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The flow behavior of concrete is highly impacted by the inherent structure of the 

paste matrix, which in turn is governed by the aggregation mechanisms within the paste 

matrix. Further, the mixing process is an essential process of cement-based materials 

preparation that influences the rheology of cement paste via the microstructure formation 

of cement paste. Due to the difficulty of measuring the rheology of concrete with 

aggregates, cement paste is used to represent the rheology of concrete. Based on literature 

in this area of research [1], it is known that a faster mixing speed is appropriate to simulate 

the condition of the cement paste inside of the concrete mixture during mixing. In 2011, 

the American Society for Testing and Materials (ASTM) published a new standard for 

high-shear mixing of hydraulic cement paste (ASTM C1738, “Standard Practice for High-

shear Mixing of Hydraulic Cement Pastes,” 2011) to provide guidance for preparation of 

cement paste samples for rheological studies in hydraulic cement systems. Despite the 

improvements gained in the implementation of several hydraulic cement paste standards 

for mixing throughout the years, the relationship between the rheology and fresh state 

microstructure of cement paste with different mixing intensities—especially those with a 

very high mixing intensity range is not known yet. Overall, there is a lack of fundamental 
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knowledge about the influence of the applied mixing forces on the internal structure of 

cement paste, the role of the microstructure on the rheological behavior, and microstructure 

formation mechanisms on rheological behavior. The objectives of this research are to (1) 

evaluate the influences of sample preparation on the rheology of cement paste, (2) analyze 

the influence of the mixing intensity on rheological behaviors, (3) characterize the 

microstructure of fresh state cement paste (4) understand the mechanisms of determining 

cement agglomerate size and identify the relationship between the microstructure and 

rheology of fresh state cement paste. In order to accomplish these objectives, rheology 

studies on cement pastes mixed with different mixing intensities were conducted. Based 

on the rheology studies with a high mixing intensity, it was found that increasing the 

mixing intensity does not always result in a reduction in the rheological properties. Rather 

interesting results can occur when a high-range water reducer is incorporated, and possible 

explanations for this unexpected behavior are presented. To prove the reasons for this 

unexpected result, two hypotheses were proposed: (1) If cement paste has increased ionic 

concentration under the high mixing intensity conditions, then the cement flocs are 

aggregated (flocculated), and thus these aggregated cement flocs likely contribute to the 

increased apparent viscosity. (2) If the polycrboxylate-based high-range water reducer 

(HRWR) produces unexpected air bubbles under the high mixing intensity conditions, then 

those air bubbles will have an influence on increasing apparent viscosity. To prove these 

hypotheses, a series of experiments were conducted, and based on the results of these 

experiments microstructural formation mechanisms were suggested to explain the 

unexpected flocculation under the high mixing intensity, and the numerical relationship 

was investigated between the microstructure and rheology properties of fresh state cement 
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paste. In this research, the relationship between microstructural change and rheological 

behaviors of fresh state cement paste were investigated and a better understanding of the 

mechanisms of microstructural formation with various mixing intensity conditions for 

cement-based materials was obtained. 
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CHAPTER 1: INTRODUCTION 

 

1.1 PROBLEM OVERVIEW 

Rheology, the study of flow and the deformation of materials [2], is no longer a 

new idea of research in the area of construction materials, and it represents the most 

appropriate idea to evaluate concrete in its fresh state rather than using workability which 

is more widely used. As the demand increases for the advanced performance of concrete, 

the composites of concrete vary and a higher fluidity of concrete is required to achieve 

better quality in structure and reduce labor in construction. Based on these demands, 

rheology has been an important study to evaluate and predict the performance of concrete 

in a fresh state. Concrete is sometimes considered as a suspension of aggregates in cement 

paste [3], and thus the flow performance of cement paste is regarded as dominant to the 

fluidity of concrete. Furthermore, because of the heterogeneous composites and broad 

particle size range of about 0.1 to 100 micrometers [4,5], measuring the accurate rheology 

properties of concrete is a challenge. Since the cement paste is a relatively uniform system 

with small particle sizes, cement paste has been used to represent the rheology behavior of 

concrete [6].  

Because of the existence of aggregate in the concrete mixture, the cement paste 

experiences a much higher shear rate. Therefore, to study the rheology of concrete with 

cement paste in the laboratory, a much higher mixing energy is necessary to mimic the 

conditions of cement paste in an industrial concrete mixer [1]. ASTM C305 [7] is a well-

known cement paste mixing protocol for laboratories. In this standard, the cement paste is 
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mixed with a 285 rpm Hobart mixer. However, recently published ASTM C1738/C1738M 

[8] protocol designated that one should mix the cement paste at 12000 rpm as the final 

mixing speed1 using a high shear mixer; hence the mixing protocol for this research is 

designed to replicate the 12000 rpm standard used to produce cement paste for the rheology 

study of cement paste in the concrete mixture.  

Based on other research or theoretic examples, this high mixing energy simulates 

conditions in the cement paste of concrete mixtures with aggregates; which affects 

microstructure of cement paste [1,3,9,10]. Generally, as mixing intensity increases, cement 

particles are broken down and dispersed in the suspension [11]. Therefore, this well-

dispersed cement paste system has more fluidity2 as defined by rheology, which is defined 

as the science of deformation and flow of matter as well as lower viscosity [10]. However, 

most previous research does not show the dynamic microstructure with changing 

rheological properties because of the characteristics of cement paste, which is highly 

concentrated and has a high opaque suspension with a changing microstructure based on 

hydration and interactions between cement particles. Because of all these variables, 

previous research has not provided a numerical relationship between microstructure and 

rheology behavior.  

 

                                                 
1 Initial mixing speed is 4000 rpm 
2 Fluidity is defined as the inverse of viscosity 
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1.2 RESEARCH OBJECTIVES 

The overall goal of this research is to identify the relationship between the 

microstructure and rheology of the fresh cement paste mixed with a high mixing intensity. 

To achieve this goal, the following tasks or objectives were established: 

1. Evaluate the influence of different ASTM methods (ASTM C305 

and ASTM C1738) and modified methods of extended mixing time 

on rheological properties and microstructure of fresh sate cement 

paste 

2. Analyze the influence of the mixing intensity on different 

rheological behaviors 

3. Characterize the microstructure of fresh state cement paste mixed 

with high mixing intensity 

4. Understand the mechanisms of cement agglomerate size 

determination and identify the relationship between the 

microstructure and rheology of fresh state cement paste 

 

To accomplish the first objective, each ASTM standard and one-minute and two-

minute extended ASTM protocols were evaluated in the rheology properties with 

microstructural change. The purpose of the extended mixing time was to simulate the 

additional mixing of high performance concrete including various chemical admixtures 

[12] or ready mixed concrete during the delivery. To achieve the second objective, a more 

detailed analysis of the influence of high mixing intensity was prepared. The influence of 

the increased mixing speeds on rheology is shown with the experiments. The third 
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objective was achieved by analyzing the reasons for rheology behaviors of each cement 

paste from a microstructural aspect. The last objective was accomplished by suggesting a 

simple model for microstructure formation with a mixing intensity that numerically 

matched the microstructural information and rheology values. 

  

1.3 STRUCTURE OF THE DISSERTATION 

The dissertation consists of ten chapters. Chapter 1 provides an overview of the 

motivation of the research with its overall goal and objectives. Chapter 2 reviews the 

rheology of cement paste with the rheology parameters to be used for this research and 

concrete rheology and the limitations of concrete rheology. Further, microstructure 

formation of cement paste is reviewed to show its influence on rheology behaviors. In 

Chapter 3, the mixing process of cement paste and the concrete mixture is discussed. In 

Chapter 4, the series of test methods used in the research is reviewed. Chapter 5 observes 

experiments on different ASTM standards on rheology behaviors and microstructures 

which dominate the rheology of cement paste. Based on the findings discussed in Chapter 

5, Chapter 6 shows how the rheology test is conducted with different mixing speeds; from 

these results two hypotheses are established, and Chapter 7 and 8 chronicle experiments to 

prove each hypothesis. Chapter 9 summarizes the results from Chapters 5 through 8 and 

suggests mechanisms for microstructure formation and matches the relationship between 

microstructure and the rheology of cement paste. Finally, in Chapter 10, key conclusions 

and future works are provided.  
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CHAPTER 2: RHEOLOGY OF CEMENT PASTE 

 

2.1 INTRODUCTION 

In this research, all tests were performed with cement paste. For the rheology study 

of cementitious materials, cement paste was chosen because of its simple composition and 

homogeneity compared to mortar, concrete, and other high performance concretes. Several 

researchers have discussed the correlation between rheology properties of cement paste 

and concrete [9,13–18]. However, in this chapter, only the rheology of cement paste is 

discussed except for the differences and limitations of measuring concrete compared to 

measuring cement paste. Furthermore, based on the relationship between microstructure 

and the rheology of fresh state cement paste, the microstructure formation of fresh state 

cement paste is discussed.  

Rheology is the study of the deformation and flow of materials [2,19]. This 

definition of rheology was established in 1929 by E. C. Bingham and M. Reiner based on 

a summary by Doraiswany [20], before the 1929 genesis of rheology; at that time 

researchers studied the ideal behaviors of materials such as rigid solids, pure elastic solids, 

inviscid fluids, and Newtonian liquids. The idea of viscosity was defined by Newton as the 

resistance to flow of an ideal fluid. After that, linear viscoelasticity was defined as a 

situation where if a material is submitted to deformations or stresses small enough so that 

its rheological functions do not depend on the value of the deformation or stress, the 

material is said to be in the linear viscoelasticity range. Viscous liquids were suggested for 

non-Newtonian liquids whereupon many equations were developed to describe the 

behaviors of liquids such as the Bingham model with yield stress and the Herschel-Bulkley 
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model. After 1929, the developing directions were suggesting equations, rheological 

characterization with advanced experiments, characterizing advanced materials, and 

computational rheology.  

For the cementitious materials, the idea of “workability” was used. However, the 

term workability contains many meanings for satisfying the performance of cementitious 

materials before hardening, which include flowability, compactability, stability, 

finishability, and pumpability [2]. However, since there are thousands of conditions of 

fresh state cementitious materials, these can only provide relative ideas of good or bad. 

Normally, these qualitative statements are determined by simple experiments and 

qualitative values such as the V-B time, and flow number, and simple quantitative values 

such as the slump, and compacting factor, etc. Even though the simple test provides the 

numerical information of properties of fresh state cementitious materials, the environment 

influences the test results when the test is performed. Therefore, it is still not enough to 

show the workability of cementitious materials and characterize the behaviors of 

cementitious materials. The rheology test provides strictly defined physical terms. Thus 

each value shows the absolute properties of materials. Because the behaviors in the fresh 

state represent microstructure and the conditions of the materials, it becomes more 

important to characterize the behaviors of fresh state cementitious materials, thus rheology 

is necessary for evaluating their properties and performance. 

 

2.2 RHEOLOGICAL PARAMETERS 

As noted in the previous section, rheology provides needed information in 

rigorously defined terms. To obtain these rheology parameters, the relation between shear 
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rate and shear stress is needed. Similar to the strain and stress of elastic materials, shear 

rate and shear stress are key factors to show the properties of viscous materials. As shown 

in Figure 2.1 [2], if a liquid between two parallel plates experiences applied force on the 

upper plate, the upper plate and liquid is moved with V velocity and the bottom plate does 

not move. Therefore, the degree of movement is expressed with strain, thus strain at each 

height of the liquid is expressed with dγ =  
𝑑𝑋

𝑑𝐻
. Since shear rate is the rate of strain, shear 

rate (�̇�) is expressed as follows: 

 

�̇� =  
𝑑𝛾

𝑑𝑡
=  

𝑑𝑋

𝑑𝐻
×

1

𝑑𝑡
=  

𝑑𝑉

𝑑𝐻
      (2.1) 

 

where, t is time, X, H, and V are moved distance, height of liquid, and velocity of liquid 

by applied force, respectively. 

Therefore, the unit of shear rate is s-1, and similar to Hooke’s law, the relation 

between shear rate and shear stress is expressed as follows: 

 

τ = η
𝑑𝑉

𝑑𝐻
=  𝜂�̇�       (2.2) 

 

where, η is viscosity and this viscosity is proportional to the shear rate for simple liquid 

(Newtonian fluids). Especially, for the Newtonian fluids, the viscosity is expressed with 

μ . 
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Figure 2.1 Definition of shear rate 

 

2.2.1 Rheological Categories 

The materials can be categorized depending on their own behaviors. To evaluate 

the behavior of the materials, observing shear stress at a given shear rate (conversely shear 

rate by shear stress) is a good method. Similar to the relationship between strain and stress, 

the relationship between shear rate and shear stress is demonstrated by a graph and this 

relation is called the flow curve (flow curve will be discussed in the next section). 

Depending on the shape of the flow curve, insight into the behaviors of material is 

provided. Since these behaviors are related to the microstructure of the materials, the shape 

of the flow curve is also related to the microstructure of the material or dynamic 

microstructural development at any given degree of outer stimulation (shear rate). As 

shown in Figure 2.2, depending on the shape of the flow curves, there are different 
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rheological behaviors of materials. For the Newtonian fluid, the viscosity (slope of the flow 

curve) is constant. The materials with constant viscosity are the same as a Newtonian fluid, 

but they have intersections at the y-axis (shear stress) while the Bingham fluid is called 

yield stress. Unlike these behaviors, the materials' changing viscosity depending on the 

applied shear rate are shear-thinning (pseudoplastic), and shear-thickening (dilatant) fluids 

and are contingent on the decreasing or increasing viscosity. Newtonian fluid has a simple 

behavior, and the microstructure is straightforward. Compared to Newtonian fluid, 

Bingham fluid has a certain amount of resistivity toward making the material flow. The 

amount of energy needed to overcome the resistivity of the starting flow is called the yield 

stress. Based on this type of behavior, it is assumed that there are some aggregating or 

interlocking factors to be broken or released to start flow. However, after the material starts 

flowing, the microstructure does not change the shear rate. For shear-thinning and shear-

thickening fluids, it is taken into consideration that the microstructure is responding to the 

applied shear rate. For a shear-thinning fluid, the microstructure is simply released or 

breaks down the aggregation in the microstructure with the increased shear rate. On the 

other hand, the microstructure of shear-thickening fluid responds in the opposite way of 

the shear-thinning, but this is not that common. Additionally, these shear-thinning and 

shear-thickening fluids can have yield stress, so these fluids are called Yield-pseudoplastic 

and Yield-dilatant, respectively. These material behaviors occur regardless of the time 

period during the testing; however, some materials behave differently depending on the 

time period of testing so they are categorized as time-dependent fluids while others are 

time-independent fluids.  
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Within the time-dependent fluids, there are two rheology behaviors: thixotropy and 

rheopexy. Thixotropic fluid shows decreased viscosity and yield stress with an applied 

shear rate. After the shear rate is removed and some time has passed, the viscosity and yield 

stress is restored and decreased again with an additional shear rate. Therefore, thixotropic 

fluid displays reversible changes in rheology properties depending on the applied shear 

rate. Based on the microstructural aspect, a thixotropic fluid has a recoverable 

microstructure system. This system is broken down by an applied shear rate similar to the 

shear-thinning fluid, but unlike the shear-thinning fluid the microstructure is recovered 

after a certain amount of time. Rheopexy fluid behaves in the opposite way of thixotropy. 

Therefore, this fluid's rheology properties increase as shear rate is applied but the rheology 

properties are increased (recovered) after a certain amount of time after the shear rate is 

removed.  

Concrete is regarded as a Bingham material because of the yield stress caused by 

the interlocking of aggregates. However, Larrard et al. [21] reported that the Herschel-

Bulkley model is more suitable for fresh state concrete. In their research, fresh state 

concrete showed yield-dilatant behavior, and they explained the influence of early 

hydration of concrete. Cement paste, a base paste for concrete, is regarded as a Bingham 

and thixotropic material. From the microstructural perspective, cement particles or 

agglomerates are aggregated by the early stage of hydration, and interparticle forces 

produce a colloidal suspension. The yield stress of cement paste occurs with the resistance 

of cement agglomerates against deformation [22]. The irreversible connection among the 

cement particles’ aggregation is known to contribute to the yield stress [22,23]. Thixotropic 

behavior of cement paste can also be explained with the microstructure of cement paste 
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[24,25]. As stated above, fresh state cement paste forms microstructures with aggregation 

that includes irreversible and reversible links [22,23]. For the reversible links, these links 

are broken down by induced-shear forces. Because of the hydration and continuous 

reaction in the cement suspension, the broken down microstructure is rebuilt; therefore, 

thixotropic behavior is observed over a limited time period. The microstructure formation 

of cement paste will be discussed in a later section. 

 

 

Figure 2.2 Categories of rheology behaviors3 

 

2.2.2 Flow curve 

As stated in the former section, flow curve shows the relation between shear stress 

and shear rate. Therefore, to obtain the flow curve of the fresh state cement paste, several 

                                                 
3 “Shear-thinning fluid”, and “Shear-thickening fluid” also can have a yield stress. 
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test methods have been developed and are summarized into two categories: (1) hysteresis 

loop method and (2) equilibrium method [2].  

The hysteresis loop method was used first by Ish-Shalom and Greenberg [26]. They 

increased and decreased rotational speed of the viscometer and obtained torque values as a 

function of the applied rpm. Normally, for the hysteresis loop, increasing the shear rate 

curve shows higher shear stress than decreasing the shear rate curve (see Figure 2.3), so 

there is an area between the up curve and the down curve, and this area expresses the 

thixotropy of the cement paste [27]. Because the shape of the down curve is linear and fits 

well with the Bingham model, the down curve is used to calculate the viscosity and yield 

stress.  

 

 

Figure 2.3 Hysteresis loop flow curve 

 

The equilibrium method is applied to the shear rate for a certain period of time until 

the shear stress reaches equilibrium status, which exhibits no change in the shear stress. 
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This method was suggested by Papo et al.[28,29], and the equilibrium shear stress is the 

minimum shear stress that can be obtained from the applied shear rate. Using the difference 

between the peak shear stress and equilibrium shear stress the thixotropy of the sample is 

measured (see Figure 2.4).  

 

 

Figure 2.4 Equilibrium status 

 

  

Figure 2.5 Equilibrium flow curve 
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The equilibrium flow curve is measured using the equilibrium method since cement 

paste is a thixotropic material. To obtain the actual shear stress at a certain shear rate, the 

equilibrium flow curve is measured by obtaining the equilibrium apparent viscosities 

displayed as a function of applied shear rates (see Figure 2.5). In this method, the most 

important issue is measuring time. As reported by Saak [30], cement paste experiences 

changes in microstructure and the shear stress is increased by approximately 15 minutes 

after mixing.   

 

2.2.3 Viscosity 

The idea of viscosity was started by Newton who defined Newtonian fluids as “the 

resistance of an ideal fluid.” As shown in the flow curve, viscosity is expressed as a flow 

curve slope and expressed as a relation between shear rate and shear stress.  

 

τ =  μ�̇�     (2.3) 

 

where, τ is shear stress, μ is viscosity, especially, for Newtonian fluid, and �̇� is shear 

rate. Since the definition of viscosity is the resistance of fluid to flow, the viscosity of 

suspension is related to the viscosity of fluid surrounding the particles and the volume 

fraction of the particles. Einstein suggested a simple equation for the viscosity of a 

suspension as follows:  

 

η =  𝜂𝑠(1 + 2.5𝜙)     (2.4) 
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where, η is viscosity of suspension, 𝜂𝑠 is the viscosity of the surrounding fluid, and ϕ 

is the volume fraction of the particles. In this equation, there are some limitations (1) the 

surrounding fluid is Newtonian fluid, and (2) the volume fraction is less than 0.03%. The 

Kreiger-Dougherty model suggested a better model for the viscosity of a suspension.  

 

η =  𝜂𝑠 (1 +
𝜙

𝜙𝑚
)

−[𝜂]𝜙𝑚

    (2.5) 

 

where, 𝜙𝑚  is the maximum volume fraction, and [𝜂]  is the intrinsic viscosity. The 

intrinsic viscosity of spheres is approximately 2.7 [31]. Based on these models, the 

viscosity of cement paste is also influenced by the concentration of cement powder; hence, 

a higher water-to-cement ratio creates a lower viscosity.  

Furthermore, in the cement paste, there are more influences that determine viscosity 

such as the packing density regarding a high volume concentration and microstructure 

formation. Since cement paste is a highly concentrated suspension, the interactions 

between particles are important especially since cement particles are not spherical, and the 

geometry is changed by the progress of hydration. Both particle shape and hydration make 

the orientation of hydration products or the degree of aggregation important.  

 

2.2.4 Yield stress 

Normally, yield stress is defined as the minimum stress needed to start flow. 

Therefore, yield stress that is associated with suspension has microstructures in it and is 

expressed by the intersection of the flow curve to the y-axis (shear stress). There are two 

different types of yield stress: dynamic yield stress and static yield stress. Dynamic yield 
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stress is defined as the stress needed to overcome start flow. Therefore, Bingham yield 

stress is a dynamic yield stress. Static yield stress is defined as the stress which makes the 

fluid behave in a nonlinear manner. The viscoelastic material has both yield stresses. 

Therefore, in viscoelastic material, dynamic yield stress is the stress of breaking the 

material structure and making it flow, while static yield stress is the stress at a critical strain. 

Thus, the dynamic yield stress is always lower than static yield stress. The definition of 

critical stress will be discussed in the next section.  

For the Bingham model, yield stress is expressed as an intersecting point with the 

y-axis (shear stress). 

 

τ =  𝜏𝑦 + 𝜂�̇�      (2.6) 

 

From the cement paste system, yield stress (both dynamic and static yield stresses) 

are closely related to the microstructure. Since the yield stress is a kind of starting point of 

flow, yield stress shows the amount of energy needed to break down the aggregated 

microstructure and to overcome the interlocking forces between the various morphologies 

of cement agglomerates while the viscosity is regarded as the energy or resistivity after the 

aggregation is broken down.  

In the practical sense, to measure the “workability” of concrete the slump test is 

performed. This slump test relates to the yield stress value rather than viscosity. The 

collapsed height of the slump is determined by its own weight. Therefore, Murata [32] 

suggests using the separated upper and lower part of the cone for the slump test. Namely, 

the upper part is not flow because the stress is not enough to exceed the yield stress and the 



17 

 

lower part is flow because of the weight of the upper part. On the other hand, Schwalter 

and Christensen [33] suggest that there is no relationship between slump height and the 

shape of the cone, and other researchers support their findings [34–36].  

 

2.2.5 Small Angle Oscillatory Shear 

The Small Angle Oscillatory Shear (SAOS) test is used to characterize the 

microstructure and microstructural development of viscoelastic materials [37]. Because the 

test is performed under the very small frequency and strain area (Linear Viscoelastic 

Range: LVER), the sample is measured when it is resting. The linear viscoelastic region is 

defined by the range of the proportional relationship between deformation and stress. This 

range is typically a very small strain area. For the SAOS test, shear strain is applied to the 

sinusoidal pattern and the responding stress is measured. Since this applied shear strain is 

so small, the particles inside the suspension do not separate and elasticity is not recovered. 

The SAOS test monitors the responding stress by imposing sinusoidal strain and this 

sinusoidal strain is expressed as follows: 

 

γ =  𝛾0 sin(𝜔𝑡)     (2.7) 

 

where, 𝛾𝑜 is the constant small strain amplitude, ω and t is the angular frequency and 

time, respectively. 

For viscoelastic materials, such as cement paste, the resultant stress is separated 

into in-phase with applied shear strain and out-phase with applied shear strain. The in-

phase resultant stress represents the solid-like property of the material and the out-phase 
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resultant stress represents the liquid-like property of the material. Each resultant stress is 

called storage modulus (G’) and loss modulus (G”), respectively (see Figure 2.6). Both 

moduli are expressed as follows: 

 

𝐺′(𝜔) =
𝜏0

𝛾0
𝑐𝑜𝑠𝛿     (2.8) 

 

𝐺"(𝜔) =
𝜏0

𝛾0
𝑠𝑖𝑛𝛿     (2.9) 

 

where, τ0 is resultant stress and δ is angle of delay (phase degree) depending on the 

viscoelastic properties of the samples and it ranges within 0 to 
π

2
.  
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(a) Applied shear strain and resultant stress 

 

(b) In-phase stress and out-phase stress with resultant stress 

Figure 2.6 SAOS test parameters 

 

2.3 RHEOLOGY OF CEMENT PASTE 

Cement paste is relatively simple compared to concrete. Therefore, many 

researchers have used cement paste to study rheology properties instead of concrete 

[3,9,13–18]. The rheology of cement paste is measured by a considerably more sensitive, 

and narrow-gap rheometer. The flow curve is the most well-known method for rheology 
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testing. At a low water-to-cement ratio (w/c), it is known that the flow behavior is a shear-

thinning behavior; while at high w/c ratio, the flow behavior is Newtonian (with yield 

stress) behavior. Therefore, to express the flow behavior of cement paste, the Bingham 

model is widely used. As shown in Equation 2.6, the Bingham model contains yield stress 

(𝜏𝑦) with constant viscosity (η). Additionally, the Herschel-Bulkley (HB) model is used. 

