type of supplementary material. ¢ [-] is a fitting
coefficient, its value is taken as = 0.0015 (Takafumi et al. 2009). p [N/m3] the unit weight
of the cement paste or concrete.

From experimental results Takafumi found that when fly ash is used as a supplementary
material, the value of k, is generally larger than 1. Conversely, when silica fume and
ground-granulated blast furnace slag are added to concrete, the correction factor k, is
usually smaller than 1. The values of k, for different supplementary materials are shown in
Table 5.1 (Takafumi et al. 2009). The values of the compressive strength f. were shown in
Figures 4.12 and 4.13. The elastic modulus of different kinds of cement paste, calculated
with Equation 5.4, are shown in Figure 5.10.

Table 5.1:Practical values of correction factor k, for pastes made with different binders

Type of addition ko
Silica fume, ground-granulated blast-furnace slag, fly ash fume 0.95
Fly ash 1.1

Addition other than above 1.0
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Figure 5.10 Calculated elastic modulus vs. age of different cement pastes with water-
binder ratio of 0.3 and 0.4 (calculated with Equation 5.4)

Similar results can be found in Tian’s paper (Tian et al. 2013). In that paper, the
measured elastic modulus of Portland cement pastes with water-binder ratio 0.3 and 0.4 is
presented as a function of the degree of hydration «, as shown in Figure 5.11(a). Figure
5.11(b) shows the elastic modulus of Portland cement pastes with water-binder ratio of 0.3
and 0.4, calculated with Equation 5.4, also as a function of the degree of hydration o°.
Figure 5.11b shows that at a degree of hydration of 0.3 the calculated elastic modulus of
cement paste with water-binder ratio 0.3 and 0.4 is 20 GPa and 11 GPa, respectively. The
measured elastic modulus of cement paste with water-binder ratio 0.3 and 0.4 is 20 GPa and
10 GPa, respectively. At a degree of hydration of 0.35, the calculated elastic modulus of
cement paste with water-binder ratio 0.3 and 0.4 is 23 GPa and 13 GPa. The measured
elastic modulus of cement paste with water-binder ratio 0.3 and 0.4 is 22 GPa and 12 GPa.
Comparison of Figures 5.11(a) and 5.11(b) shows that the calculated elastic modulus is in

good agreement with the measurement result.

3) The degree of hydration a of Portland cement paste is simulated with HYMOSTRUC. See footnote Section
3.2.3.
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Figure 5.11 Measured elastic modulus (after Tian et al. 2013) and calculated elastic
modulus vs. degree of hydration for Portland cement paste with water binder ratio of 0.3
and 0.4

5.4 Autogenous deformation — Elastic plus time-dependent part

In the simulation model for autogenous shrinkage presented in Chapter 3, the deformation
of cement paste has been divided into two parts, an elastic and time-dependent part, as
shown in Figure 5.12 and Equation 5.5:

e(t, 1) = €(7) + £, (L, 7) (5.5)

where g(t, 7) is the total deformation at time t; .;(7) the elastic deformation at time t;
gqr(t, 7) the creep at time t; 7 the time at loading.

The elastic part of the shrinkage, ¢,;(7) , can be calculated with Hooke’s law as (Bentz
et al. 1998):

kSw ()0 cap (T) _ Sw(D)Ocap(T) (1—219 _ i)
3Kp(t) 3 E(t) Ks

€e1(1) = (5.6)
where S,, is the degree of saturation; a4, is the capillary tension; K is the bulk modulus
of the cement paste; k is Biot coefficient; E is the elastic modulus of cement paste; ¥ is the
Poisson ratio of cement paste; K is the bulk modulus of the solid material.

For the time-dependent part of autogenous shrinkage, «.,.(t,7), can be calculated with
(see Section 3.3.3):

n-—1
Q
£er(6,7) = WIS, (D) Oeap (D)exp(— o) (1 = 2007 + ) Aecry 5.7)
k=1
where Q is the activation energy of the cement paste; w and n are structure dependent

parameters; R is the universal gas constant and T is the absolute temperature. More details
were given in section 3.3.3.
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Figure 5.12 Schematic representation of autogenous shrinkage of cement paste

5.4.1 Portland cement pastes with w/b ratio 0.3 and 0.4

Figures 5.13(a) and 5.14(a) show the measured and calculated autogenous deformation of
ordinary Portland cement pastes with water-binder ratio 0.3 and 0.4 after the final setting
time. The measured values of autogenous shrinkage are shown from the moment of final
setting time. A fast shrinkage can be noticed after final setting. As explained in Chapter 4,
taking the moment of final setting as the starting point of autogenous shrinkage is
questionable. Therefore, in this section the measured autogenous shrinkage after maximum
swelling of the cement paste is used for comparison with the simulation results. In Figures
5.13(b) and 5.14(b), autogenous shrinkages of Portland cement pastes with water-binder
ratio 0.3 and 0.4 after the short period of swelling are presented. In the latter figures, the
contributions of elastic and time-dependent part of autogenous deformation to autogenous
shrinkage are shown as well.
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Figure 5.13 Measured and calculated autogenous deformation of Portland cement paste
with water-binder ratio 0.3 (Note: Vertical scales are different)
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Figure 5.14 Measured and calculated autogenous deformation of Portland cement paste
with water-binder ratio 0.4 (Note: Vertical scales are different)

5.4.2 Portland cement pastes with 10% silica fume and w/b ratio 0.3 and 0.4

Figures 5.15 and 5.16 show the measured and calculated autogenous shrinkage of Portland
cement pastes blended with 10% silica fume and water-binder ratio 0.3 and 0.4.
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Figure 5.15 Measured and calculated autogenous deformation of silica fume cement paste
(10% silica fume by weight of cement) with water-binder ratio 0.3 (Note: Vertical scales
are different)



Numerical simulation of autogenous shrinkage of ordinary Portland cement paste and

cement paste with supplementary materials 81
Time [days] Time [days]
0 jL —M T 1 0 ]
2 6 8 - ) 8
= 200 — 5 = 50
g -400 g 100
2 600 2 150
c c -200
g 800 2 750
=] -
£ -1000 E -300
5 A S
g 1200 ——_ S -350
9 1400 8 400
-1600 450 Calculated-elastic part
= (alculated-autogenous shrinkage Calculated-creep part
. = (Calculated-autogenous shrinkage
— Measured-autogenous shrinkage —Measured-autogenous shrinkage
(a) Starting time: final setting time (b) Starting time: after maximum swelling

Figure 5.16 Measured and calculated autogenous deformation of silica fume cement paste
(10% silica fume by weight of cement) with water-binder ratio 0.4 (Note: Vertical scales
are different)

Figures 5.15(a) and 5.16(a) show the measured and calculated autogenous deformation
of Portland cement pastes with 10% silica fume and water-binder ratio of 0.3 and 0.4 after
final setting. In Figures 5.15(b) and 5.16(b), autogenous shrinkage of Portland cement
pastes with 10% silica fume and water-binder ratio of 0.3 and 0.4 after the short period of
swelling are presented. The contributions of elastic and time-dependent part of autogenous
deformation to autogenous shrinkage are explicitly shown. Figure 5.15(b) shows that the
measured autogenous shrinkage of SF-blended cement paste is smaller than the calculated
autogenous shrinkage. After the short period of swelling, the calculated autogenous
shrinkage develops faster than the measured autogenous shrinkage. This might be caused
by the fact that the influence of any expansion mechanism on autogenous shrinkage has not
be taken into consideration in the simulation model. The early-age deformations observed
on macroscale are determined by expansion and shrinkage processes, which develop
simultaneously. When the shrinkage is bigger than expansion, the external volume of
cement paste will decrease. But the mechanism of expansion, i.e. crystal pressure, might
still be active and will mitigate the measured shrinkage.

5.4.3 Portland cement pastes with 30% fly ash and w/b ratio 0.3 and 0.4
Figures 5.17(a) and 5.18(a) show the measured and calculated autogenous deformation of

the cement pastes with 30% fly ash and water-binder ratio 0.3 and 0.4 after final setting
time.
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Figure 5.17 Measured and calculated autogenous deformation of fly ash cement paste
(30% fly ash by weight of cement) with water-binder ratio 0.3 (Note: Vertical scales are
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Figure 5.18 Measured and calculated autogenous deformation of fly ash cement paste
(30% fly ash by weight of cement) with water-binder ratio 0.4 (Note: Vertical scales are
different)

In Figures 5.17(b) and 5.18(b), autogenous shrinkage of Portland cement pastes with
30% fly ash and water-binder ratio 0.3 and 0.4 after the short period of swelling are
presented. In Figures 5.17(b) and 5.18(b), a significant difference between the measured
and calculated autogenous shrinkage after maximum swelling at seven days can be noticed.
The difference between the measured and calculated autogenous shrinkage attention might
be caused by inaccurate estimation of capillary tension. As mentioned in Section 5.3.2
capillary tension in cement paste is calculated as function of the surface tension of the pore
water. In these calculation the surface tension of pore water is taken as the value of pure
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water, i.e. 0.072 N/m. But in a cement paste the value of surface tension of pore water is
affected by the dissolved ion concentration. The change of surface tension on the
autogenous shrinkage might be a reason of the difference between the measured and
calculated autogenous shrinkage.

The ion concentration will also affect the calculated capillary tension. As explained in
Section 3.2.3, the value of calculated capillary tension is affected by the measured relative
humidity and dissolved ions. The effect of dissolved ions in the pore solution on the
calculated capillary tension changes with the ion concentration. In this thesis, the change of
effect of dissolved ions on the calculated capillary tension is ignored. In fact the ion
concentration of pore water of fly ash cement paste increases with time during the first 28
days after mixing (Taylor 1992). Its influence on the the calculated capillary tension also
increases with time. Without taking the increasing ion concentration of pore water into
consideration, the capillary tension is overestimated. As shown in Figure 5.4, the drop of
measured relative humidity of fly ash cement paste with water-binder ratio 0.3 and 0.4 is
4% and 2% at 7 days. According to measurements of Hu (2017), the drop of relative
humidity of fly ash cement paste (water-binder ratio 0.35) due to the increasing ion
concentration in pore water is 1% at 7 days. By taking the effect of ion concentration of
pore water into account, the calculated capillary tension of fly ash cement paste (water-
binder ratio 0.3 and 0.4) is 5.25 MPa and 1.15 MPa at 7 days respectively. The calculated
autogenous shrinkage of fly ash cement paste (water-binder ratio 0.3 and 0.4) is 225 pstrain
and 56 pstrain at 7 days respectively (purple line in Figure 5.19). This calculated
autogenous shrinkage of fly ash cement paste is close to the measured results, 200 pstrain
and 65 pstrain respectively (blue line in Figure 5.19).

0 Time [days] 0 Time [days]
—_ $ M 6 8 — ) 4 6 8
£ 50 § 50 ?
= 100 2 100
5 \\\\\ 5
- ® -150
<] <]
% -200 1 % -200
a N\ a
-250 -250 . :
—— Adjusted-elastic part —— Adjusted-elastic part
Adjusted-creep part Adjusted-creep part
— Adjusted-autogenous shrinkage — Adjusted-autogenous shrinkage
— Measured-autogeous shrinkage — Measured-autogenous shrinkage
(a) Water-binder ratio 0.3 (b) Water-binder ratio 0.4

Figure 5.19 Measured and calculated autogenous deformation of fly ash cement paste
(taking change of ion concentration into account) with water-binder ratio 0.3 and 0.4
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5.4.4 Blast furnace slag cement pastes with w/b ratio 0.3 and 0.4

Figures 5.20 and 5.21 show the measured and calculated autogenous shrinkage of BFS
cement pastes with water-binder ratio 0.3 and 0.4. Figures 5.20(a) and 5.21(a) show the
measured and calculated autogenous deformation of BFS cement paste with water-binder
ratio 0.3 and 0.4 after the final setting time. The calculated autogenous shrinkage of BFS
cement paste after early-age swelling is shown in Figures 5.20(b) and 5.21(b), subdivided
in an elastic part and a creep part.
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Figure 5.20 Measured and calculated autogenous deformation of blast furnace slag
cement paste with water-binder ratio 0.3 (Note: Vertical scales are different)
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Figure 5.21 Measured and calculated autogenous deformation of blast furnace slag
cement paste with water-binder ratio 0.4 (Note: Vertical scales are different)



Numerical simulation of autogenous shrinkage of ordinary Portland cement paste and
cement paste with supplementary materials 85

The calculated autogenous shrinkage of BFS cement paste is much bigger than that of
plain Portland cement paste with the same water-binder ratio at the same curing age (See
Figures 5.13 and 5.20). The bigger calculated autogenous shrinkage of BFS cement paste
may have two reasons. First, the calculated elastic modulus of BFS cement paste is lower
than that of Portland cement paste with same water-binder ratio at the same curing age, as
shown in Figure 5.10. In this study the elastic modulus of cement paste is calculated from
the measured compressive strength. As shown in Figures 4.12 and 4.13, the compressive
strength of BFS cement paste is lower than that of Portland cement paste with same water-
binder ratio. A lower compressive strength results in a lower calculated elastic modulus.
Under the same load cement paste with lower elastic modulus will have larger deformation
than the cement paste with higher elastic modulus. Second, the calculated capillary tension
in BFS cement paste is bigger than in Portland cement paste with same water-binder ratio at
the same curing age. As shown in Figure 5.4, the change of internal relative humidity of
BFS cement pastes is much bigger than that of Portland cement pastes with same water-
binder ratio at the same curing age. A bigger change of relative humidity of BFS cement
paste results in bigger capillary tension and bigger calculated autogenous shrinkage.

