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ABSTRACT
TESTING AND MODELING OF THE THIXOTROPIC BEHAVIOR OF
CEMENTITIOUS MATERIALS
Bashir Hasanzadeh

November 8, 2017

During construction, concrete goes under various operations. It is normally trans-
ported to the job site, be placed and consolidated in the formwork, etc. The easiness and
quality of these operations are very much related to the intrinsic rheological properties of
concrete. Therefore, a good understanding of rheological behavior of concrete under vari-
ous conditions are needed.

Thixotropy is an important part of rheology. The thixotropic behaviors of concrete
can be good representatives of its flow behaviors on the job site. For example, the break-
down aspect of thixotropy can help to explain how its flow behavior can impact concrete
pumping and its buildup aspect can help to estimate the lateral pressure on formwork and
concrete resistance to segregation. Thus, good understanding of thixotropic behaviors of
concrete can help to understand and predict flow behaviors of concrete in practice.

Researchers have realized the importance of thixotropic behavior of concrete, how-
ever, there is no agreement on the measuring protocol of this parameter. This leads to the

goal of this research, which is to propose a comprehensive series of protocols that can make

v
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quantitative measurements on both breakdown and buildup aspects of thixotropic
behaviors of concrete. While measuring breakdown and buildup separately, the correla-
tions between these two aspects have also been investigated.

On top of the developed measuring protocol, a new analytical model on thixotropic
behavior of cement paste is also proposed. With the proposed model, the influences of raw
material characterizations and ambient condition on internal structural development in ce-
ment paste can be systematically studied.

To simulate the real on-site conditions, parameters such as pressure and tempera-

ture which influence rheological properties are also considered.
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CHAPTER 1

INTRODUCTION

1.1. Fresh and Rheological Properties of Concrete

Concrete is the most widely used construction material all over the world. The value
of ready mixed concrete produced in United States only is estimated at $35 billion per year
(NRMCA, 2016). This value shows a roughly 17% growth in last three years (30 billion
on 2013) and is expected to increase in upcoming years. Due to high application of concrete
in construction industry, each year numerous studies are conducted to better understand its
properties.

Concrete is a mixture of fine and coarse aggregates, usually sand, and either gravel
or crushed stones, bonded together by a cementitious paste. The paste consists of cement,
water and may also contains mineral or chemical admixtures. A freshly mixed concrete is
so called “fresh concrete” and its properties are referred as fresh properties. During this
period concrete is a mixture of liquid paste with solid aggregate suspensions. This allows
concrete to be transported, placed and consolidated on a jobsite. This early stage is very
important and has significant impact on the life time performance of the concrete. A poorly
placed and compacted concrete will result in a concrete with poor hardened properties such

as low strength and durability. Since transportation, placing, consolidating and finishing
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operation of concrete are closely related to its fresh properties, concrete should be
designed in a way that its fresh properties meet the requirements of these intended appli-
cation.

One of the most important fresh properties of concrete is workability. Workability
is defined as the ease of placing, consolidating and finishing freshly mixed concrete. Thin
and heavily reinforced concrete members require higher level of workability. A workable
concrete should also meet the consistency and stability requirements. Consistency means
the ability to flow and stability means resistance to segregation.

In fresh concrete, another phenomenon that can happen to its paste matrix is called
bleeding. Bleeding is the development of a layer of water at the top or surface of freshly
mixed concrete which is caused by sedimentation of solid particles and simultaneous up-
ward movement of water. This phenomenon results in segregation, i.e. separation of solid
particles (cement and aggregates) and water. High level of bleeding results in ununiformed
material with a high water-to-binder ratio (w/b) at top layer that leads to week durability.

Once concrete is placed, setting and hardening happen. Setting time is another im-
portant fresh property of concrete that is closely related to construction. Initial setting time
is considered as end of dormant period and start of transformation from a plastic, suspen-
sion-like mixture to a solid-form matrix. By start of setting period concrete has lost its
workability and is not capable of being placed or consolidated anymore.

To better understand the concept of flowability, stability and other fresh properties
of concrete, science of rheology is being widely used. Rheology studies deformation and
flow of materials under shear stress. Rheology gives researcher, engineers, mix developers

and others a more scientific approach to better understand and predict fresh properties of
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concrete. Currently, different rheological models are used to describe flow behavior of
concrete. Among which the most common model is Bingham model. This model uses two
rheological parameters, viscosity and yield stress, to describe flow behavior of materials.
Viscosity is defined as resistance of material to flow, i.e. the rate of deformation of material
under specific applied shear. Yield stress is the threshold between static and fluid behavior.
Yield stress defines the minimum value of stress needed to be applied on a material to
initiate its flow (Banfill, 2006). Another concept in rheology is thixotropy. It is a gradual
decrease of viscosity under shear stress followed by a gradual recovery of structure when
the stress is removed (Barnes, 1997). Some materials, including concrete show thixotropic

behaviors. These concepts will be discussed in more details on next chapters.

1.2. Research significant and objectives

Concrete, when fresh, goes under various operations. It is normally transported to
the job site, be placed and consolidated in the form work, etc. The easiness and quality of
these operations are very much related to the intrinsic rheological properties of concrete.
Therefore, a good understanding of how raw materials and mix design of concrete influ-
ence its fresh behavior under various conditions are needed. Current available standard
testing methods for determining fresh properties of concrete such as slump, bleeding and
setting time, are incapable of quantitatively characterize flow behavior of concrete under
these conditions and only provide a simplified indication. Rheology provides a more sci-
entific approach to better understand flow and setting behavior of concrete. It makes it
possible to simulate the real in-situ conditions and observe how concrete behaves.

When at fresh state, the flowability of concrete is greatly determined by its paste

matrix. Therefore, the research focus of this dissertation is the rheological properties of

3
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cementitious paste. Due to its heterogeneity, paste has intricate rheological behaviors and
typically exhibits shear-thinning viscosity, yield stress, elasticity, and thixotropy. Thixo-
tropic behavior of concrete can be a very good representative of its flow behavior on job
site. For example, the breakdown aspect of thixotropy can help to explain how its flow
behavior can impact pumping concrete and its buildup aspect can help to estimate the lat-
eral force on formwork and concrete resistance to segregation. Thus, good understanding
of thixotropic behavior of concrete can help to understand and predict flow behavior of
concrete in practice.

The researchers have realized the importance of thixotropic behavior of concrete,
however, there is no agreement on the measuring protocol of this parameter. This leads to
the goal of this research, which is to propose a comprehensive series of protocols that can
make quantitative measurements on both aspects of thixotropic behavior of concrete. While
measuring breakdown and buildup separately, the correlations between these two aspects
have also been investigated. On top of the developed measuring protocol, a new analytical
model on thixotropic behavior of cement paste is proposed. With the proposed model, the
influences of raw material characterizations on internal structural development in cement
paste can be systematically studied.

For both the experimental and modeling work, real on-site conditions (such as pres-

sure and temperature) influencing rheological properties are used.

1.3. Structure of the thesis

This thesis is divided into 6 chapters including introduction, rheology, fresh prop-
erties of cement pastes with different diatomaceous earth contents, thixotropic protocols,

thixotropic model and conclusion and future work.

4
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Chapter 1 introduces the concept, research significant and structure of the thesis.

Chapter 2 provides a literature review based on basic rheology concepts, structural
rebuilding rate and flocculation mechanism and thixotropy.

Chapter 3 studies fresh and rheological properties of cement pastes with different
diatomaceous earth (DE) content.

Chapter 4 introduces the proposed thixotropic protocols to measure breakdown and
buildup aspects of thixotropy.

Chapter 5 introduces the proposed thixotropic model.

Chapter 6 provides the key conclusions and future work.
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CHAPTER 2

RHEOLOGY

1.4. Introduction

Merriam Webster dictionary defines rheology as the science dealing with defor-
mation and flow of matters. Rheology attempts to determine the intrinsic flow behavior of
materials by studying the interrelationship between force, deformation and time. Most im-
portant rheological parameters are shear stress, shear rate and viscosity. To better illustrate
the relationship between these parameters, a so called “two-plate model” is used (as show

in Figure 1).

:: Force, F
/ Area, A Velocity, V
Y —/ Velocity gradient, dV/dY

l /-}V /

Figure 1: relationship between rheological parameters in a two-plate model (R. P. D. Ferron, 2008)

In this simple model, it is assumed that the material is confined between two parallel
plates. The gap between two plates is Y. The bottom plate is stationary and top plate is

moving with a constant velocity of V. Thus, the flow velocity of material changes linearly
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from 0 at bottom plate to maximum velocity of V at top plate and shear rate (veloc-

ity gradient) can be mathematically shown as:

Velocity difference between two plates (V)

Shear rate (y) = 2-1

gap between two plates (Y)
Unit of shear rate is 1/s or s,

Shear stress (t) is shown as the applied force (F) on top plate over its area (A):

F
" 2-2

T =—
Unit of shear stress is N/m” or Pa.
Viscosity is defined as resistance of material to flow and demonstrates the relation-

ship between shear stress and shear rate. Based on Newton laws of flow, viscosity is simply

shown as shear stress over shear rate:
2-3

And, its unit is Pa.s.

To better explain relationship between rheological parameters, shear rate and shear
stress are usually plotted against each other in a graph. The resulting curve is called flow
curve. Flow curve is very important to analyze the rheological properties of materials. Us-
ing flow curve and relationship between rheological parameters and time, materials can be
classified into two groups; Newtonian fluids and non-Newtonian fluids (time independent
and time dependent).

1.4.1. Newtonian fluids

Newtonian fluids follow Newton laws of flow, which considers a linear relationship

between shear rate and shear stress, i.e. linear flow curve. Viscosity is the slope of the linear

flow curve and therefore, it is constant. In other words, viscosity in Newtonian fluid is
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independent of flow conditions (shear stress, shear rate and time). Also, as shown in Figure

2, the flow curve passes the origin for a Newtonian fluid.

T
N

A\
R e

Figure 2: Flow curve of a Newtonian Fluid

Newtonian fluids are usually liquids with simple molecular formula and light mo-
lecular weight. Water, honey, oil, gasoline, alcohol and most solutions of simple molecules
and diluted suspensions of solid particles with no or week inter-particle forces are Newto-

nian fluids.

1.4.2. Non-Newtonian fluids
Unlike Newtonian fluids, non-Newtonian fluids do not show a linear relationship
between shear rate and shear stress which goes through the origin. This class of fluids either

show a non-linear flow curve, a yield stress or both. Yield stress (7)) is another important

rheological property. It is defined as minimum shear stress which is needed to be applied
on a material to make it flow. Some non-Newtonian fluid do not flow till shear stress
reaches to a certain value (yield stress) (as shown in Figure 3). Also, non-Newtonian fluid
do not necessarily show a constant viscosity at different shear rates. It means viscosity

varies with each given shear rate. Different non-Newtonian fluids can show different flow
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behaviors. Shear thinning fluids show a decline in viscosity by increase in shear rate. On
the other hand, Shear thickening fluids show higher viscosity by increase in shear rate.
Figure 4 shows some possible flow behaviors of fluids. For these type of materials, viscos-
ity needs to be measured at each specific shear rate. In this case, viscosity at a specific
shear rate is the slope of the line passes through the corresponding point on flow curve and

the origin, and it is called apparent viscosity.