As shown in Equation 2.10, the HB model contains yield stress and is a power-law based 

model for non-linear curves. 

 

τ =  𝜏𝑦 + 𝐾�̇�𝑛      (2.10) 

 

where K, and n are constants.  

Since cement paste does not contain aggregates, microstructural changes in cement 

paste are critical. Because of cement particle hydration and interparticle forces such as a 

colloidal suspension, the microstructure of cement paste experiences various changes 

during the fresh state. Aggregation of cement particles is the most representative change of 

microstructure formation. The aggregation of cement particles occurs from hydration and 

van der Waals forces in the cement suspension. Cement particles experience these types of 

aggregation mostly in the period of fresh state after mixing. (In practice, concrete mixture 

experiences rebuilding and aggregating after placing.) Therefore, the broken down 

aggregation and rebuilding process is expressed through thixotropic behaviors in the 

cement paste [24]. In laboratory conditions, after using the equilibrium status to remove 

the thixotropic behavior of cement paste, stepwise the increased or decreased flow curve 

measurement method is used (see Figure 2.7) [38,39]. 
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Figure 2.7 Obtaining equilibrium shear stress flow curve using stepwise increase and 

decrease in shear rate. 

 

2.4 RHEOLOGY OF CONCRETE 

Therefore, the rheology of concrete is influenced by the components of the mixture. 

Coarse aggregates generally range between 0.95 and 3.81 cm in diameter. Gravel makes 

up most of the coarse aggregate with crushed stone comprising the remainder. When 

crushed stone is used, the aggregate is obtained from nature, which means there are various 
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conditions of aggregate to consider such as shape, size distribution, and moisture content. 

Based on the source of the aggregate, natural river rock and manufactured rock have 

different shapes. The natural river rock is mostly spherical with a smooth surface while the 

manufactured rock is irregular with a rough surface. The irregular shape of manufactured 

rock makes higher interlocking between rocks and more void between rocks to be filled, 

and the irregularity creates a higher friction between the particles and more surface to be 

surrounded by the cement paste. Therefore, the angular shape and rough surface causes 

higher yield stress and viscosity for concrete rheology. Poor grading of aggregates create 

more surface area to be surrounded by cement paste, so viscosity decreases and yield stress 

increases. Especially, for the fine aggregate, particle size distribution is more critical. 

Although the standard suggests using Saturated and Surface Dry (SSD) conditions of 

aggregate, if soaked aggregate is used for the concrete mixture, because of the additional 

water content from the aggregate, viscosity and yield stress is decreased [40,41].  

Even though there are many challenges in investigating a concrete rheometer and 

measure concrete rheology, there are many ways to measure the rheology of concrete. First, 

the “concrete rheometer” is produced. Making a coaxial cylinder type of concrete 

rheometer is very difficult because of the broad range of the particles due to the aggregates 

in concrete mixture. Tattersall [2] developed the first concrete viscometer with three series: 

MK I, MK II, and MK III. These viscometers each have different shapes of impellers and 

are calibrated by comparing experimental data and suggested models [42,43]. Furthermore, 

a BML rheometer with a deeply ribbed coaxial cylinder [44], a IBB rheometer with a 

planetary motion impeller [45], a BTRHEOM rheometer with a parallel plate [46], and a 

ICAR rheometer with a ribbed outer cylinder and vane-shaped impeller have been 
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developed [47]. Without measuring concrete rheology directly, researchers tried to predict 

the rheology of concrete with the rheology of cement paste [3,9,13–18]. Among these 

approaches, one way is to simulate the conditions of cement paste in the concrete mixture 

with aggregate by applying a very high mixing intensity. The basic idea of this method is 

that “the cement paste in the concrete mixture experiences very high mixing intensity 

because of the ball-bearing effect of aggregates in the concrete mixture.” Helmuth et al.[1] 

suggested estimated shear rate on the cement paste under the various conditions of mixing 

and Williams et al. [10] provided different rheology properties of cement paste mixed 

according to the high mixing intensity rather than normally mixed cement paste, and 

compared the rheology properties of cement paste to the cement paste obtained from the 

concrete mixture mixed without fine aggregate. The other way is simply matching the 

rheology properties of cement paste with the rheology properties or workability of 

concrete. Table 2.1 shows a summarized result by Banfill [48] from literature about the 

comparison of the rheology properties of cement paste, mortar, and concrete. 
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Table 2.1 Rheology properties of cement paste, mortar, and concrete (summarized by 

Banfill [48]) 

 
Cement 

paste, grout 
Mortar 

Flowing 

concrete 

Self-

compacting 

concrete 

Concrete 

Yield stress 

(Pa) 
10 – 100 80 – 400 400 50 – 200 500 – 2000 

Plastic 

viscosity 

(Pa.s) 

0.01 – 1 1 – 3 20 20 – 100 50 – 100 

Structural 

breakdown 

Very 

significant 
Present None None None 

 

2.5 MICROSTRUCTURE OF CEMENT PASTE 

As shown in Table 2.1, the rheology of cement paste is influenced by variable 

structural changes. The microstructure of cement paste strongly influences the rheology of 

cement paste. It is well-known that well dispersed cement paste has a higher fluidity (lower 

shear stress in flow curve). Alternately, the aggregate cement microstructure causes a 

higher resistance of flow (viscosity) and needs more energy to start flowing (yield stress). 

Furthermore, the interlocking effects on the microstructure of cement paste will increase 

yield stress in the same way as aggregates in concrete.  

When cement powder comes into contact with the mixing water, ions from the 

cement component are dissolved into the suspension and a chemical reaction begins. 

Among the four main compounds of cement powder, tricalcium aluminate (C3A) and 

dicalcium silicate (C2S) react and form ettringite with calcium sulfate (gypsum), calcium 
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silicate hydrate (C-S-H) and calcium hydroxide (CH). These hydration processes of cement 

components start with the dissolution of ions into the cement suspension. Furthermore, a 

minor amount of alkali ions are also dissolved into the cement suspension. Eventually, 

cement flocs, or agglomerates charged behave as colloidal particles. Because of these 

interactions in the cement paste, cement particles, flocs, or agglomerates are aggregated 

and form microstructures. In this research, based on the mixing process, the “floc” and 

“agglomerate” will be used differently. First, cement floc is the cluster of cement particles 

during the mixing process due to interparticle forces. Cement agglomerate is a cluster of 

flocs after the mixing process. Among the aggregation of cement particles or agglomerates, 

three different terms are used and are sometimes confused: aggregation, coagulation, and 

flocculation as papers and reports often fail to give clear definitions. In this research, these 

three terms are used with different meanings based on the strength of joining. First, 

“aggregation” is a general term of connection. Therefore, any connection of particles are 

expressed as aggregation. “Coagulation” is a relatively stronger aggregation and this 

aggregation is normally produced by cement particle hydration. However, within 

coagulation, there is reversible and irreversible coagulation. Finally, “flocculation” is 

weaker aggregation. Therefore, flocculation is always reversible and mainly produced by 

interparticle forces in the colloidal system. This definition is from Yang et al. [49] which 

uses interparticle potentials (see Figure 2.8). Yang et al. [46] defined Curve A as a stable 

dispersion with a low ionic strength and high surface potential. Curve B is defined as a 

flocculated suspension with moderate ionic concentration and is reversible with conditions 

of potential. Finally, Curve C is a coagulated suspension with critical ionic concentration, 

so it is irreversibly flocculated (coagulated). 
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Figure 2.8 Illustration of interparticle potentials (by Yang, M. et al.[49]) 

 

2.5.1 Hydration of cement paste 

Hydration of cement paste occurs right after the paste is mixed with water.. The 

hydration of the aluminate phases is extremely fast, and this can lead to a premature loss 

of workability. To prevent fast-set by this fast hydration of aluminate phase, gypsum is 

added and calcium sulfate from gypsum reacts with calcium aluminate and produces 

ettringite. Because of the needle-like shape of ettringite, ettringite contributes negatively 

to the workability of the early stage of cement paste. Hydration of C3S and C2S both lead 
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to C-S-H and CH. Especially, hydration of C3S is the most representative for hydration of 

cement, so the rate of heat evolution of C3S (see Figure 2.9) is used to show the hydration 

kinetics of cement paste. In considering the influence of hydration on the rheological 

properties and aggregation mechanisms, Stage I and II of the early stages of the hydration 

are the most important stages as a fresh state. Therefore, most rheology behaviors of fresh 

state cement paste focus on these stages [11,50], specifically, Stage II. During Stage II, the 

overall hydration processes are slowed down, and this period is continued for a few hours. 

Although the mechanisms during this period are not clearly known, there are interactions 

regarding cement particles and agglomerates depending on w/c ratio, chemical 

components, chemical admixture addition, temperature, the pH, and the particle size. 

Depending on these interactions, the microstructure and the rheology behaviors of cement 

paste is determined. The hydration process is influenced by two factors of microstructure 

formation: ionic concentration and hydration products. During the dissolution and 

diffusion of ions, the ionic concentration of the cement suspension is changed and this ionic 

concentration affects interparticle forces, which will be discussed in the next section. 

Hydration products are produced on the surface of the cement particles. However, during 

Stage II, not very many hydration products are produced, thus, less particles are coagulated 

by hydration. Still hydration affects the microstructure formation of cement particles as 

size of particles increase [51] thereby changing the morphology [52] of cement particles 

with hydration products on the surface.  
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Figure 2.9 Hydration kinetic of Portland cement (rate of heat evolution) 

 

2.5.2 Colloidal forces 

Although it is hard to distinguish between colloidal and non-colloidal suspension, 

the role of secondary forces, such as van der Waals forces can serve as a guide because 

these forces govern the behavior of colloids [53]. Typically, colloidal particle size is 

defined as smaller than 10 micron and the large portion of cement particles are 1- 10 micron 

[54]. Based on this particle size, cement particles are regarded as a colloidal particle even 

though not every particle is within the range of colloidal particle size. Furthermore, it is 

good to consider cement paste as a colloidal system because interparticle forces work in 

the suspension system. As a colloidal suspension, three main forces contribute to 

determining the rheology of cement paste: Brownian motion, colloidal forces such as 
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electro static force, van der Waals forces, and hydrodynamic forces [49]. Hydrodynamic 

forces on cement paste play a role during the mixing process which will be discussed in 

the next chapter. Brownian motion plays a role during the resting period after mixing [55]. 

For colloidal forces, as with interparticle forces, the surface charging conditions of 

colloidal particles is the main control factor.  

Colloidal forces are explained with the DLVO theory [56,57]. DLVO theory takes 

into account both repulsive forces and attractive forces due to the charged colloidal 

particles. Therefore, DLVO theory is simply expressed as shown below: 

 

𝑈𝑇𝑜𝑡 = 𝑈𝑅 + 𝑈𝐴     (2.8) 

 

where, 𝑈𝑇𝑜𝑡  is total potential and 𝑈𝑅 , and 𝑈𝐴  are repulsive and attractive potentials, 

respectively. During the hydration process, cement particles are dissolved right after 

contact with the mixing water and ions are provided in the suspension. Depending on the 

ionic concentration, the suspension environment is changed. Charged colloidal particles 

are surrounded by electric double layers. The electric double layer consists of an inner layer 

(stern layer) and outer layer (diffused layer). The potential between these two layers is 

measured with the empirical method and this potential is zeta potential. Zeta potential 

represents the degree of surface changes of the particle. The thickness of the electric double 

layer is determined by the ionic concentration of the suspension. Therefore, when the ionic 

concentration increases, the possibility of flocculation also increases.  

Repulsive forces in colloidal suspension represent an electro static force. The 

repulsive forces are produced by the particles charged with the same pole. For water 
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reduction, molecules adsorbed on the surface of the cement paste also provides repulsive 

forces and disperse cement particles. Attractive forces of the colloidal force are van der 

Waals forces, and these attractive forces occur when the particles are approached. 

  



31 

 

CHAPTER 3: MIXING OF CEMENT PASTE 

 

3.1 INTRODUCTION 

The mixing process is one of the most important processes for determining both 

fresh and hardened state performances of cementitious materials [10,58–62]. Because 

cement paste needs to come into contact with water to start a chemical reaction, the mixing 

process is an essential process of cement-based materials [62]. Furthermore, for modern 

concrete with a heterogeneous system of materials, the mixing process is not only for 

homogenizing the compositions but also determining the rheological properties of fresh 

concrete [63]. From the macro viewpoint, the mixing process makes well-dispersed 

concrete compositions that allows for it to flow well [61]. Therefore, poorly mixed concrete 

displays bad workability or bad quality [58]. From the micro perspective, the mixing 

energy influences the physiochemical properties of the cement paste system and rheology 

behaviors. Many researchers have studied the influence of mixing intensity on the rheology 

behaviors of fresh cement paste [10,52,58], and generally, when the mixing intensity or 

energy is high, the viscosity and yield stress of cement paste decreases [2,10,64]. These 

results are also supported by other research regarding microstructural changes of cement 

paste in regard to flocculation strength [51] or the morphology of hydration products of 

cement paste [52,65,66]. The term “mixing intensity” contains not only the mixing speed, 

but also mixing time [62]. According to the ASTM standard [67], concrete should be mixed 

for approximately eight minutes. However, in practice, ready-mixed concrete undergoes 

additional mixing during transportation from the plant to the construction site. 



32 

 

Additionally, when using chemical admixtures, it is recommended to mix longer for a 

better dispersion of admixtures [12,63].  

As discussed above, all cement-based materials experience mixing forces either in 

the lab or in practical application. Especially, in laboratory conditions, cement paste is 

mixed with a very high mixing intensity to mimic the conditions of cement paste in the 

concrete mixture with aggregates for the rheology study [1,3,10]. Therefore, in this chapter, 

regarding the mixing process for cement-based materials, the effect factors are discussed 

and the mixing processes are described under each concrete and cement paste condition.  

 

3.2 MIXING FORCES 

Most mixing forces on cement paste and cement-based materials are considered to 

be shear forces. The mixing forces which operate as a hydrodynamic forces influence the 

microstructural formation via inducing interaction of each cement particle in the paste 

system. Because of the properties of cement and the charged cement particles, cement paste 

naturally tends to be aggregated (flocculated and coagulated) without any induced forces 

[49]. Basically, the mixing forces break down the cement agglomerates. Therefore, most 

studies [2,58,68,69] reported that when applying mixing energy to cement paste it creates 

a well-dispersed cement paste system with higher hydration due to larger surface area that 

is in contact with the mixing water as well as a more fluid cement paste due to less 

flocculation in the cement particles. Based on this break down of agglomerated cement 

particles, mixing forces contribute to the performance and behavior of cement paste. First, 

mixing forces provide a larger surface area to come into contact with the mixing water. 

Broken down cement particles have more surface area to be wet. Thus more ions from 
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cement particles are dissolved, so it affects the increasing ionic concentration of cement 

suspension. Furthermore, the mixing process directly influences the dissolution of cement 

particles by the detachment and diffusion of atoms from the surface [60,70]. Therefore, the 

mixing process increases the ionic concentration of cement suspension and this change 

dominates the microstructure of cement paste. Although most mixing forces contribute to 

the breakdown of the cement particle system, it also influences the aggregation of cement 

particles. Even Brownian motion with colloidal suspension dominates flocculation and 

breakdown when the cement paste is resting [71]; therefore, mixing forces also contribute 

to conflicts between cement particles [72]. Based on the DLVO theory, two particles that 

are very close experience strong attractive forces. Alternately, they need to be close enough 

to interact with each other. 

 

3.3 MIXING PROCESS ON DISPERSION OF CEMENT PASTE 

3.3.1 Mixing process on concrete 

Based on the ASTM standard (ASTM C192), the concrete mixing process is 

suggested as shown in Figure 3.1. However, in the case of special demand or high 

performance concrete, the mixing protocol is changed by the operator [12]. Furthermore, 

in the ASTM standard, there is no specific mixing speed. Therefore, many studies have 

been conducted on the idea of mixing energy and power consumption for concrete mixing 

[61,62,64]. The main purpose of concrete mixing is to homogenize heterogeneous 

materials in the cement paste; thus, for high performance concrete with finer particles or 

chemical admixtures, additional mixing time is required [12,63]. Based on the idea of 

mixing energy, Mazanec et al. [63] reported on the influence of particle size distribution 
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on the mixing efficiency related to mixing time, and they suggested that an increased 

mixing speed can decrease the mixing time of the high performance concrete. Well-mixed 

concrete means all composites are well-dispersed; however, research concentrates on the 

dispersion of materials-not on the composites’ influence on concrete microstructure [64]. 

Although composites of concrete such as coarse aggregate, fine aggregate, fibers, or 

chemical admixtures influence the performance and fluidity of concrete during and after 

the mixing process, based on the idea that concrete is the suspension of aggregate in the 

cement paste [13,14], the flow behaviors of concrete is considered reasonably related to 

the fluidity of cement paste. Cazacliu and Roquet [64] suggested the process of wetting (or 

dispersing) cement paste in the concrete mixture in six phases for self-consolidating 

concrete (SCC). Based on these phases, during the mixing process, the mixing water is 

squeezed out from the cement agglomerates after the surface of the cement paste is wet 

because of the mixing forces. This process is more accelerated as mixing energy or mixing 

intensity increases, and the aggregates in the concrete mixture contribute to additional 

mixing forces with a ball-bearing effect [2].  

 

 

Figure 3.1 Concrete mixing protocol by ASTM C192 for machine mixing 

Because there are some limitations to measuring rheology of concrete directly, 

many researchers have tried to make a correlation between the rheology of cement paste 

and the rheology of concrete [3,9,13–18]. Among them, some researchers [3,9,13,73] used 
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a high shear mixing based on the higher shear rate of cement paste in the concrete mixture 

with aggregate.  

 

3.3.2 Mixing process on cement paste 

The most well-known mixing protocol of cement paste is the ASTM C305 method 

[7] (see Figure 3.2). Compared to the concrete mixing standard, ASTM C305 designated 

specifications for the mixer (planetary mixer) and mixing speeds because, typically, cement 

paste is mixed in a laboratory for the purpose of experimentation. The components of 

cement paste are very simple: mixing water and cement. Without an aggregate in the 

mixture, the flow behavior of cement paste is dominated by the chemical composites of 

cement powder and the mixing intensity affected by environmental conditions during the 

mixing process such as temperature, moisture content, or pressure. However, cement paste 

experiences a breakdown and dispersion of particles during the mixing process. Both the 

hydrating tendency of cement powder and mixing forces breakdown the cement 

agglomerates and influence and dominate the process of microstructure formation of fresh 

state cement paste and rheology behaviors. Based on the Hattori Izumi model [74] 

(although this model does not contain a breakdown of particles), Wallevik [22,23] 

suggested several different types of links between cement particles based on reversibility 

after breakdown. Additionally, Banfill [48] suggested a structural model for broken down 

cement particles by applying shear forces (mixing) with a hydration membrane caused by 

the hydration of cement powder. Once again, the mixing forces on cement paste play a role 

in breaking down the agglomerated cement system and dispersing the cement particles in 
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the suspension. As a result, the rheology properties, such as plastic viscosity and yield 

stress are decreased and this trend is enhanced with increasing mixing energy. 

 

  

 

Figure 3.2 Cement paste mixing protocol by ASTM C305 
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CHAPTER 4: EXPERIMENTAL TECHNIQUES 

 

4.1 INTRODUCTION 

To achieve the goal of this research, a series of tests was performed for fresh state 

cement paste. The tests performed were categorized into two concentrated issues: 

evaluating the properties of fresh state cement paste and proving microstructural kinetics. 

Evaluation of the properties of fresh state cement paste showed the dynamic changes that 

occur in cement paste, which can affect the properties of mortar or concrete with the 

aggregate. In practice or in the laboratory, there are many methods for the evaluation of 

fresh state cement paste. This research used the rheological approach. Rheology is one of 

the most accurate and reliable sciences offering methods for analysis of fresh state cement 

paste. Using a rheometer, tests were conducted under conditions controlled by computer 

software. In this research, the flow curve test and SAOS test were used for fresh cement 

paste. The flow curve test is the most well-known and fundamental test method using a 

rheometer for fresh cement paste. The SAOS test allows one to observe the structural 

development of cement paste. 

To satisfy a goal of this research, microstructural features of cement paste were 

linked to rheological properties. However, direct observation of the microstructure or 

particle conditions of fresh state cement paste has been difficult in previous research 

because of its low transparency, high volume fraction, and dynamic change due to 

hydration or aggregation of particles. In this research, the Focused Beam Reflectance 

Measurement (FBRM) method was used to observe the particle condition in the cement 

suspension. Furthermore, to explain the microstructural changes of fresh state cement 
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paste, a calorimeter was used to measure the hydration kinetics influenced by the chemical 

environment of the fresh cement paste. 

 

4.2 RHEOMETER 

The rheometer used in this research was Anton Paar MCR 301 (Figure 4.1). As a 

rotational rheometer, it is equipped with a water bath unit (F12-MA, Julabo, Germany) for 

the circulation and control of water temperature during the tests. The Peltier Plate 

temperature control system on the rheometer also kept the temperature constant in the water 

bath unit. For the various rheology tests, the geometries were changed. In this research, the 

smooth-surface coaxial cylinder geometry for the flow curve test and the serrated-top plate 

parallel plate geometry for the SAOS test were used (the detail dimensions of the 

geometries will be explained in Chapter 5). Each geometry contained a solvent trap to 

prevent excessive evaporation of the mixing water during the tests. The rheometer was 

connected to the computer and all the tests were controlled with results plotted by 

computer. The rheometer was re-calibrated every 30 days using the protocol specified in 

the equipment manual [75]. 
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(a) MCR 301 Rheometer (b) Geometries and solvent traps 

Figure 4.1 Anton Paar MCR 301 rheometer 

 

4.2.1 Flow curve 

In this research, to evaluate the properties of fresh state cement paste, the 

equilibrium flow curve was measured. Before the flow curve of the cement paste was 

measured, as a preconditioning step, 0.1 s-1 of pre-shear force was applied for 30 seconds 

and the samples were allowed to rest for 30 seconds. This preconditioning process 

maintained the same conditions of the samples before performing the actual test. During 

the pre-shearing with 0.1 s-1 for 30 seconds, all samples reached equilibrium status. After 

the preconditioning process, the actual flow curve test was conducted. To obtain the 

equilibrium flow curves, shear rates were applied from 50 s-1 to 10 s-1 with 10s-1 inclement. 

For each shear rate to achieve equilibrium status, the shear rate was kept for one minute. 
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Therefore, as shown in Figure 4.2, the total measuring time duration was six minutes. Shear 

stresses were measured and recorded every one second and the last 10 data points were 

chosen and averaged for the equilibrium shear stress. Additionally, based on the 

relationship between shear rate and shear stress at certain shear rate (in this research, 10, 

20, 30, 40, and 50 s-1), apparent viscosity value was calculated with the relationship of 

Equation 4.1.  

  

𝜂𝑎𝑝𝑝 =
𝜏

�̇�
                         (4.1) 

 

where, 𝜂𝑎𝑝𝑝is apparent viscosity. 

 

   

Figure 4.2 Applied shear rate for equilibrium flow curve 
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Using the equilibrium shear stress, the flow curve was obtained. Although the flow 

curve itself provides insight into the flow behaviors of the samples with their shapes, 

further information is available using the rheology model. In this research, because all 

tested materials were cement paste or cement-like paste, the Bingham model and Herschel-

Bulkley model were considered. As explained in Chapter 2, the Bingham model is a linear 

model while the HB model is a nonlinear model and is power-law based. From the Bingham 

model, viscosity and yield stress was calculated. According to the definitions, Bingham 

viscosity was obtained from the slope of the flow curve, and yield stress was obtained from 

the intersection to the y-axis. The calculation of the rheology parameters was performed 

using the computer software.  

 

4.2.2 Small Angle Oscillatory Shear (SAOS) 

To evaluate the microstructure and microstructural development of fresh state 

cement paste, the SAOS test was performed. Because the SAOS test should be conducted 

within the Linear Viscoelastic Region (LVER), tests included frequency and strain sweep 

tests, critical frequency and strain reports. For the testing sample, solid-to-paste ratio by 

volume  (vol. % solid) of 0.45 cement paste including polycarboxylate based HRWR was 

selected, and the applied mixing protocol was the ASTM C305 standard because of the 

lowest Bingham viscosity after the flow curve test. The rheometer setting for determining 

LVER and SAOS test was parallel plate geometry with the serrated upper plate. First, for 

the strain sweep test, the frequency was fixed to 1 Hz and strain values were changed from 

0.001 % to 1% of strain. As shown in Figure 4.3, the critical strain was 0.033, so 0.03 % 

of strain was selected for further tests. For the frequency sweep test, the frequency was 
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changed from 0.1 Hz to 10 Hz with fixed strain of 0.03 %. The frequency sweep test results 

are shown in Figure 4.4, and the critical frequency was 5.6 Hz. Therefore, 1 Hz frequency 

was small enough and the results of the strain sweep test were valid. Based on the test 

results, the SAOS test for all samples was performed with 0.03 % of strain and 1Hz of 

frequency. Storage and loss moduli were obtained and plotted using rheometer software.   