5.4.5 Discussion

As mentioned in the section 5.4.1, taking the final setting time as the start of autogenous
shrinkage is questionable. Therefore, only the measured autogenous shrinkage after
maximum swelling of the cement paste is used for comparison with the simulation results.
Measurements start from the maximum early-age swelling and continue until seven days
after casting, as shown schematically in Figure 5.22. Since for different cement pastes the
moment of maximum swelling (ts in Figure 5.22) is different, the period during which
autogenous shrinkage is measured is different as well. This complicates the comparison of
the measured autogenous shrinkage after maximum swelling of the cement pastes
considered in this study.
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Figure 5.22 Schematic representation of autogenous shrinkage of hardening cement paste
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As shown in the previous section the autogenous shrinkage of cement paste is influenced
by the water-binder ratio. In order to verify the prediction of autogenous shrinkage of
cement pastes with different water-binder ratio with the simulation model proposed in
Chapter 3, the ratios between the autogenous shrinkage of different cement pastes with
water-binder ratio 0.3 and 0.4 after maximum swelling at 7 days, €, 3/€p4, IS Studied. The
measured ratios &, 3/, 4 Of different cement pastes are given in Table 5.2.

Table 5.2: Measured autogenous shrinkages &ps and &p4 after maximum swelling of
Portland cement pastes and cement pastes with supplementary materials with water-binder
ratio 0.3 and 0.4 (measurements continued up to seven days)

w/b=0.3 w/b=0.4
Name duration of €03 duration of €04 £03/80.4
measurement  (measured) | measurement (measured) | (measured)
(days) (ustrain) (days) (pstrain)

OPC 6.5 407 55 232 1.75
SF 6.5 393 5.3 176 2.23
FA 5.8 198 5.7 69 2.87
BFS 6.4 822 6.2 618 1.33

Table 5.3: Calculated autogenous shrinkages &»3 and &y after maximum swelling of
Portland cement pastes and cement pastes with supplementary materials with water-binder
ratio of 0.3 and 0.4 (calculations continued up to seven days)

w/b:0.3 w/b:0.4
Name duration of €03 duration of 0.4 €0.3/€0.4
Calculation  (Calculated) | Calculation (Calculated) |(Calculated)
(days) (pstrain) (days) (pstrain)

OPC 6.5 364 55 235 1.55

SF 6.5 444 5.3 213 2.08

FA 5.8 309 5.7 112 2.76
BFS 6.4 857 6.2 656 1.31

The calculated autogenous shrinkage after maximum swelling of different cement pastes
at seven days and the ratio €, 5 /¢4 are shown in Table 5.3. A comparison between values
presented in Tables 5.2 and 5.3 shows a difference between the absolute values of the
measured and calculated autogenous shrinkage of cement paste. The difference in absolute
autogenous shrinkage values may be caused by several factors:

- The influence of any expansion process on the autogenous shrinkage is not taken into
consideration in the simulation model. The early-age deformations observed on
macroscale are determined by the expansion and shrinkage processes, which develop
simultaneously. The ignorance of any influence of expansion mechanism in the
simulation model might lead to an overestimated autogenous shrinkage.

- The change of dissolved ions in the pore solution is not taken into consideration in the
calculations. The capillary tension is calculated based on the Kelvin radius and surface
tension of pore water. The dissolved ions in the pore solution affect the value of surface
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tension and the Kelvin radius. Ignoring the change of dissolved ions in the pore solution
leads to an overestimated autogenous shrinkage.

In Figure 5.23 the comparison between the measured and calculated ratios, €, 3/€g 4, Of
the autogenous shrinkages of different pastes with water-binder ratio 0.3 and 0.4 is shown.
Figure 5.23 shows that the proposed simulation model can predict the effect of water-binder
ratio on the autogenous shrinkage of cement paste quite well.
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Figure 5.23 Comparison between the measured and calculated ratio g, /¢, 4 Of different
cement pastes

In the simulation model cement paste is considered as a visco-elastic material and creep
is taken into consideration. In order to illustrate the importance of the creep part of
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Figure 5.24 Measured and calculated autogenous deformation of blast furnace slag
cement paste with water binder ratio of 0.3
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autogenous shrinkage, blast furnace slag cement paste with water-binder ratio of 0.3 is
taken as an example. As shown in Figure 5.24(a), the simulation model predicts the
autogenous shrinkage of BFS cement paste with water-binder ratio of 0.3 quite well. If only
the elastic part is considered and the creep part is neglected, the calculated autogenous
shrinkage is much smaller than the measured autogenous shrinkage as shown in Figure
5.24(a). This result is in line with the finding reported by Lura (2003). In Lura’s thesis, the
autogenous shrinkage of the BFS cement paste with water-binder ratio of 0.37 was studied.
Lura simulated the autogenous shrinkage of BFS cement paste assuming the cement paste
to perform as an elastic material. The calculated and measured autogenous shrinkage are
shown in Figure 5.24(b).

It also should be noted that there is a scatter of the measurement results which are used
to calculate the autogenous shrinkage, e.g. the relative humidity which is used to calculate
the capillary tension and the compressive strength which is used to calculate the modulus of
elasticity. The scatter of inputs will result in a range of the calculated autogenous shrinkage.
Taking the Portland cement paste with water-binder ratio 0.3 and 0.4 as examples, the range
of the calculated autogenous shrinkage is shown in Figure 5.25 in the form of error bar.
Figure 5.25 shows the range of the calculated autogenous shrinkage due to the scatter of
inputs is about 10%.
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Figure 5.25 Measured and calculated autogenous deformation of Portland cement paste
with water-binder ratio 0.3 and 0.4

5.5 Conclusions

In this chapter the degree of saturation, capillary tension and elastic modulus of Portland
cement pastes and cement pastes with supplementary materials with water-binder ratio of
0.3 and 0.4 were simulated. The results of these simulations were used as inputs for the
simulation model of autogenous deformation (proposed in Chapter 3). The autogenous
shrinkage of eight mixtures was simulated. Numerical results were compared with
measured autogenous shrinkage. The following conclusions can be drawn:
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1) Degree of saturation

At the same age the degree of saturation of fly ash cement pastes is higher than that of
Portland cement pastes. The degree of saturation is calculated from the non-evaporable
water content and chemical shrinkage (Equation 5.1). The non-evaporable water content in
fly ash cement pastes is lower than that in ordinary Portland cement pastes with the same
water-binder ratio at the same curing age (as shown in Figures 4.6 and 4.7). The chemical
shrinkage of fly ash cement paste is lower than that of ordinary Portland cement paste in the
first week. Both factors result in higher degree of saturation of fly ash cement pastes during
the first 7 days.

2) Capillary tension

The capillary tension of cement pastes with lower water-binder ratio is larger than that of
cement paste with higher water-binder ratio at the same curing age. This is due to the fact
that the relative humidity of cement paste with lower water-binder ratio will decrease faster
with elapse of time than that of cement paste with higher water-binder ratio. Larger drop of
relative humidity results in bigger capillary tension.

3) Prediction of autogenous shrinkage using proposed simulation model
The simulation model predicts the trend of autogenous shrinkage of Portland and BFS
cement pastes quite well. But there is difference between the measured and calculated
autogenous shrinkage of fly ash cement paste. The differences may be caused by the
ignorance of the change of ion concentration of pore water. By taking changes of the ion
concentration of pore water during hydration into account, the calculated autogenous
shrinkage of fly ash cement paste is close to the measured results.

The comparison between the calculated autogenous shrinkage of cement paste (including
elastic part and creep) and the measured result shows that creep plays an important role in
autogenous shrinkage and should not be neglected.
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Chapter 6

Restraining effect of sand on shrinking cement
mortar and concrete

6.1 Introduction

Shrinkage of the cement paste in hardening concrete is restrained by the non-shrinking
coarse aggregates. The interaction between the shrinking cement paste and the non-
shrinking sand and coarse aggregate may lead to micro cracking in the concrete.

In literature different models for shrinkage of mortar and concrete have been proposed.
These models can be classified as finite element model (Xiong et al. 2015, Maruyama et al.
2014), lattice discrete particle model (Abdellatef et al. 2015) and classic mechanical model
(also called composite models) (Pickett 1956, Hansen et al. 1965, Hobbs 1969, Tazawa et
al. 2000, Hammer et al. 2002), etc. Compared with finite element model and lattice discrete
particle model which requires a few hours up to several days of calculation, classic
mechanical model is less time-consuming (only a few minutes of calculation) and can still
provide satisfactory results.

In this chapter autogenous shrinkage of hardening cement mortars with fine sand
(0.125~0.25 mm) is calculated based on the autogenous shrinkage of the cement paste and
the restraining effect of the sand particles using an extended Pickett model. Pickett’s model
(Pickett 1956) was originally developed for predicting the drying shrinkage of concrete as a
function of shrinkage of cement paste and the aggregate content. The cement paste and inert
inclusions were considered as elastic material. In this chapter Pickett’s model will be
extended by taking the effect of creep on shrinkage of the cement paste into consideration.
The autogenous shrinkage of mortar with fine sand (0.125~0.25 mm) is simulated by this
model and compared with experimental results to evaluate the accuracy of the predictions
with the extended Pickett model. The extended Pickett model is also used to predict the
early-age autogenous shrinkage of OPC concrete and BFS concrete with high aggregate
content.

6.2 Background

Cement mortar and concrete are assumed to consist of two phases, i.e. sand/aggregate
particles and the cement paste matrix. The autogenous shrinkage only takes place in the
cement phase. Aggregate particles in mortar and concrete mixtures will cause a reduction of
the autogenous shrinkage due to their restraining effect (Pickett 1956, Holt 2002).
Examples of measured autogenous deformations of cement paste and concretes (mixture
with w/c 0.35 and 0.45) with different aggregate contents are shown in Figure 6.1 (Wei
2008). This figure shows that there is a period of expansion before the specimens start to
shrink steadily. After the period of expansion, the deformation will turn into shrinkage. The
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autogenous shrinkage of concrete decreases dramatically with the increase of aggregate
content. The expansion period of concrete was found to be longer than that of cement paste.
The higher the aggregate content, the longer the expansion period was. According to Wei
(2008), the expansion of concrete is due to changes of the water distribution in the pore
structure of the concrete caused by the addition of aggregates. The small pores in
aggregates adsorb water during mixing. The adsorbed water is released to the surrounding
cement paste during the hydration process. The water released from aggregate will slightly
increase the relative humidity in the cement paste and consequently reduce and delay the
shrinkage. This is a form of internal curing.

Another explanation of the expansion of concrete is the occurrence of micro-cracks in
the concrete. Due to the restraining effect of the non-shrinking aggregate the cement paste
in concrete is under tension. Due to the tension and low tensile strength of the cement paste,
cracks perpendicular to the interface between matrix and aggregate may form in the paste
(see also Figure 6.7) (Goltermann 1994). Microcracking will lead to the macroscopic
expansion of concrete structures (Charpin et al. 2012).
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Figure 6.1 Measured autogenous shrinkage of ordinary Portland cement paste and
concrete with different aggregate contents (by volume) (Wei 2008)

6.3 Simulation models of autogenous shrinkage of cement mortar
6.3.1 General introduction of composite models

In past decades different composite models (Pickett 1956, Hansen et al. 1965, Hobbs 1969)
have been proposed to determine the autogenous shrinkage of mortar and concrete based on
the shrinkage of the matrix and the aggregate volume concentration and the properties of
the constituents, i.e. series model, parallel model, Hobb’s model and Pickett’s model.
Tazawa et al. (2000) compared different composite models for calculating autogenous
shrinkage of concrete, i.e. the series model and the parallel model. The series model is
expressed as:
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Eshe = (1 - (DA)gsh,p (6-1)

where &g, . [m/m] is the the shrinkage of concrete; &g, [m/m] the shrinkage of the
cement paste; @, [m3/m3] the volume fraction of aggregates.

According to the series model the ratio between the autogenous shrinkage of concrete
and cement paste is equal to the volume fraction of cement paste, i.e. 1 — @,. In reality, the
aggregate has a restraining effect on autogenous shrinkage of the surrounding cement paste.
The restraining effect of aggregate on shrinkage of concrete can be very important. In
Equation 6.1, however, this restraining effect of aggregate is not considered.

The parallel model is expressed as:

1-@
Eshe = 1+(EA/Ep/11)¢’A Esh,p (6.2)
where E, [MPa] and E, [MPa] the elastic modulus of aggregate and cement paste,
respectively.

Hobbs’ model (Hobbs 1969,1974) was developed for drying shrinkage. In his model the
elastic modulus of the cement paste was assumed constant and the shrinkage of concrete,
Esnc [m/m], can be expressed as:

£ _ gsh,p(1_¢A)(Gp+GA)+2€sh,aq)AGA
sh,c Gp+Gat+®a(Ga—Gp)

(6.3)

where &5, [m/m] is the shrinkage of the cement paste; &g, o [m/m] the shrinkage of the
aggregates; G, [MPa] the shear modulus of the aggregates and G, [MPa] the shear modulus
of the paste.

In 1956 Pickett (1956) derived an expression for the restraining effects of aggregates on
concrete shrinkage. The formula accounts for the restraining effect of small spherical
aggregate particles embedded in a large body of shrinking paste. The cement paste
surrounding the aggregate particle is considered as a homogeneous material and both the
aggregate particle and the cement paste are assumed to be elastic.