Shear

stress Slope =plastic viscosity

e

Yield
stress

Shear rate

Figure 3: Bingham plastic model

120

Stress (Pa)

120

Shear rate (1/s)

Figure 4: Some possible flow behavior of fluids (Figure from https://www.simscale.com/docs/content/sim-
ulation/model/materials/OF Non-Newtonain-Models.html?highlight=non%?20newtonian)
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Non-Newtonian fluids can also be divided into two different groups; time-inde-
pendent and time-dependent. For a time-independent fluid, viscosity is independent of
time. It means at any given shear rate these materials display a single viscosity and this
viscosity does not change with time. On the other hand, for a time-dependent fluid, viscos-
ity at any given shear rate changes with time. In other words, if a constant shear rate is
applied on time-dependent materials, the value of shear stress and consequently viscosity
will change by time (see Figure 5). However, keeping this constant shear rate long enough
will eventually lead to an equilibrium condition where shear stress and viscosity become

constant.

Shear stress

Time

Figure S: Time-dependent fluid under constant shear rate (Quanji, 2010)

Non-Newtonian fluids are usually complex mixtures and suspensions with high
concentrated solid particles and high inter-particle forces such as slurries, pastes (including

cementitious pastes), gels, polymer solutions, etc.

10
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1.4.3. Rheological models

Rheological models are proposed to describe flow behavior of materials. These

models use different mathematical forms to best fit the flow curve obtained by experi-

mental measurements. A list of some of common rheological models are presented in Table

1. Bingham model uses linear regression to find yield stress and plastic viscosity. Due to

its simplicity, it is the most commonly used model to study the cementitious materials.

Herschel-Buckley is another common model for cementitious materials. Unlike Bingham,

this model uses nonlinear regression. The flow index (n) in Herschel-Bulkley model is used

as an indication of the shear behavior. When flow index is smaller than 1, the material

exhibits shear thinning behavior, and when it is larger than 1, material shows shear thick-

ening behavior.

Table 1: Rheological models

Model Equation
T
Newtonian u=-=
Y
Bingham T=Ty+ Up. ¥
Power-law T=K.y"

Herschel-Bulkley

Casson

T=1,+K.y"

VE =T + Xy

11
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1.5. Thixotropy

Thixotropy is defined as the continuous decrease of viscosity with time when flow
is applied to a sample that has been previously at rest and the subsequent recovery of vis-
cosity in time when the flow is discontinued (Mewis & Wagner, 2009). From this defini-
tion, two conclusions can be drawn. First, thixotropic materials are non-Newtonian (time
independent) which exhibits shear thinning behavior and therefore, their shear history im-
pact their thixotropic behavior. Second, thixotropy is a reversible process. Thixotropic ma-
terials, due to their microstructure, show complex rheological behavior. These materials
are usually suspensions with high concentrated solid particles. The inter-particle forces
between solid particles such as van der Waals attraction, electrostatic repulsion and steric
hindrance result in formation of flocs which normally evolve into a space-filling particulate
network (Wallevik, 2009). The inter-particle bonds are, however, weak enough to be bro-
ken by the mechanical stresses that occur during flow. The result is that during flow the
network breaks down in separate flocs, which decrease further in size when the shear rate
is increased. However, reduce or stop in the shear rate can cause a growth of the flocs; i.e.
the particulate network will rebuild at rest or lower shear rates.

A simple physical explanation for thixotropic behavior is given by Roussel
(Roussel, 2006). The particle interaction forces determine a potential energy well for each
particle. Depth of this energy well represent the minimum value of energy required to set
the particle free (see Figure 6). As long the applied energy is below this value, the particle
will not be able to leave. As soon as applied energy exceeds this minimum value, the par-
ticle can get out of the well and the flow occurs. If the flow continues long enough, mate-

rials reaches to an equilibrium state, i.e. depth of energy well will decrease to a minimum

12
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amount. Again, as soon as applied energy falls below the minimum value (in other words,
shear rate is decreased or material is at rest), the particle goes back to well and depth of

energy well starts to increase to get back to its original state.

(a) (b) ()
Figure 6: Simple physical explanation of thixotropic behavic;r (Roussel, 2006)

1.5.1. Current methods of measuring thixotropy of cementitious materials

Hysteresis loop has been the most common method of measuring thixotropy of ce-
mentitious materials in last few decades. In this method, the area between two subsequent
flow curves, an up-curve followed by a down-curve, is measured and linked to thixotropic
characterization of material. During the up-curve, shear rate is gradually increased from 0
to a maximum value which breaks down part of the already formed structure. Then, in
down curve, the shear rate is gradually reduced from the maximum value back to 0, which
let the sample to rebuild part of its breakdown structure. The idea is, the area between these
two curves represents the work done per unit time and unit volume of the sample to break

some of the initially present linkages.

13
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Figure 7: Hysteresis loop (Roussel, 2006)

Although hysteresis loop is a quick quantitative method, it does not give an intrinsic
value of any physical rheological parameters. There is thus, no possibility apart from em-
pirical correlations to use the measured result in the study of thixotropic behavior of mate-
rials. Also, there are other problems associated with this method. Firstly, the shear history
of the sample, resulted from mixing, transporting and even placing sample in equipment,
significantly influences the test results. Secondly, in this method, either in up-curve or
down-curve, sample does not reach to an equilibrium condition. Thus, test results are very
dependent on experimental conditions such as maximum shear rate value and rate of in-
crease and decrease in shear rate. Moreover, in hysteresis loop time and shear rate change
simultaneously which makes it less suitable to separate the influence of these two parame-
ters. And finally, the measured area between hysteresis loop’s flow curves, couples the
influence of two aspects of thixotropy, i.e. buildup and breakdown. Therefore, a sample
with high breakdown and high buildup rate can have the same hysteresis loop area as an-
other sample with low breakdown and low buildup rate, while they behave very differently

in practice.
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Figure 8: Multiple hysteresis loops for evaluating structural rebuilding rate (R. P. D. Ferron, 2008)

Some modified methods based on hysteresis loop has been proposed in a try to
address and minimize its deficiencies. For example, Ferron et. al (R. P. Ferron, Gregori,
Sun, & Shah, 2007) suggested a multiple hysteresis loop method. In this method, first, an
equilibrium loop is conducted on the sample. In this equilibrium loop, high shear rate at
the end of up-curve is maintained long enough to sample reaches an equilibrium condition,
and then it is followed by the down curve, i.e. equilibrium line. Then, successive hysteresis
loops at different resting times are conducted and the area between the up-curve of each
hysteresis loop and the equilibrium line (specific rebuilding energy) is measured and plot-
ted against resting time. The slope of this graph is considered as rate of rebuilding and used
to compare rebuilding rate of different mixtures. Although, this method, by using equilib-
rium loop, minimizes some flaws of single hysteresis loop such as the influence of shear
history from mixing, transporting, etc. But it fails to address the influence of shear history
of each hysteresis loop on the subsequent loops. Also, it only focuses on rebuilding aspect
of thixotropy. Therefore, more reliable and comprehensive methods to quantitatively meas-

ure thixotropy are needed.
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1.5.2. Factors influencing rheology of cementitious materials
Many different factors may influence rheological properties of concrete. Some of
the main factors are mix proportions, shape and texture of aggregates, chemical and mineral
admixtures, mixing, transportation, placing and pumping procedure, ambient condition,
elapsed time etc. As mentioned earlier, this research is focused on rheological properties
of cementitious pastes. Thus, the following parameters are studied:
e Water content: cement pastes with different water content are considered
for this research (0.4, 0.5 and 0.6 w/b ratios).
o Admixtures: a natural pozzolanic admixture, diatomaceous earth (DE), is
used as partial replacement for cement at different replacement levels (2, 6
and 10%).
e Temperature: to simulate real in-situ ambient temperature, rheological
properties at different temperatures are studied (10, 25 and 40 °C).
e Pressure: to simulated applied pressure on cementitious pastes at different
pumping rates rheological test at three different pressures are conducted (0,
10 and 20 MPa).
e FElapsed time: theological properties at different resting times are measured.
To study influence of each separate parameter and avoid coupled influence on rhe-

ological properties, each parameter is studied while other variables are kept constant.

1.6. Equipment and testing methods

A state of the art rheometer, Anton Paar MCR 502, is used to conduct rheological

tests (see Figure 9). This rheometer can control both shear stress and shear rate. In other
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words, this theometer is capable of applying shear rate and monitoring shear stress and
vice versa. It gives the researchers the opportunity to perform wide range of rheological
tests. Also, it is capable of controlling temperature from room temperature up to 400 °C.
For temperatures below room temperature, a water bath can be connected to the rheometer

to achieve desired temperature as shown in Figure 9.

Figure 9: Rheometer Anton Paar MCR 502

For purpose of this study, concentric cylinders with conical end geometry (cup and
bob) is selected. This geometry makes placing cementitious pastes in rheometer more con-
venient and prevent water evaporation and water loss during test. Schematic and real pic-
ture of cup and bob in use are shown in

Figure 10.

17
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Figure 10: concentric cylinders geometry

Figure 11: Pressure cell and magnetic coupling

For rheological tests at high pressures, a pressure cell is used. The pressure cell has
almost the same geometry as regular cup and bob (as shown in Figure 11). In pressure tests,
after the sample is placed, the pressure cell is tightly capped using high strength bolt. Then,
the desired pressure is achieved by pumping compressed Nitrogen gas into the cell. In the

pressure cell, there is no physical contact between the inner cylinder (bob) and the rotor
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and a magnetic holder is used to transfer torque to the bob. Through this magnetic coupling,
the desired shear is applied on the sample.
Gap size and other geometrical parameters of both regular and pressure cell cup

and bob are listed in Table 2.

Table 2: Geometrical parameters of concentric cylinders

Geometrical parameters Regular cup and bob Pressure cell cup and bob
Gap size (1. - 17) 1.130 mm 1.401 mm
Ie 14.460 mm 18.000 mm
I 13.330 mm 16.599 mm
L 39.997 mm 43.001 mm
Cone angle 120° 120°
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CHAPTER 3
FRESH PROPERTIES OF CEMENT PASTES WITH DIFFERENT DIA-

TOMACEOUS EARTH CONTENTS

1.7. Introduction

Diatomaceous earth (DE), also known as Kieselguhr, is a chalklike, soft, very fine
grained, earthy, siliceous sedimentary material (Robert D. Crangle, 2013). It is finely po-
rous, less in density, essentially chemically inert with low thermal conductivity (Bakr,
2010; Robert D. Crangle, 2013). DE consists of amorphous hydrous silica cell walls of
dead diatoms (opal, SiO,*nH,0), which are microscopic single-cell aquatic plants (algae).
The diatoms cells contain an internal, elaborate siliceous skeleton consisting of two valves
(frustules), which fit together much like a pillbox (Dolley, 1999). These skeletons vary in
size from less than 1 um to more than 1 mm, but are typically from 10 to 200 um (Robert
D. Crangle, 2013). There are many different types of DE but almost all commercial DEs
are composed of around 80% to 90% silica (SiO;) (Bakr, 2010; Jud Sierra, Miller, Sakulich,
MacKenzie, & Barsoum, 2010; Miller, Sakulich, Barsoum, & Jud Sierra, 2010).

United States’ production of diatomite in 2015 is estimated to be 925,000 metric
tons, which is more than 40% of whole world’s DE production (Sally Jewell & Kimball,
2016). There are wild ranges of applications for DE. In 2015 in US, 55% of diatomite was

used in filter aids, 21% was used as cement additives, 14% was used as fillers, and 9% was
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used as absorbents. According to United States Geology Surveys (USGS), using
DE as cement additives has increased significantly from 14% in 2014 to 21% in 2015 and
now it is the second largest DE consumption in US (Sally Jewell & Kimball, 2015, 2016).

DE has been used from thousand years ago as an addition to lime for binding lime-
stone aggregates together in ancient Egypt pyramids to more recent years as a natural poz-
zolanic additive for concrete (Jud Sierra et al., 2010; Miller et al., 2010). It is believed that
replacing Portland cement with DE to some levels can improve some properties of con-

crete.