 

 

Figure 4.3 Strain sweep test (0.001 % - 1 % with 1Hz of the fixed frequency): 0.6 % 

was determined as a critical strain 
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Figure 4.4 Frequency sweep test (0.01 Hz – 10 Hz with 0.03 % of the fixed strain): 8 

Hz was determined as a critical frequency 

 

4.3 FOCUSED BEAM REFLECTANCE MEASUREMENT (FBRM) 

The FBRM technique provided the microstructure of a high solid volume 

concentrated suspension with chord length and particle counts on site. The advantage of 

the FBRM technique is that dilution or sampling is not necessary for the test; therefore, it 

is widely used to examine the suspensions of flocculated or crystalized particles in 

hydraulic concrete systems. The main information to be obtained from the FBRM 

technique is chord length, which refers to the time period it takes the high-velocity laser to 

scan from one edge of a particle to the other edge. The FBRM probe immerged in 

suspension emits a highly focused laser into the suspension. During the scanning, when the 

laser intersects with one edge of the particle, the laser is back scattered until the particles 
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are passed by the laser and the time duration of the back scatter is measured. Available 

particle chord length ranges from 1 micron to 1000 microns, and all information is saved 

through the computer program, which shows the results in real-time.  

 

 

Figure 4.5 FBRM probe and measuring chord length 

 

Because the FBRM technique is operated under agitation speeds, the agitation setup 

is necessary and depending on the agitating speeds the obtained information varies. 

Therefore, in this research, a commercial agitator, the Caframo Compact Digital Model 

BDC2002, was installed for stirring with a speed range of 20-2000 rpm. This agitator was 

controlled with 1 rpm inclement. The impeller was customized to a vane shape impeller of 

30 mm height and 15 mm width. Cement paste was filled up to this height of impeller (30 
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mm), therefore, the volume of the cement paste used in this research was about 100 ml. 

For installation of the FBRM probe, normally, the probe accesses the sample from the top. 

However, in this research, because of the high solid volume concentration of the cement 

pastes, the flow congestion occurred between the probe and wall of the beaker. Therefore, 

to minimize the area of the probe inside the suspension, a hole was made in the wall of the 

beaker and a tube was installed to guide and protect the probe (see Figure 4.6). The 

direction of the probe was tilted a little bit to face the direction of the flow. Further, in this 

research, to distribute the mixing of samples, “agitation” is defined as a mixing for FBRM 

test.  

 

 

Figure 4.6 FBRM experimental setup 
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4.4 CALORIMETRY 

The calorimeter provides the information for the hydration kinetics of cement paste. 

The calorimeter used was the isothermal type TAM air model. The operation mechanisms 

of the isothermal calorimeter were kept at a consistent temperature inside of the chamber 

(23°C in this research). Because the reaction of cement hydration is an exothermic reaction, 

the cement paste in the glass bottle increased the temperature of the chamber as hydration 

proceeded. The calorimeter keeps the pre-set temperature and during this process, the 

energy used to decrease the temperature inside the chamber was measured and recorded. 

In this research, the chamber temperature was set to 23 °C, which was the same as the other 

test conditions. To measure the heat of hydration of the cement paste, a calculated amount 

of water was prepared as a reference of temperature change. The amount of reference water 

was determined based on the specific heat of the samples. The samples for calorimetry 

were the vol. % solid ratio of 0.45 cement paste with and without HRWR. Since the specific 

heat of HRWR was ignored, the amount of reference water was calculated with Equation 

4.2; furthermore, 8.01 g of reference water was obtained for the 19.68g test sample. The 

test was performed for 20 hours with.  

 

𝑀𝑟𝑒𝑓 = (
𝐶𝑝𝑎𝑠𝑡𝑒

𝐶𝑟𝑒𝑓
) × 𝑀𝑝𝑎𝑠𝑡𝑒        (4.2) 

 

where, Mref, and Mpaste are mass of reference water and paste, and Cpaste, and Cref refer to 

the specific heat of cement paste and reference water, respectively. The unit of specific 

heat is J/g·°C. 
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4.5 HYDRATION MODELING 

Although a series of test methods provided information about the microstructure, it 

has traditionally been difficult to define the process of microstructure formation. The 

hydration model makes the expectation of a microstructure formation possible. The 

National Institute of Standards and Technology (NIST) suggests to use the CEMHYD3D 

model. The CEMHYD3D model provides information regarding the hydration of cement 

paste, mortar and concrete. Based on the chemical component and particle size distribution 

of cement powder, the hydration process of cement powder and hardened properties are 

expected. The current version of the CEMHYD3D model is 3.0. From the 2.0 version of 

the model, the online database was established to provide cement images (SEM) for 

chemical components with particle size distributions (PSD) to correlate the phases. This 

database was extended to accommodate the 3.0 version. Furthermore, additional types of 

particles were included. The most powerful advantage of this model is that it provides a 

user-friendly interface with the Virtual Cement and Concrete Testing Laboratory 

(eVCCTL) program (downloadable at 

http://www.nist.gov/el/building_materials/evcctl.cfm). The eVCCTL program (see Figure 

4.7) uses the same mechanisms as the CEMHTD3D model and web-based simulation 

program. With this program, materials for virtual mixing can be checked and the properties 

changed. After choosing or changing the information of the materials, mixing factors such 

as water-to-binder ratio, adding aggregates, and conditions of the cement powder are 

controlled. Then, the hydration condition can be controlled. During this step, reaction 

activation energy, curing condition, hydration age, and saturation conditions can be 

designated, and the hydration of cementitious material started. As a result, information 

http://www.nist.gov/el/building_materials/evcctl.cfm
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regarding the hydration process and microstructural change is available with images of the 

microstructure at a pre-set time frame. Finally, after all programs are run, all of the resulting 

information can be downloaded from the program. 

 

 

Figure 4.7 eVCCTL program screen (material information page) 
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CHAPTER 5: INFLUENCE OF DIFFERENT MIXING METHODS 

ON THE, RHEOLOGY, HEAT OF HYDRATION AND 

MICROSTRUCTURE OF CEMENT PASTE  

 

5.1 INTRODUCTION 

ASTM C1738 is a newly introduced standard for preparing cement paste for 

rheological testing in the laboratory. Different from ASTM C305, ASTM C1738 requires 

the use of a high shear mixer. The purpose of using a high shear mixer is to simulate the 

shearing behavior that the cement paste matrix in concrete undergoes during mixing [8]. 

According to previous research [1,3,10,76], cement paste in a concrete mixture experiences 

a much higher shear rate compared to cement paste mixed with the ASTM C305 method 

because of the ball-bearing effect of the aggregates in the concrete mixture. Williams et al. 

[10] showed that the rheological behavior of cement paste differs depending on the mixing 

methods, and they determined that the rheological properties of cement paste in a concrete 

mixture was most similar to a cement paste mixed with the Ross high shear mixer. Also, 

Helmuth et al. [1] estimated the shear rate of cement paste in concrete, and stated that the 

shear rate of cement paste in concrete was most similar to the shear rate experienced by 

cement paste mixed with a Waring BlenderTM  (i.e., a high shear blender similar to that 

specified in ASTM C1738).  

In this chapter, the rheology and microstructure of cement pastes prepared with 

different ASTM standards are evaluated. Furthermore, the influence of extended mixing 

time, which is normally required for high performance concrete [12], on the rheology and 

microstructure of cement paste is also evaluated by modifying the ASTM C1738 protocol. 
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5.2 EXPERIMENTAL PROGRAM 

5.2.1 Materials and mix composition 

The cement used was a commercially available Type I/II cement, conforming to 

ASTM C150 [77]. According to the manufacturer of the cement, the Blaine fineness was 

401 m2/kg, and the initial setting time was 100 minutes. The specific gravity of the cement 

was 3.15 and the oxide composition of the cement (provided from the manufacturer4) is 

shown in Table 5.1. A Type F polycarboxylate High Range Water Reducer (HRWR)5 

conforming to ASTM C494 [78] was also used in select paste mixtures, and further 

information about the HRWR is given in Table 5.2. Deionized water was used for all of 

the pastes. 

 

Table 5.1 Oxide composition of the cement 

Composites SiO2 Al2O3 Fe2O3 CaO MgO SO3 NaOeq 

Amount (% 

by weight) 
20.7 4.50 3.30 65.1 1.40 2.60 0.50 

 

Table 5.2 Properties of HRWR [79] 

Characteristic Form Odor Color 
pH 

value 
Density 

Solid 

concentration 

 liquid mild 
Violet to 

brown 
5 

1.064 (@ 

20 °C) 
29-36% 

                                                 
4 TXI cement (Texas Industries Inc.) 
5 Glenium 7700 (BASF Construction Chemicals) 
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The mixing proportions are shown in Table 5.3. In this research, a neat paste with 

a solid-to-paste ratio by volume (vol. % solid) of 0.45 (i.e., 045) was used as the control 

paste and additional pastes were prepared by modifying that composition. In pastes 

containing HRWR, the dosage of HRWR was fixed at 0.2% by the weight of the cement. 

Unlike the general case of adding chemical admixtures in cement paste, in this research, 

HRWR was replaced to the same volume of mixing water in cement paste samples to 

establish the same vol. % solid. HRWR was replaced and stirred in the mixing water by 

hand before the mixing water was put in the mixer.  

 

Table 5.3 Mixing proportions 

Sample 

name 

vol. % 

solid 
w/c 

HRWR 

included 

Quantity for 1 liter paste (g) 

Cement Water HRWR 

0.39 0.39 0.50 No 1228.500 610.000 - 

0.42 0.42 0.44 No 1323.000 580.000 - 

0.45 0.45 0.39 No 1417.500 550.000 - 

0.45_SP 0.45 0.39 Yes 1417.500 547.336 2.835 

0.47_SP 0.47 0.36 Yes 1480.500 527.217 2.961 

0.50_SP 0.50 0.32 Yes 1575.000 497.039 3.150 
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5.2.2 Mixing protocols 

The pastes were mixed according to ASTM C305 or ASTM C1738 protocols (see 

Figure 5.1) Furthermore, an additional 1 or 2 minutes of mixing time was added to the 

protocols (herein called ASTM C305_1m, ASTM C305_2m, ASTM C1738_1m, and 

ASTM C1738_2m) in order to study the influence of extending the mixing time on the 

samples. For ASTM C305_1m and ASTM C305_2m, the additional time was added after 

a 15-second rest period (see Figure 5.2). However, for ASTM C1738 to keep the same 

mixing time period (4 minutes and 30 seconds), the 150-second rest period of the original 

ASTM C1738 protocol was decreased to 75 and 15 seconds to compensate for the 

additional mixing time of 1 and 2 minutes, respectively (see Figure 5.3). 

 

   

(a) ASTM C305 

   

(b) ASTM C1738 

Figure 5.1 Mixing protocols of original ASTM standards 
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(a) ASTM C305_1m 

 

 

(b) ASTM C305_2m 

Figure 5.2 Mixing protocols of ASTM C305 variations 

 

 

 

(a) ASTM C1738_1m 

 

 

(b) ASTM C1738_2m 

Figure 5.3 Mixing protocols of ASTM C1738 variations 
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For the ASTM C305 series of mixing, a planetary mixer (see Figure 5.4 (a)) was 

used. Since there was no significant change of the temperature after the mixing (see Figure 

5.5 (a)), no special treatment was applied. However, for the ASTM C1738 series of mixing, 

which used a Chandler 3060 high shear mixer (see Figure 5.4 (b)), additional treatments 

were taken to maintain the final temperature of the cement paste at 23 ± 2 °C. The Chandler 

3060 mixer was equipped with a water bath and circulation system to control the 

temperature of the paste during mixing. In order to counteract temperature increases due 

to the high shear mixing, the temperature of the water in the bath unit was set to circulate 

at a temperature of 15 ± 1 °C and the mixing water was also chilled down6 to 15 ± 5 °C 

prior to mixing. The HRWR was added to the mixing water prior to the mixing water being 

introduced into the mixer. With these treatments, the temperature of the cement paste after 

mixing was approximately 24 ± 2 °C. Figure 5.5 (a) and 5.5 (b) shows the temperature of 

the cement paste before and after mixing for the two ASTM protocols (see Appendix A for 

influence of temperature on rheological properties of fresh cement paste).  

 

                                                 
6 The mixing water was stored in refrigerator right before the mixing 
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(a) Planetary mixer paddle and setup (for ASTM C305 series) 

 

 

(b) Chandler high shear mixer blade and setup _ digital control unit and water 

circulation system (for ASTM C1738 series) 

Figure 5.4 Mixers used 
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(a) ASTM C305 series (b) ASTM C1738 series 

Figure 5.5 Temperature of cement paste before and after the mixing for all pastes 

 

5.2.3 Experimental methods 

Flow rheology (Flow curve) test: A concentric cylinder (also called Couette or 

Coaxial) geometry was used for flow curve tests. The concentric cylinder had a smooth 

surface. Additional details regarding the rheometer were provided in Section 4.2. As shown 

in Figure 5.6 (a), the dimension of the inner cylinder was 26.6 mm in diameter and 40 mm 

in height. The outer cylinder was 28.9 mm in diameter and 70 mm in height. The gap 

between the inner and outer cylinder was 2.3 mm, and the gap between the bottom of the 

inner cylinder and the inside of the outer cylinder was 1 mm. During the test, excessive 

evaporation of the sample was prevented with a solvent trap and the temperature was 

controlled to 23 ± 1 °C. The rheological measurement protocol consisted of a pre-shear of 

0.1 s-1 applied for 30 seconds (this time duration was enough to reach equilibrium status). 

After the pre-shearing process, the sample rested for 30 seconds. The flow curves were 



57 

 

obtained by shearing the sample from 50 s-1 to 10 s-1 in increments of 10 s-1. At each step, 

the shear stress was measured for one minute and recorded every one second. Typically, 

one minute of time was enough to achieve equilibrium status, so from the data set, the last 

10 data points of shear stress were gathered and averaged for each shear rate step. With the 

results of the flow curve tests, the plastic viscosity and yield stress values were calculated 

based on the Bingham model.  

Small Angle Oscillatory Shear (SAOS) test: A parallel plate geometry (see Figure 

5.6 (b)) was used. The upper plate had a serrated surface while the lower plate had a smooth 

surface. The shear stress was calculated using torque on the rim. The diameter of the upper 

plate was 50 mm and the gap between upper and lower plate was 1 mm. The measuring 

time was 90 minutes, and during the test, a solvent trap was used to prevent excessive 

evaporation from the sample; the temperature was constant at 23 ± 1 °C. Based on the 100 

minutes of initial setting data from cement properties in Section 5.2.1, 90 minutes of 

observation time is almost similar to initial setting time, thus the consistency change was 

expected and not only rheological properties but also hydration evolution can be reflected. 

The applied strain and frequency within the linear viscoelastic range (LVER) was 0.03 % 

and 1 Hz, respectively. By keeping the strain within the LVER range, the microstructure 

and development of the cement paste microstructure were evaluated without damaging 

their microstructure [37]. It is known that the rheology behavior of cement paste is related 

to the microstructure of fresh state cement paste [11,65,66,69]. The SAOS test was used in 

this work because it provides insight about the structural development of the pastes under 

resting conditions. 
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(a) Coaxial cylinder (for flow curve) (b) Parallel plate (for SAOS) 

Figure 5.6 Schematic of rheometer measurement system geometries: (a) smooth surface 

of cup and bob, and (b) serrated upper plate and smooth lower plate 

 

Mini-slump flow test: Slump flow and slump test are the most popular test methods 

to determine the workability of cementitious materials, and the slump flow value has been 

found to correlate with the yield stress value obtained from rheological measurements [32–

36]. The mini slump flow test is similar to the ASTM C1611 [80] slump flow test, but the 

cone used in the mini slump flow test is smaller in size. The dimension of the mini slump 

cone was 20 mm in diameter at the top and 40 mm in diameter at the bottom with a height 

of 60 mm (see Figure 5.7). The test procedure was to fill half of the cone with paste and 

then to remove entrapped voids by rodding the paste 15 times. This process was repeated 

for the remaining half of the cone. After the cone was filled, the cone was lifted quickly 

and the diameter of the paste was measured by taking two perpendicular axes.  
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Figure 5.7 Schematic diagram of mini-slump cone 

 

FBRM test: The FBRM technique was used to gain insight about the fresh state 

microstructure of the paste. After preparing the pastes according to Section 5.2.2, about 

100 ml of the paste was placed into the container and then subjected to an agitating speed 

of 300 rpm. The 300 rpm agitating speed was determined from the trial tests and performed 

with various agitating speeds for each cement paste samples of various vol. % solid. 

Calorimetry test: After preparing the pastes according to Section 5.2.2, 19.68g (as 

stated in Section 4.4) of the cement paste was placed into the Calorimeter’s insulated 

container and the hydration kinetics were measured using an isothermal type TAM Air 

calorimeter for 20 hours. 

SEM observation: Scanning Electron Microscopy (SEM) was performed to observe 

the microstructure of the fractured surface directly. For the samples preparation, the cement 

pastes mixed with ASTM C305_2m and ASTM C1738_2m were selected and compared 
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after four hours of hydration and seven days of hydration, respectively. For the four hour 

samples, the cement paste was prepared and then cured in a 30 mm x 30 mm SEM mold, 

for four hours. After curing in the mold, the samples were removed from the molds and 

immerged in ethyl alcohol for one day, then stored in the desiccators under vacuum 

conditions until the image was observed. For the seven day samples, the cement pastes 

were cured in the SEM mold for four hours and after removing the sample from the mold, 

they were submerged in a saturated lime solution for the remainder of the curing period. 

Then, the samples were immerged in the ethyl alcohol for one day and stored in the 

desiccators under the vacuum conditions. The samples were fractured using a hammer and 

the fractured surface was observed with a Quanta 650 SEM microscope. 

For all tests in this chapter, selected pastes were evaluated based on the flow curve 

test results. Table 5.4 summarizes the cement pastes used for each test. 
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Table 5.4 Summary of pastes for each evaluation method based on ASTM mixing 

standards 

Property Experimental 

Method 

Samples Evaluated 

Rheology / 

Workability 

Flow curve 

ASTM C305 / ASTM C305_1m / ASTM 

C305_2m / ASTM C1738 / ASTM 

C1738_1m / ASTM C1738_2m of all pastes 

Mini slump flow 
ASTM C305 / ASTM C305_2m / ASTM 

C1738 / ASTM C1738_2m of all pastes 

SAOS 
ASTM C305_2m / ASTM C1738_2m of all 

pastes 

Microstructure 

FBRM 

ASTM C305 / ASTM C305_2m / ASTM 

C1738 / ASTM C1738_2m of 045 and 

045_SP pastes 

SEM 
ASTM C305_2m / ASTM C1738 of 045 

paste 

Hydration 

kinetics 
Calorimetry 

ASTM C305 / ASTM C305_2m / ASTM 

C1738 / ASTM C1738_2m of 045 and 

045_SP pastes 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Flow curves 

As shown in Figure 5.8, the shear stress values and slope of each paste were 

increased as the vol. % solid of the pastes increased when the mixing speed was same. This 

suggests that when the vol. % solid of the cement paste increased, the paste had a higher 

Bingham viscosity. Comparing the two ASTM standards, the pastes not containing HRWR 
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that were prepared using ASTM C1738 generally displayed similar or lower shear stresses 

than their counterparts, which were prepared using ASTM C305 (compare ASTM C305 

and ASTM C1738 pastes in Figures 5.8 (a), (b), and (c)). However, when the mixing time 

was extended, pastes prepared with the modified ASTM C1738 standards (i.e. ASTM 

C1738_1m and ASTM C1738_2m) generally exhibited higher shear stresses than the 

pastes prepared using the original standards of ASTM C1738 or ASTM C305 protocols 

(see Figure 5.8 (b), and (c)); this behavior was shown from the vol. % solid of 0.42. When 

the cement pastes contained HRWR, all pastes prepared with ASTM C1738 and its 

variations showed a higher shear stress at a shear rate 50 s-1 than the pastes prepared with 

ASTM C305 and its variations, and the shear stresses for all shear rate points were 

increased as the mixing time was extended. (see Figure 5.8 (d), (e), and (f)) For the 

influence of HRWR, the ASTM C1738 protocol and extending the mixing time for pastes 

containing HRWR resulted in creating a system in which the rheological properties actually 

increased, and in some cases the change in the sample preparation protocol was strong 

enough to counteract the dispersing effect of the HRWR such that the plasticized pastes 

displayed similar behavior as a non-plasticized paste (for example, compare ASTM 

C1738_2m 045 sample in Figure 5.8 (c) with ASTM C1738_2m 045_SP sample in Figure 

5.8 (d)). In addition, the shape of the flow curves from samples prepared according to 

ASTM C1738_2m and some samples prepared according to ASTM C1738_1m started to 

show slight shear-thinning behavior rather than constant plastic viscosity behavior that was 

seen in ASTM C1738 pastes. This suggests that microstructural change was induced in the 

systems [81,82] due to the higher mixing intensity of ASTM C1738 and its variations. 

Generally, the cement paste mixed with higher mixing intensity (well-mixed) showed 
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better fluidity with lower plastic viscosity and yield stress [10,11,52]. Different from the 

pastes prepared using ASTM C1738, increasing the mixing time on the samples prepared 

using the ASTM C305 standard did not result in any considerable differences between 

these pastes (compare ASTM C305, ASTM C305_1m and ASTM C305_2m pastes in 

Figures 5.8).  

 

  

(a) 039 paste (b) 042 paste 

Figure 5.8 Interaction between sample preparation protocol and paste composition on 

flow curve results (a) vol. % solid = 0.39, (b) vol. % solid = 0.42, (c) vol. % 

solid = 0.45, (d) vol. % solid = 0.45 with HRWR, (e) vol. % solid = 0.47 

with HRWR, and (f) vol. % solid=0.50 with HRWR 
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(c) 045 paste (d) 045_SP paste 

  

(e) 047_SP paste (f) 050_SP paste 

Figure 5.8 Interaction between sample preparation protocol and paste composition on 

flow curve results (a) vol. % solid = 0.39, (b) vol. % solid = 0.42, (c) vol. % 

solid = 0.45, (d) vol. % solid = 0.45 with HRWR, (e) vol. % solid = 0.47 

with HRWR, and (f) vol. % solid=0.50 with HRWR (continued) 

 

Based on the relationship between shear rate and shear stress, apparent viscosity 

values were calculated at 20 s-1 and 50 s-1 (see Figure 5.9). At 20 s-1 the apparent viscosity 

values of the cement pastes prepared with ASTM C305 variations (i.e., ASTM C305, 
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ASTM C305_1m, and ASTM C305_2m) were similar regardless of mixing time. However, 

the cement pastes prepared with ASTM C1738 and its variations (i.e., ASTM C1738_1m, 

and ASTM C1738_2m) showed slightly increased apparent viscosity when the mixing time 

was increased. This increase in apparent viscosity with increasesd mixing time was 

enhanced by including HRWR. The cement pastes without HRWR showed a slight 

decreased apparent viscosity under the ASTM C1738 protocol mixing as opposed to that 

shown under the ASTM C305 protocol and its variations (i.e., ASTM C305_1m, and 

ASTM C305_2m), while the apparent viscosity values were increased by increasing the 

mixing time at the high mixing intensity of the ASTM C1738 protocol. However, the 

cement paste with HRWR showed higher apparent viscosity value under the ASTM C1738 

protocol than the apparent viscosity values under ASTM C305 and its variations. At a shear 

rate of 50 s-1, the general apparent viscosity values were decreased, the trend was same.  
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(a) At 20 s-1 (b) At 50 s-1 

Figure 5.9 Influence of mixing protocol on the apparent viscosities of fresh state cement 

pastes7 (a) determined at 20 s-1 (b) determined at 50 s-1 

Using the Bingham model, the Bingham viscosity and yield stress of the pastes 

were calculated. All the cement pastes, except for the 050_SP paste, prepared with ASTM 

C305 and with the extended versions of the protocol (i.e., ASTM C305_1m, and ASTM 

C305_2m) showed relatively similar viscosities or slightly lower viscosities as the mixing 

time was extended (see Figure 5.10 (a)). However, as shown in Figure 5.10 (b) the Bingham 

viscosity of cement pastes prepared with ASTM C1738 and the extended versions of this 

protocol (i.e., ASTM C1738_1m, and ASTM C1738_2m) showed an increase in Bingham 

viscosity as the mixing time was extended. Furthermore, this increase in Bingham viscosity 

when the mixing time was extended was more amplified in the cement pastes containing 

HRWR (compare the difference between ASTM C1738 045, ASTM C1738_1m 045, and 

ASTM C1738_2m 045 and the difference between ASTM C1738 045_SP, ASTM 

                                                 
7 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown 
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C1738_1m 045_SP, and ASTM C1738_2m 045_SP in Figure 5.10 (b)) and increasing 

vol. % solid (compare 045_SP, 047_SP, and 050_SP for each mixing protocol in Figure 

5.10 (b)). Comparing the influence of the mixing protocols of ASTM C305 and ASTM 

C1738 on the pastes, the cement pastes without HRWR exhibited lower viscosities when 

they were prepared under the higher mixing intensity of ASTM C1738 while the cement 

pastes with HRWR showed increasing Bingham viscosity when the pastes were mixed 

under the ASTM C1738 protocol rather than ASTM C305 protocol. From the yield stress 

result shown in Figure 5.11, it can be seen that preparing the cement pastes using the ASTM 

C7138 protocol (or a variation of this protocol) resulted in increasing the yield stress of the 

paste. However, it was difficult to find a certain trend in yield stress. This may due to the 

errors in calculation of yield stress because of the nonlinear shape of the flow curves.  