Aforementioned composite models are proposed for calculating shrinkage of concrete
based on the shrinkage of cement paste and the restraining effect of the aggregate particles.
All these models have common assumptions (Hobbs 1974):

- Concrete consists of two homogenous phases, i.e. aggregates and cement paste
matrix.

- Aggregate and cement matrix behave elastically and creep is not considered.

- Elastic properties of the shrinking cement paste matrix are not influenced by the
microcracking caused by the restraining aggregate.

With these assumptions the shrinkage of concrete can be approximated with these
composite models. In order to obtain a better prediction of autogenous shrinkage of cement
mortar, microcracking caused by the restraining sand particles and the creep of hydrating
cement paste should be taken into consideration. In this chapter, the theoretical basis of
Pickett’s model is presented first. Then the probability of microcracking caused by
restraining sand particles is evaluated for the original Pickett model. Finally, the extended
Pickett model which takes creep into account is proposed.
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6.3.2 Theoretical basis of Pickett’s model

6.3.2.1 One particle restraint
Many researchers have used Pickett’s model to predict autogenous shrinkage of concrete
(Tazawa et al. 2000, Hammer et al. 2002, Lura 2003, Grasley 2006, Akcay 2007, Wei
2008). In Pickett’s model the restraining effect of one small spherical aggregate particle on
the shrinking cement paste is calculated first. The cement paste in the mixture is
represented as one single shell surrounding the aggregate particle (Pickett 1956).

The restraint exerted by a small spherical particle on the shrinkage of the surrounding
outer shell of cement paste will cause the following stresses in the shell as shown in Figure
6.2 (Timoshenko 1951, Jones 2009):

_ pad b3—r3
Or = = S e (6.4)
__ padb3+2rd
t = 28 piad (6.5)
_ r3epEp(b3-a®) (6.6)

b= a3[(1-29p)r3—(1+9p)b3]

where o, [MPa] is the normal stress in the radial direction; o, [MPa] the normal stress
perpendicular to the radius; r [m] the radial coordinate; p [MPa] the pressure exerted by the
shrinking outer shell at the interface between aggregate particle and outer shell; a [m] the
radius of the inner aggregate particle; b [m] radius of outer shell; &, [m/m] the strain in the
radial direction caused by the pressure p; E, [MPa] and v, [-] are Young’s modulus and
Poisson ratio of the shell of cement paste, respectively.

Ot [MPa]

outer shell of
cement paste

r[m]

inner particle

(a) Restraining effect of aggregate particle (b) Stress perpendicular to the radius o,

Figure 6.2 Schematic representation of mechanism for (a) restraining effect of aggregate
particle on shrinking cement paste (after Hansen et al. 1965) and (b) relationship between
stress o, and radius r
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shrinkage without the restraining shrinkage with the restraining
effect of inner particle effect of inner particle

Figure 6.3 Schematic representation of restraining effect of an aggregate particle on the
volume shrinkage of the outer shell of cement paste (after Hansen et al. 1965)

Under conditions of spherical symmetry, as shown in Figure 6.3, the change of radius &,
of the outer shell caused by the restraining effect of the aggregate particle is calculated as:

8, = E [(1-9,)0, — 9y0,] (6.7)

where r is the radial coordinate.
The restraint of the aggregate particle reduces the volume shrinkage of the total body by
the amount:

3pVs 3b3

1-9
47Tb26r | r=b = E, ( 2 p) p3_a3 (6.8)

where V, = 4ma3/3 is the volume of the rigid aggregate particle.

If there were no restraint, the outer shell would have reduced in volume by 3&V, where
V [m3] is the volume of the mixture, i.e. 4wb3/3, and £ [m/m] is the linear deformation.
The reduction in volume shrinkage due to restraint by the aggregate particle can be
designated as —3AeV, where Ae is the reduction in the linear deformation:

1—19p) 3b3
b3—33

—3AeV = 4mb?6, | oy = 22 (=
P

(6.9)

The aggregate particle restrains the shrinkage of the outer shell, while the shrinking
cement paste generates a pressure p on the aggregate particle. This pressure causes a
volume reduction of the aggregate particle as shown in Figure 6.4. The volume reduction of
the aggregate particle is “filled up” with shrinking surrounding cement paste. The volume
reduction of the aggregate particle can be calculated as:

2O2IPE = 3¢V, — 4ma®s, | o, (6.10)
N
where E and 9, are the Young’s modulus and the Poisson ratio of the aggregate particle,
respectively.
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shrinkage of outer shell

shrinkage of inner particle under pressure p

Figure 6.4 Schematic representation of restraining inner aggregate particle (after Pickett
1956)
Eliminating p from equation 6.9 and 6.10 gives:
—AeV = Bel; (6.11)
where

B 3(1-9,)
b= 1+9p+2(1~95)Ep/Es (6.12)

Discussion

The factor g (Equation 6.12) is a function of the ratio between the elastic moduli of cement
paste and aggregate particle, £, /E (see Equation 6.12). The relationship between factor 5
and the ratio E,, /E; is shown in Figure 6.5, Figure 6.5 shows that the factor B decreases

with increasing E,, /E ratio.
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Figure 6.5 Empirical relationship between factor g and ratio E, /E;

1) The Poisson ratio of cement paste is taken as 0.2 (Nielsen 1991) and the Poisson ratio of aggregate is taken
as 0.25 (Zhu 2012).
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6.3.2.2 Multi particles restraint

The previous text describes the restraining effect of one aggregate particle on the shrinkage
of the cement paste shell. The restraining effect of all aggregate particles in the cement
mortar on the shrinkage can be calculated with the following formulas. Let the volume ratio
of the aggregate be @,4[-]. As one more aggregate particle with volume V; is added into the
mixture, the change of @, can be expressed as (Pickett 1956):

_ @AV _ Vs

Ay === =y = (1= @) (6.13)
From Equation 6.11 and 6.13 we get:

Ae _ BADLVHVs

~ = e, v (6.14)
In differential form,

e _Bd% (6.15)

e 1-dy4 '
Then integrate it,

Eshm = gsh,p(l - ‘DA)B (6.16)

where &g, [m/m] is the shrinkage of mortar; &5, [m/m] is the shrinkage of
corresponding paste.

6.3.2.3 Autogenous shrinkage of cementitious material as a function of aggregate content
Figure 6.6 shows the calculated autogenous shrinkage (using the simulation model for
autogenous shrinkage presented in Chapter 3) of blast furnace slag cement paste (CEM I
42.5N) with water-cement ratio of 0.3. The restraining effect of rigid sand particles on the
autogenous shrinkage of BFS cement mortar has been predicted with Pickett’s model
(Equation 6.16). The predicted autogenous shrinkage of BFS cement mortars with sand-
solid phase (cement and sand) weight ratio 0.1, 0.3, 0.5 and 0.7 is shown in Figure 6.6 as
well. The figure shows that with increasing volume of sand, the calculated autogenous
shrinkage of cement mortar decreases due to the larger restraining effect of the sand
particles.
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Figure 6.6 Calculated autogenous deformation of BFS cement paste and mortar (sand-
solid phase (cement and sand) weight ratio is 0.1, 0.3, 0.5 and 0.7) with Pickett’s model
(Equation 6.16) with water-binder ratio of 0.3

6.3.3 Evaluation of microcracking of cement mortar

According to Wei (2008), there is difference between the measured autogenous shrinkage
of concrete and calculated autogenous shrinkage of concrete using Pickett’s model,
especially for concrete with high aggregate contents and low water-cement ratio. This
difference can be attributed to several factors, e.g. microcracking and creep.

shrinking cement\gaste tangential stress

debondig|

nonshrinking
sand

Microcracking

Figure 6.7 Schematic representation of the microcracking generated on the interface of the
shrinkage cement paste and inert particle (after Wei 2008)
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Due to the restraining effect of the non-shrinking aggregate in concrete, cement paste in
concrete is under tension. At the interface between the cement paste and inert particle the
tension is the largest. Due to the tension and low tensile strength of the cement paste, cracks
perpendicular to the surface of the aggregate particle may form in the paste phase as
demonstrated in Figure 6.7 (Goltermann 1994). Microcracking results in debonding of
cement paste from sand particles and a reduction of the shrinkage and stiffness of mortar
and concrete. In the following section, the tangential tensile stress and tensile strength of
cement mortar will be calculated and the possibility of microcracking of cement mortar will
be evaluated.

6.3.3.1 Calculation of tangential tensile stress

Stresses caused by a restraining particle are the stress in radial direction o, and the stresses
perpendicular to the radius a;. The stress o; is the tensile stress that causes micro-cracks in
the cement paste. This stress decreases with increasing radial coordinate r. At the surface of
the sand grain, i.e. r = a, the tangential tension o, is largest. Micro-cracks firstly appear in
this zone. The largest tangential tension o, can be calculated with equations 6.5 and 6.6 as
(r = a, see Figure 6.2):

_ epEp(b3+2a3)
Ot = 2[(1-29,)a3—(1+9,)b3]

(6.17)

where a [m] is the radius of the sand particle; b [m] the radius of outer shell; E;, [MPa] and
Yp[-] are Young’s modulus and Poisson ratio of the outer shell, respectively; &, [m/m] the
strain in the radial direction caused by the pressure p, i.e. r = a; p [MPa] is the pressure
exerted by the shrinking outer shell at the surface of the sand particle as shown in Figure
6.2.

Figure 6.8 shows an example of the calculated tangential tensile stress at the surface of
sand particle (Equation 6.17) in cement pastes of blast furnace slag cement mortars (CEM
I11 42.5N) with water-cement ratio of 0.3 and sand-solid phase (cement and sand) weight
ratios 0.1, 0.3, 0.5 and 0.7. The size of the sand particles is 0.125~0.25 mm. Figure 6.8
shows how the tangential tensile stress in cement paste (at the surface of sand) increases
with increasing sand content (see also Moon et al. (2005)).

In fact the tangential tensile stress fields around adjacent restraining aggregates in
concrete will overlap. In Pickett’s model, this overlap is not taken into consideration. If the
overlap is taken into account, the calculated tangential tensile stress will be bigger.
However, the tangential tensile stress o, around different restraining aggregates will
decrease with the increase of the radial coordinate r (Equation 6.5). When r increases from
ato 2a or 3a, i.e. from the surface of sand particle to two or three times the radius of the
sand particle, the tangential tensile stress o, will decrease to one eighth and one-
seventeenth of the value at the surface. For cement mortars with water-cement ratio of 0.3
and sand-solid phase weight ratios of 0.7, the average distance between sand particles is
0.63 mm. This distance is larger than two times of the radius of sand particle (0.125~0.25
mm) and the overlap of tangential tensile stress around different restraining aggregates will
not affect the calculated result significantly.
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Figure 6.8 Calculated tangential tensile stress (Equation 6.17) in different BFS cement
mortars and schematic representation of the tangential tensile stress

6.3.3.2 Estimation of tensile strength of mortars

In order to evaluate the probability of microcracking, the tensile strength f; , [MPa] of
cement paste should be known. Gardner et al. (1976) proposed an expression for the
relationship between the tensile and compressive strength of concrete. In this study
Gardner’s equation is assumed to be also applicable for estimating the tensile strength of
cement paste f, ,, as function of the compressive strength f. ,, of cement paste, viz:

fep = 03fp %3 (6.18)

This relationship is assumed to hold for a wide range of strengths and is supposed not to
depend on the magnitude of the degree of hydration (i.e. on the strength level). Figure 6.9
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Figure 6.9 Measured compressive strength and calculated tensile strength of BFS cement
paste (Equation 6.18) with water-binder ratio of 0.3 (Note: Vertical scales are different)
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shows the calculated tensile strength of blast furnace slag cement paste (CEM 11l 42.5N)
with water-binder ratio of 0.3.

6.3.3.3 Evaluation of microcracking of cement mortar

When the tangential tensile stress in the cement paste, o;, at the surface of a sand particle
exceeds the tensile strength f; ,, of the cement paste, microcracking will occur. Figure 6.10
schematically shows the probability of micro cracking of the BFS cement mortars. For BFS
cement mortars with low sand content (sand-solid phase weight ratio is 0.1 and 0.3), the
probability of micro cracking is still low. The probability of cracking will increase with the
sand content. When the sand-solid phase weight ratio is 0.5 and 0.7 (volume ratio of sand is
0.4 and 0.61), the probability of microcracking after the first few (three) days of hydration
is quite high. Similar results are reported by Moon et al. (2005). Moon used finite element
analyses (FEA) to study the development of tensile stress (caused by the restraining effect
of aggregate) in concrete undergoing autogenous shrinkage.

Note the calculated tangential tensile stress shown in Figure 6.10 is overestimated
because the effect of relaxation on the tangential stresses is not taken into consideration. If
the relaxation is considered, the probability of microcracking of the BFS cement mortars
will be lower.