10pum

Figure 12: SEM image of diatomaceous earth (DE) (Mejia, de Gutiérrez, & Montes, 2016)

Because of its unique morphology, porous structure and high water absorption
level, DE is excepted to influence properties of concrete especially its fresh properties (Fig-
ure 12). Being different from other commonly used pozzolanic materials, such as fly ash,
silica fume, and slag, that have tons of researches been conducted to investigated their
influences on concrete properties, very few researches have been reported on the applica-

tion of DE in concrete. In recent years, due to the increased usage of DE as cement additive,
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some researches focused on mechanical properties have been reported (Aydin & Giil, 2007;
Degirmenci & Yilmaz, 2009; Ergiin, 2011; Fragoulis, Stamatakis, Papageorgiou, &
Chaniotakis, 2005; Kastis, Kakali, Tsivilis, & Stamatakis, 2006; Stamatakis, Fragoulis,
Csirik, Bedelean, & Pedersen, 2003; Yilmaz & Ediz, 2008). Separate studies by Ergun
(Ergiin, 2011), Fragoulis et al. (Fragoulis et al., 2005) and Stamatakis et al. (Stamatakis et
al., 2003) on different types of diatomaceous earth showed that replacing cement by DE up
to 10-15% increases compressive and flexural strength compare to control samples (almost
at all different measured ages with highest increase at 10%). They concluded that samples
with higher content of reactive silica and higher Blaine surface show higher increase in
compressive strength. Also, studies by Kastis et al. (Kastis et al., 2006) and Yilmaz and
Ediz (Yilmaz & Ediz, 2008) found that replacement levels up to 10% show comparable
compressive strength compare to control samples, while samples with higher DE content
show a significant drop in strength. On the other hand, studies by Aydin and Giil (Aydin
& Giil, 2007) and Degirmenci and Yilmaz (Degirmenci & Yilmaz, 2009) showed that for
all replacement levels and all measured ages module of elasticity and compressive and
flexural strength were lower than control samples. However, they found that using DE can
improve both freeze-thaw durability and sulphate attack resistance. As these studies
mainly focus on hardened properties of concrete, a comprehensive study on impact of DE
on fresh properties of concrete is lacking. Fresh properties of concrete, including setting,
rheology, bleeding and early hydration are closely related to operation and construction,
such as transporting, placing, compacting etc.; and they also have great impact on the life

time performance of concrete.
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Therefore, this chapter studies the influence of DE as partial replacement of Port-
land cement on fresh properties of cement pastes. For this purpose, pastes with water-to-
binder ratios (w/b) of 0.4, 0.5 and 0.6 were investigated. Based on findings of aforemen-
tioned studies, only replacement levels up to 10% were considered. Thus, for each w/b
ratio, three replacement levels of 2%, 6%, and 10% of cement with DE were used. The
influences of DE replacement on flowability, viscosity and yield stress, bleeding, setting

time and heat signature were studied systematically.
1.8. Raw materials

Ordinary Type I Portland cement (from CEMEX, Louisville plant (KY, USA)) was
used in all the mixtures. The mean size of the cement particles was 11.4 um, determined
through a laser particle size analyser. The Blaine surface area was 400.8 m*/kg. The chem-
ical compositions of this type I cement were measured with XRF and they are listed in
Table 3. The mineral compositions for this cement are calculated based on the Bougue’s
equation (Taylor, 1997) and are provided in Table 4.

DE used in this study was a commercial pure diatomaceous earth usually powder available
widely on the market. The mean size of DE particles is 19 um based on a laser particle size
analyzer. And the Blaine surface area was 593 m*/kg. The chemical composition of DE is

also listed in Table 3.

Table 3: Chemical composition of type I portland cement and Diatomaceous Earth

Compound (%) Type I Portland cement Diatomaceous Earth
Si0, 19.70 93.5
ALO; 4.84 1.6
FCQO3 3.05 1.1
CaO 62.62 0.4
MgO 4.00 0.05
23
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SO; 3.23 0.12
Na,O 0.15 2.51
K,O 0.49 0.09
LOI 1.21 0.35
Table 4: Mineral composition of type I Portland cement
Compound Wight, %
C,S 59.1
C,S 11.9
C,A 7.67
C,AF 9.3

1.9. Mixing procedures and testing matrix

The details of mix proportions are listed in Table 5, where “OPC” indicates control

samples with ordinary type I cement only, and “D” indicates the pastes with DE replace-

ment. Three w/b ratios of 0.4, 0.5, and 0.6 were used. For each w/b ratio, three replacement

levels of DE were studied.

When mixing the control pastes (OPC-0.4, OPC-0.5 and OPC-0.6), water was grad-

ually added to the cement over the first minute of mixing and then continued to mix for 2

additional minutes at a low speed of 136 rpm. The sample was then allowed to rest for 2

minutes, which was followed by another 3 minutes of mixing at high speed of 195 rpm.

For cement pastes with DE replacement, cement powder and DE were firstly dry

mixed for a minute with low speed of 136 rpm. Then, the same mixing procedure used for

control pastes was followed. Mixing and all following tests were conducted at 25 °C.
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Table 5: Mix proportions

Cement paste w/b DE replacement level (%) Cement (gr) DE (gr) Water (gr)

OPC-04 0.4 0 700 0 280
D204 04 2 686 14 280
D6-04 04 6 658 42 280
D10-04 04 10 630 70 280

OPC-0.5 0.5 0 700 0 350
D2-0.5 0.5 2 686 14 350
D6-0.5 0.5 6 658 42 350
D10-0.5 0.5 10 630 70 350

OPC-0.6 0.6 0 700 0 420
D2-0.6 0.6 2 686 14 420
D6-0.6 0.6 6 658 42 420
D10-0.6 0.6 10 630 70 420

1.10. Rheological and mini cone slump test

The rheometer (Model: Anton Paar MCR 502) with a co-cylindrical cup-and-bob
configuration (gap size of 1. 13mm) was used to measure the rheological properties of all
pastes. During the tests, the cement pastes were first pre-sheared at shear rate of 600 s™ for
10 seconds to minimize the effects of shear history so that all the samples start from the
same reference point. The paste was then let rest for 3 minutes. After that, samples were
sheared based on a descending flow curve at 6 different shear rates (300, 250, 200, 150,
100, and 50 s™). Samples were maintained at each shear rate for 10 seconds and the corre-
sponding shear stresses were measured. Bingham model was applied to calculate the vis-
cosity and the yield stress.

The mini-cone slump tests were also conducted for all the paste samples to measure

the flow diameter. The average of the flow diameter in two perpendicular directions was
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used to represent the flow diameter of the corresponding cement paste. All Rheological
and mini-cone slump tests were conducted 13 minutes after initial mixing.

Viscosity and yield stress of all different cement pastes are calculated based on the
obtained flow curves using Bingham model (Banfill, 2003). Figure 13 andFigure 14 show
the calculated viscosities and yield stresses, respectively. It can be seen clearly that by
increasing DE replacement level, viscosity is increased for all the w/b ratios. Rheological
properties of cement pastes is highly related to its inter-particle and non-contact surface
forces (van der Waals, double layer) (Banfill, 1990; Lootens, Hébraud, Lécolier, & Van
Damme, 2004). DE particles, due to their high Blaine surface and porous structure, tend to
absorb free water available in the paste. Although, this water will be released back to ce-
ment matrix in later ages, in early age, it causes reduction in water content. It should also
be noticed that the specific gravity of DE is lighter than cement. When cement is replaced
by DE with the same mass, the solid volume fraction increases. The increased solid volume
fraction together with the porous texture of DE result in higher inter-particles interactions
and consequently higher viscosity.

Figure 14 depicts changes in yield stress by different replacement levels of DE. It
shows that for 0.5 and 0.6 w/b ratios, increasing DE replacement level in cement pastes,
constantly leads to a drop in yield stress. However, for 0.4 w/b ratio, increasing replace-
ment level at first doesn’t change yield stress significantly (it drops slightly from 25.75 Pa
for OPC-0.4 to 25.42 Pa for D2-0.4). While thereafter, by keep increasing DE content from
2% to 6%, yield stress increases considerably (from 25.42 Pa for D2-0.4 to 30.32 Pa for

D6-0.4).
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Figure 13: Viscosity of cement pastes against DE replacement levels
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Figure 14: Yield stress of cement pastes against DE replacement levels

To explain these changes in yield stresses of cement pastes with different w/b ratios
and different DE replacement levels, the change in their shear behavior should be consid-
ered. Shear thinning and shear thickening are typical for non-Newtonian flow fluids, in
which viscosity non-linearly decreases or increases by increase in shear rate (He, Gong,
Xuan, Jiang, & Chen, 2015; Yahia, 2014). Shear-thinning is generally attributed to shear-
induced de-flocculation while shear-thickening is generally attributed to repulsive interac-
tions between both colloidal and non-colloidal particles in the case of suspensions (Bouras,

Kaci, & Chaouche, 2012).
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Figure 15: Flow curve of cement pastes with 0.6 w/b ratio

Figure 15 and Figure 16 show flow curves of cement pastes with water to binder
ratio of 0.6 and 0.4, respectively (0.5 w/b ratios had very similar flow curves as of 0.6). It
can be seen that the control cement paste (OPC-0.6) with no additive shows a clear shear
thinning behavior all along its flow curve while OPC-0.4 first shows shear thinning at low
shear rates and then shear thickening behavior at higher shear rates. This is in agreement
with finding of previous research which showed cement pastes with lower w/c ratios show
more shear thickening behavior than pastes with higher w/c ratios at high shear rates
(Yahia, 2011). Also, one can easily see that by increasing DE replacement level, flow
curves from both w/b ratios (0.6 and 0.4) show more shear thickening behavior at higher
shear rates. This can be explained by porous structure and high Blaine surface of DE par-
ticles. According to He et al. (He et al., 2015), the surface characteristics of dispersed par-
ticles significantly affects the rheological properties of the shear thickening fluids (STFs).
They found that by dispersing porous particles (like porous silica fume) in polar liquids,
the high specific surface areas and roughness surface nature of the porous particles may
influence the interfacial interaction between particles and dispersing medium, and improve

shear thickening behavior. From Figure 15, it can also be seen that using DE to partially
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replace cement not only change the flow behavior from shear thinning to shear thickening
at high shear rate, but also the higher the DE dosage, the more obvious this transition would

be.
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Figure 16: Flow curve of cement pastes with 0.4 w/b ratio

Flow diameters of cement pastes with different w/c ratios and DE replacement lev-
els are shown in Figure 17. The results show a consistent decrease in flow diameter by
increasing DE content. This can be explained by the high Blaine surface, porous structure
and water absorbent nature of DE particles, which leads to lower water content in cement
pastes and therefore less flowability (flow diameter). According to previous studies
(Ferraris, Obla, & Hill, 2001; Wallevik, 2006) there is a correlation between minislump
flow diameter and yield stress. A lower yield stress corresponds to a higher spread in the
minislump (Ferraris et al., 2001). However, this research shows the slump flow can be
related to both viscosity and yield stress. For the pastes with DE replacement, the viscosity

may dominate the flow diameter.
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Figure 17: Flow diameter of cement pastes against DE replacement levels

It should be pointed out that, due to its high water demand, paste D10-0.4 exhibited
very poor workability, (Agullo, Toralles-Carbonari, Gettu, & Aguado, 1999; Degirmenci
& Yilmaz, 2009; Fragoulis et al., 2005; Miller et al., 2010; Stamatakis et al., 2003; Yilmaz
& Ediz, 2008), and implementing rheological and mini-cone slump tests were not feasible

for this cement paste.