 

  

(a) Protocols based on ASTM C305 

mixing 

(b) Protocols based on ASTM C1738 

mixing 

Figure 5.10 Influence of the mixing protocols on Bingham viscosity of fresh state 

cement pastes 
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(a) Protocols based on ASTM C305 

mixing 

(b) Protocols based on ASTM C1738 

mixing 

Figure 5.11 Influence of the mixing protocols and mixing times Bingham yield stress 

of fresh state cement pastes 

 

Since the yield stress data was not reliable, complementary tests were conducted 

using the mini-slump tests for select pastes. When the self-weight of the material was 

higher than yield stress, flow or “slump” occured. It is generally agreed that the 

slump/slump flow of material is inversely related to its yield stress [32,33,35,36,83].  For 

a given mixture composition, an increase in the mini-slump value would indicate that the 

yield stress of the paste had decreased.  

 As shown in Figure 5.12 (a), as the mixing intensity of the sample preparation 

protocol increased, the slump flow value generally increased for pastes that were prepared 

without HRWR. However, for pastes containing HRWR, as the mixing intensity of the 

sample preparation protocol increased, the slump flow generally decreased (see Figure 5.12 
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(b)). This is consistent with the Bingham viscosity results determined using the flow 

rheological tests, and it supports previous results showing that the Bingham viscosity of 

the pastes are influenced by the sample preparation protocol. As expected, increasing the 

vol. % solid of the paste resulted in lower slump flow values regardless of the whether the 

pastes contained HRWR or not.    

 

  

(a) Pastes not containing HRWR (b) Pastes with HRWR 

Figure 5.12 Mini slump flow values for non-plasticized and plasticized pastes at 

different solid-volume concentration ratios8 

 

Based on these experiments, the following trends can be seen:  

1) The ASTM C1738 sample preparation method is more sensitive to an 

extended mixing time. As the mixing time duration is increased, apparent 

                                                 
8 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown. 
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viscosity is increased. This is contradictory to the well-known idea that 

increasing the mixing intensity decreases rheological properties.  

 

2) Increasing the vol. % solid and/or including HRWR increases the apparent 

viscosity under the high mixing intensity of ASTM C1738 and extended 

ASTM C1738 (ASTM C1738_1m, and ASTM C1738_2m). Pastes with a 

vol. % solid greater than 0.45 showed increased apparent viscosity when 

prepared according to the ASTM C1738. Comparing the 045 paste and the 

045_SP paste, the apparent viscosity values of the 045_SP paste prepared 

with the ASTM C1738 protocol exceeded the apparent viscosity values of 

the 045 paste prepared with the ASTM C305 protocol at a shear rate of 20 

s-1 thereby confirming that high mixing intensity of ASTM C1738 protocol 

can affect adversely the dispersing action of some HRWR.  

 

3) Increasing apparent viscosity values with higher mixing intensity protocols 

was also observed with Bingham viscosity. For the cement paste of 

relatively high vol. % solid (over 0.45 in this research) with HRWR showed 

increased Bingham viscosity under the ASTM C1738 protocol and the 

Bingham viscosity was further increased with extended mixing times 

(ASTM C1738_1m and ASTM C1738_2m). In addition, the increasing 

tendency was amplified with higher vol. % solid. 
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4) Yield stress was increased with increased mixing intensity for some cement 

pastes; however, the trend was not clear. Instead of the yield stress data, 

from the mini-slump flow test results, it was shown that the cement pastes 

of high vol. % solid (over 0.45 in this research) with HRWR showed 

decreased flow values under the ASTM C1738 protocol and further 

decreased under the ASTM C1738_2m protocol similar to the Bingham 

viscosity results. 

 

5.3.2 SAOS 

Storage and loss moduli (see Section 2.2.5) of cement paste prepared with 

extended-time sample preparations (i.e., ASTM 1738_2m and ASTM C305_2m) are 

shown in Figure 5.13. As discussed in Section 5.3.1, the extended mixing time of the 

ASTM protocols produced a clear trend of increasing rheological properties such as plastic 

viscosity and mini-slump flow (related with yield stress); thus, these protocols of extended 

mixing time were selected to show their effect on the fresh state microstructure in more 

detail. Regardless of the vol. % solid or whether the paste contained HRWR, the magnitude 

of the storage and loss moduli of cement pastes prepared using the ASTM C1738_2m 

approach was higher than the magnitude of the storage and loss moduli of cement pastes 

prepared using ASTM C305_2m. Further, when the cement paste contained HRWR, the 

difference between the storage modulus of the paste prepared with ASTM C305_2m and 

the storage modulus of the paste prepared with ASTM C1738_2m was increased. (compare 

the difference between red and blue solid lines in Figure 5.13 (a) to the difference between 

red and blue solid lines in Figure 5.13 (b)) These increased differences between the two 
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storage moduli show how the high mixing intensity of ASTM C1738_2m produced more 

flocculated microstructure regardless of whether HRWR was in the cement paste, while 

ASTM C305_2m produced more dispersed microstructure with HRWR. Therefore, the 

high mixing intensity of ASTM C1738 is considered to have compensating or a preventive 

effect against the dispersion effect of HRWR. Furthermore, the storage modulus increased 

faster for the cement paste prepared according to the ASTM C1738_2m protocol than for 

the cement paste prepared with ASTM C305_2m protocol (see Table 5.5). This suggests 

that the microstructural reconstruction is shear-history sensitive and in this research it was 

seen that as the mixing intensity increased so did the rate of microstructural rebuilding. 

Although this kind of microstructural rebuilding has not been reported by many, Lowke et 

al. [84] reported increasing viscosity due to “over mixing.” Cyr, et al. [85] studied shear 

thickening behavior of cement paste with polycarboxylate-based HRWR under various 

conditions. Also, some nano particles have been used to increase the rate of rebuilding in 

the concrete mixture [55,86].    

 

Table 5.5 Rate of change of storage modulus (dG’/dt) of each cement paste 

Time  
ASTM C305_2m ASTM C1738_2m 

045 045_SP 047_SP 050_SP 045 045_SP 047_SP 050_SP 

0 – 30  74 34 74 149 116 175 236 326 

30 – 60 257 94 242 590 744 613 948 963 

60 – 90  1116 250 656 1378 2810 2254 2902 2598 
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(a) 045 

 
(b) 045_SP 

 
(c) 047_SP 

 
(d) 050_SP 

Figure 5.13 Effect of sample preparation protocol on storage and loss moduli for 

different cement pastes. 
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5.3.3 FBRM 

Figures 5.13 and 5.14 display the effect of sample preparation protocol on the 

number of particle counts and average chord measurement for the 045 and 045_SP cement 

pastes, respectively. For the cement pastes without HRWR, regardless of the sample 

preparation protocol used to prepare the paste, this research confirmed a trend towards an 

aggregated condition (exhibited by decreasing particle counts and increasing mean chord 

length) (see Figure 5.14). However, as shown in Figure 5.15, cement pastes containing 

HRWR prepared using ASTM C305 protocol (or a variation of it) displayed constant 

particle conditions over the time of observation. This suggests that fresh state 

microstructure was in a state in which the rate of flocs aggregation and rate of flocs 

disaggregation was in equilibrium. Based on the test, it is considered that HRWR 

contributes to dispersing cement flocs in the suspension, while high mixing conditions of 

ASTM C1738 serves to rebuilding the cement flocs which can overcome the dispersing 

effect of HRWR. Similar to the results of the SAOS test, when samples were prepared 

according to ASTM C1738 and ASTM C1738_2m protocols the dispersing effectiveness 

of the HRWR appears to be hindered (compare storage modulus in Figure 5.13 (a) and (b)). 
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(a) Particle counts per second (b) Mean chord length 

Figure 5.14 Effect of sample preparation protocol on fresh state particle condition for 

045 cement paste 

 

  

  

(a) Particle counts per second (b) Mean chord length 

Figure 5.15 Effect of sample preparation protocol on fresh state particle condition for -

45_SP cement paste 
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5.3.4 Calorimetry 

Figure 5.16 shows the influence of the sample preparation methods on the heat of 

hydration of the cement pastes. For a given paste composition, the heat amount of hydration 

at C3S hydration peak was higher in samples prepared using the ASTM C1738 variation 

protocols versus those prepared using ASTM C305 variation protocols, and the hydration 

kinetics were also accelerated (e.g., compare the solid blue curve with the solid red curve 

and the dash blue curve with the dash red curve in Figure 5.16 (a)). For the slope of the 

heat flow during the acceleration period, an indicator of the rate of hydration products 

formation of cement paste [60], ASTM C1738 and ASTM C1738_2m protocols showed 

steeper slopes than ASTM C305 and ASTM C305_2m. However, within the same paste, 

extended mixing time did not affect the slope of the heat flow during the acceleration period 

(e.g., compare the dash curve with the solid curve of same color in Figure 5.16). The slope 

of the heat flow during the acceleration period increased with the inclusion of HRWR in 

the paste under the ASTM C1738_2m protocol (see Figure 5.17 (b)). Furthermore, as 

shown in Figure 5.17, comparing cement paste containing HRWR (i.e., 045_SP sample) 

and cement paste not containing HRWR (i.e., 045 sample), some delay in hydration 

kinetics (shifting right) was observed in the cement pastes containing HRWR under the 

mixing intensity conditions of ASTM C305 and ASTM C305_2m protocols. This delay of 

hydration in the 045_SP paste is likely due to adsorption of the polymer molecules from 

the polycarboxylate based HRWR onto cement flocs hindering the dissolution of alite and 

delaying the formation of hydration products on the surface of cement particles [87–89]. 

However, interestingly, when cement pastes were mixed with the ASTM C1738 and 
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ASTM C1738_2m methods, the degree of hydration of 045_SP cement paste increased and 

the end of induction period was similar to 045 paste.  

Juilland et al. suggested an accelerated rate of hydration with increased mixing 

intensity with the accelerated hydration of alite [60]. They noted a reduced induction period 

and increasing heat flow slope during the acceleration period in the calorimeter [60]. In 

this research, the accelerated hydration kinetics were observed when the mixing intensity 

(mixing speed and time) was increased. Table 5.6 summarizes the information of 

calorimetry of each cement paste for induction period and acceleration period. Increasing 

mixing speed contributed to a minor reduction of the induction period and to an increase 

in the slope of the heat flow during the acceleration period with increased hydration heat 

amount. Comparing 045 pastes prepared with ASTM C305 and ASTM C1738 protocols, 

ASTM C1738 protocol reduced the induction period by as much as 17 minutes. 

Furthermore, the slope of acceleration period was increased by as much as 0.94 of tangent, 

so the end point of acceleration period (the first peak of the calorimetry curve) was 

accelerated by 66 minutes. At the end of acceleration period, the heat amount of the cement 

paste prepared with ASTM C1738 protocol showed 1.79 J/h/g higher than the cement paste 

prepared with ASTM C305 protocol. However, extending the mixing time contributed to 

minor reduction of the induction period, slope, and the amount of heat at the end of 

acceleration period. Therefore, despite the extended mixing time within ASTM C305 and 

ASTM C305_2m protocols, the differences were very little. Under the high mixing speed 

of ASTM C1738, compared to ASTM C305 mixing speed, the differences were slightly 

increased, so the induction period was decreased by 5 minute, the slope of acceleration 

period was increased 0.53 tangent, and the amount of heat at the end of acceleration period 
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was increased by 0.50 J/h/g. Also the end point of acceleration (the first peak) was 

accelerated by as much as 58 minutes. Although the incorporation of HRWR delayed 

hydration kinetics under the mixing conditions of ASTM C305, ASTM C1738 protocol 

almost compensated the delay and ASTM C1738_2m protocol overcame the delay effect 

of HRWR. In summary, although there are still arguments on the reasons or embedded 

mechanisms of induction period and starting accelerated period of cement hydration 

[90,91], it is considered that the induction period is related with the rate of the ions 

dissolution from cement particles (alite, mainly) [70,92]. Therefore, well dispersed cement 

paste likely shows accelerated hydration kinetics because of larger specific surface to 

provide faster dissolution of ions [60]. Likewise, the higher mixing intensity of ASTM 

C1738 and ASTM C1738_2m protocol was likely to produce very fine cement particles 

(flocs) in the suspension, and the increased rate of dissolution of ions can compensate or 

overcome the delaying effect of HRWR. Meanwhile, the slope of acceleration period is 

related with crystallization of hydration products (CH and C-S-H) [70,93]. Therefore, a 

steeper slope of the acceleration period may suggest that increased CH and C-S-H 

crystallization occurred. However, in this research, the flocculated (see Section 2.5 for 

definition of “flocculation”) microstructure of cement pastes prepared with ASTM C1738 

and its variations are considered different from hydration because other experiments for 

observing this flocculation such as flow curve tests, SAOS test, and FBRM test were 

conducted within the fresh state of the cement paste during the induction period (15, 959, 

and 35 minutes after contacting water for the flow curve test, SAOS, and FBRM tests, 

                                                 
9 Although 95 minutes is almost enough time for initial setting, more developed microstructure was shown 

in early time frame during the test. (see Figure 5.13) 



79 

 

respectively). Even though this steeper slope of accelerating period does not relate to the 

flocculated microstructure, still it can support the higher concentration of ionic 

concentration of the suspension [70,92,94]. 

 

  
(a) 045 pastes (b) 045_SP pastes 

Figure 5.16 Influence of extended mixing time on heat evolution (a) pastes not 

containing HRWR (b) pastes containing HRWR 

 

  
(a) ASTM C305 versus ASTM C1738 (b) ASTM C305_2m versus ASTM 

C1738_2m 

Figure 5.17 Influence of mixing methods on heat evolution on 045 and 045_SP cement 

pastes: comparison of original ASTM methods 
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Table 5.6 Summary of the information of calorimetry for induction period and 

acceleration period: as increased mixing intensity (increasing speed and 

extended mixing time), the end point times were decreased and the slope 

of acceleration period was increased with increased amount of heat at the 

end point of acceleration period 

Pastes Mixing protocols 

Induction 

period 
Acceleration period 

End 

point* 

(min.) 

End 

point* 

(min.) 

Slope 

(tangent) 

Heat at the 

end point 

(J/h/g) 

045 

ASTM C305 83 ± 6 443 ± 13 2.30 ± 0.00 12.43 ± 0.00 

ASTM C305_2m 76 ± 10 421 ± 1 2.43 ± 0.00 12.51 ± 0.03 

ASTM C1738 77 ± 4 393 ± 3 3.24 ± 0.01 14.25 ± 0.03 

ASTM C1738_2m 75 ± 7 340 ± 8 3.80 ± 0.02 14.79 ± 0.07 

045_SP 

ASTM C305 105 ± 12 516 ±15 2.46 ± 0.01 13.25 ± 0.00 

ASTM C305_2m 101 ± 12 511 ± 9 2.64 ± 0.00 13.89 ± 0.01 

ASTM C1738 72 ± 6 353 ± 17 3.90 ± 0.03 16.23 ± 0.16 

ASTM C1738_2m 59 ± 5 297 ±15 4.46 ± 0.01 17.44 ± 0.05 

* The end point was the time after water contact time 

 

5.3.5 SEM 

Previous researchers have observed that the mixing intensity exerted on a cement 

paste sample during sample preparation can result in differences in the microstructure of 
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cement pastes [52,66]. Rößler, et al. [52] examined the orientation of hydration products 

produced with a relatively long mixing time (two hours) and observed that pastes mixed 

for longer periods displayed better fluidity. Vlachou, et al. [65] also examined changing 

microstructure and its influence on improved fluidity of oil well cement slurry with 

additional mixing process during hydration of the slurry. To determine the influence of 

sample preparation technique on microstructure, the vol. % solid of 045 cement pastes 

wasprepared with ASTM C305_2m and ASTM C1738_2m and were examined with a 

SEM. The examination was made on samples collected from cement paste specimens at 

two different ages: 4 hours and 7 days. For the 7-day age, the microstructure of cement 

pastes was filled with more hydration product than the paste sample that underwent the 4-

hour age samples (compare Figures 5.17 and 5.18). However, as shown in the figures, it 

was difficult to identify any differences between the two mixing protocols of ASTM 

C305_2m and ASTM C1738_2m. The former researchers applied longer mixing time 

(Rößler, et al ) or applied additional shear field during the hydration process (Vlachou, et 

al. ) to produce the oriented hydration products. Furthermore, they used a method that froze 

the sample immediately after the mixing. However, in this research, the cement pastes were 

prepared within a normal mixing time (maximum 4 minutes and 30 seconds) and no 

additional mixing occurred during the hydration process. Also, for SEM sample 

preparation, the cement pastes were poured into the mold after the mixing was finished 

without the freezing process. These differences may have resulted in altering any preferred 

orientation that was caused from the mixing process. 
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(a) ASTM C305_2m 

   
(b) ASTM C1738_2m 

Figure 5.18 Microstructure of the fractured surface of 045 cement paste after 4 hours curing 
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(a) ASTM C305_2m 

   
(b) ASTM C1738_2m 

Figure 5.19 Microstructure of the fractured surface on 045 cement paste after 7 days curing 
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5.4 SUMMARY 

In this chapter, the influence of the mixing protocols and the mixing times on the 

rheological properties and the microstructure of fresh state cement paste were evaluated. 

Two different mixing protocols of ASTM C305 and ASTM C1738 were used and two 

variations of extended mixing time were also used to provide insight into the influence of 

mixing intensity. From the flow rheology evaluations, it was seen that when the ASTM 

C1738 protocol was used, an increase in apparent viscosity was seen when the mixing time 

of the protocol was extended; a similar effect was not seen when the cement paste was 

prepared using the ASTM C305 protocol or its variations (ASTM C305_1m, and ASTM 

C305_2m). Furthermore, this increase in apparent viscosity was amplified with increased 

vol. % solid and/or existence of HRWR in cement paste. Therefore, it is considered that 

high mixing intensity of ASTM C1738 protocol can hinder the dispersing action of the 

HRWR. It was also observed that ASTM C1738 and its variations of extended mixing time 

(ASTM C1738_1m, and ASTM C1738_2m) affected the development of early age fresh 

state microstructure. From the SAOS test, the cement paste prepared with ASTM 

C1738_2m protocol showed a higher storage modulus and faster rate of change in the 

storage modulus values than the cement paste prepared with ASTM C305_2m protocol. 

Based on a Focused Beam Reflectance Measurement (FBRM) observation, the cement 

paste with HRWR showed flocculating conditions under both ASTM C1738 and ASTM 

C1738_2m protocol, while ASTM C305 and ASTM C305_2m protocols produced 

equilibrium conditions of cement flocs. Finally from the calorimetry experiments, 

accelerated hydration kinetics were observed when the cement paste was prepared with 

ASTM C1738 protocol versus when the paste was prepared with the ASTM C305 protocol. 
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Extending the mixing time of the ASTM C1738 protocol contributed further to accelerating 

cement hydration, and compensated for the retardation effect of the HRWR on hydration 

of cement paste  

In this chapter, it was seen that the high mixing intensity protocol had a greater 

sensitivity to the mixing time duration. Many factors affect the mixing intensity of a sample 

including mixing speed and mixing time, which are perhaps the most important 

controllable factors. The mixing time was already evaluated under the high mixing 

intensity protocol of ASTM C1738. More detailed research on the effect of mixing speed 

on rheology properties and microstructure of fresh state cement paste will be discussed in 

Chapter 6.   
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CHAPTER 6: ROLE OF MIXING SPEED ON RHEOLOGY OF 

FRESH STATE CEMENT PASTE  

 

6.1 INTRODUCTION 

In Chapter 5, it was found that samples prepared using the ASTM C1738 series 

(ASTM C1738, ASTM C1738_1m and ASTM C1738_2m) displayed higher apparent 

viscosity with higher Bingham viscosities, larger average chord length diameters, and 

lower fluidity levels than samples prepared using the ASTM C305 series. This trend of 

increased apparent viscosity values was amplified when the vol. % solid of the cement 

paste increased and/or when HRWR was incorporated into the paste. In Chapter 5, the final 

speed for the pastes prepared using the designated final speed stated in ASTM C1738, 

which was 12,000 rpm when the standard was published, but has been changed to 10,000 

rpm due to approval of a ballot starting that the 12,000 rpm speed splashes the materials in 

the mixer and thus reduces the efficacy of the mixer [95]. According to the ASTM C1738 

standard, operator can change the final mixing speed to simulate variations in mixing of 

concrete [8]. In this chapter, the role of the final mixing intensity speed on samples 

prepared using a high shear mixer is examined. 

 

6.2 EXPERIMENTAL PROGRAM 

6.2.1 Sample preparations 

All of the tests were performed with cement paste. The cement, HRWR, and mixing 

water were the same as the materials used in Chapter 5. The mix composition of the pastes 
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were the same as those examined in Chapter 5 (see Table 5.3), and the cement pastes were 

mixed with a high shear mixer (Chandler 3060). According to the ASTM C1738 standard, 

cement powder should be introduced while the mixer is operating with mixing water. 

Although a funnel was used in this step, it was still hard to prevent loss of materials due to 

splashing during this stage of mixer operation. Therefore, instead of introducing the cement 

into the mixer while the mixer was operating, the protocol was modified such that the 

cement and water were introduced together and then the lid of the mixer was applied to 

close the mixer prior to operating the mixer. As shown in Figure 6.1, a mixing speed of 

500 rpm was applied initially to homogenize the materials. Although this speed was lower 

than the initial speed of ASTM C1738 (4000 rpm), to evaluate the influence of various 

final mixing speeds only, the initial mixing speed was selected based on it being the lowest 

controllable mixing speed by the high shear mixer. Similar to Chapter 5, the temperature 

of the paste was controlled. A water bath unit was used to circulate cool water (15 ± 1 °C) 

and the mixing water was chilled (15 ± 5 °C) to obtain an appropriate range of temperature 

for the mixed paste10. Using this setup, it was found that the final temperature of the cement 

paste was in the range of 19 - 25°C. From the trial tests, this range of temperature did not 

make significant difference in flow rheology properties of the cement pastes (see Appendix 

A). Depending on the mixing speeds and vol. % solid of cement pastes, the temperature of 

cement paste varied. The distributions of temperature are shown in Figure 6.2. 

 

                                                 
10 The mixing water was chilled with refrigerator, so the temperature was not constant.  
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Figure 6.1 Mixing protocol for Chandler high shear mixer (the final mixing speeds were 

vary: 1000, 2000, 4000, 8000, and 12000 rpm) 

 

  

(a) 039 (b) 042 

Figure 6.2 Temperature changes of the mixing process are shown as they relate to the 

depending on different applied mixing speeds with various pastes 
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(c) 045 (d) 045_SP 

  

(e) 047_SP (f) 050_SP 

Figure 6.2 Temperature changes of the mixing process are shown as they relate to the 

depending on different applied mixing speeds with various pastes 

(continued) 

 

6.2.2 Experimental methods 

The flow curve test and mini-slump test were conducted on the cement pastes to 

examine the fresh state behavior of the samples. The procedures for these tests were 
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previously described in Chapter 5. In the mini-slump flow test, not only were the flow 

diameters measured but also the collapsed height after removing the cone was measured 

(see Figure 6.3).  