For cement mortar, the sand content is low (sand-solid phase weight ratio is 0.1 and 0.3,
i.e. volume fraction of sand is 0.07 and 0.22). For these mixtures, the influence of
microcracking on autogenous shrinkage of cement mortar is negligible. For concrete, the
aggregate content is high (volume fraction of sand is 0.7). In that case, the influence of
microcracking on autogenous shrinkage of concrete should be taken into consideration.
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Figure 6.10 Calculated tangential tension (Equation 6.17) at the surface between the sand
and cement paste in BFS cement mortars and tensile strength (Equation 6.18) of BFS
cement paste (sand-solid phase weight ratio is 0.1, 0.3 ,0.5 and 0.7, water-binder ratio is
0.3)
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6.3.4 Extended Pickett model considering the effect of creep of cement paste on
autogenous shrinkage of cement mortar

Besides microcracking, another factor often mentioned to explain the difference between
the measured autogenous shrinkage and calculated autogenous shrinkage using Pickett’s
model is the ignorance of creep of cement paste. Therefore, in order to predict the
autogenous shrinkage of cement mortar more accurately, Pickett’s model will be extended
by taking the effect of creep into account. The sand particle is assumed to perform elastic.
The cement paste surrounding the sand particle is considered a homogeneous and visco-
elastic material. The deformation of cement paste is supposed to consist of two parts, i.e. an
elastic part and a time-dependent part. The time-dependent part is simulated with the
activation energy theory.
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& -300
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% -500+ creep
,‘9_ -6004 6r,cr
(0]
£ -700 %
S 800 =
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Figure 6.11 Schematic representation of change of radius of the outer shell 6,

6.3.4.1 One particle restraint
As mentioned in section 6.3.2, an aggregate particle will restrain the shrinkage of cement
paste surrounding it. As shown in Figure 6.3, there is a change of radius of the outer shell
6,, caused by the restraining effect of the aggregate particle. The change of radius of the
outer shell &, is supposed to consist of an elastic and a time-dependent part as shown in
Figure 6.11.

For the elastic part 6, ;, it holds (see Equation 6.7):

R (1— b)or — 9,0,] (6.19)

For the time-dependent part 6, .., i.e. creep in radial direction, it holds (Equation 3.22):

6r,cr = 125_;[(1 _ ﬁp)o-t _ ﬁpo-r] {1 — exp < [ wn[(1-9p)ot—Ip0r]Ep t)} (620)

(1-9p)oc—9por] exp(Q(t))

where r is the radial coordinate; Q(t) is the activation energy of the cement paste; w and n
are structure dependent parameters; R the universal gas constant and T the absolute
temperature; E, and 9, are Young’s modulus and Poisson ratio of the cement paste,
respectively. More details of these parameters were given in Section 3.3.
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From Equations 6.4, 6.5, 6.19 and 6.20, the change of radius of the outer shell §,. can be
expressed as the sum of 6, ., and &, .- (a and b as in Figure 6.2):

5, = pa [1—0p vz b3_r3] [1 o {1 ~exp <_ 2[ wn[(l—ﬁp)ot—ﬁpar]ip@) t)}] (6.21)

Epr2l 2 b3-ad P p3-a3 (1-9p)ot—9p0r] exp(ﬁ

The restraint by the aggregate particle reduces the volume shrinkage of the total body by
the amount:

- 3 wonl(1- — 9,0,
a0, | =25 ()2 1+ {1 e (- el )| 622

Ep 2 2[(1—19p)0t—19p0'r] exp(ﬁ

where V, = 4/3ma3 is the volume of the aggregate particle.

If there were no restraint, the outer shell would have reduced in volume by 3&V, where
IV is the volume of the mixture and ¢ is the linear deformation. The reduction in volume
shrinkage due to restraint by the aggregate particle will, therefore, be designated as —3A¢V,
where Ae is the reduction in the linear deformation:

—3hey =2 (172) 2 [1 +2 {1 — exp <— ‘""[(1_19”)0“19”0”'55’@)) t)}l (6.23)

Ep 2 /p3-ad 2[(1-9p)or—Ip0r] exp(ﬁ

As explained in Section 6.3.2, reduction in volume of the aggregate particle caused by
pressure p can be calculated as (Equation 6.10):

M2 34, — 4ma®S, |- (6:24)
where Eg and 9 are Young’s modulus and Poisson ratio for the aggregate particle.

Eliminating p in equation 6.23 and 6.24 (According to Pickett, the b/a is taken as o
(Pickett 1956)):

—AeV = Bpel (6.25)
where
Bo = 200) (6.26)

140, +2(1-95) (Ep/Es) /

1+2{1-exp wn[(l_ﬁp)arﬁparw&t) ¢
2[(1-9p)at—9por] exp(ﬁ)

Discussion

In the extended Pickett model, the restraining effect of aggregate on autogenous shrinkage
of surrounding cement paste is calculated with a factor S, (see Equation 6.26), which takes
the effect of creep into consideration. The factor B is a function of the ratio between the
elastic modulus of cement paste and aggregate particle, E,, /E; (see Equation 6.26).
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Figure 6.12 Relationships between the ratio E, /E; and the factors g and S5 (Equation
6.12 and Equation 6.26)

The relationship between factor By and ratio E,, /E is shown in Figure 6.12Y. The factor
Py decreases with increasing ratio E,, /E. With the same ratio E, /E;, the factor Sy in the
extended Pickett model is bigger than the factor {3 in the original Pickett model. This means
that due to the effect of creep the autogenous shrinkage calculated with the extended Pickett
model is smaller than that with the original Pickett model.

6.3.4.2 Multi particles restraint
Let the volume ratio of the aggregate in the mixture be @,, then the relationship between
the shrinkage of cement paste and mortar can be expressed as:

Eshm = gsh,p(l - (DA)BQ (6-27)

where &gy, IS the shrinkage of mortar; &, ,, is the shrinkage of corresponding paste.

6.3.4.3 Autogenous shrinkage of cementitious material as a function of aggregate content
Figure 6.13 shows the autogenous shrinkage of blast furnace slag cement mortars (CEM llI
42.5N) with water-cement ratio 0.3 and different sand-solid phase weight ratio, i.e. 0.1, 0.3,
0.5 and 0.7, calculated with the original Pickett model and the extended Pickett model. This
figure shows that the autogenous shrinkage calculated with the extended Pickett model is
smaller than that with the original Pickett model. The difference between the calculated
autogenous shrinkage with Pickett’s model and the extended Pickett model of cement
mortar increases with increasing sand content. For example, due to creep the calculated
autogenous shrinkage of a BFS cement mortar with water-binder ratio 0.3 and the sand-
solid phase ratio 0.7 at 7 days changes from 180 pstrain to 120 pstrain, so decreasing by 60
ustrain (yellow dotted line and yellow solid line in Figure 6.13). This is in line with results
reported by Grasley et al. (2005), who studied the autogenous shrinkage of fly ash concrete
with water-binder ratio of 0.33. The fly ash dosage in blended mixtures was 35% by weight
of the binder. The sand-solid phase (cement and sand) weight ratio was 0.74. According to
Grasley, by taking creep into consideration, the calculated autogenous shrinkage of
concrete at 10 days changed from 144 pstrain to 94 pstrain, decreasing 50 pstrain.

3) The Poisson ratio of cement paste is taken as 0.2 (Nielsen 1991) and the Poisson ratio of aggregate is taken
as 0.25 (Zhu 2012).
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Figure 6.13 Calculated autogenous deformation of BFS cement paste and mortar (sand-
solid phase (cement and sand) weight ratio is 0.1, 0.3, 0.5 and 0.7 ) with Pickett model
(Equation 6.16) and the extended Pickett model (Equation 6.27) with water-binder ratio of
0.3

6.4 Experimental program of autogenous shrinkage of cement mortar

In this section, measurements of final setting time and autogenous deformation of cement
mortar are presented and discussed. Portland cement mortar and slag cement mortar are
studied. Mortar with pure Portland cement blended with different supplementary material,
I.e. silica fume and fly ash, are also studied. In all cases, the water-binder ratios are 0.3 and
0.4. The sand-solid phase (cement and sand) weight ratios are 0.1 and 0.3.

6.4.1 Materials

Material information

The materials used in this study are Portland cement (CEM 1 42.5N), silica fume, fly ash,
slag cement (CEM I1I/B 42.5N), water and quartz sand. The mineral composition of
Portland cement and chemical compositions of the supplementary materials were given in
Table 4.1 and Table 4.2. Quartz sand with size of 0.125~0.25 mm was added.

Mixture design

Sixteen mortar mixtures are considered to study autogenous shrinkage of cement mortar.
The Portland cement pastes made with CEM | 42.5N serve as reference. The silica fume
and fly ash dosages in blended mixtures are 10% and 30% by weight of the binder. CEM
I11/B 42.5N is used to prepare slag cement paste. In both cases, the water-binder ratios are
0.3 and 0.4. The mortars are made of the same pastes, with the sand-solid phase (cement
and sand) weight ratios 0.1 and 0.3. The mixture compositions of pastes and mortars are
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Table 6.1: Mixture composition of different cement pastes and mortars (% by weight)

Binder
CEM 1 CEM /B Silica Volume fraction
Name 425N 425N Fume Top20 Sad gy, of sand
w ) ) WO 00 (%)

OPC 023 100 0 0 0 0 | 03 0
OPC 0.3+10%sand | 90 0 0 0 10 | 03 7
OPC 0.3+30%sand | 70 0 0 0 30 | 03 23
OPC 0.4 100 0 0 0 0 | 04 0
OPC 0.4+10%sand | 90 0 0 0 10 | 04 6
OPC 0.4+30%sand | 70 0 0 0 30 | 04 21
SF03 90 0 10 0 0 | 03 0
SF0.3+10%sand | 81 0 9 0 10 | 03 7
SF0.3+30%sand | 63 0 7 0 30 | 03 23
SF04 90 0 10 0 0 | 04 0
SF0.4+10%sand | 81 0 9 0 10 | 04 6
SF0.4+30%sand | 63 0 7 0 30 | 04 20
FA03 70 0 0 30 0 | 03 0
FA03+10%sand | 63 0 0 27 10 | 03 7
FA0.3+30%sand | 49 0 0 21 30 | 03 22
FA 04 70 0 0 70 0 | 04 0
FA0.4+10%sand | 63 0 0 63 10 | 04 6
FA0.4+30%sand | 49 0 0 9 30 | 04 20
BFS03 0 100 0 0 0 | 03 0
BFS03+10%sand | 0 90 0 0 10 | 03 7
BFS0.3+30%sand | 0 70 0 0 30 | 03 22
BFS 0.4 0 100 0 0 0 | 04 0
BFS04+10%sand | 0 90 0 0 10 | 04 6
BFS 0.4+30%sand | 0 70 0 0 30 | 04 20

listed in Table 6.1. Mortar is mixed in a 51epicyclic Hobart mixer. De-ionized water is
used and added in two steps to ensure homogeneity of the mortar. Total mixing time is 3
minutes.

6.4.2 Experimental methods and equipment

The final setting time of cement mortars was mreasured by the Vicat needle method. The
cement mortar was cast into corrugated plastic molds. After the final setting time, the
specimens were placed in a dilatometer and immersed into a temperature controlled glycol
bath at 20 + 0.1°C. The longitudinal autogenous deformation was measured every 5 minutes.
More details of the experimental set-up were given in Chapter 4.

6.5 Experimental results
6.5.1 Final setting time
Figure 6.14, 6.15, 6.16 and 6.17 show the measured final setting times of different cement

pastes and mortars with water-binder ratio of 0.3 and 0.4, cured at 20°C. From Figure 6.14
to 6.17 it can be seen that the addition of micro-sized sand will not affect the final setting
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Figure 6.14 Final setting time of Portland cement pastes and mortars. Specimen code: See
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Figure 6.17 Final setting time of BFS cement pastes and mortars. Specimen code: See
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time of cement mortar significantly. The final setting time reflects the time that a stable
microstructure of cement paste and mortars has been formed. The formation of a
microstructure of cement mortar is determined by the hydrating cement matrix. The effect
of micro-sized sand on the microstructure of the cement matrix is not significant. For
cement paste and mortar with the same water-binder ratio, the microstructure of cement
paste and cement matrix in mortar is similar. Therefore, the final setting time of cement
paste and mortar with the same water-binder ratio is almost similar.

6.5.2 Autogenous deformation

Figures 6.18, 6.19, 6.20 and 6.21 show the measured autogenous deformations of different
cement pastes and mortars with water-binder ratio 0.3 and 0.4. The starting time of the

measurements is the final setting time.
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Figure 6.18 Autogenous deformation as a function of age for Portland cement pastes and
mortars (The starting time of the measurement is the final setting time)
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Figure 6.19 Autogenous deformation as a function of age for silica fume cement pastes and
mortars (The starting time of the measurement is the final setting time)
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Figure 6.21 Autogenous deformation as a function of age for BFS cement pastes and
mortars (The starting time of the measurement is the final setting time)

These figures show that the autogenous shrinkage of cement mortars will change with
the sand content. For the same types of cement, a higher sand dosage will lead to smaller
autogenous shrinkage of the mortars. The autogenous shrinkage of cement mortar with
different dosage of sand will be simulated in the following section.

6.6 Simulation results of autogenous deformation and discussion

In this section the prediction of autogenous shrinkage with the proposed extended Pickett
model is evaluated by comparing the calculated and measured autogenous shrinkage of

different cement mortars.

6.6.1 Calculation procedure

In the extended Pickett model the autogenous shrinkage of cement mortar is calculated, as
function of the autogenous shrinkage of cement paste, viz. Equation 6.27:

Eshm = Esh,p(l - (pA)ﬁ@ (6.31)

where &g, is the shrinkage of mortar; &g, ,, is the shrinkage of corresponding paste; @, is
the volume ratio of the sand; 5 is a factor considering the restraining effect of sand. More
details were given in section 6.3.4.