1.11. Bleeding test

To conduct bleeding test, the pastes were poured to within 0.6 cm (14 inch) from
the top of the 5 cm (2 inch) by 10 cm (4 inch) cylinders and then weighed. The containers
were capped after weighing to prevent moisture loss. After 30 minutes elapsed, the cylin-
ders were tilted at 30° from vertical and bleed water was removed with a transfer pipette.
Caution was taken to prevent removing any of the paste with the bleed water. Once no
more visible bleed water remained on the surface, the cylinders were weighed and capped
with a plastic lid. This process was repeated every 30 min until no further bleed water was
observed. The reported value of weight loss and weight loss rate is the averages of the three

specimens (Sun & Young, 2014).
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Figure 18: Weight loss of cement pastes against time

Figure 18 plots the changes of weight loss due to bleeding against time. As it is

clear from this figure, for pastes with 0.4 w/b ratio, by increasing the replacement level of

DE in cement paste, the weight loss is decreasing for all time intervals. However, for 0.5

and 0.6 pastes, no clear pattern is observed. In the case of 0.4 w/b ratio, the bleeding water

could be clearly identified and removed from the top of the specimen. While in 0.5 and 0.6

w/b, it is hard to differentiate bleeding water and diluted paste layer. Some cement particles

may be removed, together with the water when the pipette is used. Therefore, the trend line

plotted with higher w/b ratios, probably contain higher measurement errors. Hence, the

focus of the data analysis on bleeding will be on the 0.4 w/b pastes.
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Figure 19: Weight loss rate of cement pastes against time (0.4 w/b ratio)
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Figure 19 plots the changes in bleeding rates for all the pastes with w/b ratio of 0.4.
One can see that for a given age, e.g. 30 minutes, the control specimen has the highest
bleeding rate, and the rate decreases accordingly with the increase of DE replacement. This
indicates that adding DE to cement paste can delay and reduce bleeding effectively. From
the figure, it can also be noticed that bleeding for the D10-0.4 paste stopped earlier than
any other pastes. This is another indication of the minimizing the bleeding effect by using

DE.

1.12. Setting time

The initial and final setting time of all cement pastes were determined by the Vicat
needle tests, which were carried out according to ASTM C191 (ASTM, 2008). When the
needle penetrated into the cement paste for 25 mm, initial set was achieved. Final setting
was attained when there was no mark of the specimen surface with a complete circular
impression (Liu, Sun, & Qi, 2014).

Initial and final setting time of all cement pastes with different water to binder ratios
and DE replacement levels are provided in Table 6. It is observed that for all the w/b ratios
that studied, increasing DE replacement levels causes decreases in both initial and final
setting times, it also shortens the time difference between initial and final settings for all
the 0.4 and 0.5 pastes. Also, amongst cement pastes with the same DE content those with
higher w/c ratio have longer initial and final setting as expected. In addition, it can be seen
that in cement pastes with lower w/b ratios, the rate of reduction in setting time (final set-

ting) by increasing DE content is much higher than those with higher w/b ratios. For ex-
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ample, it took 110 minutes less for D10-0.4 to reach final set compared to OPC-0.4, how-
ever, the final setting time has only been shortened by 35 minutes for 0.6 pastes when 10%

of the cement is replaced by DE.

Table 6: Initial and final setting of cement pastes with different w/c ratios and DE replacement levels

Cement paste initial set (min) final set (min)
OPC-0.4 226 350
D2-0.4 178 310
D6-0.4 166 255
D10-0.4 141 240
OPC-0.5 268 450
D2-0.5 246 390
D6-0.5 234 375
D10-0.5 229 360
OPC-0.6 340 570
D2-0.6 328 565
D6-0.6 300 555
D10-0.6 275 535

Replacing cement by DE reduces the concentration of cement particles in cement
paste (i.e. reduces cement content) and is expected to prolong setting time. But on the other
hand, DE particles due to their porous structure and high Blaine surface can absorb some
of the free water in the paste that lowers the free water content and improve diffusion of

water in cement matrix which shortens the time for water to reach the non-hydrated cement.

1.13. Isothermal calorimetry

The heat of hydration of the all cement pastes are measured by the isothermal cal-
orimetric test as defined by ASTM C1702 (ASTM, 2009). TAM Air, a commercial calo-
rimeter, was adopted in this study. It is an eight-channel isothermal heat conduction calo-
rimeter with the operating temperature range between 5 and 60°C. Before testing, the
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equipment was carefully calibrated based on the calibration procedures specified by the

manufacturer. The energy change during hydration was collected and registered by an

automated data acquisition program. The energy value was calculated based on the unit

weight of cementitious materials mass.
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Figure 20: Heat evolution of cement pastes with 0.4 w/b ratio

For all water to binder ratios increase in DE content reduced heat evolution of cement

pastes on first 70 hours. As an example, heat evolution of pastes with 0.4 w/b ratios and

different DE replacement levels are shown in Figure 20.
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Figure 21: Heat evolution rate of cement pastes with 0.4 w/b ratio

Figure 21 to Figure 23 show the rate of heat evolution of all the cement pastes

against time. It should be pointed out that these figures are cut and enlarged from hydration
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age 0.5 to 20 hours for better illustration of changes in peaks of heat evolution rate. The

first peak in the figure is mainly associated with hydration of C;S in cement paste and the

second peak is mostly attributed to the hydration of C;A (Mostafa & Brown, 2005; Pang,

Bentz, Meyer, Funkhouser, & Darbe, 2013; Rahhal & Talero, 2009). It is clear from these

figures that increase in DE content results in a drop in heat evolution rate of both peaks for

all w/b ratios. As mentioned in previous section, this is simply due to the decrease in clinker

phases (cement content), which is caused by replacing of cement with DE.
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Figure 22: Heat evolution rate of cement pastes with 0.5 w/b ratio
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Figure 23: Heat evolution rate of cement pastes with 0.6 w/b ratio
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In addition, for all water to binder ratios, higher DE content led to shifts (to the left)
for both peaks. The higher the DE content the larger the shift is (Table 7). Also, the shift
with increase in DE content is observed to be more obvious for cement pastes with lower

w/b ratios.

Table 7: Hydration age of first and second peaks of heat evolution rate for all cement pastes

Cement paste first peak (h) second peak (h)
OPC-0.4 7.02676 8.69343
D2-0.4 -0.08975 -0.08976
D6-0.4 -0.43464 -0.35131
D10-0.4 -1.09506 -1.09506
OPC-0.5 7.88261 8.96594
D2-0.5 -0.48359 -0.15025
D6-0.5 -0.81736 -0.23402
D10-0.5 -0.96151 -0.29484
OPC-0.6 7.93628 9.01961
D2-0.6 -0.23428 -0.15094
D6-0.6 -0.52509 -0.19175
D10-0.6 -0.72741 -0.22741

These results fully support discussion in previous section and research findings
from the setting time test. The acceleration of peak appearance can be attributed to the
absorption of free water to DE particles that cause the increase of solution of cement clink-
ers (like C3A) in water. This leads to higher solubility of ions such as Ca®" (i.e. higher zeta
potential). It in turn accelerates formation of hydration products and shortens setting times
(Négele, 1985; Plank & Hirsch, 2007; Yilmaz & Ediz, 2008). Kastis et al. (Kastis et al.,
2006) pointed out that the pozzolanic nature of diatomite can form higher amounts of hy-
dration products in paste. Based on the findings of Rahhal and Talero (Rahhal & Talero,

2009), the hydration reactions may be stimulated by the positive and negative electrostatic
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charge acquired by the particles of pozzolans during mixing, and subsequently, by the zeta
potential specially originated as Portland cement hydration progresses. Therefore, DE par-
ticles could play the role as nucleation sites (like seed crystal) for calcium hydroxide crys-
tals to precipitate with accelerated setting (Rahhal & Talero, 2009). Putting Figure 21 to
Figure 23 together with Table 6, one can see that the earlier the peaks appear, the quicker

the paste would set.

1.14. Conclusions

Findings of this paper show that using Diatomaceous Earth (DE) as a partial re-
placement for cement has significant influence on fresh properties of cement pastes. The
porous shape and high Blaine surface of DE particles makes this natural pozzolanic addi-
tive of cement pastes to be highly water absorbent. DE can impact fresh properties of ce-
ment pastes as follow:

e Increase in DE content of cement pastes increased the apparent viscosity of cement
pastes with w/b ratios of 0.4, 0.5 and 0.6. It can be due to higher solid volume
fraction of cement pastes with higher DE content which leads to higher inter-parti-
cle interactions.

e Increase in DE content changed the shear behavior of cement pastes from shear
thinning to shear thickening behavior. This change in shear behavior is clearer in
cement pastes with 0.5 and 0.6 w/b ratios.

e Increase in DE content decreased flow diameter of cement pastes at all water to

binder ratios.

37

www.manaraa.com



e Increase in DE content of cement pastes reduced bleeding rate of cement pastes
with 0.4 w/b ratio.

e Increase in DE content shortened both initial and final setting time of cement pastes
at all w/b ratios. DE particles improve water diffusion, increase zeta potential and
accelerate formation of hydration products which lead to shorter setting times.

e Increase in DE content lowers the hydration heat of cement pastes at all water to
binder ratios due to lower cement content of cement pastes.

e Results from isothermal calorimetry show that increase in replacement level of ce-
ment with DE hasten the hydration process in cement pastes with all water to ce-

ment ratios which is in good agreement with results from setting time test.
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CHAPTER 4

THIXOTROPIC PROTOCOLS

1.15. Introduction

As mentioned earlier in Chapter 2, common methods of measuring thixotropy are
incapable of providing a reliable and comprehensive conception of thixotropic behavior.
The main defect with these methods is their failure to distinguish and measure the two
different aspects of thixotropy i.e. breakdown and buildup. They either combine these two
aspects or only consider one. For cementitious materials, structural breakdown and buildup
have different applications. As one represent material behaviors during construction and
the other represents other properties after construction. A comprehensive understanding of
thixotropic behavior of materials requires a distinctive understanding of both aspects.

In this chapter, a series of protocols are proposed to quantitatively measure thixo-
tropic behavior of cementitious pastes. These protocols are intended to give a more com-
prehensive and reliable understanding of thixotropic behavior. For that purpose, four dif-
ferent thixotropic protocols are proposed. The first two protocols address the breakdown
aspect of thixotropy and the next two protocols address its buildup. The quantitative results
from these protocols not only make it possible to analyze breakdown and buildup, sepa-
rately; but also, provide the opportunity to study the correlation between these two aspects

of thixotropy.
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The capability of the proposed protocols in determining thixotropic behavior of ce-
mentitious pastes have also been examined. For that purpose, using proposed protocols, a
series of tests on different cementitious pastes are conducted. Cementitious pastes with
different water content and mix proportions are selected. Raw materials, mix proportions
and mixing procedure are the same as those in Chapter 3, see Table 3-Table 5. To simulate
on-site conditions, the influence factors such as temperature and pressure are also consid-
ered. Finally, the test results from the proposed protocols are used to study and discuss the
impact of each factor (water content, mix proportion, temperature and pressure) on thixo-
tropic behavior of cementitious pastes, i.e. breakdown, buildup and the correlation of these

two aspects.
1.16. Proposed thixotropic protocols

1.16.1. Protocol 1 (easiness of breaking down to steady state)

This protocol is developed to measure the easiness of breaking the cement pastes’
structure down to a steady state (equilibrium condition) under a high shear rate. This steady
state is considered as the most deflocculated state that cement paste can practically reach
under a certain high shear rate. At this state, the rate of flocculation and de-flocculation are
assumed to be in balance.