 

  

(a) Slump (determined based on the 

collapsed height of the cement paste) 

(b) Slump flow (determined based on the 

average diameter of the paste) 

Figure 6.3 Schematic for determination of (a) slump and (b) slump flow, where øv and 

øh are the diameters of the paste “patty” after the cone has been lifted 

 

6.3 RESULTS AND DISCUSSIONS 

6.3.1 Flow curves 

The general trend of the flow curves was similar to that observed in Chapter 5: With 

a higher vol. % solid and incorporation of HRWR, apparent viscosity values increased as 

the mixing intensity increased. For vol. % solid of 0.39 and 0.42 cement pastes, in general, 

the shear stresses at all shear rate points of flow curves decreased as the mixing speed 
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increased up to 4000 rpm, after which the shear stresses at all shear rate points increased 

as the mixing speed was increased within 8000 and 12000 rpm. Similar behavior was seen 

in the paste with a vol. % solid of 0.45 however, at 12000 rpm this cement paste exhibited 

higher shear stresses than it did at the other four mixing speeds (1000, 2000, 4000, and 

8000 rpm) at all shear rate points . When HRWR was added to the 045 cement paste (i.e., 

045_SP paste) it was seen that the rheological behaviors of the pastes prepared at 1000, 

2000, and 4000 rpm as the final mixing speeds were similar; however, as the final mixing 

speed increased to 8000 rpm the resultant shear stresses at all shear rate points were much 

greater than the shear stresses seen in the case of the pastes prepared using a final mixing 

speed below 4000 rpm. This big increasing of shear stresses was also observed with the 

12000 rpm mixing speed. Similar behavior was seen in the 047_SP pastes. For the 050_SP 

pastes, and for all pastes tested at different mixing speeds, shear stresses at all shear rate 

points were increased as the mixing speed was increased. Namely, as the vol. % solid 

increased, the influence of high mixing intensity on increasing the shear stress became 

more severe and this trend was amplified when HRWR was added to the cement paste.  
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(a) 039 (b) 042 

  
(c) 045 (d) 045_SP 

  
(e) 047_SP (f) 050_SP 

Figure 6.4 Influence of final mixing speed on flow curve behavior of cement pastes (a) 

vol. % solid = 0.39, (b) vol. % solid = 0.42, (c) vol. % solid = 0.45, (d) 

vol. % solid = 0.45 with HRWR, (e) vol. % solid = 0.47 with HRWR, and 

(f) vol. % solid = 0.50 with HRWR 
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Apparent viscosity values were calculated at shear rate of 20 and 50 s-1 based on 

the flow curve data. At a shear rate of 20 s-1, generally, the apparent viscosity values 

decreased, but they increased again when the mixing speed was around 4000 rpm. It is 

suggested that there is a threshold based on the changing relationship between applied 

preparation speed and apparent viscosity values. At a shear rate of 50 s-1, apparent viscosity 

decreased; but then the apparent viscosity values at the shear rate of 20s-1 also continued 

to decrease and increase based on mixing speeds. Apparent viscosity value patterns 

followed a similar course. Similar to the flow curve results, the cement paste including 

HRWR showed more increased apparent viscosity values at high final mixing speeds of 

over 8000 rpm, and 045 paste also showed an increased apparent viscosity at 12000 rpm 

(the final mixing speed) although it did not contain HRWR. Therefore, increasing vol. % 

solid and HRWR is considered to contribute to changing rheological properties at high 

mixing intensity.  
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(a) At 20 s-1 (b) At 50 s-1 

Figure 6.5 Influence of final mixing speed with different pastes on apparent viscosity of 

fresh state cement pastes: The apparent viscosity values were calculated 

based on the flow curve data (shear rate and shear stress)11  

 

Using the Bingham model, the plastic viscosity and yield stress of differently 

prepared cement pastes were calculated. Regarding the shape of the flow curves, some flow 

curves for pastes in which higher apparent viscosities were seen when the mixing speed 

was over some threshold (over 4000 rpm for 042, and 045_SP) displayed shear-thinning 

behavior while the other flow curves showed linear behavior. However, the R2 values of 

all the flow curves were over 0.80 (see Table 6.1), therefore, a linear regression model was 

fitted to the flow curves in order to determine the Bingham parameters.  

 

                                                 
11 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown 
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Table 6.1 Influence of mixing speed on regression coefficient (R2 values) for flow curves 

modeled using the Bingham model. Most flow curves showed linear 

behavior (R2 ≥ 0.9) while 042 paste prepared at 12000 rpm, 045_SP paste 

prepared at 8000 rpm, and 045_SP paste prepared at 12000 rpm showed 

slightly nonlinear behaviors (0.8 ≤ R2 ≤ 0.9) 

 

R2 Pastes (vol. % solid) 

Final Mixing 

speeds  (rpm) 
039 042 045 045_SP 047_SP 050_SP 

1000 0.98 1.00 1.00 1.00 1.00 1.00 

2000 0.99 0.99 1.00 1.00 1.00 0.97 

4000 0.97 0.97 1.00 1.00 0.94 0.98 

8000 0.94 0.92 0.98 0.82 0.93 0.98 

12000 0.95 0.87 0.96 0.87 0.96 0.99 

 

Figure 6.6 displays the effect that the final mixing speed has on the Bingham 

viscosity of the pastes. At all mixing speeds examined in this research, cement paste 

prepared with the low vol. % solid of 0.39 and 0.42 showed decreasing viscosities as the 

final mixing speed increased, however the other cement pastes showed decreasing 

viscosities up until a critical mixing speed (in most cases between 4000- 8000 rpm) after 

which the Bingham viscosity increased as the mixing speed increased. Furthermore, this 

increase in Bingham viscosity with increased mixing speed was observed more clearly 

when the cement paste included HRWR. Therefore, it is assumed that there is a threshold 

between 4000 rpm and 8000 rpm in which microstructural changes are induced in the 

system from the mixing process and that these microstructural changes impact the flow 
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behavior of the system. Figure 6.7 displays the effect that the final mixing speed has on the 

yield stress of the pastes. Different from the Bingham viscosity results, a clear trend was 

not observed. In general, the yield stress of pastes containing an HRWR were more 

sensitive to the final sample preparation mixing speed than the pastes not containing 

HRWR.  

 

 

Figure 6.6 Influence of different mixing speeds on Bingham viscosity of fresh state 

cement pastes: All viscosity values were calculated using the Bingham 

model12 

 

                                                 
12 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown. 
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Figure 6.7 Influence of different mixing speeds with different pastes on yield stress of 

fresh state cement pastes _ all yield stress values were calculated with 

Bingham model except 042 paste prepared at 12000 rpm, 045_SP paste 

prepared at 8000 rpm, and 045_SP paste prepared at 12000 rpm 

(calculated using Casson model).  

 

An index of thixotropy was obtained by calculating the area between the flow 

curves and the pre-shearing curve (recall a pre-shear of 0.1 s-1 was applied prior to 

conducting flow curve (see Figure 6.8)). This area was calculated using the trapezoidal 

method and the results are shown in Figure 6.9. It can be seen that the thixotropy results 

followed a similar trend to the Bingham viscosity results shown in Figure 6.6. For the 

pastes not containing HRWRs, the degrees of thixotropy (for a particular mixture 

proportion) were comparable at all mixing speeds, except for the 045 paste in which the 

thixopropic index increased when the final mixing speed exceeded 4000 rpm. In general 
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for the pastes incorporating the HRWR, the degree of thixotropy increased as the final 

mixing speed increased, with some pastes showing similar behavior as 045 in which the 

thixotropic index increased after a certain threshold mixing speed was reached.  

 

  
Figure 6.8 Schematic illustrating how degree of thixotropy is determined from flow 

curve experiments 

 

 

Figure 6.9 Influence of mixing speeds with different pastes on thixotropy of fresh state 

cement pastes 
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6.3.2 Mini-slump flow 

A mini-slump flow test was performed to provide insight into the fluidity of cement 

pastes (see Figure 6.10). As shown in Figure 6.10, the trend of slump flow and slump were 

similar trends: for the low vol. % solid cement pastes, as mixing speeds increased, slump 

flow values increased up to a mixing speed of 4000 rpm after which the slump flow value 

remained relatively constant. On the other hand, for the high vol. % solid cement pastes, 

the slump flow values decreased with increasing mixing speeds. Comparing 045 and 

045_SP results to see the influence of HRWR on mini slump flow results, the result curve 

of 045 showed increasing slump flow until 4000 rpm of mixing speed and remained 

constant at 8000 and 12000 rpm of mixing speed while the result curve of 045_SP showed 

a decreasing slump flow from the cement paste prepared at 2000 rpm mixing speed. Based 

on previous research, slump is related with yield stress [32–36]. It was difficult to find a 

certain trend with the yield stress results calculated with the Bingham model (see Figure 

6.7), However, from the mini-slump flow tests (see Figure 6.10 (b)), a more reasonable 

trend was shown. Comparing the slump data to yield stress data, the cement pastes 

containing HRWR showed similarly increasing yield stress and decreasing slump using a 

4000 rpm mixing speed and showed increasing and decreasing yield stress and slump, 

respectively, as increasing mixing speed. This suggests that the shape of the flow curve 

changed to nonlinear because of some complex microstructural change caused by high 

mixing intensity, so yield stress could not be calculated while slump data was showing 

representative behavior containing complex microstructural changes.  
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(a) Slump flow values: The minimum 

flow value was 40 mm (diameter of the 

cone) 

(b) Slump values: The maximum slump 

value was 60 mm (height of the cone) 

Figure 6.10 Influence of the mixing speeds on mini-slump flow and mini-slump values 

of fresh state cement pastes13 

 

6.4 ESTABLISHING HYPOTHESES 

According to former research [10,51,52], cement paste mixed with higher mixing 

intensity showed better fluidity (expressed with lower viscosity and yield stress). These 

high fluidity cement pastes were commonly assumed to have good microstructure for flow 

(e.g. well-dispersed [10,11] or oriented hydration products [52]). However, in this research, 

when very high mixing intensity was applied to cement paste, the cement paste showed 

higher apparent viscosity and Bingham viscosity; therefore, it was considered to exhibit 

reduced fluidity14. From the series of experiments in Chapter 5 and Chapter 6, there were 

                                                 
13 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown. 
14 “Fluidity” in this section is a qualitative descriptor of workability and that depends on the application 
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two factors related to this decreasing fluidity: increasing vol. % solid and including HRWR. 

Since the result of “increasing apparent viscosity of cement paste prepared with high 

mixing intensity” conflicts with results from former research, it is necessary to find out the 

reason for this phenomena. Schiessl et al. [84,96] categorized the mixing process by mixing 

time and stated that over mixing was a reason of decreasing fluidity of SCC. However, they 

only stated that increased surface of cement particles caused by longer mixing time 

demanded more water and superplasticizer giving over mixing as a reason for poor fluidity 

without any supporting experiment.  

As defined in Section 2.5 floc is a cluster of cement particles formed during the 

mixing, and agglomerate is a cluster of flocs. When cement powder is introduced in the 

mixer, the cement clusters are broken down by mixing forces and produce a small floc. 

After the mixing, this floc is flocculated by interparticle forces and/or coagulated by 

hydration forces and produce agglomerates. Therefore, in the experiments performed after 

the mixing process, cement agglomerates are tested and sometimes these agglomerates can 

be broken down or rebuild during the tests.  

Based on the results from Chapter 5 and 6, hypotheses have been presented 

indicating that rheological properties are increased by high mixing intensity. These 

properties include apparent viscosity, Bingham viscosity, and thixotropy. Hence, the 

following mechanisms worked to generate two hypotheses: 1) because of a high ionic 

concentration caused by high mixing intensity, cement flocs are flocculated and the 

rheological properties increased and 2) because of high mixing energy, polycarboxylate-

based HRWR included in cement paste causes adverse effect, including producing bubbles. 

Similar to Schiessl et al.’s idea, the first hypothesis explains the general trend that was 
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observed in the rheological behavior of the pastes as the vol. % solid of the pastes 

increased; namely that the rheological materials functions (i.e., plastic viscosity, yield 

stress and thixotropy) also tended to increase as the mixing intensity increased. Under high 

mixing intensity conditions (over 8000 rpm in this research), the cement floc size decreased 

[10,60,84]. Because of the decreased floc size, the specific surface increased [45] and the 

rate of dissolution of ions from the cement floc’s surface increased [60,70]. This can result 

in an increase in the ionic concentration of a cement suspension [70], so the hydration 

kinetic of the cement paste prepared with high mixing intensity accelerated due to the 

increased ionic concentration [60,97], and this is shown in calorimetry results (see Section 

5.3.4 for accelerated hydration kinetics of the cement paste prepared with ASTM C1738 

and ASTM C1738_2m protocols). It must also be noted, that the pore solution’s ionic 

strength affects the electric double layer (and zeta potential) of the flocs; therefore, the 

increased ionic concentration can contribute to shrinking the electric double layer around 

the cement flocs [49,58]; this results in the flocs becoming more easily flocculated 

(forming larger agglomerates) in fresh state cement paste. The first hypothesis is 

summarized in Figure 6.11. The second hypothesis is related to explaining the effects of 

HRWR on increasing the rheological material functions under the influence of high 

intensity mixing. Based on previous research [98], polymer can produce air bubbles in 

suspension, also Wang et al. reported that polycarboxylate based HRWR produced air 

bubbles in cement paste[99]. Furthermore, according to Lange et al.’s research, even 

though most commercial polycarboxylate-based HRWR can produce stable air bubbles in 

concrete mixtures, defoamers are commonly incorporated in order to prevent foaming 

[100]. However, if this defoamer is separated from the polycarboxylate-based HRWR 
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solution the polycarboxylate-based HRWR can produce stable air bubbles in mixtures 

[100]. If the air bubbles produced by polycarboxylate based HRWR remained inside of the 

cement paste, it likely to increase the rheological properties such as plastic viscosity and 

yield stress; likewise, Tattersall, et al.’s report validates the value of increased air content 

and its contribution to increased rheological properties of cement paste because of the 

bridging between air bubbles and cement particles, while the air bubble could decreases 

rheological properties for concrete [2]. 

 

 

Figure 6.11 Schematic drawing of the first hypothesis: high mixing intensity breaks 

down the cement clusters and produces smaller cement flocs. Because of 

the fine cement flocs, ionic concentration of cement paste is increased with 

increased rate of dissolution of ions. Increased ionic concentration makes 

thinner electric double layer; therefore cement flocs are easily 

agglomerated and produces larger agglomerates. 
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6.5 SUMMARY 

In this chapter, the flow curves of cement pastes were obtained to evaluate the 

influence of mixing speed from a high shear mixer on the rheological properties of cement 

pastes. Relatively low mixing speeds of 1000, 2000, and 4000 rpm decreased apparent 

viscosities, while higher mixing speeds of 8000 and 12000 rpm increased apparent 

viscosity. From the test results, the following results were found 

1) High mixing intensity increased apparent viscosity of the flow curves. 

2) With HRWR, the degree of increasing apparent viscosity was increased. 

3) Similar to the apparent viscosity of the flow curve results, Bingham 

viscosity, yield stress, and the thixotropy of the cement pastes were 

increased with increased mixing speed from certain degree of the 

mixing speeds (8000 rpm in this research). 

4) The increasing tendency of the Bingham viscosity and yield stress was 

increased at higher vol. % solid of cement paste. 

Therefore, from these findings, it was clear that the very high mixing energy 

(mixing speed in this case) causes increasing apparent viscosity, and furthermore, the 

phenomena of increasing apparent viscosity with high mixing speed occurred from a 

certain degree of the mixing speed or energy (in this research conditions, from 8000 rpm).  

From the experiment in Chapter 5, the microstructure of fresh state cement paste 

was changed with different mixing protocols: At high mixing intensity of ASTM C1738, 

agglomerated cement microstructure was observed and this cement paste showed 

accelerated hydration kinetics. Therefore, with the findings from this chapter, two 

hypotheses were established: 1) The increased apparent viscosity (and rheological 
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functions) at high mixing intensity is caused by aggregation of cement particles due to an 

increased ionic strength caused byhigh mixing intensity, and 2) the increased apparent 

viscosity (and rheological functions) at high mixing intensity is caused by adverse effect 

of polycarboxylate-based HRWR such as induced air bubbles under the high mixing 

intensity condition. In the next chapter, based on these hypotheses, the results of a series 

of experiments will be presented. For the first hypotheses, microstructure of fresh state 

cement paste will be examined and ionic conditions will be evaluated to show the 

flocculated microstructure and the increased ionic concentration, respectively. For second 

hypotheses, the influence of mixing energy on producing air bubbles in polycarboxylate-

based HRWR suspension will be checked. Based on this result, the influence of this air 

bubbling effect on rheological properties of fresh cement paste will be evaluated.  

  



106 

 

CHAPTER 7: THE FIRST HYPOTHESIS: THE INCREASED 

APPARENT VISCOSITY AT HIGH MIXING INTENSITY IS 

CAUSED BY AGGREGATION OF CEMENT PARTICLES DUE TO 

AN INCREASED IONIC STRENGTH 

 

7.1 INTRODUCTION 

In Chapter 5, it was found that the high mixing intensity of ASTM C1738 protocol 

increased the apparent viscosity of cement paste with an aggregated microstructure. 

Further, in Chapter 6, it was found that there was a threshold mixing intensity at which 

apparent viscosity and rheological functions increased (in this research, between 4000 rpm 

and 8000 rpm). This flocculated microstructure were influenced by the vol. % solid of 

cement paste and HRWR in the cement paste. Therefore, based on the results of Chapters 

5 and 6, two hypotheses were established. In this chapter, the first hypothesis that “The 

increased apparent viscosity at high mixing intensity is caused by aggregation of cement 

particles due to an increased ionic strength caused from high shear mixing” is evaluated.  

When cement powder makes contact with mixing water, from the surface of cement 

particles, ions are dissolved into the suspension [101,102]. The ionic strength due to the 

dissolved ions from the cement flocs, and the size of cement flocs determines whether 

cement flocs are charged and behave as colloidal particles [49]. For some small cement 

particles or flocs, acting as colloidal particles, interparticle forces affect the aggregation 

and breakdown is determined [54,103–105]. Generally, mixing forces break down the 

cement agglomerates and thus provide more surface for the cement powder to come into 

contact with the mixing water [10,101]. Because of this increased specific surface, the 
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dissolution rate of ions is increased and the ionic concentration of suspension is increased 

[70]. Increased ionic concentration causes a thinner electric double layer surrounding the 

cement particles [49], and it causes flocculation to occur more easily. In this research, the 

SAOS test results showed a faster developing microstructure, and the FBRM test results 

directly showed more flocculated cement flocs (larger average chord lengths) for the 

cement pastes prepared with higher mixing intensity protocols (i.e., ASTM C1738, ASTM 

C1738_1m and ASTM C1738_2m). Furthermore, from the calorimetry test results (see 

Figure 5.16), it was seen that the high mixing intensity of ASTM C1738 accelerated 

hydration kinetics more than the ASTM C305 method. Additionally, from the flow 

rheology test results, the flow curve of 045 paste at 12000 rpm increased more than the 

flow curve at 8000 rpm compared to the flow curve of 042 pastes (see Figure 6.4).  

To test the hypothesis that “increasing apparent viscosity (and material functions) 

at high mixing intensity is caused by aggregation of cement particles under the high ionic 

strength produced by enlarged specific surfaces of cement particles by high mixing 

intensity,” tests focused on the microstructure and ionic concentration of cement paste. To 

evaluate the microstructure, the FBRM technique was used and using the data from the 

FBRM technique, flocculation strength was estimated. Also the amount of bleeding was 

measured to evaluate the different microstructure of differently mixed cement pastes. 

Furthermore, to evaluate the ionic concentrations of differently mixed cement pastes, the 

alkali concentration of the pore solution was measured.  
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7.2 EXPERIMENTAL PROGRAM 

7.2.1 Experimental methods 

Consistent with procedures followed in all previous chapters, all tests were 

performed with cement paste. The tests performed focused on two subjects: microstructural 

tests and ionic concentration measurement. For the microstructural tests, focused beam 

reflectance measurement (FBRM) was used to measure the amount of bleeding for 

flocculated cement paste structure. For the ionic concentration measurement, calorimetry 

for hydration kinetics, and the flame photometer test for concentration of alkali were 

performed. Depending on the test, selected pastes were used to represent properties.  

FBRM test: The FBRM technique allows examination of the particle condition in 

suspension under variousagitation speeds [51,106–108]. Therefore, three different 

agitation speeds were used to observe the different particle conditions at each agitation 

speed: 150, 300, and 450 rpm. Using the particle conditions at these three different agitation 

speeds, the flocculation strength was estimated. Based on an approach by Jarvis et al. [109], 

the agitating speeds and particle chord lengths were used to estimate the strength of the 

flocs contained. As shown in the Figure 7.1, mixture “A”’ consists of flocs with the largest 

chord lengths and mixture “C”’ contains flocs with the smallest chord length particles. 

Comparing mixtures “B”, and “C”, mixture “B” has a steeper slope than mixture “C”, and 

thus mixture “B” contains weaker linkages than mixture “C”. Furthermore, in the case of 

mixture “A”, since the slope is less steep than others, the mixture contains the strongest 

linkages. Additionally, mixture “A” contains much stronger agglomerates (see the Section 

2.5 for definitions) than mixtures “A” and “C” because of the size of the particles that 

remained at the high agitating speeds; hence, mixture “A” was larger than those that 
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remained for mixtures “B” and “C”. In this experiment, the maximum agitating speed used 

for the FBRM tests was 450 rpm because over 450 rpm the agitator vibrated severely.  

 

 

Figure 7.1 The concept of estimating flocculation strength of the cement flocs with 

particle conditions and agitating speeds: “A” mixture contains the most 

aggregated particles and the aggregation contains the strongest linkages, 

“B” mixture contains many aggregated particles, but the aggregation is 

contains the weakest linkages. “C” mixture contains the least aggregated 

particles, but the aggregation contains relatively strong linkages.  

 

Bleeding test: The bleeding test was performed to evaluate the stability of paste. 

Bleeding occurs with the migration of the mixing water to the surface because of the lack 
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of capacity to hold liquid in the paste system. Thus, bleeding tests can provide an indication 

of the fresh state microstructural system, and it was reported that the bleeding is decreased 

in dense or flocculated microstructures [110–112].  

The bleeding test was conducted based on the procedure of the concrete bleeding 

test of ASTM C232 [113]. Due to the limitation of the sample amount,15 a container with 

a height of 78 mm and a diameter of 47 mm was used for the tests and the container was 

filled with the sample to a height of 5.5 mm. After filling the container to the desired sample 

height, the container was capped in order to prevent the evaporation of the bleeding water. 

The bleeding water was obtained from the top surface of the cement paste at 40, 70, 100, 

130, 160, and 190 minutes after the water contact, and at each time interval the mass of the 

bleeding water was measured and recorded. 

Calorimetry test: To evaluate the influence of mixing speed on the ionic 

concentration of cement paste, hydration kinetics were measured with a calorimeter. Based 

on previous research, the ionic concentration of cement paste influences hydration kinetics 

such as accelerated or delayed induction period and faster or slower development of 

hydration products [60,92,93,114]. For the chemical reactivity of cement pastes, a 

calorimeter test was conducted for 20 hours. In order to examine the influence of mixing 

intensity on the hydration kinetics and the influence of the mixing speed on the cement 

paste with HRWR, the samples tested were the 045 and 045_SP pastes with various mixing 

speeds. (1000, 2000, 4000, 8000, and 12000 rpm)  

Flame photometry test: The fundamental assumption of the hypothesis was related 

with changing ionic concentration caused by final mixing speed. According to previous 

                                                 
15 The cement paste was mixed for 0.25 liters while ASTM C232 designated for 12.97 liters 
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research, the increased mixing intensity causes a breakdown of the flocs in the cement paste 

system [84,101], and thus, the specific surface of cement particles are increased; this results 

in an increase in the dissolution of ions into the cement suspension [70]. Furthermore, high 

mixing intensity dispatches and diffuses more ions into the suspension and contributes to 

increasing ionic concentration [60,70]. Measuring the concentration of the main types of 

ions (e.g., K+, Na+, Ca2+, SO4
2-, SI4+, Mg2+, Al3+, OH-) in the pore solution of the cement 

suspension with inductively coupled spectrometry (ICP) would be the most accurate 

approach to determining the ionic concentration of the pore solution [49]; however, the 

sample preparation required for ICP measurements is rather laborious and if not done 

correctly can lead to erroneous results. In addition, access to an ICP was limited in this 

research. Thus, the flame photometry test was used as simple way to get an indication of 

the ionic strength since the concentration of alkali ions (Na+, and K+) can be determined. 

Due to the quick dissolution of the soluble alkali compounds, Na+ and K+ are normally 

some of the most dominant ions in the pore solution [115].  

Flame photometry was performed on the pore solution of the cement paste, which 

was extracted using a vacuum pump and a filtered funnel. During this process, 100 g of 

cement paste was used with an additional 25 g of deionized water to wash out the cement 

paste sample. The obtained pore solution was diluted with deionized water to a designated 

concentration for flame photometer analysis. The flame photometer used was a Dual 

Channel Flame Photometer (Model 2655-10) from the Cole-Parmer Instrument Company. 