Restraining effect of sand on shrinking cement mortar and concrete 111

6.6.2 Portland cement mortars (sand-solid phase (cement and sand) weight ratio = 0.1
and 0.3, water-binder ratio = 0.3 and 0.4)

Figures 6.22 and 6.23 show the calculated and measured autogenous shrinkage of the
Portland cement mortars with water-binder ratio of 0.3 and sand-solid phase (cement and
sand) weight ratio 0.1 and 0.3. The starting time of the measurement is the final setting time.
A fast shrinkage occurs after final setting. This fast shrinkage is followed by a short period
of swelling. After the period of swelling the specimens will shrink steadily. As discussed in
Chapter 4, the early-age deformations observed on macroscale are determined by expansion
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Figure 6.22 Measured and calculated autogenous deformation of Portland cement mortar
(10% sand) with water-binder ratio of 0.3
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Figure 6.23 Measured and calculated autogenous deformation of Portland cement
mortar (30% sand) with water-binder ratio of 0.3
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and shrinkage processes, which develop simultaneously. The influence of the expansion
process on the autogenous shrinkage has not been taken into consideration in the proposed
simulation model of autogenous shrinkage. In this section, the measured autogenous
shrinkages after maximum swelling of different cement pastes are used to validate the
simulation results. In Figures 6.22(b) and 6.23(b), autogenous shrinkage of these Portland
cement mortars after maximum swelling are presented.

Figures 6.24 and 6.25 show the measured and calculated autogenous shrinkage of the
Portland cement mortars with water-binder ratio of 0.4 and sand-solid phase (cement and
sand) weight ratio 0.1 and 0.3. After maximum swelling, the calculated autogenous
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Figure 6.24 Measured and calculated autogenous deformation of Portland cement mortar
(10% sand) with water-binder ratio of 0.4
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Figure 6.25 Measured and calculated autogenous deformation of Portland cement mortar
(30% sand) with water-binder ratio of 0.4
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shrinkage of cement pastes is shown in Figures 6.24(b) and 6.25(b), separated in an elastic
part and a creep part. As shown in Figures 6.24 and 6.25, the autogenous shrinkage of
cement mortar with higher sand-solid phase (cement and sand) weight ratio is smaller than
that of cement mortar with lower sand-solid phase (cement and sand) weight ratio, clearly
showing the restraining effect of sand on shrinking cement mortar.

6.6.3 Silica fume cement mortars (silica fume addition = 10%, sand-solid phase
(cement and sand) weight ratio = 0.1 and 0.3, water-binder ratio = 0.3 and 0.4)

Figures 6.26 and 6.27 show the measured and calculated autogenous shrinkage of the silica
fume cement mortars. The water-binder ratio is 0.3 and sand-solid phase (cement and sand)
weight ratios are 0.1 and 0.3. In Figures 6.26(b) and 6.27(b), autogenous shrinkage of silica
fume cement mortars after maximum swelling is presented. The contributions of the elastic
and time-dependent part of autogenous deformation to autogenous shrinkage are shown
explicitly. Figures 6.26(b) and 6.27(b) show that the measured autogenous shrinkage after
maximum swelling is smaller than calculated. After the maximum swelling, the calculated
autogenous shrinkage develops faster than the measured autogenous shrinkage. As
discussed in Chapter 5, the early-age deformations observed on macroscale are determined
by both expansion and shrinkage processes, which develop simultaneously. When the
shrinkage is bigger than the expansion, the external volume of cement paste will decrease.
But the mechanism of expansion, i.e. crystal pressure, might still be active and will reduce
the measured shrinkage. The ignorance of the influence of any expansion process on the
autogenous shrinkage may result in the overestimation of early-age autogenous shrinkage.
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Figure 6.26 Measured and calculated autogenous deformation of silica fume cement
mortar (10% sand) with water-binder ratio of 0.3
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Figure 6.27 Measured and calculated autogenous deformation of silica fume cement
mortar (30% sand) with water-binder ratio of 0.3

Figures 6.28 and 6.29 show the measured and calculated autogenous shrinkage of the
silica fume cement mortars. The water binder ratio is 0.4 and sand-solid phase (cement and
sand) weight ratios are 0.1 and 0.3. Figures 6.28(b) and 6.29(b) show the autogenous
shrinkage of the silica fume cement mortars after maximum swelling.
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Figure 6.28 Measured and calculated autogenous deformation of silica fume cement
mortar (10% sand) with water-binder ratio of 0.4
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Figure 6.29 Measured and calculated autogenous deformation of silica fume cement
mortar (30% sand) with water-binder ratio of 0.4

Figures 6.28(b) and 6.29(b) show that autogenous shrinkage of silica fume cement
mortar decreases with the increase of water-binder ratio. The autogenous shrinkage of silica
fume cement mortar with higher sand-solid phase (cement and sand) weight ratio is smaller
than that of silica fume cement mortar with lower sand-solid phase weight ratio. The
measured autogenous shrinkage of silica fume cement mortar with water-binder ratio of 0.4
is also smaller than the calculated autogenous shrinkage. The ignorance of the influence of
expansion process on the autogenous shrinkage is an important reason for the
overestimation of the measured autogenous shrinkage.

6.6.4 Fly ash cement mortars (fly ash addition = 30%, sand-solid phase (cement and
sand) weight ratio = 0.1 and 0.3, water-binder ratio = 0.3 and 0.4)

6.6.4.1 Fly ash cement mortars with water-binder ratio 0.3

Figures 6.30 and 6.31 show the measured and calculated autogenous shrinkage of the fly
ash cement mortars with water-binder ratio 0.3 and sand-solid phase (cement and sand)
weight ratios 0.1 and 0.3. In Figures 6.30(b) and 6.31(b) the autogenous shrinkage of fly
ash cement mortars after the maximum swelling are shown. From Figure 6.30 and 6.31, it
can be noticed that the magnitude of creep is bigger than the magnitude of elastic
deformation at seven days. Similar results can be found in Hu’s thesis (Hu 2017). In her
thesis the elastic part and the creep part of the autogenous shrinkage of fly ash cement paste
with water-binder ratio 0.35 were calculated separately. The elastic part was calculated with
Hooke's law and_the creep part was calculated with solidification theory (Bazant et al.
1989). The fly ash cement paste was made with CEM | 42.5 N and fly ash. The fly ash
dosages in blended mixtures is 40% by weight of the binder. According to Hu the time-
dependent part of autogenous shrinkage of fly ash cement paste at seven days was twice as
big as the elastic part of autogenous shrinkage. The larger creep of fly ash cement mortar
was attributed to the higher porosity of fly ash cement paste at early age (Wei et al. 2017).
Wei investigated the relationship between creep and porosity of cementitious materials
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experimentally. According to Wei the ratio between creep and elastic deformation increases
with porosity of cementitious materials. As discussed in Chapter 4, the degree of hydration
of fly ash cement during the first seven days is lower than that of Portland cement. The
lower degree of hydration of fly ash cement results in higher porosity of fly ash cement
paste.
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Figure 6.30 Measured and calculated autogenous deformation of fly ash cement mortar
(10% sand) with water-binder ratio of 0.3
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Figure 6.31 Measured and calculated autogenous deformation of fly ash cement mortar
(30% sand) with water-binder ratio of 0.3
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6.6.4.2 Fly ash cement mortars with water-binder ratio 0.4

Figures 6.32 and 6.33 show the measured and calculated autogenous shrinkage of the fly
ash cement mortars with water-binder ratio is 0.4 and the sand-solid phase ratios are 0.1 and
0.3. In Figures 6.32(b) and 6.33(b) the autogenous shrinkage of fly ash cement mortars after

the maximum swelling are shown.
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Figure 6.32 Measured and calculated autogenous deformation of fly ash cement mortar
(10% sand) with water binder ratio of 0.4
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Figure 6.33 Measured and calculated autogenous deformation of fly ash cement mortar
(30% sand) with water binder ratio of 0.4
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6.6.4.3 Effect of change of ion concentration on the calculated autogenous shrinkage of fly
ash mortars

Figures 6.30, 6.31, 6.32 and 6.33 show that the calculated autogenous shrinkage of fly ash
cement mortar is significantly bigger than the measured value. As discussed in Chapter 5,
this is due to the fact that the increasing ion concentration of pore water is not taken into
account and the capillary tension is overestimated. The overestimation of capillary tension
might result in an overestimation of autogenous shrinkage. By taking the increasing ion
concentration of pore water into account, the calculated autogenous shrinkage of the fly ash
cement mortars with water-binder ratio 0.3 and sand-solid phase (cement and sand) weight
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Figure 6.34 Measured and calculated autogenous deformation of fly ash cement mortar
(taking change of ion concentration into account) with water-binder ratio of 0.3
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Figure 6.35 Measured and calculated autogenous deformation of fly ash cement mortar
(taking change of ion concentration into account) with water-binder ratio of 0.4
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ratios 0.1 and 0.3 is shown in Figure 6.34 and the calculated autogenous shrinkage of the
fly ash cement mortars with water-binder ratio 0.4 and sand-solid phase (cement and sand)
weight ratios 0.1 and 0.3 is shown in Figure 6.35. In Figure 6.34 and Figure 6.35 the
calculated autogenous shrinkage is close to the measurements. More detailed discussion
about the effect of change of ion concentration on the calculated autogenous shrinkage was
given in Section 5.4.3.

6.6.5 BFS cement mortars (sand-solid phase (cement and sand) weight ratio = 0.1 and
0.3, water-binder ratio = 0.3 and 0.4)

Figures 6.36 and 6.37 show the measured and calculated autogenous shrinkage of the BFS
cement mortars with sand-solid phase (cement and sand) weight ratio of 0.1 and 0.3 and
water-binder ratio of 0.3. Figures 6.38 and 6.39 show the measured and calculated
autogenous shrinkage of the BFS cement mortars with sand-solid phase (cement and sand)
weight ratio of 0.1 and 0.3 and water binder ratio of 0.4. The calculated autogenous
shrinkage of BFS cement mortar after maximum swelling is shown in Figures 6.36(b),
6.37(b), 6.38(b) and 6.39(b), separated in an elastic part and a creep part. Compared with
Figures 6.22(b), 6.23(b), 6.24(b), and 6.25(b), the autogenous shrinkage of BFS cement
mortar is much bigger than that of plain Portland cement mortar with same water-binder
ratio and sand-solid phase (cement and sand) weight ratio. This can be the result of two
mechanisms. First, at the same curing age, BFS cement pastes have lower elastic modulus
than plain Portland cement pastes with the same water-binder ratio. This will lead to bigger
autogenous shrinkage of cement paste for the same magnitude of internal driving force, i.e.
capillary tension. Second, the drop of internal relative humidity of BFS cement pastes is
much bigger than in plain Portland cement pastes at the same curing age. This will lead to a
higher value of the capillary tension. Both mechanisms result in bigger autogenous
shrinkage of BFS cement paste.
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Figure 6.36 Measured and calculated autogenous deformation of BFS cement mortar
(10% sand) with water-binder ratio of 0.3
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Figure 6.37 Measured and calculated autogenous deformation of BFS cement mortar
(30% sand) with water-binder ratio of 0.3
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Figure 6.38 Measured and calculated autogenous deformation of BFS cement mortar
(10% sand) with water-binder ratio of 0.4
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Figure 6.39 Measured and calculated autogenous deformation of BFS cement mortar
(30% sand) with water-binder ratio of 0.4

6.6.6 Effect of change of ion concentration on the calculated autogenous shrinkage of
Portland and BFS cement mortars

As discussed in Section 6.6.4, a change of ion concentration of pore water will influence
the calculated capillary tension and the calculated autogenous shrinkage. In that section it
was shown that the effect of change of ion concentration on the calculated autogenous
shrinkage of fly ash cement mortar was not negligible. For Portland and BFS cement mortar
with water-binder ratio 0.4, the calculated autogenous shrinkage (with and without taking
the change of ion concentration into account) is shown in Figure 6.40 and 6.41. Figure 6.40
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Figure 6.40 Measured and calculated autogenous deformation of Portland cement mortar
(with and without taking the change of ion concentration into account) with water-binder
ratio of 0.4
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Figure 6.41 Measured and calculated autogenous deformation of BFS cement mortar (with
and without taking the change of ion concentration into account) with water-binder ratio of
0.4

and 6.41 shows that the change of ion concentration of pore water does not influence the
calculated autogenous deformation of Portland and BFS cement mortar significantly. This
is due to the fact that the drop of the relative humidity of Portland and BFS cement paste is
much bigger than that of fly ash cement paste with the same water-binder ratio (as shown in
Figure 4.10). The effect of the same change of ion concentration on the calculated capillary
tension (Equation 5.2 and 5.3) and calculated autogenous shrinkage (Equation 5.6, 5.7 and
6.31) of Portland and BFS cement mortar is, therefore, much smaller than that of fly ash
cement paste and mortar.

6.7 Prediction of autogenous shrinkage of concrete at 28 days

In section 6.6 the extended Pickett model was used for predicting early-age autogenous
shrinkage of different cement mortars with fine sand (0.125~0.25 mm) and a relatively low
aggregate fraction. For real concrete larger aggregate particles are used and the aggregate
volume ratio is higher, up to 70%. In this section, the early-age autogenous shrinkage of
one OPC concrete and two BFS concretes were studied to see whether the extended Pickett
model will also give reasonable results for concrete, i.e. mixtures with high aggregate
content.

6.7.1 Mixture design

Three concrete mixtures are considered for studying the autogenous shrinkage of concrete.
The mixtures are OPC concrete and two BFS concretes.