During the test, when the pastes were placed in the rheometer, all samples were
firstly pre-sheared at a high speed of 300 s™ for 10 s and then followed by 3 min rest to
eliminate discrepancies caused by the shear history in mixing so that all the samples would
have the same initial starting point for the following measurement. Then, a constant high
shear rate of 300 s was applied on the samples for 20 min. A schematic diagram of pro-

tocol 1 procedure is shown in Figure 24. During this 20 min, the alternation of shear stress
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was recorded and plotted against time. Therefore, minimum time to reach to equilibrium
condition (AT), drop in shear stress (A1) and break-down energy (BDE) can be calculated
as shown in Figure 25. Among which, AT indicates the quickness/easiness to breakdown a
material. Similarly, a smaller value of BDE indicates less energy consumption to reach

equilibrium condition, therefore, a material with less BDE can be consider a material with

more easiness of breaking down.
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Figure 24: Protocol 1 procedures Figure 25: Measurable parameters from protocol 1

1.16.2. Protocol 2 (easiness of starting the flow)

This protocol is intended to measure the easiness to initiate flow in a cementitious
paste. Static yield stress is an important indication of how hard need to push to initiate the
flow of a liquid. A higher value of static yield stress indicates a harsh or difficult start to
mix or pump the material. Therefore, it provides a quantitative measurement of the break-
down aspect of thixotropy. For this purpose, after usual 10 s of pre-shear at 300 s, and 3
min rest, a simple shear stress ramp from 0 to 50 Pa (assuming 50 Pa is big enough to
include the static yield stress of the measured paste) in rate of 0.1 pa/s is applied on sam-

ples. During the ramp, the alternation of shear rate is recorded and plotted against shear
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stress. Thus, the shear stress at which samples start to yield, static yield stress, are meas-
ured. A schematic diagram of protocol 2 procedures and an example of obtained data are

shown in Figure 26 and Figure 27 respectively.
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Figure 26: Protocol 2 procedures Figure 27: Measurable parameters from protocol 2

1.16.3. Protocol 3 (measuring buildup ratio by monitoring shear stress buildup)

Protocol 3 is intended to calculate the buildup ratio of sample before and after its
structural breakdown. In this protocol, after pre-shearing, a very small shear rate of 0.0001
s is applied on the sample for 3 min and the buildup of shear stress is recorded. This shear
rate is purposely chosen to be within its linear viscoelastic region (LVER) to prevent dam-
aging the micro-structure of cement paste. Then, a constant high shear rate of 300 s is
applied for 8 min to break the structure down to a steady state (or the equilibrium). After
structural breakdown, the low shear rate of 0.0001 s is applied again to monitor the re-
building of structure. The measurement continues till sample reaches its initial state just
before the breakdown step, see Figure 28. By plotting the measured shear stress against
time, buildup ratio (Bgr) and the time to rebuild initial state (ATyuilaup) are calculated as
shown in Figure 29. A higher ATyuiqup value indicates a lower buildup speed and similarly,

a higher By value indicate a more thixotropic behavior in terms of structural rebuilding.

42

www.manaraa.com



Protocol 3

250

200

150

Shear rate (1/s)

)
8

v
S

0.0001 1/ 0.0001 1/s

=3

: »
105 3min 8 min ? min

Measurable parameters from protocol 3

ATy y140p= Time required to build up
the same Stress as Tjji,

Buildup Ratio (Bg) = Tinitial / Touildup
=
&
2
£
&
4
]
g
2
1]
Tinitial
"',\ Touildup
e N A N o-
min

3 min 8 min AThigup
Time (Min or Sec)

Figure 28: Protocol 3 procedures

Figure 29: Measurable parameters from protocol 3

1.16.4. Protocol 4 (measuring buildup ratio by monitoring static yield stress)

This protocol is designed, based on protocol 2 and 3, to measure the rebuilding ratio

of samples before and after breaking down of their structure. In protocol 4, instead of mon-

itoring shear stress buildup, the static yield stress before and after structural breakdown are

monitored. As shown in Figure 30, after usual pre-shearing and 3 min rest, a shear stress

ramp with the rate of 0.1 Pa/s for 4 minutes is applied. This is followed by a constant high

shear rate of 300 s shear rate for 8 min like protocol 3 to achieve structural breakdown

and then another shear stress ramp with the same rate of 0.1 Pa/s and 4 min is applied again.

Thus, by plotting shear stress against shear rate two static yield stresses, one before struc-

ture breakdown and one after structure breakdown, are obtained. The ratio (ty2/ ty1) have

been used to calculate buildup ratio (see Figure 31).
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Figure 30: Protocol 4 procedures Figure 31: Measurable parameters from protocol 4

1.17. Results and discussion

1.17.1. Structural Breakdown

Results from protocol 1 are shown in Figure 32 to Figure 37. Figure 32 and Figure
33 show breakdown energy of cementitious pastes against their DE replacement level and
w/b ratio, respectively. It can be seen that by increasing DE content, breakdown energy of
cement pastes with almost all w/b ratios was decreased. In other words, under a constant
high shear rate, increasing DE content can help to reduce the needed energy to reach the
steady state of the flow. So, it can be concluded that cement pastes with higher DE content
are easier to break down. Also, from Figure 33, by increase in w/b ratio at any DE replace-
ment level, breakdown energy was decreased. This is reasonable because the sample with
a higher w/b ratio has a loose microstructure with less solid particles to breakdown. Figure
34 and Figure 35, plot the drop of shear stress to reach the steady state against DE content
and w/b ratio, respectively. Cementitious pastes with higher DE content in general show
slightly higher stress drop than those with lower DE contents. Also, from Figure 35, cement
pasts with higher w/b ratio have lower drop in shear stress. Again, this corresponds to the

solid concentration in cement pastes. Figure 36 and Figure 37, show time to reach to steady
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state against DE content and w/b ratio, respectively. In Figure 36, AT (time to reach steady
state) for a given w/b ratio was decreased by increase in DE content. It indicates that a
paste with a higher DE content is probably easier to breakdown. This can be attribute to
the negative charges on the surface of DE particles that repel to help the separation of solid
particles. Also, from Figure 37, almost for all DE replacement levels, increase in water
content leads to longer time to reach to steady state. However, for 6% replacement level
higher water content leads to slightly shorter AT. This indicate that 6% of DE content is

probably a threshold that convert the breakdown aspect of thixotropic behaviors of the

paste.
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Figure 32: Breakdown energy against DE replacement level from protocol 1
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Figure 33: Breakdown energy against w/b ratio from protocol 1
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Figure 34: Drop in shear stress against DE replacement level for protocol 1
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Figure 35: Drop in shear stress against w/b ratio for protocol 1
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Figure 36: Time to reach to steady state against DE replacement level for protocol 1
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Figure 37: Time to reach to steady state against w/b ratio for protocol 1

To fully understand and explain the above results from protocol 1, knowledge on
the microscopic structure of cementitious pastes under shear rate is vital. At higher DE
levels, solid volume fraction increases due to high water absorption of DE particles. This
increase in solid volume fraction results in closer gaps between solid particles. These close
gaps, especially between cement particles, leads to formation of a network of intercon-
nected agglomerates at rest. When the high shear rate is applied, the resulted induced shear
stress breaks this network and cause a quick and significant drop in shear stress. On the
other hand, again due to high solid volume fraction, the inter-particle interaction between
solid particles is high and thus, after a relatively short time, de-flocculation and flocculation
rate reach to an equilibrium condition, i.e. cement paste reaches to its steady state. How-
ever, in lower DE levels, the gap between solid particles are larger and formation of such
a fully interconnected network of agglomerates is more difficult. Therefore, de-flocculation
happens in a lower rate and drop in shear stress is not as steep as pates with higher DE
content. Also, due to lower inter-particle interaction between solid particles, it takes longer

for these cementitious pastes to reach to their equilibrium condition. Therefore, overall, the
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breakdown energy required for cement pastes with higher DE content to reach to their
steady state is lower than those with lower DE content.

Figure 38 and Figure 39, show static yield stress of all mix proportions against DE
level and w/b ration from protocol 2. For 0.6 w/b ratio, static yield stress has not changed
significantly for different DE contents. For 0.5 w/b ratio, a slight increase for 6% and 10%
replacement levels is observed, but it’s not significant. For 0.4 w/b ratio, not much a dif-
ference is seen till 2% replacement, however, from 2 to 6% replacement level, static yield
stress increases drastically. This is to some extent in agreement with breakdown energy
from protocol 1 (Figure 32) which shows a slight increase from 2% to 6% at 0.4 w/b ratio.
It can be due to very low water content of this cement paste caused by high DE level. From
Figure 39, for all DE replacement levels, static yield stress has decreased with increase in

w/b ratio, as expected.

Static Yield Stress
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Figure 38: Static yield stress against DE content from protocol 2
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Figure 39: Static yield stress against w/b ratio from protocol 2

It should also be mentioned that although the concept of protocol 1 and 2 are both
related to breakdown aspect of thixotropy of cement pastes, they measure two different
parameters. What measured in protocol 2 is the critical amount of shear that is needed to
initiate the flow (i.e. the starting point of breakdown). While, protocol 1 measures the eas-
iness to achieve the steady state (i.e. the required input energy for breakdown). By com-
paring protocol 1 and 2, it can be concluded that increase in DE content of cement pastes
can decrease the amount of total energy required to breakdown cement pastes’ structures
to their most practically possible deflocculated state (steady state), however, the minimum
shear stress needed to initiate the flow (structure breakdown) may not change significantly
with variable DE replacement.

1.17.2. Buildup

Figure 40 shows build-up ratio (BR) against DE replacement level from protocol
3. Cementitious pastes with different w/b ratio show different trends with increase in DE
content. For 0.4 and 0.5 w/b ratios, an overall decrease in build-up ratio is observed when
DE content is increased. While, for 0.6 w/b ratio, a significant increase in build-up ratio is

observed from 0 to 6%, then decreased when 10% of cement was replaced by DE. The
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observed phenomenon may be explained by solid volume fraction. When DE content is
increased, it absorbs larger amount of free water, leaving less space in between particles
that contributes to a higher flocculation and build-up ratio. When a threshold DE replace-
ment level is surpassed (e.g. 6% for w/b=0.4), the repulsive forces from DE particles be-
come dominant due to the shortened gap between solid particles, which reduce the build-
up ratio. Figure 41 shows that the build-up ratio is the most sensitive to 6% of DE replace-

ment, as the Bg is kept as a constant when 0 or 2% of DE is used.

Buildup Ratio

Figure 40: Build-up ratios from protocol 3 against DE replacement levels
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Figure 41: Build-up ratios from protocol 3 against different w/b ratios

Figure 42 shows the build-up times of all mix proportions from protocol 3 against

DE replacement levels. From the figure, for w/b=0.5 pastes, it takes longer to build up
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stresses when DE content is increased from 0 to 6%, but once this threshold is passed, the
buildup time decreases. Comparing the results from Figure 40 and Figure 42, a longer
build-up time corresponds to a lower build-up ratio. This indicates roughly a linear trend

between the build-up ratio and time.