Table 7.1 summarizes the pastes used in each test. Each test was performed based on its 

own purpose, and thus not every paste was evaluated for every test. 
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Table 7.1 Summary of the pastes selected for each test for the first hypothesis of particle 

flocculation with increased ionic concentration  

Tests 
Samples 

042 045 045_SP 047_SP 

FBRM Yes Yes Yes Yes 

Bleeding   Yes Yes  

Calorimetry  Yes Yes  

Concentration of alkali  Yes   

 

7.3 RESULTS AND DISCUSSIONS 

7.3.1 FBRM 

The cement pastes were prepared and the particle conditions were observed using 

the FBRM technique. The entire results of the FBRM tests for fresh cement pastes 

including chords counts and mean chord length data for each pastes at three different 

agitation speeds (150, 300, and 450 rpm) are shown in Appendix B.  

As the representative particle conditions of all cement pastes (042, 045, 045_SP, 

and 047_SP), the number of chords counted per second data collection at 300 rpm are 

shown in Figure 7.2. Among the three different agitation speeds of 150, 300, and 450 rpm, 

150 and 300 rpm showed a generally similar trend of particle conditions, while 450 rpm 

showed higher agitating energy for particle aggregation. The 450 rpm agitation speed 

influence is illustrated in Figure 7.3. As shown in the figure, all cement pastes, regardless 

the preparation speeds, showed aggregating conditions as decreasing chords counts were 
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observed. Preparation speed results revealed that, 12000 rpm produced the most flocculated 

microstructure for all pastes and 8000 rpm produced the second most flocculated 

microstructure. This is consistent with flow rheology results of higher apparent viscosity 

of the cement paste prepared with 8000 and 12000 rpm mixing speeds. Therefore, this 

suggests that the very high mixing speed of over 8000 rpm used in this research causes 

flocculated microstructure of fresh state cement paste, and this flocculated microstructure 

is the reason for higher apparent viscosity in flow curve test results. 

Figure 7.3 shows the influence of different agitating speeds (300 and 450 rpm) on 

mean chord length of the pastes prepared at different final mixing speeds for 045_SP paste. 

Generally, other pastes showed similar trends of chord length results with mixing speeds 

of 300 and 450 rpm except for 047_SP paste (see Appendix B). Figure 6.4 illustrates the 

different result trend of 047_SP paste at 450 rpm. At 300 rpm, the cement paste prepared 

with 12000 rpm showed the largest (longest) chord length particles (see red dot date in 

Figure 7.3 (a)), while the smallest (shortest) chord length was shown at the beginning of 

the 450 rpm agitation (see red dot data in Figure 7.3 (b)). Similarly, the paste prepared at 

8000 rpm also produced small (short) chord length particles. However, large (long) chord 

length particles were observed at 300 rpm. Furthermore, at 450 rpm of agitation speeds, 

the particle chord length of other cement pastes was longer as lower preparing speed. 

Therefore, these results suggest that although more flocculated microstructures are 

observed in the cement paste prepared with higher mixing speeds of 8000 and 12000 rpm, 

these flocculated microstructures are likely made up of small flocs, and these flocs are 

smaller than the flocs which make up the microstructure of the cement pastes prepared at 

lower final mixing speeds of 1000, 2000, and 4000 rpm. Additionally, the agglomerates 
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which make up the flocculated microstructure of the pastes prepared at higher final mixing 

speeds of 8000 and 12000 rpm can be broken down by 450 rpm of agitating energy; so 

these agglomerates are considered reversible [22,23].  

In Figure 7.4, different chords counts at 450 rpm for 045_SP and 047_SP pastes are 

shown. Comparing two particle conditions of the pastes at 8000 and 12000 rpm, 047_SP 

paste showed more flocculated conditions than 045_SP paste. Furthermore, 045_SP paste 

at 12000 rpm mixing speed showed constant flocculating conditions while 047_SP paste 

at 12000 rpm showed immediate flocculating during 10 minutes of observation and then 

remained constant after the 10 minutes of observation. This relationship was also shown 

between 042 paste and 045 paste (see Appendix B). These results shows higher vol. % 

solid causing more flocculated microstructure of fresh state cement paste and suggests that 

the cement paste with higher vol. % solid likely shows faster flocculation during the early 

observation period. 

  

1) From the FBRM test of cement paste particle conditions, the following 

can be found: High mixing speed (in this research, over 8000 rpm) can 

produce flocculated microstructure (see Figure 7.2).  

2) The flocculated microstructure by high mixing speeds follows the trends 

from the of flow rheology test results; therefore, the increased apparent 

viscosity and Bingham viscosity can be related to flocculated 

microstructure. 
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3) Although the flocculated microstructure contains large agglomerates, 

these large agglomerates were produced by smaller cement flocs. This 

cement flocs become smaller when the mixing speed is faster. 

4) Flocculated microstructure of the cement paste prepared with high 

mixing speeds can be broken down by high agitation speeds of 450 rpm. 

Therefore, the flocculated microstructure is made up of reversible 

agglomerates [22,23]. 

5) Higher vol. % solid of cement paste has more flocculated microstructure 

under the higher mixing speeds. (in this research over 8000 rpm) 
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(a) 042 paste (b) 045 paste 

  

(d) 045_SP paste (e) 047_SP paste 

Figure 7.2 Effect of final mixing speed on number of chords counted per second of 

cement paste prepared at 300 rpm of agitation speed 
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(a) 300 rpm (b) 450 rpm 

Figure 7.3 Influence of agitation speed on mean chord length of 045_SP pastes prepared 

at different final mixing speeds   

 

  

(a) 045_SP paste (b) 047_SP paste 

Figure 7.4 Effect of different vol. % solid on particle chords counts per second prepared 

at 450 rpm of agitation speed 
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In this research, coagulation is taken as aggregation that is irreversible (i.e., two or 

more aggregated cement particles which cannot be separated.) Therefore, the agglomerates 

observed from FBRM test results were considered as a reversible because the agglomerates 

were broken at 450 rpm. Using the chord length from the FBRM test results, the 

flocculation strength16 was estimated based on the slope of the relation between agitation 

speeds and chord length data obtained from FBRM test results. The flocculation strength 

was determined based on the slope: A steeper slope was considered as a weaker 

flocculation. As shown in Figure 7.5, particle chord length at each agitating speed was 

plotted, and these plots enables one to get an indication of the flocculation strength of the 

pastes from the slope of the curves. Comparing the pastes, the particle chord length values 

at 450 rpm were different. As shown in Figure 7.7, flocculation strengths decreased as the 

mixing speed increased for the 045, 045_SP, and 047_SP pastes. Interestingly, for the 045 

paste the flocculation strength was relatively constant. Based on these difference, it is 

considered that 045 paste contains different types of agglomerates stronger than the 

agglomerates in 042, 045_SP, and 047_SP pastes. Figure 6.6 illustrates the stronger 

aggregation of 045 pastes over the other three pastes as relating to a higher apparent 

viscosity. From the FBRM tests, it was found that as mixing intensity increased, the cement 

agglomerate size increased, but based on this result, the flocculation strength of the 

agglomerates which made up the microstructure of the cement pastes prepared at higher 

final mixing speeds (in this research, over 8000 rpm) were weaker than the agglomerates 

when the cement pastes were prepared at lower final mixing speeds (less than 4000 rpm, 

                                                 
16 In this research, the focused aggregation type was reversible aggregation; therefore, the “flocculation” 

was used. 
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in this research). Agglomerates were weak. This suggests that the flocculation of the 

cement paste prepared with high mixing intensity occurred not because of hydration or 

irreversible aggregation, but because of weak linkages such as interparticle forces [22,23]. 

Additionally, although it was shown that the cement paste mixed with high mixing intensity 

had an aggregated microstructure, the individual agglomerates were made up of smaller 

flocs than the flocs of the agglomerates formed by lower final mixing speeds (see Figure 

7.3). Therefore, it is clear that the higher final mixing speed decreased the floc size in 

cement paste during the mixing process and after the mixing process the broken down flocs 

were able to aggregate with weak linkages and form large agglomerates. This aggregation, 

however, was reversible and enabled small particles from a breakdown to be dispersed; 

this dispersion was likely achieved by high mixing intensity and/or influence of HRWR. 

In addition, higher vol. % solid provided a stronger flocculating tendency in fresh state 

cement paste.  
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(a) 042 (b) 045 

  

(c) 045_SP (d) 047_SP 

Figure 7.5 Relationship between agitating speed, mean chord length, and final mixing 

speed for various pastes. Slope of line indicates flocculation strength 
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Figure 7.6 Estimated flocculation strengths in different pastes prepared at different final 

mixing speeds: Slope of line indicates flocculation strength. Steeper slope 

(higher value) represented lower flocculation strength (in Figure 7.5), the 

flocculation strength was changed to negative (multiplied -1) to show the 

higher values as a higher flocculation strength.  

 

7.3.2 Bleeding 

As shown in Figure 7.7, as the amount of bleed water collected from the 045 paste 

decreased as the mixing intensity increased. This was especially the case for, the cement 

paste mixed with 12000 rpm, and it displayed less amount of bleeding water than other 

cement pastes. This corresponds to trends reported in Chapter 6 pertaining to the flow curve 

test results (see Section 6.3.1 and Figure 6.4 (c)) in which apparent viscosity increased at 

12000 rpm. Bleeding is related to the microstructure of cement paste. Unstable 
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microstructure (separation of microstructure) causes higher amount of bleeding because of 

migration of composites: This translates to an upward migration of water in the case of 

cement paste [112]. Therefore, the decreased amount of bleeding at 12000 rpm suggests 

that there was an aggregation in the microstructure of the cement paste prepared at 12000 

rpm which is the final mixing speed. Based on the results from the FBRM this may be 

attributed to the greater degree of flocculation. For the cement paste including HRWR, the 

amount of bleed water increased with decreasing final mixing speeds. (see Figure 7.8)  

Comparing Figure 7.8 with Figure 7.7, it can be seen that the range of the observed 

bleeding water from 045_SP paste was wider than the 045 paste. This suggests that at the 

lower final mixing speeds of 1000, and 2000 rpm examined in this research scope, the 

microstructure of 045_SP paste is more dispersed and less flocculated in structure, while a 

higher mixing intensity of 8000 rpm and 12000 rpm induces more flocculated structures 

than the same final mixing speeds used in 045 pastes.   
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Figure 7.7 Influence of final mixing speed on the amount of bleed water (0.45 cement 

paste 

 

 
Figure 7.8 Influence of final mixing speed on the amount of bleed water (045_SP 

cement paste)17 

                                                 
17 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown. 
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7.3.3 Calorimetry 

Figure 7.9 shows the rate of heat evolutions in each paste. Generally, as the final  

mixing speed increased, the hydration curve was shifted left: accelerated hydration kinetics 

were observed (see Table 7.2 and Table 7.3 which contains information on the time at 

which the induction period and acceleration period ended, respectively and Table 7.4 for 

the slope of heat of hydration curve during the acceleration period). Based on Juilland et 

al.’s study [60], the mixing can decrease the thickness of the diffuse electrical layer; 

therefore it increases dissolution rate of ions form cement particles and causes reduction of 

induction period (see Table 7.3). Furthermore, they indicated with simulation study that 

because of the mechanical action of mixing, the density of C-S-H nuclei was increased; so 

it caused a decrease in the time needed to reach the maximum peak (i.e., end of acceleration 

period) with increased slope of the acceleration period (see Table 7.4) Coupling the FBRM 

test results of Section 7.3.1 with the results obtained from this phase of the research, it is 

considered that the high mixing speed breaks down the cement flocs and increases the 

specific surface. Because of this increased specific surface, the rate of dissolution of ions 

is regarded to increase, and this likely contributes to accelerating the hydration of cement 

paste. Furthermore, similar to the results of the ASTM protocols in Chapter 5, it was also 

seen that increasing the mixing intensity of the 045_SP paste compensated for the 

retardation effect that the HRWR had on the pastes. As shown in Figure 7.10, as the mixing 

speed increased, the hydration delay of the cement paste with HRWR (i.e., 045_SP) was 

reduced and finally at 12000 rpm of mixing speed, an almost similar induction period and 

end of acceleration period were achieved.  
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(a) 045 (b) 045_SP 

Figure 7.9 Rate of heat evolutions for cement pastes prepared at different final mixing 

speeds 

 

   
1000 rpm 4000 rpm 12000 rpm 

Figure 7.10 Comparison of hydration kinetics based on the mixing speeds for 045 and 

045_SP: As the mixing speed increased, hydration was accelerated and 

the delay effect of HRWR was compensated at very high mixing speed 

(12000 rpm) 
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Table 7.2 Influence of mixing speed on the end of induction period18 of cement paste 

Pastes 
Mixing speeds 

1000 rpm 2000 rpm 4000 rpm 8000 rpm 12000 rpm 

045 78 ± 4 min. 72 ± 4 min. 67 ± 5 min. 64 ± 3 min. 63 ± 3 min. 

045_SP 87 ± 3 min. 83 ± 3 min. 78 ± 5 min. 74 ± 2 min. 69 ± 5 min. 

 

Table 7.3 Influence of mixing speed on the end of acceleration period19 of cement paste 

Pastes 
Mixing speeds 

1000 rpm 2000 rpm 4000 rpm 8000 rpm 12000 rpm 

045 398 ± 2 min. 413 ± 0 min. 391 ± 0 min. 339 ± 1 min. 334 ± 0 min. 

045_SP 455 ± 1 min. 455 ± 0 min. 428 ± 0 min. 377 ± 7 min. 331 ± 0 min. 

 

Table 7.4 Influence of mixing speed on the slope of acceleration period of cement paste 

(slope = tangent) 

Pastes 
Mixing speeds 

1000 rpm 2000 rpm 4000 rpm 8000 rpm 12000 rpm 

045 2.72 ± 0.00 2.80 ± 0.02 2.97 ± 0.00 3.40 ± 0.00 3.71 ± 0.01 

045_SP 2.57 ± 0.18 2.81 ± 0.16 3.27 ± 0.01 3.95 ± 0.00 4.40 ± 0.03 

                                                 
18 All time periods are showing the time after contact water 
19 All time periods are showing the time after contact water 
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7.3.4 Flame photometry 

The fundamental assumption of the first hypothesis is that the ionic concentration 

of the pastes was affected by the mixing speed, specifically an increase in ionic 

concentration occurred from increasing the mixing speed. To test this assumption, the 

concentration of alkali was measured and used as an indicator of the ionic concentration of 

the pastes. The samples were prepared at least three times independently. As shown in 

Figure 7.11, the concentration of potassium and sodium ions were the greatest in the sample 

prepared at 12000 rpm versus those of the other two cement paste samples that were 

prepared at the lower preparation mixing speeds of 1000 and 4000 rpm). Additionally, as 

shown in Figure 7.12, the equivalent alkali values showed same result with higher alkali 

concentration of potassium and sodium ions. Therefore, although the ionic concentration 

was not measured directly, the ionic concentration of the cement paste prepared with a 

mixing speed of 12000 rpm was higher than other cement pastes prepared at 1000 and 4000 

rpm. Combining the calorimetry results and alkalis concentration results, the increased 

ionic concentration can support the accelerated hydration kinetics of the cement paste 

prepared with high mixing speed from calorimetry result. Also, comparing 045 paste and 

045_SP paste in calorimetry results, this increased rate of dissolution was sufficient to 

overcome the prevented dissolution of ions by polycarboxylate-based HRWR (see Figure 

7.10).  
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Figure 7.11 Different concentrations of alkalis from the differently mixed cement pastes 

(the concentration values were obtained by the pore solution extracted from 

the 100g of cement paste and 25g of added deionized water)  

 

 

Figure 7.12 Different concentration of alkalis from the differently mixed cement pastes 

(Equivalent alkali based on Figure 7.11) 
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7.4 SUMMARY 

In this chapter, a series of tests were performed to test the first hypothesis, which 

states that an increase in the apparent viscosity of the rheological behavior of cement pastes 

when prepared using a high mixing intensity is caused by aggregation of cement particles. 

This aggregation results from an increase in the ionic strength of the pore solution of the 

cement paste due to enlarged specific surface of cement particles caused by the high mixing 

intensity. FBRM and bleeding tests were conducted in order to gain insight into the 

microstructural state of fresh cement pastes. From the FBRM test results, more flocculated 

microstructures were observed when the cement paste was prepared at high mixing speeds 

(e.g., 8000 and 12000 rpm for 042, 045, and 045_SP paste, and 4000, 8000, and 12000 rpm 

for 047_SP paste). However, this flocculated microstructure was broken down at 450 rpm 

and the resulting initial chord length of these pastes were smaller than cement pastes 

prepared with a low mixing speed (e.g., 1000, 2000, and 4000 rpm for 042, 045, and 

045_SP pastes), although some pastes (e.g., 045, and 045_SP pastes) showed an 

aggregating trend during the observation. Thus it is believed, that the increased apparent 

viscosity and Bingham viscosity from the flow rheology test results is associated with the 

flocculated microstructure that was initially induced in the pastes from the high mixing 

speeds. This flocculated fresh microstructure of cement paste was, however, prepared at 

lower final mixing speeds which resulted in a dispersion of particles that had been broken 

down from an initial mixture made up of a weak aggregation of flocs. Therefore, the 

aggregation of cement agglomerates due to the high mixing speed is likely reversible, and 

weaker than the aggregation due to the low mixing speed. Furthermore, an increased 

flocculating tendency was observed when there was an increase in the vol. % solid.  
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From the bleeding test results, the amount of bleeding water was decreased as the 

mixing speed increased. Therefore, this test result also supports the premise that the degree 

of flocculation in the fresh state microstructure increased as the mixing speed increased.   

Flame photometery tests were conducted to indirectly examine whether the ionic 

concentration of the pastes is affected by the mixing intensity used to prepare the pastes, 

and it was found that pastes prepared at 12,000 rpm did have a greater concentration of 

soluble alkalis (Na+ and K+) than pastes prepared at 1000 rpm.  From the calorimetry 

experiments, accelerated hydration kinetics were observed in pastes prepared at the high 

mixing speed, and in some cases the amount of acceleration was enough to compensate the 

retardation effect that was observed in the polycarboxylate-based plasticized pastes.  

Hydration retardation when a polycarboxylate-based HRWR was used was often attributed  

to  a  hindrance in the dissolution of ions [87,89,116]; hence, the accelerated hydration 

kinetics caused by higher mixing speeds was also linked to an increase in the rate of ionic 

dissolution [60,84].  

Therefore, in this chapter, the first hypothesis was evaluated and supported by both 

FBRM and bleeding tests. These tests showed how the higher final mixing speeda (in this 

research, 8000, and 12000 rpm) led to a flocculated cement paste microstructure. Also, 

from FBRM test results, it was obvious that a breaking down action of the flocculated 

aggregates occurred under the higher mixing speeds. The calorimetry and flame 

photometry results showed an increased ionic concentration when the cement paste 

wasprepared at the higher final mixing speeds (in this research, 8000, and 12000 rpm). 

Because the increased ionic concentration served to reduce the thickness of the diffusion 

layer around the cement flocs, the cement flocs were considered to be easily flocculated. 
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In this case, since the aggregation was caused by interparticle forces, it was identified as 

flocculation. Therefore, combining these results, the final consensus was that the 

aggregated microstructure of cement paste prepared at the higher mixing speeds induced 

an increased ionic concentration of cement paste during the final mixing process.  
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CHAPTER 8: THE SECOND HYPOTHESIS: THE INCREASESD 

APPARENT VISCOSITY AT HIGH MIXING INTENSITY IS 

CAUSED BY ADVERSE EFFECT OF POLYCARBOXYLATE-

BASED HRWR 

 

8.1 INTRODUCTION 

In Chapter 6, increased rheological properties, such as apparent viscosity and 

Bingham viscosity, were observed in pastes prepared at a high speed mixing. When 

comparing cement paste with and without HRWR, the cement paste that included HRWR 

showed a greater amount of increase in their rheological properties. It is known that the air 

bubbles in the concrete mixture contribute to the workability of the mixture; however, in 

cement paste, it is known that air bubbles in cement paste increases the plastic viscosity of 

it [2]. 

The air in concrete mixture can vary in both shape and size. Also, based on the 

mechanisms of occurrence, two types of air bubbles are well-known: entrained air and 

entrapped air [101,117]. Both of entrained air and entrapped air are, basically, produced 

from same source of air in concrete, while entrained air is stablized by chemical admixture 

(i.e., air entraining admixture) and entrapped air is produced by enclosing between granular 

structure of concrete and aggregate [118]. Since entrained air is produced by surfactant, the 

air bubble is stable (i.e., hard to be collapsed) and spherical in shape. Entrapped air, 

however, is unstable and irregular in shape. Based on Du et al.’s research [117], entrained 

air bubbles are stabilized by surfactant molecule that have hydrophilic head and 

hydrophobic tail. According to Richard et al.’s research [118], there are four sources of air 
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in concrete; and the mixing process is one source with in-folded and mechanically 

enveloped action. Furthermore, not only because of the surfactant, but also because of 

polycarboxylate-based HRWR induced air bubbles in concrete mixture were reported 

[99,100,119,120]. Especially, Lange et al. [100] stated that the commonly available 

polycaroxylate-based HRWR showed high foaming action under high mixing intensity 

conditions; and thus most polycarboxylate-based HRWR contained a defoaming agent. 

However, in the research, a clear mechanism of foaming behavior of polycarboxylate-

based HRWR could not be explained. From the research by Alargova et al. [98], very stable 

air bubbles were produced using polymer microrods instead of surfactant under the hand 

shaking condition. .  

In this chapter, a series of experiments were performed to test the second 

hypothesis, which states that “the increased apparent viscosity and rheological functions 

observed in the rheological behavior of cement pastes prepared under a high mixing 

intensity is caused from air bubbles which are induced from the polycarboxylate-based 

water reducer.” First, water with HRWR was mixed with a high shear mixer and the 

bubbles were observed for a certain amount of time. To evaluate the influence of the 

bubbles on rheological properties, the flow curves of the cement pastes were examined. 

Furthermore, reference materials that have no chemical reactivity were also used in order 

to examine the influence of HRWR on an inert system. 
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8.2 EXPERIMENTAL PROGRAM 

8.2.1 Materials and mix composition 

Materials for cement paste were the same as the materials used in other chapters 

(see Section 5.2.1). Based on the polycarboxylate-based HRWR used up to this point 

(hereafter, referred to as control HRWR in this chapter), one different polycarboxylate-

based HRWR (hereafter, A HRWR) and one naphthalene-based HRWR (hereafter, B 

HRWR) were prepared. The properties of each HRWRs are summarized in Table 8.1. 

Recommended application of each HRWR is available from the manufacturers for the 

broad usages including production of SCC mixtures for control HRWR and A HRWR, and 

both ready mix and precast concrete for B HRWR. As a reference material for cement 

powder, limestone powder (CaCO3) was used. The specific gravity of limestone was 2.75 

g/cm3 and particle size distribution (PSD) is shown in Figure 8.1 with PSD of the cement 

used. As shown in the figure, the PSDs of both cement and limestone powder were similar 

as the previous research stated [121]; so it was considered that the limestone powder was 

a proper material or to represent the physical properties of cement powder. For the test, 

limestone powder was mixed with ionized water. Since the limestone powder is almost 

insoluble in water, it is expected that there is no chemical effect on microstructural change 

other than added HRWR and mixing forces. The mixing distribution of reference material 

suspension was the same vol. % solid as that of 0.45; therefore, the 045 and 045_SP pastes 

were prepared. (see Table 8.2) 
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Table 8.1 Properties of HRWRs used 

Code 
Product 

name 
Types of HRWR 

Characteristics 

Form Color 
pH 

value 
Density 

Control 
Glenium 

770020 

Polycarboxylate-

based 
Liquid 

Violet to 

brown 
5 1.06 

A 
Viscocrete 

210021 

Polycarboxylate-

based 
Liquid Light blue 

Not 

provided 1.08 

B 
Sikament 

N22 
Naphthalene-based Liquid 

Dark 

brown 
8 1.2 

  

 

Figure 8.1 Comparing the particle size distributions of cement and limestone powder 

                                                 
20 BASF Construction Chemicals 
21 SIKA 
22 SIKA 
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Table 8.2 Mixing proportions of reference pastes 

Sample 

name 

vol. % 

solid 
w/c 

HRWR 

included 

Quantity for 1 liter paste (g) 

Cement Water HRWR 

045 0.45 0.39 No 1215.000 550.000 - 

045_SP 0.45 0.39 Yes 1215.000 547.716 2.430 

 

8.2.2 Sample preparations 

Foaming Potential: 0.14 liter HRWR-water solutions were prepared. The solution 

amount was determined to be the same amount as the HRWR-water solution needed for 

045_SP paste. Each HRWR was added to deionized water and mixed with a high shear 

mixer. The mixing speeds were 1000 rpm and 12000 rpm. The mixing time duration was 

one minute. The same dosage (0.2% by cement weight based on the 045_SP paste) was 

used for each HRWR (see Table 8.3).   