The measured autogenous shrinkage of OPC concrete is taken from Zhang’s paper
(Zhang et al. 2003). The concrete was made with Type | (ASTM) normal Portland cement.
The water-binder ratio was 0.3. The coarse aggregate used was crushed granite with a
maximum size of 20 mm. The fine aggregate used was natural sand. The density of both
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the coarse and fine aggregates was 2650 kg/m3. The volume fraction of aggregate of
concrete is 71%.

The measured autogenous shrinkage of the two BFS concretes is taken from Mors (Mors
2011). The BFS concretes were made with CEM I11/B 42.5N. The water-binder ratio was
0.44 and 0.5. The fine aggregate used was sand with size of 0-4 mm. The coarse aggregate
used was gravel with size 4-8 mm and 8-16 mm. The volume fraction of aggregate of
concrete was 70%.

The mixture compositions of OPC concrete and BFS concrete are listed in Table 6.2.

Table 6.2: Mixture composition of different concrete (% by weight)

Binder Mixture composition
Name Reference Type | normal CEM I1I/B Volume fraction
Portland cement 42.5N W/b of aggregate
(%) (%) (%)
OPC 0.3 Zhang et al. 2003 100 0 0.3 71
BFS 0.44 Mors 2011 0 100 0.44 70
BFS 0.5 Mors 2011 0 100 0.5 70

6.7.2 Portland cement-based concrete (Zhang et al. 2003)

6.7.2.1 Testing method (used by Zhang et al. 2003)

The concrete was mixed in a laboratory pan mixer. The fine and coarse aggregates were
mixed first, followed by the addition of cement, mixing and adding water. Two prisms of
400x100x100 mm3 were cast for measuring the total shrinkage. The strain transducers
were embedded in the concrete prism and connected to a computer-controlled data logger
right after casting of the concrete specimen. Immediately after casting, each prism was
sealed for the entire period of the experiment. The weight change of each prism was
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Figure 6.42 Measured autogenous deformation of OPC concrete (Zhang et al. 2003) and
calculated autogenous deformation of concrete with the extended Pickett’s model (water-
binder ratio: 0.3, volume fraction of aggregate: 71%)
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measured. The autogenous shrinkage was measured during 28 days after casting and shown
in Figure 6.42.

6.7.2.2 Numerical simulation of autogenous shrinkage

For simulating the autogenous shrinkage of the OPC concrete with the extended Pickett
model, a few parameters are needed, viz.: the evolution of relative humidity, degree of
saturation and elastic modulus of the concrete, is simulated with HYMOSTRUC? (van
Breugel 1991). Capillary tension is calculated from the simulated relative humidity using
Kelvin equation (Equation 3.8). The simulated results are shown in Figures 6.43 and 6.44.
The calculated autogenous shrinkage of OPC concrete is shown in Figure 6.42. The
contributions of both the elastic and time-dependent part of autogenous deformation to
autogenous shrinkage are shown.
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Figure 6.43 Measured and calculated relative humidity (black cross: measured relative
humidity; blue line: calculated relative humidity) and capillary tension of OPC concrete
(water-binder ratio: 0.3)

4) In HYMOSTRUC the degree of hydration a of cement is simulated as a function of the particle size
distribution and of the chemical composition of the cement, the water/cement ratio and the reaction
temperature. The evolution of relative humidity and degree of saturation of the concrete are simulated based
on the degree of hydration «. Elastic modulus is calculated using the composite model (Lokhorst 1998). All
the inputs of Lokhorst’s composite model are determined by HYMOSTRUC. In this case, the Type | (ASTM)
normal Portland cement used by Zhang et al. (2003) has the similar physical properties and chemical
composition as that of Portland cement (CEM | 42.5N). The particle size distribution and the chemical
composition of the Portland cement (CEM | 42.5N) are used as the input of HYMOSTRUC to calculate the
evolution of relative humidity, capillary tension, degree of saturation and elastic modulus of OPC concrete.
The water-binder ratio is 0.3 and curing temperature is 20°C.
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Figure 6.44 Calculated degree of saturation and elastic modulus (with HYMOSTRUC) of
OPC concrete (water-binder ratio: 0.3)

Figure 6.42 shows that the prediction of the autogenous shrinkage of OPC concrete with
the extended Pickett model is in very good agreement with the measurements. At 28 days,
the autogenous shrinkage of concrete is about 140 um/m. Figure 6.42 also shows that the
elastic part of autogenous shrinkage is almost constant after the first 14 days. After the first
14 days, the increase of capillary tension is slow and the degree of saturation still decreases
(see Figures 6.43b and 6.44a). The combined effect of capillary tension and degree of
saturation result in a constant elastic part of autogenous shrinkage. After the first 14 days
the creep part still increases with time and plays a more and more important role in
autogenous shrinkage.

It must be mentioned that the microcracking is not taken into consideration in the
calculation with the extended Pickett model. As discussed in section 6.3.2, there is high
probability of microcracking in cement mortars after the first few days if the aggregate
volume fraction is higher than 0.5. In this mixture the aggregate volume fraction is 0.71.
Microcracks probably occur inside these concretes after the first few days. Microcracking
results in debonding between cement paste and sand particles and a reduction of the
autogenous shrinkage. Maruyama et al. (2006) calculated the autogenous shrinkage of
concrete using finite element analysis. According to Maruyama the value of calculated
autogenous shrinkage of concrete may decrease by about 15% when the microcracking
caused by internal restraint is taken into consideration. The adjusted autogenous shrinkage
of OPC concrete by taking the microcracking into consideration (decrease by 15%) is
indicated with the dashed line in Figure 6.42. After adjusting the calculated autogenous
shrinkage for the effect of microcracking the measured and predicted shrinkage curves are
very close.
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6.7.3 Blast furnace slag concrete (Mors 2011)

6.7.3.1 Testing method (used by Mors, 2011)

Two prisms of 400x100x100 mm3were cast for measuring the autogenous shrinkage.
After demoulding the prisms are directly wrapped in plastic foil and sealed with aluminium
foil to prevent moisture exchange with the surrounding environment. A dial gauge was
attached at two opposite sides of the prism to measure the autogenous shrinkage. The
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Figure 6.45 Measured autogenous deformation of BFS concrete (w/b:0.44) (Mors 2011)
and calculated autogenous deformation of BFS concrete with the extended Pickett model
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Figure 6.46 Measured autogenous deformation of BFS concrete (w/b:0.5) (Mors 2011)
and calculated autogenous deformation of BFS concrete with the extended Pickett model



Restraining effect of sand on shrinking cement mortar and concrete 127

measuring length of the dial gauge is 20 cm and the accuracy of the dial gauge is 1 um.
The weight loss of each prism was measured. The measured weight loss was used to correct
the autogenous shrinkage measurement for minor leakage through the sealing. The
corrected autogenous shrinkage of BFS concrete with water-binder ratio 0.44 and 0.5 are
shown in Figures 6.45 and 6.46.

6.7.3.2 Numerical simulation of autogenous shrinkage

The calculated autogenous shrinkage of BFS concrete with water-binder ratio 0.44 and 0.5
using the extended Pickett model are shown in Figures 6.45 and 6.46. The inputs of the
model, i.e. the evolution of relative humidity, capillary tension, degree of saturation and
elastic modulus of the BFS concrete are shown in Figures 6.47 and 6.48. These inputs are
estimated from the simulation results of Portland concrete (CEM | 42.5N) with the same
water-binder ratio using HYMOSTRUC?® (as shown in Figures 6.47 and 6.48). According
to the simulation with HYMOSTRUC the drop of relative humidity of Portland concrete
with water-binder ratio 0.44 and 0.5 at 7 days is 4.6% and 2.6%. As shown in Figure 4.10
the measured drop of relative humidity of BFS cement paste at seven days is larger than
that of Portland cement paste with the same water-binder ratio. The ratio between the
measured drop of relative humidity of BFS cement paste and that of Portland cement paste
at 7 days is almost 1.5. Therefore, the drop of relative humidity of BFS concrete with
water-binder ratio 0.44 and 0.5 at 7 days is taken as 7% (=~1.5%4.6%) and 4% (=
1.5x2.6%). During the period from 7 days to 28 days, the ratio between the drop of relative
humidity of BFS concrete and the drop of relative humidity of Portland concrete with same
water-binder ratio is also taken as 1.5. The estimated relative humidity of BFS concrete
with water-binder ratio 0.44 and 0.5 is shown in Figure 6.47(a). The capillary tension is
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Figure 6.47 Estimated relative humidity and capillary tension of BFS concrete with
water-binder ratio 0.44 and 0.5 (Estimation based on the simulation results of Portland
concrete (CEM I 42.5N) with same water-binder ratio using HYMOSTRUC)

5) The particle size distribution and the chemical composition of the Portland cement (CEM | 42.5N) are used
as the input of HYMOSTRUC to calculate the evolution of relative humidity and degree of saturation of OPC
concrete. Elastic modulus is calculated using the composite model (Lokhorst 1998). All the inputs of
composite model are determined by HYMOSTRUC. The water-binder ratio is 0.44 and 0.5. The curing
temperature is 20°C.
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Figure 6.48 Estimated degree of saturation and elastic modulus of BFS concrete with
water-binder ratio 0.44 and 0.5 (Estimation based on the simulation results of Portland
cement concrete (CEM | 42.5N) with same water-binder ratio using HYMOSTRUC)

calculated from the predicted relative humidity using Kelvin equation (Equation 3.8) and
shown in Figure 6.48(b). The degree of saturation and elastic modulus of BFS concrete are
also estimated based on the simulation results using HYMOSTRUC.

Figures 6.45 and 6.46 show the predictions of the autogenous shrinkage of the BFS
concrete mixtures with the extended Pickett model. As discussed in Section 6.3.3, the
microcracking should be taken into consideration in the extended Pickett model when the
aggregate volume fraction of concrete is higher than 50%. By taking an assumed effect of
microcracking into consideration, the estimated autogenous shrinkages of BFS concretes
decrease about 15%. The estimated autogenous shrinkage of BFS concretes are shown in
Figures 6.45 and 6.46. Figures 6.45 and 6.46 show that the autogenous shrinkage of BFS
concrete will be simulated slightly better by taking the effect of microcracking into
consideration.

6.7.4 Evaluation of prediction of autogenous shrinkage of concrete

In this section, the extended Pickett model was used to predict the autogenous shrinkage of
concrete with high aggregate content. A comparison of the calculated and measured
autogenous shrinkage of OPC concrete and two BFS concretes reveals that the extended
Pickett model predicts the trend of autogenous shrinkage of concrete quite well, even
without taking any effect of microcracking into account. By taking an assumed effect of
microcracking into consideration (decrease by 15% according to Maruyama et al. (2006)),
the prediction of the autogenous shrinkage of OPC concrete was not worse, while that of
BFS concretes was even better.

It should also be noted that the inputs of the extended Pickett model, i.e. the evolution of
relative humidity, capillary tension, degree of saturation and elastic modulus of the BFS
concrete, are estimations. These inputs are predicted based on the simulation results for
Portland concrete (CEM 1 42.5N) with the same water-binder ratio using HYMOSTRUC.
Figure 6.43 (a) shows a good agreement between the measured and the calculated relative
humidity. There is a scatter of the measured relative humidity (as shown in Figure 4.9 and
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4.10). The scatter of measured relative humidity along with the scatters of other inputs will
result in a range of the calculated autogenous shrinkage. The range of the calculated
autogenous shrinkage of concretes is about 10% and shown in Figure 6.42, 6.45 and 6.46 in
the form of error bar.

6.8 Discussion and conclusion

In this chapter, the autogenous deformation of sixteen cement mortars were experimentally
and numerically studied. Pure Portland cement mortars and mortars made with three
blended cements, i.e. cements blended with silica fume, fly ash and blast furnace slag, were
studied. The water-binder ratios were 0.3 and 0.4. The sand-solid phase (cement and sand)
weight ratios were 0.1 and 0.3. Also the autogenous shrinkage of three concretes was
studied, i.e. an OPC concrete and two BFS concretes.

In this chapter the original Pickett model is presented first. Pickett’s model
overestimates autogenous shrinkage of concrete, especially for concrete with higher
aggregate contents and lower water-cement ratio. The factors causing the discrepancy
between the calculated and measured autogenous shrinkage are microcracking and the
ignorance of creep. According to the calculated results, there is a low probability of
microcracking in the concrete with low sand weight ratio, i.e. sand-solid phase (cement and
sand) weight ratio as low as 0.1 to 0.3. The probability of cracking will increase with
increasing amount of sand in the mixture. When the sand weight ratio is higher than 0.5, the
probability of cracking after the first few days is quite high. In the mortar experiments
considered in this thesis the sand-solid phase (cement and sand) weight ratios of cement
mortar is low, i.e. 0.1 and 0.3. For these mixtures the influence of microcracking on
autogenous shrinkage of cement mortar is negligible.