Buildup Time

908.67

Figure 42: Build-up time from protocol 3 against DE replacement levels

Figure 43 and Figure 44 show build-up ratios from protocol 4 against DE replace-
ment levels and w/b ratios, respectively. Again, for 0.6 w/b ratio, the build-up increases
with DE content till 6% and then decreases. For 0.4 and 0.5 w/b ratios, an opposite trend
is observed. Apart from the fact that OPC-0.5 and D2-0.5 show unexpectedly higher build-

up ratios, the overall trends are in very good agreement with the results obtained from

protocol 3.
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Figure 43: Build-up ratios from protocol 4 against DE replacement levels
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Figure 44: Build-up ratios from protocol 4 against different w/b ratios

1.17.3. Breakdown and build up correlation

By comparing the results from protocol 1 and 2 (breakdown) with the results from
protocol 3 and 4 (build-up), no clear correlation between breakdown and build-up aspects
was observed. Both 0.5 and 0.6 w/b ratios show a drop in breakdown energy by increase
in DE content from protocol 1 and no significant change in static yield stress from protocol
2. But when it comes to buildup ratios from protocol 3 and 4, at least till 6% replacement

level, 0.5 w/b ratio shows a continuous drop in build-up ratio, while 0.6 w/b ratio shows a
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continuous increase. Therefore, it can be concluded that to fully understand thixotropic
behavior of cementitious pastes under different conditions, both breakdown and build-up
aspects of their thixotropic behavior should be investigated. Any assumption based on only
one of these two aspects can lead to misunderstanding of cementitious pastes characteris-

tics.

1.17.4. Temperature tests

To investigate the temperature effect on thixotropy, protocol 2 and 4 were applied
to pastes with w/b ratios of 0.5 and 0.6 with curing temperature changing from 10°C to
40°C. Figure 45-Figure 48, show the obtained results from protocol 2. From Figure 46 and
Figure 48, it is observed that for all cementitious pastes, independent of w/b ratio and/or
DE replacement level, static yield stress increases with increase in temperature. In other
words, increase in temperature makes it more difficult to initiate the flow of cementitious
pastes. This can simply be due to increase in hydration rate caused by increase in temper-
ature. Also, Figure 45 and Figure 47 show that trend of change in static yield stress by
increase in DE content is not sensitive to temperature. For both w/b ratios, 0.5 and 0.6, the
change in static yield stress shows almost similar trend for all three temperatures. By com-
paring Figure 45 and 46 (or 47 and 48), one can probably conclude that for a given w/b
ratio, the thixotropic behavior of the paste is more sensitive to the temperature rather than

the mix ingredient.
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Figure 45: Static yield stress from protocol 2 against DE replacement level (w/b=0.5)
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Figure 46: Static yield stress from protocol 2 against temperature (w/b=0.5)
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Figure 48: Static yield stress from protocol 2 against temperature (w/b=0.6)

The test results from protocol 4 are shown in Figure 50-Figure 55. From Figure 51

and Figure 53, for both 0.5 and 0.6 w/b, buildup ratio is increased drastically for 40 °C

compare to 10 and 25 °C. This can be explained by increase in hydration rate due to in-

crease in temperature. For 0.5 w/b ratio, from 10 to 25 °C, buildup ratio shows no signifi-

cant change; while for 0.6 w/b ratio, slight decrease in buildup ratio is observed. One

possible explanation for this outcome may be the unique characteristics of water. At tem-

peratures, close to 4 °C, specific volume of water is at its minimum, see Figure 49. Alt-

hough at these temperatures hydration rate is expected to decrease but the closer gap be-

tween solid particles, due to lower specific volume of water, may compensate for that or

even lead to higher buildup ratios. This impact can be seen clearer at 0.6 w/b ratio due to

its higher water content.
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Figure 49: Specific volume of water against temperature
(figure from http://www.engineeringtoolbox.com/water-specific-volume-weight-d_661.html)

Figure 50 and Figure 52, show buildup ratio against DE content at different temper-
atures. For both w/b ratios, 0.5 and 0.6, change in temperature shows minimum influence
on overall trend of buildup ratio. For 0.5 w/b, almost at all three temperatures, trends show

an overall decrease in buildup ratio with increase in DE content; while for 0.6 w/b, they

show an increase.
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Figure 50: Build-up ration from protocol 4 against DE replacement level (w/b=0.5)
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Figure 51: Build-up ratio from protocol 4 against temperature (w/b=0.5)
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Figure 52: Build-up ratio from protocol 4 against DE replacement level (w/b=0.6)
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Figure 54: Static yield stress for OPC-0.5 and OPC-0.6 at different temperatures against water content
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Figure 55: Build-up for OPC-0.5 and OPC-0.6 at different temperatures against water content

Figure 54 and Figure 55 show how static yield stress and buildup ratio change at
different temperatures by change in water content (only for OPC-0.5 and OPC-0.6). For all
three temperatures, increase in water content from 0.5 to 0.6 w/c ratio results in lower static
yield stress, i.e. easier breakdown. Thus, it can be concluded that influence of water content
over static yield stress is independent of temperature. Also, for 25 and 40 °C, increase in
water content leads to lower buildup ratio. However, for 10 °C, it shows slightly higher
buildup ratio. As explained earlier, this may be due to impact of water characteristics on

cementitious pastes with higher water content at temperatures close to 4 °C. It should be
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mentioned here, that higher “buildup ratio” does not necessarily indicate higher “absolute”
buildup rate. Buildup ratio and buildup rate are two different concepts.

Overall, it can be concluded that increase in temperature results in acceleration of
hydration and flocculation rate of cement pastes, which consequently leads to higher static

yield stresses and build-up ratios.

1.17.5. Pressure tests

To mimic the influence of pumping speed or casting rate on the thixtropic behavior,
protocol 2 and 4 were used to test the pastes of OPC-0.6 and D10-0.6. During pumping,
concrete can be exposed to pressures as low as 60 bar to as high as 400 bar. Therefore, two
pressure conditions of 20MPa (200 bar) and 10MPa (100 bar) were selected as reasonable
pressures. Figure 56 and Error! Reference source not found. show static yield stress and
buildup ratio of OPC-0.6 and D10-0.6 mix proportions under different pressures. It is ob-
served that an increase in pressure from 0 to 20 MPa has minor impact on yield stress or
buildup ratio of these cement pastes. The minimal decrease in yield stress or build-up ratio
can be due to slight de-flocculation caused by high pressure.

Overall, it can be concluded that the impact of high pressure up to 20 MPa on thix-
otropic behavior of cement pastes with 0.6 w/b ratio is minimal and can be neglected. This
conclusion is in good agreement with findings of Kim et al. (Kim, Kwon, Kawashima, &

Yim, 2017).

59

www.manaraa.com



Static Yield Stress

&
L2
54395 5.523
N

4853533333

—4—D10-0.6
-8—0PC-0.6

Pressure (Pa)

Figure 56: Static yield stress from protocol 2 at different pressures
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Figure 57: Build-up ratio from protocol 4 at different pressures

1.18. Conclusions

e Increase in DE content of cement pastes can decrease the amount of energy required
to breakdown cement pastes structures to their most practically possible defloccu-
lated state (steady state) under certain shear rate but does not significantly change
minimum shear stress needed to initiate their flow (structure breakdown).

e No clear trend of build-up ratio of cement paste with different mix proportions was

observed.
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e No clear correlation between breakdown and build-up aspects of different cement
pastes was observed. Hence, for each cement paste with specific mix proportion
both aspects should be investigated.

e Increase in temperature results in acceleration in hydration and flocculation rate of
cement pastes, which consequently leads to higher static yield stress and build-up
ratio.

e Impact of high pressure up to 20 MPa on thixotropic behavior of cement pastes

with 0.6 w/b ratio is minimal and can be neglected.
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CHAPTER 5

THIXOTROPIC MODEL

1.19. Introduction

As mentioned in previous chapters, thixotropic materials such as concrete show
shear thinning behavior. Their internal structure breaks down under higher shear rates and
builds up at lower shear rates or at rest. If a constant shear rate is applied long enough,
material reaches to a so called “steady state” or “equilibrium condition”. At equilibrium
condition, rate of de-flocculation caused by applied shear and rate of flocculation due to
inter-particle forces reach to an equilibrium. Due to this thixotropic behavior of concrete,
there is a delay in concrete respond to any change in applied shear. The observed behavior
caused by this delay is called transient behavior and exists between any two successive
steady sates. Figure 58 shows the data obtained by a concrete rheometer compare to results
expected from a simple yield stress fluid based on rheological models. Bold line shows
what should be expected based on rheological models and thin line shows the real meas-
urement obtained.

Rheological models such as Bingham are not suitable to describe the transient re-
gime observed in thixotropic materials and may only be used to describe rheological be-
havior of concrete at steady state. Therefore, a thixotropic model capable of describing
transient behavior of concrete can be very helpful to better understand and predict its be-

havior.
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Figure 58: Examples of transient flow behaviors in practice against expected behavior from rheological
models, figure from (Roussel, 2006)

However, proposing a thixotropic model for concrete can be challenging. Rheolog-
ical behavior of concrete constantly alters due to hydration process which starts as soon as
cement and water are mixed. Hydration is irreversible in concrete structure caused by
chemical reaction between water and cement. While, thixotropy is reversible buildup and
break down caused by flocculation and de-flocculation of cement particles. Separating the

irreversible effect of hydration from reversible effect of thixotropy is complicated. Though,
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Jarny et al (Jarny et al., 2005) using MRI velocimetry have shown that over short periods
of time, the irreversible effects of hydration processes is not significant and the reversible
effects of thixotropy dominate. Therefore, it is reasonable to neglect irreversible evolution
of concrete in intermediate periods up to 30 min (Roussel, 2006). This simplifies the prob-
lem and make it possible to model thixotropic behavior of concrete.

In this chapter, first the most common thixotropic model used for cementitious ma-
terials and a simplified version of that proposed by Roussel (Roussel, 2006) are described.
Then, the accuracy of model is investigated by fitting it to the actual results obtained by a
rheometer. A test procedure is determined and changes in thixotropic behavior of cement
pastes are monitored at various resting times. Cement pastes with different mix proportion
and at different temperatures are investigated. Finally, a comparison between cement pastes
flocculation process at rest from obtained data and model’s predictions are conducted and

some modifications are proposed.

1.20. Existing thixotropic model for cementitious materials

The general form of existing models used for describing thixotropic behavior of
cementitious materials, which is based on models suggested by (Cheng & Evans, 1965)
and (Coussot, Nguyen, Huynh, & Bonn, 2002), is consisted of two parallel equations. It

can be written as follows,

T=(1+N)7, +ky" 5-1
oA 1
- — O 5-2
or ~am

Where A is current state of flocculation of material and T, m and « are thixotropic

parameters.
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The first equation shows the relationship between shear stress and applied shear
rate depending on the current state of flocculation (4). The second equation, so called “ki-
netic equation”, describes variation of A with time (t). Kinetic equation is based on the
basic proposal that the rate of change of A is equal to difference between rate of natural
flocculation of material and a rate of de-flocculation due to applied shear.

For a thixotropic model, suitable for describing flow behavior of concrete, scientific
precision is not the only factor. The model should also be useful from a practical point of
view. It should be simple; the number of parameters should be kept as low as possible and
they should be easily measured. For this purpose, (Roussel, 2006) presented an alternative
simplified version of the model. This simplified model has been used in new studies on
thixotropic behavior of cementitious based materials (Ouyang, Tan, Corr, & Shah, 2016;
Qian & Kawashima, 2016).

In his model, two assumptions were made. First, it was assumed that the Bingham
model was sufficient to describe the steady state flow of fresh concrete (n=1 and K= plastic
viscosity, i,). Second, it was assumed that the yield stress at rest increased linearly (m=0).
Based on results of other studies, these assumptions seem to be reasonable for concretes
and mortars (Assaad & Khayat, 2004; Assaad, Khayat, & Mesbah, 2003; Ovarlez &
Roussel, 2006).