 

Table 8.3 Mixing amount of different HRWR for 0.2% dosages (cement weight base) 

Items 
Amount for one liter solution 

Specific gravity Water (g) HRWR (g) 

Control 1.064 g/cm3 547.336 2.835 

A 1.094 g/cm3 547.409 2.835 

B  1.21 g/cm3 547.657 2.835 
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Flow curve rheology: Three different mixing protocols were used to prepare pastes 

for the rheological examination. The first protocol is the modified ASTM C305 with two 

minute extended mixing time protocol that was used in Chapter 6 (see Figure 6.1), and is 

given the name “Original protocol” (aka “O protocol”). The second protocol is called the 

“Short protocol” (aka “S protocol”), and it did not have the two minutes additional mixing 

phase. The third protocol is referred to as the “Pre-bubbling mixing protocol” (aka “P 

protocol”), and it had two minutes of additional mixing phase, which was moved to in front 

of cement introducing step (same as the starting point of S protocol) was prepared. As 

shown in Figure 8.2, the total mixing time duration of the S protocol was one minute and 

45 seconds. The total mixing time duration of the P protocol was four minutes and the O 

protocol mixing time duration was also four minutes. However, for the cement paste 

mixing, the mixing time duration of the S protocol was one minute and 45 seconds, and the 

P protocol was also one minute and 45 seconds. Therefore, the P protocol had an additional 

two minutes of pre-bubbling step, which was for only water-HRWR solutions, so there was 

no influence of bubbling during the two minute pre-bubbling step provided in the P 

protocol; the rheology properties of the S protocol and P protocol should be the same. 

Otherwise, if the air bubbling which was produced during two minutes of the pre-bubbling 

step influences rheological properties of cement paste, the P protocol might show higher 

apparent viscosity than the S protocol. During the mixing processes, the temperature was 

also controlled by cool downed water and a water circulation system with water bath (same 

as other chapters, see section 6.2.1). For the P protocol, the temperature was measured after 

the pre-bubbling step, and it was slightly less than the initial temperature of the water-

HRWR suspension. The pastes tested were the 045_SP and 047_SP pastes with control 
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HRWR, “A” HRWR (i.e., polycarboxylate-based HRWR from different company), and 

“B” HRWR (i.e., naphthalene-based HRWR).  

 

 

 

(a) Original mixing protocol (O protocol): Total mixing time is four minutes, cement 

paste mixing time is also four minutes 

  

(b) Short mixing protocol (S protocol): Total mixing time is one minute and 45 seconds 

 

 

(c) Pre-bubbling mixing protocol (P protocol): Total mixing time is four minutes, 

cement paste mixing time is one minute and 45 seconds 

Figure 8.2 Comparing three different mixing protocols to evaluate the influence of air 

bubbles on rheological properties of fresh state cement paste. 

 

Reference material with HRWR: According to previous research [121], limestone 

powder (CaCO3) is reported as a proper material to represent the properties of cement 

powder except for hydration forces, so it can be used as a reference material for cement to 
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provide the insight of the influence of HRWR on fresh state cement paste without hydration 

forces. In Mikanovic et al.’s study [121], limestone powder was diluted in electrolyte 

solution, and zeta potential was measured to compare the surface charging properties of 

limestone powder to cement powder. However, in this research, limestone powder was 

diluted in deionized water and no additional solutions were added to minimize the influence 

of ionic strength on microstructural change which can affect rheological properties. 

Therefore, the limestone powder suspension used had only similar dimensional feature of 

cement particle. Therefore, the use of limestone powder suspension is considered as a good 

reference material of cement paste to compare the influence of HRWR on rheological 

properties without any other chemical effect. The limestone powder suspensions were 

prepared vol. % solid of 0.45 with and without HRWR (i.e., 045, and 045_SP), and 

prepared with the same protocol and same method with five different mixing speeds: 1000, 

2000, 4000, 8000, and 12000 rpm (see Figure 6.1). 

 

 

8.2.3 Experimental methods 

Foaming Potential: After preparing the HRWR-water solution (see Section 8.2.2) 

a portion of the solution was poured into a 25 ml mass cylinder. After which, the condition 

of the air bubbles was recorded at selected time periods by a digital camera. The timeframe 

for photographing was right after the mixing, and then at 5 minutes, 10 minutes, 20 

minutes, 50 minutes, and 80 minutes, after which the series of pictures were compared 

qualitatively.  
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Flow curve tests: For the different mixing protocols and reference material with 

HRWR, flow curves of each test was measured. For the flow curve test, a rheometer with 

coaxial cylinder geometry was used. All rheometer conditions were controlled to be the 

same. Table 8.4 summarizes the samples tested in this chapter. 

 

Table 8.4 Summary of tests on two sample pastes regarding the second hypothesis 

concerning adverse effect of polycarboxylate-based HRWR  

Tests 
Samples 

042 045 045_SP 047_SP 050_SP 

Inducing air 

bubbles 
  

Mixing water 

only 
  

Modified mixing 

protocols 
  Yes Yes  

Reference 

material 
  Yes   

 

8.3 RESULTS AND DISCUSSIONS 

8.3.1 Foaming potential of HRWR suspension 

Three different suspensions (deionized water and HRWRs) were mixed with two 

mixing speeds (i.e., 1000 and 12000 rpm) and the conditions of the suspensions are shown 

in Figures 8.4, 8.5, and 8.6. For the control HRWR, at 1000 rpm of low mixing speed, a 

small portion of air bubbles was observed; but the air bubble was stable (see Figure 8.4 

(a)). At 12000 rpm mixing speed, a large portion of air bubbles were observed and the 
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bubbles remained stable (see Figure 8.4 (b))). For both mixing speeds with control HRWR, 

very stable air bubbles were observed as shown in Figure 8.3. The A HRWR, showed less 

stable air bubbles than the control HRWR (see Figure 8.5 (a)), but at 12000 rpm mixing 

speed, a huge portion of air bubbles was still produced  right after the mixing (see Figure 

8.5 (b)). Therefore, even though the air bubbles from the A HRWR solution disappeared 

fast, in the cement paste, if the air bubbles could have been entrapped by the paste system 

and have stayed longer, it still likely contributed to the microstructure and rheology of the 

cement paste. In spite of the air bubbling by the polycarboxylate-based HRWRs, the 

naphthalene-based HRWR did not produce any air bubbles (see Figure 8.6). Therefore, the 

air bubbles in a HRWR solution under the high mixing intensity only occurred when using 

the polycarboxylate-based HRWR; hence, the influence of air bubbles on rheology of 

cement paste only occurred when cement paste contained a polycarboxylate-based HRWR. 

This is same result as found in previous research on air bubbling on cement paste with 

polycarboxylate-based HRWR [99,100].  

 

 

Figure 8.3 Air bubbles produced by high mixing intensity (close view) 
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(a) 1000 rpm for 1 minute 

 
(b) 12000 rpm for 1 minute 

Figure 8.4 Influence of different mixing speeds on producing air bubbles in water-

HRWR solution for control HRWR (Polycarboxylate-based HRWR) 

 

 
(a) 1000 rpm for 1 minute 

 
(b) 12000 rpm for 1 minute 

Figure 8.5 Influence of different mixing speeds on producing air bubbles in water-

HRWR solution for “A” HRWR (Polycarboxylate-based HRWR) 
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(a) 1000 rpm for 1 minute 

 

(b) 12000 rpm for 1 minute 

Figure 8.6 Influence of different mixing speeds on producing air bubbles in water-

HRWR solution for “B” HRWR (naphthalene-based HRWR) 

 

8.3.2 Flow curves with different mixing protocols 

Using different mixing protocols, three different flow curves for each paste were 

obtained. As shown in Figure 8.7 featuring the 045_SP pastes, the shear stresses by P 

protocol were always higher than the shear stresses by S protocol. This suggests that the 

pre-bubbling step of additional mixing process without cement powder contributed to 

increasing shear stress by producing air bubbles. Compared to the flow curve of the O 

protocol, until the 4000 rpm mixing speed was reached, the P and S protocol showed 

generally higher shear stresses than the O protocol (see Figure 8.7 (a), (b), and (c)). It is 



144 

 

considered that up to 4000 rpm mixing speed, the less mixed P and S protocol produced, 

the higher the resistance to flow, which exceeds that produced by the O protocol because 

of not enough mixing time to disperse the cement flocs. However after 8000 rpm of mixing, 

the flocculation of cement flocs occurred as discussed in Chapter 7, so O protocol produced 

higher shear stress values than P and S protocols due to the flocculated microstructure more 

than the other two protocols (see Figure 8.7 (d), and (e)). This flocculation produced by O 

protocol overcame the pre-bubbling effect.  Figure 8.8 shows the comparison of the flow 

curves of the 047_SP pastes. Similar to the 045_SP paste results. Based on the 4000 rpm 

mixing speeds, the order of the flow curves of the O protocol were changed. Comparing 

the deference between P and S protocol’s flow curves, 045_SP paste showed more 

difference than 047_SP paste. Although higher vol. % solid contributes to the increasing 

flocculation of microstructure at the first hypothesis, it is considered that higher vol. % 

solid of cement paste decreases the influence of air bubbles on increasing shear stress of 

flow curves. Therefore, from the 050_SP flow curves in Chapter 6, the shear stress 

difference between the flow curves of 8000 and 12000 rpm and the flow curves of 1000, 

2000, and 4000 rpm was not that big compared to other pastes with HRWR (i.e., 045_SP, 

and 047_SP pastes). (see Figure 6.4) From these test results, the influence of the induced 

air bubbles on rheological properties of cement paste was shown.  
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(a) 1000 rpm (b) 2000 rpm 

  
(c) 4000 rpm (d) 8000 rpm 

 
(e) 12000 rpm 

Figure 8.7 Influence of different mixing protocols (Original, Pre-bubbling, and short 

mixing protocols) with various mixing speeds regarding producing air 

bubbles with polycarboxylate based HRWR on flow curves of fresh state 

cement paste (045_SP paste) 
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(a) 1000 rpm (b) 2000 rpm 

  
(c) 4000 rpm (d) 8000 rpm 

 
(e) 12000 rpm 

Figure 8.8 Influence of different mixing protocols (Original, Pre-bubbling, and Short 

mixing protocols) with various mixing speeds regarding producing air 

bubbles with polycarboxylate based HRWR on flow curves of fresh state 

cement paste (047_SP paste) 
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Additionally, this comparison of different mixing protocols was performed using 

“A” HRWR (i.e., different companies' polycarboxylate-based HRWR) and “B” HRWR 

(i.e., naphthalene-based HRWR). Based on the results of control HRWR, since 1000 and 

12000 rpm of mixing speeds showed clearly different trends of flow curves with HRWR, 

only 1000 and 12000 rpm mixing speeds were tested for “A”, and “B” HRWR. As shown 

in Figure 8.9, although the shear stress values were not similar as the flow curves of control 

HRWR, the flow curve results of “A” HRWR showed a similar trend of higher shear stress 

values at over 30 s-1 shear rate points for flow curve of P protocol than the S protocol’s 

flow curve. At 12000 rpm mixing speed, the shear stresses at all shear rate points from the 

flow curve of O protocol increased compared to the shear stresses of S and P protocols’ 

flow curves. Therefore, for “A” HRWR, the flow curve behaviors were considered similar 

to that of control HRWR. For the naphthalene-based HRWR, as shown in Figure 8.10, the 

flow curves of P protocol and S protocol were almost the same at both 1000 and 12000 

rpm. From these results of ‘A’ and ‘B’ HRWR and control HRWR, it was shown that the 

polycarboxylate-based HRWR made increased resistance of flowing from flow curves with 

induced air bubbles under the high mixing intensity while naphthalene-based HRWR did 

not.   
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(a) 1000 rpm (b) 12000 rpm 

Figure 8.9 Influence of different mixing protocols (Original, Pre-bubbling, and short 

mixing protocols) with 1000 rpm, and 12000 rpm of mixing speeds 

regarding producing air bubbles with company ‘A’ polycarboxylate-based 

HRWR on flow curves of fresh state cement paste (045_SP paste) 

 

  

(a) 1000 rpm (b) 12000 rpm 

Figure 8.10 Influence of different mixing protocols (Original, Pre-bubbling, and short 

mixing protocols) with 1000 rpm, and 12000 rpm of mixing speeds 

regarding producing air bubbles with naphthalene based HRWR on flow 

curves of fresh state cement paste (045_SP paste) 
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8.3.3 Flow curves with reference material 

Limestone powder (CaCO3) has similar particle size distribution to cement powder 

except for its hydration forces [121]. Therefore, comparing the flow curves from the 

reference material with and without HRWR can show the influence of HRWR without 

hydration forces on cement-like suspension. The flow curves were measured for the 045 

and 045_SP pastes to compare the influence of HRWR under the various final mixing 

speeds. The flow curve test results are compared and shown in Figure 8.11. Generally, the 

limestone powder suspension without HRWR showed higher shear stress values than the 

suspension with HRWR, so it was checked that HRWR still worked with reference 

material. For the paste without HRWR, the flow curves with different mixing speeds were 

relatively similar. (see Figure 8.11 (a)) However, for the paste with HRWR, the flow curves 

showed increased shear stress values at all shear rate points with increased mixing speed, 

which were the same as the flow curves of cement paste with HRWR solution. From this 

result showing flow curves of reference material, it is considered that the presence of 

HRWR in the paste increases the shear stress of the flow curve with a high mixing speed 

regardless of chemical interaction between the particles or flocs such as interparticle forces 

and hydration forces.  
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(a) 045 (without HRWR) (b) 045_SP (with HRWR) 

Figure 8.11 Interaction between mixing speeds and the reference material for fresh state 

cement paste (CaCO3 suspension) with or without polycarboxylate based 

HRWR on flow curve results. 

 

8.4 SUMMARY 

This chapter tested the second hypothesis, which stated that “the increased apparent 

viscosity (and rheological functions) at high mixing intensity is caused by adverse effect 

of HRWR (polycarboxylate based superplasticizer) such as induced air bubbles under the 

high mixing intensity condition.” According to the previous study [2], air content in cement 

paste increases plastic viscosity while it contributes to decreased plastic viscosity in 

concrete mixture. From the observation of the water-polycarboxylate-based HRWR 

solution, very dense and stable air bubbles were produced by the high speed mixing; thus, 

inducing air bubbles of polycarboxylate-based HRWR under high mixing speed condition 

was shown as noted in other research [100]. From the flow curve test results with different 

mixing protocols, for the cement paste containing polycarboxylate-based HRWR, 
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regardless of sources, the P protocol of the pre-bubbling protocol increased the resistance 

flowing from flow curves compared to the S protocol of the short protocol. However, the 

cement paste including naphthalene-based HRWR didn’t show any increase of shear stress 

in P protocol comparing S protocol and had almost the same flow curves. Furthermore, 

using reference material which did not have chemical effect of interparticle forces and 

hydration forces with polycarboxylate-based HRWR increased shear stress values at all 

shear rate points with a final mixing speed increase, but the same experiment without 

HRWR showed the same flow curves regardless of mixing speeds. These tests results 

shows that polycarboxylate-based HRWR induces air bubbles with high mixing intensity, 

and these air bubbles also contribute to the increased resistance of flowing of paste. 

Additionally, this increased shear force at flow curve test results can happen without the 

chemical action of interparticle forces and hydration forces of cement particles.  

From Chapter 6, 7, and 8, it was noted that the high mixing intensity increases 

apparent viscosity of flow curves, and it also increased material functions (Bingham 

viscosity and yield stress) of cement paste. When the rheological properties were increased 

with high mixing speed, flocculated cement agglomerates were observed by FBRM and 

bleeding test, and increased ionic concentration was shown with accelerated hydration 

kinetics and increased concentration of alkalis. Furthermore, with polycarboxylate-based 

HRWR, air bubbles were produced at the high mixing speed and these bubbles likely had 

an influence on increasing the shear stress of flow curve measurements (i.e., increasing 

apparent viscosity) of fresh state cement paste and reference material which does not have 

chemical interaction. Therefore, based on the experiment results of Chapter 5, 6, 7, and 8, 
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these two mechanisms are considered to contribute together or separately on increasing 

apparent viscosity of fresh state cement paste at high mixing intensity conditions.  
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CHAPTER 9: IMPLICATIONS TO HARDENED STATE 

 

9.1 INTRODUCTION 

The scope of this research is the rheological properties and microstructure of fresh 

state cement paste. However, the applications of cementitious materials is mostly 

concentrated on its hardened status; therefore, it is valuable to check the hardened 

properties of cement paste. The behavior of fresh state cement paste always influences the 

performance of the hardened status of cement paste [2]. In this research, the dynamic 

rheological behaviors and microstructure of cement paste with a special emphasis on 

mixing intensity was observed. Therefore, in this chapter, some properties of hardened 

status are evaluated with fresh state behaviors as observed in previous chapters where very 

high mixing intensity produced flocculated microstructure and air bubbles with 

polycarboxylate-based HRWR. A poorly mixed concrete which contains many unbroken 

cement clusters or larger cement agglomerates causes lower compressive strength and bad 

durability performance [101,122]. Also, an excessive amount of air voids in concrete 

causes a loss of compressive strength [101]. Therefore, compressive strength and air voids 

after one day curing were tested to evaluate the  influences of flocculation (in Chapter 7) 

and air bubbles (in Chapter 8) of fresh state cement paste at high mixing intensity on 

hardened status cement paste. Additionally, using the computer modeling method, the 

porosity of the cement paste was predicted under different mixing speed conditions. 
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9.2 EXPERIMENTAL PROGRAM 

9.2.1 Sample preparations 

Compressive strength test: A compressive strength test was conducted with cement 

pastes prepared at different final mixing speeds. To evaluate the influence of flocculation 

and air bubbles at high final mixing speed, 045 and 045_SP pastes were prepared (see Table 

5.3 for mixing distributions). After mixing the cement paste with different final mixing 

speeds (i.e., 1000, 2000, 4000, 8000, and 12000 rpm) the cement pastes were cast in an 

ASTM 109 [123] standard mold (50 mm cubic), and demolded after 24 hours of curing and 

cured in a moisture chamber (100% relative humidity condition at 23 °C) for designated 

time periods. For 0.5 day samples, the samples were demolded 12 hours after placement in 

the moisture chamber and tested.  

Air void measurement: If air bubbles are produced during the mixing process, the 

cement paste can have air voids. The air voids of hardened cement paste were measured to 

show if there remained air voids due to the air bubbles from high mixing intensity with 

polycarboxylate-based HRWR in cement paste. Five different pastes (i.e., 042, 045, 

045_SP, 047_SP, and 050_SP) were prepared. The materials used were the same as other 

chapters (see Section 5.2.1.) and the mixing distributions were also the same as other 

chapters (see Table 5.3). All cement pastes were prepared at five different final mixing 

speeds (i.e., 1000, 2000, 4000, 8000, and 12000 rpm) using same setup as in other chapters. 

After mixing the cement paste, cement pastes were cast in a cylinder 50 mm in diameter 

and 100 mm in height and cured for one day. After the curing, the mold was removed, the 

specimens were cut into three pieces and the air voids on four cross sections were measured 

(except both surfaces at edges). To measure the air voids on each cross section, the target 
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surface was ground and polished into a smooth surface. After that, the surface was colored 

pure black with a Sharpie marker and the air voids were filled with white powder (Barium 

sulfate (BaSO4)) [124]. This method is similar to ASTM C457 [125] standard; but we used 

image analysis techniques [126] instead of counting set ups.  

 

9.2.2 Experimental methods 

Compressive strength test: The compressive strength test was performed following 

the ASTM C109 standard. To evaluate the early stage of compressive strength of cement 

paste, the test was performed at the 0.5 day (12 hour stage) and at the one day stage (24 

hours). Further tests were performed after the 7-day and 28-day stage.  

Air void measurement: For the air void measurement, the scanned images of the 

treated cross section of the cement paste were analyzed with the MATLAB program: The 

white pixels were counted [126]. The concept of the MATLAB program was changing the 

scanned image of the cross section of hardened cement paste to a black and white image23 

which allowed for the white pixels to be counted. To use this program, all images were 

resized to the same pixel size (see some of the 045_SP samples in Figure 9.1). To determine 

the number of pixels in the designated area, the image of the white circles or dots with 

black background was analyzed and the total of white pixels was counted. Based on this 

data, actual images were analyzed and the air void was expressed with a percentage. The 

MATLAB program codes are provided in Appendix I.  

                                                 
23 Since the cross section was treated with Sharpie pen and white powder, the image was already black and 

white, however, the image can contain various values of color (RGB is not 0 or 255). Therefore, to obtain 

accurate results, the image was converted to a pure black (RGB = 0, 0, 0) and white (RGB = 255, 255, 255) 

image. 
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1000 rpm 2000 rpm 4000 rpm 8000 rpm 12000 rpm 

Figure 9.1 Prepared images for air void analysis (045_SP) 

 

Microstructure modeling: The computer modeling provided insight to the hydration 

process with numeric values and visualization. Since the eVCCTL model (CEMHYD3D 

model [127]) (see Section 4.5) is based on calorimetry test results, it was easy to match to 

the hydration kinetics of actual cement paste [97,128]. To provide the microstructure 

formation depending on the mixing intensity, porosity results were plotted. The input data 

used was from the calorimetry results of 045 and 045_SP pastes at different mixing speeds 

(1000, 2000, 4000, 8000, and 12000 rpm). For the modeling, information concerning 

cement composites was necessary. After comparing information on cement powder used, 

cement 140 was selected for modeling. Table 9.1 shows the comparison of the properties 

of actual cement powder used in research and cement 140. To control the hydrating speed, 

the time conversion factor (Beta) should be designated. For this model, the beta value 

should be designated by the matching actual calorimeter data with a trial and error method 

[129]. Other conditions were summarized in Table 9.2. Table 9.3 summarizes the samples 

tested in this chapter. Each test was performed with different purpose. If the results can be 
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assumed based on former research and other representative results, all pastes were not 

performed for every test. 

 

Table 9.1 Comparison properties of cements between actual cement used and modeled 

cement 

 Type I/II cement (used) Cement140 (model) 

Fineness (m2/kg) 403 (Blaine) 403.2 (air permeability) 

Phase 

volume 

fraction 

C3S 0.60 0.6865 

C2S 0.14 0.1611 

C3A 0.06 0.0813 

C4AF 0.10 0.0711 
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Table 9.2 Input conditions for eVCCTL model 

Stages cement Cement140 (without any modification) 

Prepare mix 

Water/Binder ratio 0.39 (vol. % solid 0.45) 

Simulation 

parameters 

Degree of 

flocculation 
0, 0.5, and 1.0 

Dispersion 

distance 
0, 1, 2 

Hydrate mix 

Reaction 

activation 

energies 

Cement 

hydration 
40.0 kJ/mole (default) 

Curing conditions Isothermal (23°C) 

Aging 

hydration Hydration for 28 days 

Time 

conversion 

factor (Beta) 

Vary (see Table 9.4) 

Saturation conditions Saturated 
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Table 9.3 Summary of the pastes for each evaluation method for hardened status of 

cement paste 

Tests 
Samples 

042 045 045_SP 047_SP 050_SP 

Compressive 

strength 
 Yes Yes   

Air void 

measurement 
Yes Yes Yes Yes Yes 

Computer 

modeling 
 Yes Yes   

 

9.3 RESULTS AND DISCUSSIONS 

9.3.1 Compressive strength 

The compressive strength results are shown in Figure 9.2, and 9.3. Although the 

rheological properties and microstructure of fresh state cement paste had very different 

results depending on the applied mixing speeds, the compressive strengths of the hardened 

cement paste did not change regardless of the mixing speeds. The hardened cement paste 

including HRWR showed slightly increased compressive strength the first day of age; 

however, the difference was not significant.  
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(a) 045 paste (b) 045_SP paste 

Figure 9.2 Influence of different mixing speeds on compressive strength of cement pastes 

at different ages (0.5, 1, 7, and 28 day ages)24 

 

  

(a) 045 paste (b) 045_SP paste 

Figure 9.3 Influence of different mixing speeds on compressive strength of cement pastes 

at different ages (0.5, and 1day ages) 

                                                 
24 Since the error ranges of some values were smaller than the value markers’ size, some error bars were not 

shown. 
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9.3.2 Air void measurement 

Previous research [98–100] and Chapter 8 showed that water -polycarboxylate-

based HRWR solution produces stable air bubbles with high final mixing speed (see 

Section 8.3.1), and these induced air bubbles contributed to the increase of apparent 

viscosity as shown by the flow curve in fresh state cement paste (see Section 8.3.2). 