The original Picket model has been extended by taking creep into consideration. In this
model, creep is simulated with formulas based on the activation energy theory. The
predictions of autogenous shrinkage with the extended Pickett model are evaluated by
comparing the calculated and measured autogenous shrinkage of different cement mortars.
A comparison of the measured autogenous shrinkage with the autogenous shrinkage
calculated with the extended Pickett model reveals that the extended Pickett model predicts
the trend of autogenous shrinkage of Portland and BFS cement mortars quite well. But there
is a large difference between the measured and calculated autogenous shrinkage of fly ash
cement mortar. The calculated autogenous shrinkage of fly ash cement mortar is much
bigger than the measured autogenous shrinkage. This difference is possibly caused by an
overestimation of the capillary tension. Capillary tension is calculated as function of the
relative humidity. The dissolved ions in the pore solution decrease the value of relative
humidity. In this study the effect of dissolved ions on the relative humidity is assumed
constant. But in fact the ion concentration of the pore solution of fly ash cement paste
increases with time during the first 28 days after mixing (Taylor 1992). Its influence on the
measured relative humidity will also increase with time. Without taking the increasing ion
concentration of pore solution into consideration, the calculated capillary tension is
overestimated. Overestimation of capillary tension results in overestimation of calculated
autogenous shrinkage. By taking changes of the ion concentration of pore water during
hydration into account, the calculated autogenous shrinkage of fly ash cement mortars is
close to the measured results. The influence of the changes of the ion concentration of pore
water on the calculated autogenous shrinkage of Portland and BFS cement mortar is not as
significant as that of Fly ash. This is due to the fact that the drop of the relative humidity of
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Portland and BFS cement pastes is much bigger than that of fly ash cement paste. The
effect of the same change of ion concentration on the calculated capillary tension and
autogenous shrinkage of Portland and BFS cement pastes and mortars is, therefore, much
smaller than that of fly ash cement pastes and mortars.

The extended Pickett model was also used to predict the autogenous shrinkage of OPC
and BFS concretes with high aggregate content. From the comparison between the
calculated and measured results it was found that the extended Pickett model predicts the
trend of autogenous shrinkage of the investigated concretes quite well, even without taking
any effect of microcracking into account. By taking an assumed effect of microcracking
into consideration (according to Maruyama et al. (2006) causing a decrease of autogenous
shrinkage by 15%), the prediction of the autogenous shrinkage of OPC concrete was not
worse, while that of BFS concretes was even better.



Chapter 7

Retrospection, Conclusions and Prospects

7.1 Retrospection

With the increasing use of concretes with low water-binder ratio an increasing proneness to
shrinkage-induced cracking has been observed in highway pavements, bridge decks, airport
pavements and industrial floors soon after construction, i.e. in the first few weeks after
casting. Cracks accelerate the ingress of water and corrosive agents and can reduce the
overall performance. Autogenous shrinkage, as an important component of early-age
concrete shrinkage, is a consequence of the self-desiccation during the cement hydration
process. As hydration progresses, the internal relative humidity drops and capillary tension
develops. Capillary tension is considered to be the major internal driving force of
autogenous shrinkage, will lead to volume changes of concrete. Autogenous shrinkage is
quite pronounced in high-performance concrete with low water-cementitious ratio.

Quantifying autogenous shrinkage of cementitious systems, especially given the
widespread and increasing utilization of high-performance concrete containing
supplementary materials, becomes more and more important for evaluating the probability
of premature cracking in concrete structures. During the past few years, many researchers
have worked on models for prediction of autogenous shrinkage of hydrating cementitious
material. However, different proposed mechanisms, inaccurate description of mechanical
properties of early-age hardening cement paste and lack of widely accepted experimental
data due to absence of standard test methods have slowed down the progress of the search
for reliable predictive models of autogenous shrinkage, particularly for non-traditional
mixtures.

This thesis focuses on the modelling of the autogenous shrinkage in cementitious
systems blended with different kinds of supplementary materials. A simulation model is
proposed for autogenous shrinkage of cement paste. In this model, capillary tension which
causes compression of solid skeleton of cement paste, is considered as the major driving
force of autogenous shrinkage. Autogenous shrinkage of cement paste is divided into two
parts, i.e. an elastic part and a time-dependent part. The time-dependent part is analysed
with formulas based on the activation energy theory.

Various experimental methods are presented for measuring of early-age properties of
cement pastes. These experimental results are used as input of the proposed model to
predict the autogenous shrinkage of cement paste. The simulation results are compared with
measured autogenous shrinkage. The accuracy of the predictions of autogenous shrinkage
with the proposed model is evaluated.

Finally, an extended Pickett model, which takes the visco-elastic behavior of the cement
matrix into consideration, is proposed for predicting the autogenous shrinkage of cement
mortar and concrete. The predicted autogenous shrinkage of cement mortar is compared
with measurement results (first 7 days after casting) to evaluate the accuracy of the
predictions with the extended Pickett model. The extended Pickett model is also used to
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predict the autogenous shrinkage of concrete with high aggregate content. The simulated
autogenous shrinkage of concrete is compared with data (first 28 days after casting) from
literature.

7.2 Conclusions
The general conclusions of this research are:

- The early-age autogenous shrinkage of cement paste is supposed to include an elastic
part and a time-dependent part in this thesis. The proposed numerical model, which
calculates the elastic part and the time-dependent part separately, can simulate the trend
of the autogenous shrinkage of Portland cement pastes and Portland cement pastes
blended with different supplementary materials quite well.

- By taking the restraining effect of sand particles and time-dependent behaviour of
heterogeneous mixtures into account, the autogenous shrinkage of hardening cement
mortar (fine sand, 0.125~0.25 mm) can be estimated by using the extended Pickett
model. The autogenous shrinkage of concrete with larger aggregate particles and higher
aggregate volume ratio can also be estimated with the extended Pickett model.

In order to evaluate the accuracy of the prediction of autogenous shrinkage by using the
proposed model, the autogenous shrinkage of Portland cement pastes and Portland cement
pastes blended with different supplementary materials is measured and simulated. Based
on the simulation and experimental results, the following conclusions can be drawn:

- The addition of fly ash leads to smaller autogenous shrinkage of cement paste compared
with that of ordinary Portland cement paste with the same water-binder ratio. The
smaller autogenous shrinkage of fly ash cement paste is supposed to be caused by a
higher humidity of the fly ash cement paste than that of ordinary Portland cement paste
with the same water-binder ratio during the first seven days of hydration. Fly ash
contains higher amount of inactive minerals compared with Portland cement. Because
of its low reactivity the fly ash hydrates slower than cement and less water is consumed
in fly ash cement paste. The higher internal relative humidity leads to smaller capillary
tension and autogenous shrinkage of fly ash cement paste than that of Portland cement
paste with same water-binder ratio.

- The measured autogenous shrinkage of BFS cement paste is much bigger than that of
Portland cement paste with same water-binder ratio. The bigger autogenous shrinkage
of BFS cement paste has two reasons. On one hand, the resistance to deformation of
BFS cement paste is lower than that of Portland cement paste with same water-binder
ratio at the same curing age. On the other hand, the change of internal relative humidity
of BFS cement pastes is much bigger than that of Portland cement pastes with same
water-binder ratio at the same curing age. Bigger drop of relative humidity of BFS
cement paste results in bigger capillary tension. The bigger capillary tension and
smaller resistance to deformation result in bigger autogenous shrinkage of BFS cement
paste.

- The autogenous shrinkage of cement pastes with different supplementary materials
follow a similar trend with decreasing internal relative humidity. This phenomenon is
consistent with the assumed existence of a relationship between autogenous
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deformation and relative humidity changes in the capillary pores of the hardening
cement paste.

For concrete with high aggregate content, micro-cracks probably occur inside concrete
after the first few days. Microcracking results in a reduction of the autogenous
shrinkage. The effect of microcracking on autogenous shrinkage was estimated to be
15%.

7.3 Contribution of this study to autogenous shrinkage of cementitious

material

With this research, the mechanisms of autogenous shrinkage of cement paste, i.e. disjoining
pressure and capillary tension, were discussed. The capillary tension which puts the solid
skeleton in compression is considered the driving force of autogenous shrinkage. The
autogenous shrinkage of cement paste and mortar with different supplementary material
was studied. A simulation model for autogenous shrinkage of blended cement paste was
proposed. Furthermore an extended Pickett model, which takes the visco-elastic behavior of
the cement matrix into consideration, was proposed. The main contribution of this study are
listed:

In this research, the mechanism of autogenous deformation is studied. Two mechanisms
for autogenous deformation of early-age hydrating cement paste, i.e. disjoining pressure
and capillary tension, are studied quantitatively. For the conditions considered in this
chapter, the disjoining pressure separates the adjacent cement particles in cement paste
and it has a significant value in small gel pores where reaction products are densely
packed. Meanwhile, the pore water in capillary pores is in tension and puts the solid
skeleton of cement paste, including the water between reaction products, in
compression, which results in the external volume reduction of the cement paste, i.e.
autogenous shrinkage. Capillary tension increases with decreasing internal relative
humidity. In cement paste the compressive forces must be in equilibrium with tensile
forces. This equilibrium requirement somehow links the (compressive) disjoining
pressure to the capillary tension.

In studies on the autogenous shrinkage cement paste is normally considered as a
continuously changing elastic material. However, the early-age cement paste is a visco-
elastic material. The time-dependent behaviour of the material, i.e. creep, plays a
significant role in the early-age autogenous shrinkage as well. The contribution of creep
to autogenous shrinkage increases with time. In this research, the effect of creep on
autogenous shrinkage of cement paste is studied. The calculated autogenous shrinkage
(with creep) of cement paste is compared with measurements. The comparison between
the calculated autogenous shrinkage of cement paste and the measured result shows the
simulation model predicts the trend of autogenous shrinkage of cement pastes quite well.
In literature several composite models for autogenous shrinkage of mortar and concrete
have been proposed. In these models the cement paste surrounding aggregate particles
is considered as a homogeneous material and both the particle and the cement paste are
assumed to be elastic. In this thesis, the Pickett model was extended to take the creep of
cement paste into consideration. The extended Pickett model is used to simulate the
autogenous shrinkage of cement mortar and concrete. The simulation results are
compared with measurement results. The comparison between the calculated
autogenous shrinkage of cement paste and the measured result shows the extended
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Pickett model predicts the trend of autogenous shrinkage of cement mortars and
concrete quite well.

7.4 Prospects
From this study several aspects are recommended for further research:

- In this thesis, only autogenous shrinkage of cement pastes with water-binder ratio of 0.3
and 0.4 was investigated. But cement paste with a low water-binder ratio has a higher
autogenous shrinkage and higher risk of cracking when the shrinkage is restrained.
Therefore, it is important to get information about autogenous shrinkage of cement
paste with water-binder ratio <0.3.

- The measurements of autogenous shrinkage exhibit a fast shrinkage after final setting,
and after a short period of swelling the specimen will shrink steadily. The initial fast
shrinkage is much bigger than the shrinkage after the short period of swelling. The
initial fast shrinkage may be an artefact of the testing method and can’t be explained by
the mechanisms of autogenous shrinkage, e.g. capillary tension. It is important to have a
better understanding of the fast shrinkage.

- The influence of early expansion on the autogenous shrinkage should be paid more
attention. The early-age deformations observed on macroscale are the result of
expansion and shrinkage processes which develop simultaneously. When shrinkage is
dominant, the external volume of cement paste will decrease. The quantitative
simulation of early-age expansion will be very helpful to get an accurate prediction of
autogenous deformation of cement paste.

- In this thesis, the simulation and measurement of autogenous shrinkage of cement paste
are limited to the period from final setting up to 7 days. However, autogenous shrinkage
of cement paste will further increase with elapse of time after the first 7 days. The time-
dependent part of autogenous shrinkage, i.e. creep, will increase with time and will play
a more and more important role. The magnitude of generated stress due to restrained
autogenous shrinkage is important for evaluating the risk of cracking of cement paste.
The higher generated stress, the higher risk of cracking. The further increasing
autogenous shrinkage caused by creep will not generate the same stress as the elastic
part of autogenous shrinkage due to relaxation. Therefore, it is important to study the
influence of creep on the development of autogenous shrinkage and the consequence
over a longer period of time in view of the resulting risk of cracking.

- Test specimens of cement paste and mortar were cured in sealed condition at 20°C in
this thesis. The influence of temperature on the development of autogenous shrinkage
should be paid attention in further research.



Summary

Concrete is a brittle composite material that easily fractures under tension. Due to the fact
that the early-age deformation of the concrete member is restrained by adjoining structures,
cracking can occur throughout the concrete prior to application of any load. The cracks
would provide preferential access for aggressive agents penetrating in the concrete and then
cause corrosion of reinforcement and degradation of concrete. As a result, the service life of
concrete structure would be decreased.

There are many different types of early-age deformation of concrete, e.g. temperature-
induced strain, drying shrinkage and autogenous shrinkage. Among these types of early-age
deformation, autogenous shrinkage is a consequence of the self-desiccation during the
cement hydration process. For a long time autogenous shrinkage was considered negligible
compared with drying shrinkage. In recent years, autogenous shrinkage has drawn more
and more attention due to the increasing use of concretes with low water-binder ratios.
Despite the fact that phenomenon of autogenous shrinkage has been recognized for several
decades, the mechanism behind it is still not fully understood and no consensus has yet
been reached. Three is a general agreement about the existence of a relationship between
autogenous deformation and relative humidity change in the capillary pores of the
hardening cement paste. Many simulation models were built based on this relationship to
predict the development of autogenous shrinkage. The reliability of these predictions,
however, is not always satisfactory. The discrepancy between the measured and calculated
autogenous deformation becomes very pronounced at later ages. In those simulation models,
cement paste was considered as an elastic material and only the elastic part of autogenous
shrinkage was predicted. In fact, cement paste is not ideal elastic material. When a cement
paste is subjected to a sustained load, it will deform elastically and continue to deform
further with time, which process is known as creep. Creep plays an important role in
autogenous shrinkage of hydrating cement paste. The ignorance of creep would lead to an
underestimation of the autogenous shrinkage.