Therefore, the simplified version of general model becomes,

T=(14+2710 + 1pY 5-3
or 1 2 5-4
—_— ===
ot T Y

In this simplified model, T is characteristic time of flocculation and 1/ ay is con-

sidered as characteristic time of de-flocculation. At constant shear rate, rate of flocculation
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is insignificant compare to rate of de-flocculation; i.e. T is way longer than 1/ @y (Roussel,

2006). Therefore, it is reasonable to neglect the first part of kinetic equation. Thus, it be-

comes,
oA
— = — a\y 5-5
oc MY
After integration,
}L == }\Oe_ayt 5-6

Where A, is the state of flocculation at beginning of constant shear rate. By substi-
tuting A in simplified model, it is written,
T=(1+Xe Y1, + p,y 5-7
The model predicts an exponential decrease of the shear stress under constant shear
rate with a de-flocculation characteristic time of 1/ ay.

At rest, the shear rate () is equal zero. Then, kinetic equation becomes,

oA 1
S 5-8
ot T
After integration,
t
A== 5-9
T
Therefore, by substituting A in simplified model, it is written,
T
To(t) == (1+A)T0 :T0+ ATO :T0+ _Ot 5'10

T

Where T is characteristic time of flocculation and At is thixotropic apparent yield

stress. At rest, the model predicts that A and consequently T, increase linearly with time.
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1.21. Experimental procedures

In this study, Roussel’s simplified model was used to monitor and analyze thixo-
tropic behavior of cement pastes with DE. For this purpose, a protocol based on actual on-
site condition has been developed. First, a reference point was determined as steady state,
which is considered as the most de-flocculated state that can be achieved by concrete, i.e.
A=0. Studies show that the maximum shear rates in various steps of concert flow history
are occurring during mixing and pumping. During these operations, concrete experiences
shear rates of up to 60 s (Roussel, 2006). However, it has been shown that during pump-
ing, cement paste can be subjected to higher shear rates especially at lubricating layer, from
217 s up to 924 s (Kim et al., 2017). Since cement pastes are used in this study, 300 s™
is considered as a reasonable maximum shear rate for steady state. Cement pastes with 0.5
w/b and DE replacement levels of 0, 2 and 6% were selected. Also, to better simulate the
real on-site conditions, three temperatures of 10, 25 and 40 °C were considered. Raw ma-
terials, mix proportions and mixing procedure are the same as those in Chapter 3, see Table

3-Table 5.

1.21.1. Test protocol

Rheometer MCR 502 by Anton Parr and concentric geometry (cup and bob) was
used. For details of rheometer and cup and bob geometry see chapter 2. To make sure
sample is properly and uniformly placed in rheometer and there are no air voids, 2.5 min
after end of mixing, a shear rate of 50 s for 10 s was applied on sample. The low shear
rate of 50 s™' and short duration of 10 s were purposely chosen to assure applied shear
would not disturb or break down cement pastes structure. Then, the tested cement pastes

were let to rest for different resting times of 5, 10, 20, 30 and 40 min (from the end of
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mixing). For each resting time a new sample is mixed and prepared to avoid the effects of
shear history. After the assigned resting time, samples were subjected to a constant shear
rate of 300 s for 10 min. Based on preliminary tests, 10 min was the average time needed
for cements pastes to reach their equilibrium condition at 300 s shear rate. Immediately

after this step, a downward flow curve from 300 s™ to 0 s™' in 60 s was applied, Figure 59.

Test Protocol
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S
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150s 10s different resting times 600s 60s
Time (after end of mixing)

Figure 59: Test protocol procedures

1.21.2. Steady state behavior

At the end of 10 min constant shear rate of 300 s, cement pastes have reached to
their steady state and it was assumed that current state of flocculation (1) equals zero.
Therefore, Bingham model can be fitted to the flow curve to determine the rheological

parameters of cement pastes at steady state, i.e. plastic viscosity () and yield stress (Tg).

These parameters were later used to fit the thixotropic model.
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1.21.3. Flocculation process at rest
Based on Roussel’s proposed model, changes of “the state of flocculation at begin-
ning of constant shear rate” (1) by resting time can be used to study flocculation process
at rest. At the beginning of constant shear rate t equals zero (t =0). Thus, model can be
written as:
T(t=0) = (1+ AT + Wpy 5-11
Since the values of all other parameters are known, the value of A4 can be calcu-
lated. By calculating Ayvalues and plotting them against resting times, development of floc-
culation process at rest for different cement pastes can be evaluated.
1.21.4. De-flocculation under constant shear rate
Also, monitoring changes of a of de-flocculation characteristic time (1/ @y) can be
used to study de-flocculation process. Based on Roussel’s simplified model changes of
shear stress under constant shear rate can be shown as follows:
T=(1+2Xe YY1, + 5-12
Again, since values of all other parameters are known, thixotropic model can be
fitted to actual data obtained from rheometer and best value of « is determined. An example
of fitted model to experimental data obtained by rheometer is shown in Figure 60. Then,
values of a plotted against resting time and changes in de-flocculation process of different

cement pastes by resting time was investigated.

69

www.manaraa.com



Thixotropic Model

T= (14T + Y

Shear stress (Pa)
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Figure 60: Example of fitted model to experimental data

1.22. Experimental results and discussion

1.22.1. Flocculation process of cement pastes with different mix proportions

Evolution of “the state of flocculation at beginning of constant shear rate” (1) by
resting time for cement pastes with 0.5 w/b ratio and DE replacement levels of 0, 2 and 6%
are investigated. Figure 61 and Figure 62 show the evolution of A4 by resting time for dif-
ferent mix proportions. For all cement pastes, state of flocculation increases by resting
time. Also, at all different resting times pastes with higher DE contents show higher state
of flocculation. The Roussel’s model predicts a linear increase in state of flocculation by
resting time. This seems to be a fair assumption for concrete and mortar (Assaad & Khayat,
2004; Assaad et al., 2003; Ovarlez & Roussel, 2006), however, in case of cement pastes it
is not very accurate (Ouyang et al., 2016). This can be due to the absence of aggregates
and sands in cement pastes.

It is observed here that the evolution of A, by resting time is not linear, especially
at first 10 to 20 min. It can be concluded that the formation of flocculation network occurs
quicker in first few minutes and then gradually decreased by time. The evolution of A4 by

resting time shows a convergence trend and can be well fitted to the following equation:
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Kt
A = Agp + A, ——— 5-13
00 T MU g 41

Where A, is the initial state of flocculation (right after mixing); K is rate of floccu-
lation and A, is the ultimate state of flocculation. An example of fitted equation to experi-
mental data is shown in Figure 63. Ultimate state of flocculation is a parameter used to fit
the equation to experimental data and due to influence of hydration in longer periods of
time such an ultimate flocculation state does not exist in practice. However, these parame-
ters (Ago, K and A,)) can be used to quantitatively characterize flocculation process of ce-
ment pastes at short periods of time. Changes in A, A,, and K against DE content is shown

in Figure 64, Figure 65 and Figure 66, respectively.
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Resting Time
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Figure 61: Evolution of A, by resting time for different mix proportions

71

www.manharaa.com




~®-5min 10 min 420 min 30 min -4-40 min

Figure 62: Evolution of A, against DE replacement level at different resting times
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Figure 63: Fitted equation to experimental data for OPC-0.5 at 25°C

The values of A, is the value extrapolated by equation for state of flocculation
right after mixing (t = 0). The maximum de-flocculated status (A = 0) is assumed to be at
the end of constant shear rate of 300 s, i.e. steady state. Therefore, state of flocculation at
any other point is higher than zero. Thixotropy of cement paste is consisted of a short-term
phase due to colloidal flocculation and a long-term phase due to ongoing hydration nucle-
ation. The time needed to form the network of colloidal interactions between cement par-

ticles is of the order of couples of seconds (Roussel, Ovarlez, Garrault, & Brumaud, 2012).
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Therefore, the value of Ay, can be associated with the colloidal flocculation of cement
pastes.

It is also observed that the value of Ay, increases by increase in DE content. It can
be explained by the high Blaine surface and porous structure of DE particles which tend to
absorb free water available in the paste. Although, this water will be released back to ce-
ment matrix in later ages, in early age, it causes reduction in water content. It should also
be noticed that the specific gravity of DE is lighter than cement. When cement is replaced
by DE with the same mass, the solid volume fraction increases. The increased solid volume
fraction together with the porous texture of DE result in higher inter-particles interactions

and consequently higher A, value.

Ao

1.6

Figure 64: Initial state of flocculation (o) of cement pastes

The values of both A,, and K also increase with the increase in DE content of cement
pastes. However, the rate of increase in these parameters drops significantly from 2 to 6%
DE replacement level. Ultimate state of flocculation (A,) is the maximum value that state
of flocculation can develop over initial state of flocculation (A4q). As stated earlier, such a

limit does not exist in practice and it is only used to characterize flocculation trend at short
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periods of time when irreversible influence of hydration can be neglected. And, K is the
rate of flocculation which indicates how quickly ultimate state of flocculation can be
reached. These values can be related to both short-term phase of thixotropy due to colloidal
flocculation and long-term phase due to ongoing hydration nucleation. Thus, it can be con-
cluded that increase in DE replacement level to some extent increases solid volume fraction
and consequently increases colloidal interaction within cement particles and hydration nu-
cleation. This results in higher initial state of flocculation and higher rate of flocculation.
However, rate of these increase in flocculation evolution decreases by increase in level of
DE replacement level. If the level of DE replacement level exceeds an optimum level it
will decrease thixotropic properties of cement pastes due to low level of cement particles

in cement pastes and negatively affects flocculation process.
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Figure 65: Ultimate state of flocculation (A,) of cement pastes
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Figure 66: rate of flocculation (K) of cement pastes

1.22.2. De-flocculation process of cement pastes with different mix proportions

Evolution of a of “de-flocculation characteristic time” (1/ ay) by resting time for
cement pastes with 0.5 w/b ratio and DE replacement levels of 0, 2 and 6% were also
investigated. Figure 67 and Figure 68 show the evolution of a by resting time for different
mix proportions. The higher the value of a the shorter is the de-flocculation characteristic
time which indicates quicker and easier de-flocculation to steady state. In general, for all
cement pastes, @ increases by resting time. At 5 min resting time, cement pates with higher
DE content show higher values for a, i.e. higher de-flocculation rate. However, by increase
in resting time this pattern changes.

To explain the observed results once again two phases of thixotropy of cement
pastes should be considered. At short resting times, thixotropy is mainly dominated by
colloidal interactions such as van der Waals forces within cement particles and the floccu-
lation network formed by these forces are easy to break. However, as resting time increases
thixotropy of cement pastes is mostly governed by hydration nucleation which originates

from the colloidal forces. Colloidal forces ease formation of a network of short CSH
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bridges between cement particles. Although the degree of hydration at this time is close to
zero, the consequences of the CSH nucleation are strong at a macroscopic level as they
nucleate specifically in very crucial zones in the interacting particles network (Roussel et
al., 2012)

It has however to be kept in mind that thixotropy is defined at a purely macroscopic
level. As long as shear is sufficient to bring the material back to a reference state, i.e. it is
reversible in macroscopic scale, one does not have to care whether the evolution of the
material behavior is due to colloidal flocculation or to CSH bridges between particles
(Roussel et al., 2012).

Therefore, it can be concluded that for short resting times cement pastes with higher
DE content show higher de-flocculation rate because of their higher state of flocculation
caused by colloidal forces. However, at longer resting times, this high colloidal forces and
high solid volume fraction compare to cement pastes with less DE content results in

stronger hydration nucleation bonds and consequently lower de-flocculation rate.
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Figure 67: Evolution of a by resting time for different mix proportions
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Figure 68: Evolution of a against DE replacement level at different resting times

1.22.3. Influence of temperature on flocculation and de-flocculation process of cement
paste
Evolution of A, and a by resting time for cement paste with 0.5 w/c ratio (OPC-0.5) at 10,
25 and 40 °C are investigated. Figure 69 and Figure 70 show the evolution of A, by resting
time at different temperatures. Up to 20 min resting time, no significant change in state of
flocculation is observed. However, after 20 minutes A, increases significantly by increase
in temperature.

In addition, it was observed that evolution of state of flocculation (4,) by time at
10 °C, like 25 °C, could be well fitted to equation 5-13. However, at 40 °C evolution of
Ao by time shows a concave trend with increasing slopes which can be better fitted to an
equation as follow,

A() = Ag + K™ 5-14

Where again, Ay is the initial state of flocculation (right after mixing); K indicates
rate of flocculation and n is a number larger than 1.

Therefore, it can be concluded that increase in temperature of cement paste gradu-

ally changes its structural buildup pattern at rest, from a convergence trend to a concave
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trend with increasing slopes. This change is especially more obvious at temperatures higher
than 25 °C and resting times higher than 20 min. As mentioned earlier, at short resting
times colloidal flocculation dominates thixotropy of cement pastes. It seems that colloidal
flocculation is less sensitive to change in temperature. However, at longer resting times
hydration nucleation governs thixotropy of cement pastes which is more sensitive to tem-
perature change. Therefore, the observed result can be explained by increase in rate of

hydration nucleation due to increase in temperature.
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Figure 69: Evolution of A by resting times at different temperatures
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Figure 70: Evolution of A against temperature at different resting times
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Figure 71 and Figure 72 show the evolution of a by resting time at different temperatures.
Again, it is observed that up to 20 min resting time, changes in de-flocculation process is
less sensitive to changes in temperatures. But for longer resting times, a increases drasti-
cally. Two reasons can be mentioned for the obtained results. Firstly, due to increase in
temperature and consequently rate of hydration nucleation, the state of flocculation at
longer resting times (above 20 min) is significantly higher than shorter resting time. This
results in a high rate of de-flocculation at very beginning of shear decay under constant
shear rate. Secondly, due to higher rate of hydration at higher temperatures, after 20 min
the irreversible influence of hydration elevates the level of steady state. This accelerates

reaching to equilibrium condition and increases the value of a.
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1.23. Conclusions

e In general, the simplified thixotropic model proposed by Roussel is a reliable and
practical platform to predict and monitor thixotropic behavior of cementitious ma-
terials.

e The simplified model seems to be more accurate for concrete and mortar but in case
of cement paste some modifications based on mix proportion may be needed.

e The flocculation process of cement paste is not linear, especially at short resting

times.
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Increase in DE replacement level to some extent, increases solid volume fraction
and consequently increases initial state of flocculation and rate of flocculation.
However, rate of increase in flocculation evolution decreases by increase in level
of DE replacement level.

If the level of DE replacement level exceeds an optimum level it will decrease
thixotropic properties of cement pastes due to low concentration of cement parti-
cles in cement pastes and negatively affects flocculation process.

For short resting times cement pastes with higher DE content show higher de-
flocculation rate because of their higher state of flocculation caused by colloidal
forces. However, at longer resting times, higher colloidal forces and higher solid
volume fraction compare to cement pastes with less DE content results in stronger
hydration nucleation bonds and consequently lower de-flocculation rate.

Up to 20 min resting time, slight increase in state of flocculation is observed by
increase in temperature. After 20 min, state of flocculation increases significantly
with increase in temperature.

increase in temperature of cement paste gradually changes its structural buildup
pattern at rest, from a convergence trend to a concave trend with increasing slopes.
This change is especially more obvious at temperatures higher than 25 °C and rest-
ing times higher than 20 min.

Up to 20 min resting time, changes in de-flocculation process is less sensitive to

changes in temperatures. But for longer resting times, a increases drastically.
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e Due to higher rate of hydration at higher temperatures, after 20 min the irreversi-
ble influence of hydration elevates the level of steady state. This accelerates

reaching to equilibrium condition and increases the value of a.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

1.24. Conclusions

In this dissertation, influence of water content, diatomaceous earth (DE) replace-
ment level, pressure and temperature on fresh and rheological properties of cement pastes,
specifically their thixotropic behavior, were investigated. For that purpose, first, fresh prop-
erties such as viscosity, yield stress, setting time, bleeding, flowability and heat signature
of cement pastes with w/b ratios of 0.4, 0.5 and 0.6 and diatomaceous earth replacement
levels of 0, 2, 6 and 10% were studied. Then, four simple thixotropic protocols capable of
quantitatively measuring two different aspects of thixotropy, i.e. structural breakdown and
buildup, were suggested. Then, a series of protocols were proposed to quantitatively meas-
ure thixotropic behavior of cementitious pastes. These protocols are intended to give a
more comprehensive and reliable understanding of thixotropic behavior of cementitious
materials. For that purpose, four different thixotropic protocols were proposed. Two pro-
tocols were intended to address the breakdown aspect of thixotropy and the next two pro-
tocols its buildup. Theses protocols were then applied on cement pastes with different water
contents and DE replacement levels and at different pressures and temperatures. The quan-
titative results from these protocols were used to analyze breakdown and buildup, sepa-
rately; and the correlation between these two aspects of thixotropy. Finally, the most com-

mon thixotropic model used for cementitious materials and a simplified version of that
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proposed by Roussel were described. Then, the accuracy of the model was investigated by
fitting it to the actual results obtained by a rheometer. A test procedure was determined and
changes in thixotropic behavior of cement pastes were monitored at various resting times.
Cement pastes with different mix proportion and at different temperatures were investi-
gated. Lastly, a comparison between cement pastes flocculation process at rest from ob-
tained data and model’s predictions were conducted and some modifications were pro-
posed. Based on these studies, the conclusions with regards to the main objectives of this

research can be given as follows:

1.24.1. Influence of DE on fresh properties of cement pastes

Findings of this paper show that using Diatomaceous Earth (DE) as a partial re-
placement for cement has significant influence on fresh and thixotropic properties of ce-
ment pastes. The porous shape and high Blaine surface of DE particles makes this natural
pozzolanic additive of cement pastes to be highly water absorbent. DE can impact fresh
properties of cement pastes as follow:

e Increase in DE content of cement pastes increased the apparent viscosity of cement
pastes with w/b ratios of 0.4, 0.5 and 0.6. It can be due to higher solid volume
fraction of cement pastes with higher DE content which leads to higher inter-parti-
cle interactions.

e Increase in DE content changed the shear behavior of cement pastes from shear
thinning to shear thickening behavior. This change in shear behavior is clearer in
cement pastes with 0.5 and 0.6 w/b ratios.

¢ Increase in DE content decreased flow diameter of cement pastes at all water to

binder ratios.
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e Increase in DE content of cement pastes reduced bleeding rate of cement pastes
with 0.4 w/b ratio.

¢ Increase in DE content shortened both initial and final setting time of cement pastes
at all w/b ratios. DE particles improve water diffusion, increase zeta potential and
accelerate formation of hydration products which lead to shorter setting times.

e Increase in DE content lowers the hydration heat of cement pastes at all water to
binder ratios due to lower cement content of cement pastes.

e Results from isothermal calorimetry show that increase in replacement level of ce-
ment with DE hasten the hydration process in cement pastes with all water to ce-

ment ratios which is in good agreement with results from setting time test.

1.24.2. Influence of DE on thixotropic behavior of cement pastes

e Increase in DE content of cement pastes can decrease the amount of energy required
to breakdown cement pastes structures to their most practically possible defloccu-
lated state (steady state) under certain shear rate but does not significantly change
minimum shear stress needed to initiate their flow (structure breakdown).

e No clear trend of build-up ratio of cement paste with different DE contents was
observed.

o Increase in DE replacement level to some extent, increases solid volume fraction
and consequently increases initial state of flocculation and rate of flocculation.
However, rate of increase in flocculation evolution decreases by increase in level

of DE replacement level.
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o Ifthe level of DE replacement level exceeds an optimum level it will decrease
thixotropic properties of cement pastes due to low concentration of cement parti-
cles in cement pastes and negatively affects flocculation process.

o For short resting times cement pastes with higher DE content show higher de-
flocculation rate because of their higher state of flocculation caused by colloidal
forces. However, at longer resting times, higher colloidal forces and higher solid
volume fraction compare to cement pastes with less DE content results in stronger
hydration nucleation bonds and consequently lower de-flocculation rate.

e No clear correlation between breakdown and build-up aspects of different cement
pastes was observed. Hence, for each cement paste with specific mix proportion
both aspects should be investigated.

1.24.3. Influence of pressure and temperature on thixotropic behavior of cement pastes

e Increase in temperature results in acceleration in hydration and flocculation rate of
cement pastes, which consequently leads to higher static yield stress and build-up
ratio.

e Impact of high pressure up to 20 MPa on thixotropic behavior of cement pastes
with 0.6 w/b ratio is minimal and can be neglected.

e Up to 20 min resting time, slight increase in state of flocculation is observed by
increase in temperature. After 20 min, state of flocculation increases significantly
with increase in temperature.

e increase in temperature of cement paste gradually changes its structural buildup

pattern at rest, from a convergence trend to a concave trend with increasing slopes.
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This change is especially more obvious at temperatures higher than 25 °C and rest-
ing times higher than 20 min.
e Due to higher rate of hydration at higher temperatures, after 20 min the irreversi-
ble influence of hydration elevates the level of steady state. This accelerates
reaching to equilibrium condition and increases the value of a.
1.24.4. Thixotropic model

In general, the simplified thixotropic model proposed by Roussel is a reliable and
practical platform to predict and monitor thixotropic behavior of cementitious materials.
However, the following points should be considered in its application:

e The simplified model seems to be more accurate for concrete and mortar but in case
of cement paste some modifications based on mix proportion may be needed.

e Unlike what model assumes, the flocculation process of cement paste is not linear,
especially at short resting times.

e Increase in temperature of cement paste gradually changes its structural buildup
pattern at rest, from a convergence trend to a concave trend with increasing slopes.
This change is especially more obvious at temperatures higher than 25 °C and rest-
ing times higher than 20 min.

e Up to 20 min resting time, changes in de-flocculation process is less sensitive to
changes in temperatures. But for longer resting times, a increases drastically.

¢ Due to higher rate of hydration at higher temperatures, after 20 min the irreversi-
ble influence of hydration elevates the level of steady state. This accelerates

reaching to equilibrium condition and increases the value of a.
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e Modifications should be considered in applying model to cementitious materials

with temperatures higher than 25°C.

1.25. Future works

Due to importance of thixotropic behavior of cementitious materials on their per-
formance, this work suggests future study on this area. Some future work topics that can
be investigate are as follows:

e This work studied the influence of DE as a partial replacement for cement on thix-
otropic behavior of cement pastes. No chemical admixtures were used. The study
can be extended to a cementitious system with both mineral and chemical admix-
tures used to further investigate the compatibility among different ingredients.

e The focus of this study was solely on thixotropic behavior of cement pastes. How
the addition of fine and coarse aggregates influences these behaviors and the cor-
relation between thixotropic behaviors of cement paste, mortar and concrete can be
investigated.

e This work shows that increase in temperature of cement paste gradually changes its
structural buildup pattern at rest, from a convergence trend to a concave trend with
increasing slopes. This change is especially more obvious at temperatures higher
than 25 °C and resting times longer than 20 min. More focused study on these be-
havioral changes at high temperatures and how to modify thixotropic models to

better represent influence of temperature can be conducted.
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e This work studied thixotropic behavior of cement pastes on macroscopic scale. To
fully understand why these behaviors change the way they do, a microscopic study
on their structure and the correlation between macroscopic and microscopic aspects

of thixotropy seems to be vital.
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