The aim of this project is to study the autogenous shrinkage of Portland cement pastes
and blended pastes with supplementary materials. The autogenous shrinkage is supposed to
consist of two parts, elastic part and time-dependent part (creep), which are simulated
separately. Based on the autogenous shrinkage of cement pastes, autogenous shrinkage of
cement mortars and concretes were simulated by taking the restraining effect of rigid
sand/aggregate particles into consideration.

Firstly, the mechanisms behind the autogenous deformation were discussed. The
disjoining pressure and capillary tension of cement paste were quantified numerically. The
roles of disjoining pressure and capillary tension play on the autogenous shrinkage was
discussed. It was found that the disjoining pressure and capillary tension are two
mechanisms for autogenous deformation of early-age hydrating cement paste. The
disjoining pressure is repulsive and should gain more attention when studying the early-age
swelling of hydrating cement paste. Meanwhile, the capillary tension is attractive and
increases with the decrease of internal relative humidity. For early age cement paste cured
under sealed condition, the relative humidity does not drop below 75%. Capillary tension
plays a dominate role in this range.

Secondly, a simulation model for autogenous shrinkage of cement paste was proposed.
In this model, Capillary tension is considered as the major driving force of autogenous
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shrinkage. The autogenous shrinkage is supposed to consist of two parts, elastic part and
time-dependent part (creep). The elastic part is calculated by Hooke's law. The time-
dependent part(creep) of this model is based on the activation energy theory and extended
to deal with the continuously changing physical properties of the hardening cement paste.

Thirdly, in order to provide data for modelling of the autogenous shrinkage, early age
properties of cement paste were experimentally investigated. Setting time, internal relative
humidity, non-evaporable water content, chemical shrinkage and compressive strength of
cement paste were measured. Portland cement paste and three kinds of blended paste with
different supplementary material, i.e. silica fume, fly ash and blast furnace slag, were
studied. Water-binder ratios of these cement pastes are 0.3 and 0.4.

Then, the autogenous shrinkages of Portland cement paste and three kinds of blended
paste with different supplementary material were studied experimentally and numerically.
From the measurement results, it was found that the addition of fly ash would lead to
smaller autogenous shrinkage compared with that of ordinary Portland cement paste with
same water-binder ratio. The low activity of fly ash is considered to be the major reason.
The low activity of fly ash leads to slower hydration rate and results in a slower decrease of
the internal relative humidity and smaller shrinkage at early age. The measured autogenous
shrinkage of BFS cement paste is much greater than that of Portland cement paste with
same water-binder ratio. This is due to two factors: lower elastic modulus of BFS cement
paste and the larger drop of internal relative humidity of BFS cement paste. Autogenous
shrinkages of cement pastes with different supplementary materials were predicted by using
the proposed simulation model. From the comparison between the measured and simulated
autogenous shrinkage, it was concluded that creep plays an important role in autogenous
shrinkage of hydrating cement paste and should be taken into consideration.

Finally, the autogenous shrinkages of cement mortars was studied experimentally and
numerically. Pickett's model was extended to take the effect of creep into consideration.
The autogenous shrinkage of cement mortars was calculated by using the extended Pickett's
model. The calculated autogenous shrinkage was compared with the measurement results to
evaluate the accuracy of the predictions with the extended Pickett's model. The extended
Pickett’s model was also used to predict the early-age autogenous shrinkage of OPC
concrete and BFS concrete with high aggregate content.
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Samenvatting

Beton is een broos composietmateriaal dat gemakkelijk breekt onder spanning. Vanwege
het feit dat de vervorming in vroege leeftijd van het betonnen onderdeel wordt beperkt door
aangrenzende constructies, kan scheuren optreden door het beton voorafgaand aan het
aanbrengen van een willekeurige belasting. De scheuren zouden preferentiéle toegang
verschaffen voor agressieve middelen die in het beton doordringen en vervolgens corrosie
van de versterking en degradatie van beton veroorzaken. Dientengevolge, zou de
levensduur van betonstructuur worden verminderd.

Er zijn veel verschillende typen vervormingen van vroege leeftijd van beton, b.v.
temperatuur-geinduceerde spanning, drogingskrimp en autogene krimp. Onder deze typen
vervormingen van jonge leeftijd is autogene krimp een gevolg van de zelfverdroging tijdens
het cementhydratatieproces. Lange tijd werd autogene krimp verwaarloosbaar geacht in
vergelijking met droogkrimp. In de afgelopen jaren heeft autogene krimp steeds meer
aandacht gekregen vanwege het toenemende gebruik van beton met lage water-
bindmiddelverhoudingen. Ondanks het feit dat fenomeen van autogene krimp al tientallen
jaren wordt erkend, is het mechanisme erachter nog steeds niet volledig begrepen en is er
nog geen consensus bereikt. Drie is een algemene overeenkomst over het bestaan van een
verband tussen autogene vervorming en relatieve vochtigheidsverandering in de capillaire
porién van de verhardende cementpasta. Op basis van deze relatie zijn veel
simulatiemodellen gebouwd om de ontwikkeling van autogene krimp te voorspellen. De
betrouwbaarheid van deze voorspellingen is echter niet altijd bevredigend. De discrepantie
tussen de gemeten en berekende autogene vervorming wordt op latere leeftijd zeer
uitgesproken. In die simulatiemodellen werd cementpasta beschouwd als een elastisch
materiaal en alleen het elastische deel van autogene krimp werd voorspeld. In feite is
cementpasta geen ideaal elastisch materiaal. Wanneer een cementpasta aan een
aanhoudende belasting wordt onderworpen, zal deze elastisch vervormen en met de tijd
verder vervormen, welk proces bekend staat als kruip. Creep speelt een belangrijke rol bij
autogene krimp van hydraterende cementpasta. De onwetendheid van kruip zou leiden tot
een onderschatting van de autogene krimp.

Het doel van dit project is om de autogene krimp van Portland cementpasta's en
gemengde pasta's met aanvullende materialen te bestuderen. De autogene krimp moet uit
twee delen bestaan, een elastisch deel en een tijdsafhankelijk deel (kruip), die afzonderlijk
worden gesimuleerd. Op basis van de autogene krimp van cementpasta's, werd autogene
krimp van cementmortels en -beton gesimuleerd door rekening te houden met het
beperkende effect van starre zand / aggregaatdeeltjes.

Eerst werden de mechanismen achter de autogene vervorming besproken. De
ontkoppelingsdruk en capillaire spanning van cementpasta werden numeriek
gekwantificeerd. De rollen van het uiteenvallen van druk en capillaire spanning op de
autogene krimp werden besproken. Er werd gevonden dat de ontkoppelingsdruk en
capillaire spanning twee mechanismen zijn voor autogene vervorming van hydraterende
cementpasta in een vroeg stadium. De ontkoppeling druk is afstotelijk en zou meer
aandacht moeten krijgen bij het bestuderen van de vroege zwelling van hydraterende
cementpasta. Ondertussen is de capillaire spanning aantrekkelijk en neemt toe met de
afname van de interne relatieve vochtigheid. Voor cementcement dat op jonge leeftijd is
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gehard in gesloten toestand, daalt de relatieve vochtigheid niet onder 75%. Capillaire
spanning speelt een dominante rol in dit bereik.

Ten tweede werd een simulatiemodel voor autogene krimp van cementpasta voorgesteld.
In dit model wordt Capillaire spanning beschouwd als de belangrijkste drijvende kracht van
autogene krimp. De autogene krimp moet uit twee delen bestaan, een elastisch deel en een
tijdafhankelijk deel (kruip). Het elastische deel wordt berekend volgens de wet van Hooke.
Het tijdsafhankelijke deel (kruip) van dit model is gebaseerd op de activering
energietheorie en uitgebreid om de continu veranderende fysieke eigenschappen van de
verhardende cementpasta te verwerken.

Ten derde werden, om gegevens te verschaffen voor modellering van de autogene krimp,
eigenschappen van vroege leeftijd van cementpasta experimenteel onderzocht. De tijdsduur,
interne relatieve vochtigheid, niet-verdampbaar watergehalte, chemische krimp en
druksterkte van cementpasta werden gemeten. Portland cementpasta en drie soorten
gemengde pasta met verschillend aanvullend materiaal, d.w.z. silicadamp, vliegas en
hoogovenslakken, werden bestudeerd. Water-bindmiddelverhoudingen van deze
cementpasta zijn 0.3 en 0.4.

Vervolgens werden de autogene krimp van Portland cementpasta en drie soorten
gemengde pasta met verschillend aanvullend materiaal experimenteel en numeriek
bestudeerd. Uit de meetresultaten bleek dat de toevoeging van vliegas zou leiden tot
Kleinere autogene krimp in vergelijking met die van gewone Portland-cementpasta met
dezelfde water-bindmiddelverhouding. De lage activiteit van vliegas wordt als de
belangrijkste reden beschouwd. De lage activiteit van vliegas leidt tot een langzamere
hydratatiesnelheid en resulteert in een langzamere afname van de interne relatieve
vochtigheid en kleinere krimp op jonge leeftijd. De gemeten autogene krimp van BFS-
cementpasta is veel groter dan die van Portland-cementpasta met dezelfde water-
bindmiddelverhouding. Dit komt door twee factoren: lagere elasticiteitsmodulus van BFS-
cementpasta en de grotere daling van de interne relatieve vochtigheid van BFS-cementpasta.
Autogene krimp van cementpasta's met verschillende aanvullende materialen werd
voorspeld door het voorgestelde simulatiemodel te gebruiken. Uit de vergelijking tussen de
gemeten en gesimuleerde autogene krimp, werd geconcludeerd dat kruip een belangrijke rol
speelt bij autogene krimp van hydraterende cementpasta en dat hiermee rekening moet
worden gehouden.

Ten slotte werd de autogene krimp van cementmortieren experimenteel en numeriek
bestudeerd. Het model van Pickett werd uitgebreid om het effect van kruip in overweging te
nemen. De autogene krimp van cementmortels werd berekend met behulp van het
uitgebreide Pickett-model. De berekende autogene krimp werd vergeleken met de
meetresultaten om de nauwkeurigheid van de voorspellingen met het uitgebreide Pickett-
model te evalueren. Het uitgebreide Pickett-model werd ook gebruikt om de autogene
krimp in de vroege leeftijd van OPC-beton en BFS-beton met een hoog totaalgehalte te
voorspellen.



Appendix

Theoretical basis of Activation energy concept

In the activation energy concept, each solid particle of cement is fixed to its position. In
order to change the position of a solid particle, a certain amount of energy is needed, which
is called activation energy. During the creep process, many solid particles move. All the
energy needed for changing the positions of these solid particles is called the activation
energy of creep.

If cement paste specimen is under uni-axial load, the volume and shape of the specimen
will change. The deformation of cement paste specimen includes two parts, elastic and
time-dependent part. For the creep part, the work W [J], done during creep of a cement
paste specimen is made up of an elastic component W, [J] and a frictional component W} [J]
(Klug et al. 1969):

W =Fx = W, + W, (A1)

where F [N] is the load and x [m] is the deformation.
The elastic component W, is given by

We = ql [, ode (A.2)

With Hooke's Law, o = Ee¢, Equation A.2 becomes

W, = ql Jj Eede = qIES = q12% = L2 (A3)
where g [m?] and [ [m] are the cross-section and length of the sample respectively. E [MPa]
is the elastic modulus.

Assuming the frictional component to be proportional to x and taking into consideration
that it is also proportional to the number of points of contact in the cement gel and thus to
the amount of hydrated cement aN [N equals the initial volume of cement per unit volume
and «a is the degree of hydration], then (Klug et al. 1969):

Wr = RyaNxx (A.4)
where R, [N/m] is a parameter of proportionality. The value of R, does not remain

constant during the creep process, but increases with increasing deformation. According to
Wittmann (1966 & 1968), R,, can be written in form of activation energy as:
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___ o 2w

P wsinh(no)INa exp( RT (A.5)
where Q [J] is the activation energy of the cement paste; w [-] and n [m?/N] are structure
dependent parameters and constant for a given material (Hirst et al. 1977); R [J/(mol - K)]

the universal gas constant and T [K] the absolute temperature.
Inserting Equation A.3 and Equation A.4 in Equation A.1 gives:

Fx = qE x? 4+ RyaNxx (A.6)

If we solve this equation, the time-dependent deformation of the cement paste specimen
x is obtained (Wittmann et al. 1968):

x(t) ==— (1 —exp(— t)) (A.7)

ZlR Na

The time-dependent strain of the cement paste specimen can be written as (Wittmann et
al. 1968):

Eer(t) = — (1 —exp(= t)) (A.8)

ZlR Na

Combining Equation A.5 and Equation A.8, we obtain:

wsinh(no)E

eor(t) =75 (1~ exp(= 7 ) (A9)

According to Klug and Wittmann (1974), for normal condition, there is no big difference
between the value of sinh(no) and no. In that case, Equation A.9 can be simplified by
replacing sinh(no) with no.

eor(8) =75 (1~ exp(= gy ) (A.10)

RT

Based on the Equation A.9 and A.10, the increasing rate of creep can be written as
(Wittmann et al. 1968):

&er(t) = wsinh(no) exp(— ot )) (A.11)

and

e (1) = amoexp(— L) (A.12)
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