Furthermore, even without chemical effects of interparticle forces and hydration forces, 

HRWR increased the apparent viscosity of the flow curve at a high final mixing speed (see 

Section 8.3.3). For additional tests regarding this phenomena of foaming in cement paste 

including polycarboxylate-based HRWR at high final mixing speed conditions, the air 

voids of hardened cement paste were measured to evaluate whether the air bubbles during 

the fresh state of cement paste remained in the hardened structure of cement paste. The 

ratios of air voids were analyzed using the MATLAB program, and the result is shown in 

Figure 9.4. For 045_SP, and 047_SP pastes, which showed higher portion of air voids; 

furthermore, air voids were increased as mixing speed increased although there was a 

sudden decrease of percentage in air voids for 047_SP paste at 12000 rpm. For other pastes, 

the portions of air voids were similar, but still the general trend showed an increased portion 

of air voids with increasing mixing speed. It is suggested that basically, as mixing intensity 

increased, the volume of the air bubbles in fresh cement paste also increases (see 042, and 

045 paste in Figure 9.4). Especially for 045_SP, and 047_SP cement paste including 

HRWR (050_SP didn’t show a similar trend, even though it also contained HRWR, which 

will be discussed) the volume of air voids increased with the mixing speed. This result 

pertains to and supplements rheological data. From the flow curve test results, 045_SP and 

047_SP showed a clear trend of increased apparent viscosity on flow curves (see Figure 
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6.4 (d), and (e)), and those clear differences of apparent viscosities in flow curves were 

supported with these different air void result. On the other than, unlike to 045_SP and 

047_SP pastes, 050_SP paste showed a less portion of air voids although it contained 

HRWR. This less portion of air void in 050_SP paste can be explained by the hindrance of 

foaming and an increased vol. % solid found in Section 8.3.2; based on this result, a 

constantly increased apparent viscosity was recorded dependent on increased mixing speed 

as shown in Figure 6.4 (f) likely due to a lesser amount of air bubbles thereby generating a 

high vol. % solid of 0.50 over other pastes with HRWR while a greater flocculation of 

cement flocs generated a higher vol. % solid of 0.50, which exceeded that of any other 

pastes.   
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Figure 9.4 Influence of the mixing speeds on air void of hardened cement paste 

depending on different pastes 

 

9.3.3 Microstructure modeling 

First, based on the calorimeter results, the modeling results of heat evolution were 

matched to actual cumulative heat evolution results (see Figure 9.5) obtained from 

calorimetry test in Section 7.3.3. The simulating conditions including beta values were 

obtained for the best match as shown in Table 9.4. Using the obtained conditions, 

simulation was performed and total porosity data was calculated. As shown in Figure 9.6, 

porosity showed the same order as calorimeter results (i.e., as mixing intensity increased, 

the total porosity decreased). From this result, the model suggests a denser structure of 

cement paste with more hydration. However, in this modeling method, although much 
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detailed information concerning cement paste was included (and even the information of 

aggregates and SCM was recorded, although that data were not used in this research); 

hence, this modeling concentrated on hydration of cement paste, and microstructure 

formation depending on hydration [130]. Therefore it was difficult to show the influence 

of flocculation caused by mixing and interparticle forces which is the focus of this research. 

However, the simulation of hydration and its influence on microstructure was available and 

reliable. Using this modeling result, it was shown that the cement paste prepared with high 

mixing intensity could produce a denser microstructure during the curing process. This 

supports the steeper slope of heat flow during the acceleration period in calorimetry which 

represents the increasing speed of hydration product formation, which was influenced by 

increased dissolution of ions (see Section 7.3.3). Therefore, the conflicting results between 

constant compressive strength data regardless of mixing speed and changed air void 

measurement dependent on different mixing rpm rates can likely be explained by the fact 

that the cement paste prepared at high final mixing speed produced denser microstructure 

because of more hydration kinetics. The air voids produced during fresh state could be 

removed, and thus, no noteworthy decreased compressive strength was observed among 

the well cured cement pastes.  
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(a) 045 paste experiment (b) 045 paste modeling 

  

(c) 045_SP paste experiment (d) 045_SP paste modeling 

Figure 9.5 Matching the cumulative heat evolution data from calorimetry test results to 

the heat evolution data calculated from eVCCTL modeling 

 

  



166 

 

Table 9.4 Simulating conditions for matching data (based on Figure 9.5) 

Pastes Mixing speeds 
Degree of 

flocculation 

Dispersion 

distance 
Beta 

045 1000 0 0 0.00019 

2000 0 0 0.00019 

4000 1 0 0.00019 

8000 0.5 0 0.00018 

12000 0 2 0.00020 

045_SP 1000 1 0 0.00019 

2000 0 1 0.00021 

4000 0 2 0.00019 

8000 0 1 0.00018 

12000 0 1 0.00017 
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(a) 045 (b) 045_SP 

Figure 9.6 The estimated influence of different final mixing speed on total porosity of 

cement paste for 045 and 045_SP pastes afterl 20 hours 

 

9.4 SUMMARY 

This chapter evaluated the influence of a different final mixing speed which caused 

changing rheological properties and created microstructure of fresh cement paste on 

hardened state cement paste. Concerning compressive strength, the hardened cement pastes 

with and without HRWR had no effect with no differences or adverse effects despite the 

various mixing speeds, which caused differences in the microstructural and rheological 

properties of fresh state cement paste. Furthermore, the cement paste including HRWR 

didn’t show decreased compressive strength at 12000 rpm mixing speed although this 

mixing speed caused increasing air voids in Chapter 8. However, air void measurement 

still showed that increased air voids were generated with increasing the mixing speed. As 

shown in the air bubble inducing process discussed in Chapter 8, the HRWR suspension 

continued to show higher air bubbles at 12000 rpm of high final mixing speed throughout 
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this study. Therefore, with two tests results of compressive strength and air void 

measurement, two separate results showed conflict with no decrease in compressive 

strength despite an increase in air voids. Nevertheless, the computer modeling provided an 

appropriate explanation based on the hydration of cement paste which showed decreasing 

total porosity at increased mixing speeds. Therefore, because the microstructure of cement 

paste containing air voids was compensated by the hydration of cement paste during the 

curing process, compressive strength was recovered during the curing process.  
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CHAPTER 10: THE RELATIONSHIP BETWEEN 

MICROSTRUCTURE AND RHEOLOGY OF FRESH STATE 

CEMENT PASTE 

 

10.1 INTRODUCTION 

In former chapters, the rheological behavior of cement paste was tested based on 

microstructural change including the breakdown and rebuilding (flocculation) of cement 

flocs. In Chapter 5 and 6, changed rheological properties of cement paste were observed 

depending on differently applied mixing intensity. Therefore, using the common factor of 

mixing intensity such as mixing protocol, mixing time, and mixing speed, the 

microstructural change was observed with different rheological properties; as a result, 

some reasonable relationships between microstructure and rheological properties were 

established. There is a fair amount of research on the relationship between mixing forces 

and rheological properties: Many researchers report that as mixing forces increased, the 

rheological properties were lowered and the cement paste gained more fluidity [9,10,30]. 

Additionally, research on mixing forces and microstructures of cement paste [11,52,65,66], 

has differed in results from those achieved here, as other researchers have applied a normal 

range of mixing forces [11], applied over an extended time period (2 hours) [52], or applied 

stirring conditions during the hydration period [65,66]. In this previous research, by 

showing the changing microstructure of cement paste with mixing intensity, researchers 

tried to explain how changed microstructure could influence the rheological properties, but 

they did not connect the actual data. Therefore, in this research, under high mixing intensity 

conditions within normal mixing time duration (less than 4 minutes), microstructure data 
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showing both decreasing cement agglomerate size with relatively low mixing speeds 

(lower than 4000 rpm), and increasing cement agglomerate size with higher mixing speeds 

(higher than 8000 rpm), are matched with rheology data numerically. For better data 

matching, the mechanisms regulating the formation of cement agglomerates with mixing 

forces were selected to choose the right factors to match and understand relationships based 

on the literature and test results focusing on microstructure and rheological behaviors.  

 

10.2 MECHANISMS OF DETERMINING CEMENT AGGLOMERATE SIZE 

10.2.1 Modeling 

This research showed how a decreased cement agglomerate size and decreased 

apparent viscosity can occur under a relatively lower mixing intensity (slower than 4000 

rpm in this research); however, an increased cement agglomerate size and increased 

apparent viscosity also occurred under a very high mixing intensity (faster than 8000 rpm 

in this research) (see Figure 10.1). To understand these complex behaviors and to further 

provide key factors to match the two properties of fresh cement paste, embedded 

mechanisms should be recommended to determine cement agglomerate size. For the 

microstructure formation model, a system dynamics method was used [131]. The system 

dynamics method is one of the simulation tools for understanding complex interactions of 

many variables [132]. The basic idea of this method is feedback and loop. Every variable 

affects each other. As variables influence each other, feedback and a loop is produced. 

Depending on the relationship between variables, the loop can reinforce or balance the 

results. If the loop “reinforces” the result, the result changes either way by increasing or 

decreasing. If the loop “balances” the result, the result stays constant and stable [132,133]. 
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Since this simulation model was designed for loop conditions, it was difficult to apply to 

cementitious material properties which change one-direction such as setting, hardening or 

collapsing. Although many factors can affect the future properties of cementitious 

materials, there is no feedback. Therefore, the system dynamics model cannot simulate all 

of the property changes in cementitious materials for its lifetime. However, despite the 

difficulty of applying the system dynamics model to the entire process of cementitious 

materials’ properties changes, the model can be applied during the fresh state of cement 

paste (i.e., induction period with no significant change of properties), and this is a good 

way to explain complex relationships of the breakdown and rebuilding cycle. 

 

 

Figure 10.1 Cement agglomerates size changes depending on the applied mixing 

intensities 

  

The Vensim program [133] was used for system dynamics modeling. The system 

dynamics model can be used as a qualitative and quantitative model. Based on test data, a 
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qualitative model was designed because it was difficult to generalize the relationship 

between influence factors and the resultant properties of cement paste. Also, in this 

research, only simple relationships with arrows between variables were shown: The arrows 

mean relation and the flow of influences. The positive and negative signs show 

relationship. The positive relationship (+) is a direct proportional relationship, while the 

negative relationship (-) is an inverse proportional relationship. For example, there is a 

positive relationship between “A” and “B”, which means that as A increases, B increases. 

The negative relationship between “C” and “D” means that as C increases, D decreases, or 

if C decreases, D increases.  

Because the purpose of this model is to show how the mechanisms of cement 

agglomerate formation connect to rheological properties, agglomerate size is the key 

variable. First, the applied mixing forces break down the cement clusters and decrease the 

floc size [10,84,101]. This relationship is expressed in Figure 10.2, where the relationship 

is expressed with a negative meaning “as mixing forces increase, cement agglomerate size 

is decreased.” 

 

 
Figure 10.2 Relationship between mixing forces and the size of the cement floc _ as the 

mixing force is increased, the cement floc size will be decreased (-) 
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For the next relationship, the cement floc size is related to the surface contact with 

water, and the increased specific surface of cement increases the ionic concentration of the 

cement suspension [70,122]. These two relationships are expressed with two connected 

relationships as shown in Figure 10.3. The relationships are “as cement floc size is 

decreased, the specific surface is increased,” and “as the specific surface is increased, ionic 

concentration is increased.”  

 

 

Figure 10.3 Relationship from cement agglomerate size to ionic concentration via 

specific surface of cement _ As cement floc size decreases, the specific 

surface of cement flocs will increase (-) and this increased specific surface 

will cause ionic concentration of the cement suspension (+) 
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From the FBRM test results in this research, it was shown that increased mixing 

intensity increased flocculation tendency (see Section 7.3.1 and compare Figure 7.4 (a) and 

(b)). Within this relationship, flocculation of cement flocs was caused by the higher ionic 

strength of the cement suspension (see Section 7.3.2 and 7.3.3), therefore, increased ionic 

concentration was related to the flocculation potential of the cement paste. Furthermore, 

the FBRM test results showed that cement paste with higher flocculation potential showed 

more flocculated microstructure of cement paste (see Section 7.3.1). In Figure 10.4, these 

two relationships are expressed. The relationships are “as ionic concentration is increased, 

flocculation potential of cement flocs is increased”, and “as flocculation potential of 

cement flocs is increased, cement agglomerate size is increased (the cement flocs are 

aggregated).”  

 
Figure 10.4 Relationship from ionic concentration to cement agglomerate size via 

flocculation potential _ As ionic concentration increases within the cement 

suspension, the flocculation potential will increase (+); therefore, the 

cement agglomerate size will also increase (+) 
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From the relationships in Figures 10.3 and 10.4, the loop is produced with the link 

of cement floc size to cement agglomerate size and this loop is the balancing loop. The 

balancing loop keeps the variable constant, so the cement agglomerate size is expected to 

be stabilized. Following the relationship in Figure 10.5, the cement floc size is decreased 

by applying mixing forces that increase the specific surface area of the cement. The 

increased specific surface increases the ionic concentration of cement suspension and 

increases the flocculation strength of cement agglomerates. As a result, increased 

flocculation potential increases agglomerate size, and this increased agglomerate size is 

decreased by additional mixing forces when the mixing force is still applied or stabilized 

without further mixing forces from outside the loop. Now, with this model, two different 

conditions can apply: high mixing intensity (faster than 8000 rpm in this research 

conditions) and normal mixing intensity (slower than 4000 rpm in this research conditions). 

First, for the high mixing intensity condition, during the mixing process, the mixing force 

is kept high to decrease the cement floc size (breakdown cement clusters and 

agglomerates). When the mixing forces are removed, the loop controls the relationship, so 

the cement agglomerate size is increased. Although flocculated cement flocs (also known 

as cement agglomerates) cannot contribute further to the increasing their specific surface 

because of losing additional mixing forces, already increased ionic concentration (which 

happened during the mixing process) moves the relationship loop to increase the cement 

agglomerate size. However, because of the balancing loop and no additional mixing forces 

from outside of the loop, the agglomerate size does not increase infinitely. Additionally, 

this increased agglomerate size prevents an additional increase of ionic concentration. 

Secondly, for the normal mixing intensity conditions, the breaking down effect of the 
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mixing forces is still valid while mixing forces are applied even though the mixing intensity 

is not that high. Because the mixing forces of a normal mixing intensity are not as strong 

and the cement floc size was larger than it would have been under higher mixing intensity 

conditions, although decreased cement floc size increases the specific surface and ionic 

concentration, it is not strong enough to increase the flocculation potential or form cement 

agglomerates as much as high mixing intensity. (See stabilized particle conditions of the 

cement paste prepared with low mixing speeds of 1000, 2000, and 4000 rpm under all 

agitation speeds in Section 7.3.1). Therefore, under the normal mixing intensity conditions, 

the relationship loop works very little ; therefore, the cement agglomerate size continues 

to decrease by breaking down under the mixing forces and a small amount of rebuilding 

occurs.  

Therefore, the loop cannot work further without the mixing forces from outside of 

the loop for both high mixing intensity and normal mixing intensity conditions. 

Furthermore, because cement paste hydrates as soon as it comes into contact with water, 

the relationship is transferred outside of the loop and the cement agglomerate size is 

affected by another factor: hydration.  
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Figure 10.5 Complete relationship loop for cement agglomerate size 

 

10.2.2 Summary 

System dynamics method is useful to show complex behaviors related to feedback 

and loop. However, for the cementitious materials properties that change one-way with 

time, it is difficult to apply the model. Thus, in this research, only the relationship method 

was used to express the mechanisms of determining the cement agglomerates' sizes during 

the induction period, and a loop was produced to show the two opposite influences of 

mixing forces on the size of the cement agglomerates. In this research, the scope is the 
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relationship between rheological behavior and fresh cement paste microstructure under 

high mixing intensity; therefore, the illustration’s show of mechanisms with a single loop 

of system dynamics is adequate for this study. 

 

10.3 RELATIONSHIP BETWEEN MICROSTRUCTURE AND RHEOLOGICAL PROPERTIES 

10.3.1 Data matching 

From the mechanisms of cement agglomerate size determination, it was known that 

cement agglomerate size relates to the mixing forces. Therefore, chord length data from 

FBRM test results is considered appropriate for microstructural information of the cement 

paste. For the rheological properties of cement paste, based on the flow curve data, the 

Bingham viscosity and thixotropy data showed relatively good trends (see Figure 6.6, and 

6.8). In the case of yield stress, compared to the mini slump flow test result, the data trend 

was not reliable (compare Figure 6.7 and Figure 6.10). Therefore, Bingham viscosity and 

thixotropy data were decided as the appropriate data for representing rheology properties 

of fresh state cement paste. Furthermore, to select the right chord length information from 

the FBRM test results, different agitation speeds were used to match with each rheological 

parameter. For Bingham viscosity, 450 rpm of agitation speeds were used. Because the 

Bingham viscosity values are related to the “moving condition” of the cement pastes [134], 

the higher agitation speed was deemed more appropriate to show the particle conditions 

(see breakdown particle conditions at 450 rpm agitation in Figure B-1, B-2, B-3, and B-4 

in Appendix B). Meanwhile, 300 rpm agitation speeds were used to match thixotropy. 

Since the thixotropy conditions of cement paste are associated with “recovery” of 
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microstructure [11,23,135], 300 rpm for the agitation speed represented better particle 

conditions (see flocculating particle conditions at 300 rpm of agitation speeds in B.1, B.2, 

B.3, and B.4). The relationship between Bingham viscosity and mean chord length from 

the FBRM test result are shown in Figures 10.6, and 10.7. For the relationship with 

Bingham viscosity (see Figure 10.6), a relatively good relationship was achieved except in 

the 042 paste. As shown in Figure 10.7, the entire relationship between particle conditions 

(mean particle chord length) with Bingham viscosity was relatively high with 0.6956 of R2 

value. Especially, without the 12.0_047_SP data point, the R2 value was increased to 

0.8317 representing a better relationship. The relationship between thixotropy and mean 

chord length are shown in Figure 10.8, and 10.9. Similar to the Bingham viscosity 

relationship, a generally good relationship was obtained for individual pastes except for the 

042 paste. However, as shown in Figure 10.9, the entire relationship was low with 0.2661 

for the R2 value. Without a 12.0_047_SP data point, the R2 value was increased to only 

0.4493. Therefore, from these relationship between Bingham viscosity and thixotropy, and 

chord length information, it is known that Bingham viscosity is able to match chord length 

information from a relatively acceptable numerical relationship.  
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(a) 042 (b) 045 

  

(c) 045_SP (d) 047_SP 

Figure 10.6 Individual pastes’ relationships between Bingham viscosity and mean 

chord length data 
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Figure 10.7 Entire relationship between Bingham viscosity and mean chord length data 

 

  

12.0_0

47_SP 
8.0_0

47_SP 
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(a) 042 (b) 045 

  

(c) 045_SP (d) 047_SP 

Figure 10.8 Individual pastes’ relationships between thixotropy and mean chord length 

data 
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Figure 10.9 Entire relationship between thixotropy and mean chord length data 

 

10.3.2 Summary 

Using the test data, the relationships between microstructural and rheological 

parameters were provided. Since there were multiple agitation speeds for FBRM data, the 

rheological parameters were matched with each condition as appropriate. For individual 

paste conditions, relatively good relationships were achieved for both Bingham viscosity 

and thixotropy; however, only Bingham viscosity showed a capacity for the entire range of 

experiments. Therefore, in this research scope, after matching the microstructural data with 

rheological parameters it was determined that Bingham viscosity was more appropriate; 

and relatively good numerical relationship was suggested.  
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CHAPTER 11: CONCLUSION AND FUTURE WORKS 

 

11.1 INTRODUCTION 

The main goal of this dissertation’s research was to identify the relationship 

between the microstructure and rheology of fresh cement paste mixed at a high mixing 

intensity. After the overview part (the first part), the manuscript was organized into five 

parts. The second part reviewed the theoretical background and experimental techniques. 

The third part investigated the influence of different mixing protocols on the properties of 

cement paste wherein rheology and microstructural change by the ASTM standards were 

investigated. Rheology behavior at different mixing speeds were also evaluated. Based on 

the results of the third part, the fourth part investigated the reason for different rheology 

behavior under the high mixing intensity experiments using the microstructural and 

rheology approach, and the influence on hardened state of cement paste was evaluated. The 

fifth part suggested mechanisms for microstructure formation of fresh state cement paste 

and the relationship between the microstructure and rheology properties of high mixing 

intensity mixed cement pastes. In this final part, key findings and conclusions of the 

research are summarized and plans for future research is discussed. 

 

11.2 CONCLUSIONS 

A series of experiments were conducted to achieve insight into the relationship 

between the microstructure and rheology behaviors of fresh state cement paste under high 

mixing intensity. Especially, the high mixing intensity of ASTM C1738 was shown to have 
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an increased influence on microstructure formation. Based on the results of this research 

and supporting literature, the following key findings were summarized and these 

conclusions are suggested: 

 

 The high mixing intensity from ASTM C1738 increases the apparent 

viscosity of fresh state cement paste. Compared to the ASTM C305 protocol, 

the cement paste prepared according to the ASTM C1738 method showed 

higher apparent viscosity in the flow curve method. The increasing rheology 

properties were further increased with increasing solid-to-volume ratio 

(decreasing w/c ratio) and the existence of HRWR. Furthermore, when the 

mixing time was increased, the increasing apparent viscosity of the flow 

curve was amplified. 

 

 The increased apparent viscosity of cement paste prepared with the ASTM 

C1738 protocol and its variations had a flocculated microstructure. From 

the FBRM observation, the particle size was increased with the high mixing 

intensity of ASTM C1738 and under the extended mixing time with ASTM 

C1738.  

 

 Although the flocculated microstructure of cement pastes prepared with 

ASTM C1738 protocol and its variations was observed, higher reactivity 

was measured. In calorimetry, the accelerated hydration kinetics were 
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observed when the cement paste was mixing with high mixing intensity of 

ASTM C1738 and its variations. This conflicted with the idea of flocculated 

microstructure for cement paste.  

 

 As mixing speed increased, the apparent viscosity of cement paste was 

decreased, but after a certain speed, the apparent viscosity was increased. In 

this research scope, decreasing apparent viscosity was displayed for up to 

4000 rpm mixing speed, while from an 8000 rpm mixing speed, the apparent 

viscosity increased. The increase of apparent viscosity was enhanced by 

increasing vol. % solid and the inclusion of HRWR.  

 

 The cement pastes with a higher apparent viscosity from the flow curve had 

flocculated microstructure. From the FBRM observation of the 

microstructure of cement paste, the cement pastes mixed with higher mixing 

speeds (over 8000 rpm in this research) showing a more flocculated 

microstructure compared to the cement paste mixed with lower mixing 

speeds. This trend was similar to the trend of flow curves in rheology test. 

However, this flocculated microstructure was broken down at 450 rpm of 

high agitation speeds; hence, we observed smaller particle chord length than 

the particle chord lengths of other cement pastes prepared at low final 

mixing speeds.  
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 Flocculated microstructure due to the high mixing intensity contained 

weaker linkages than other cement pastes’ microstructure. Based on the 

relationship between agitating speeds and particle chord length information, 

higher mixing intensity made more flocculated microstructure, while the 

flocculation strength was weaker than lower mixing intensity.  

 

 The high mixing intensity which causes flocculation of microstructure 

showed accelerated hydration kinetics. According to the calorimetry results, 

as mixing speeds increased, the induction period of the cement paste was 

reduced and the amount of heat at the end of acceleration period increased. 

Comparing the cement paste with and without HRWR, the mixing speed 

increased, and the delay effect of HRWR was compensated; therefore, at 

12000 rpm, the delay due to HRWR was almost recovered. 

 

 Alkalis concentration of the cement paste prepared with high mixing 

intensity was higher than the cement paste prepared with other mixing 

intensities. As a representative of ionic concentration of cement pore 

solution, alkalis concentration was measured and both potassium and 

sodium concentrations were higher when the cement paste was mixed at 

12000 rpm than other cement pastes prepared at 1000 and 4000 rpm.  
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 Polycarboxylate-based HRWR suspension made very dense and stable 

bubbles under the high mixing intensity. The stability of the bubble system 

varied depending on the brand of HRWR. However, the common 

polycarboxylate-based HRWR made air bubbles, while naphthalene-based 

HRWR did not.  

 

 The induced air bubbles from the process of pre-mixing with water and 

polycarboxylate-based HRWR influenced the increasing apparent viscosity 

of flow curves. The cement paste prepared with the pre-bubbling protocol 

increased the apparent viscosity of flow curve data more than the cement 

paste prepared with the short protocol of the flow curve data even though 

both protocols had the same mixing time for cement paste. However, the 

naphthalene-based HRWR made the same flow curves in the same mixing 

time as polycarboxylate-based HRWR solution. Furthermore, limestone 

powder paste which does not have hydration forces showed increased 

apparent viscosity with polycarboxylate-based HRWR while the mixing 

speed increased while the limestone powder paste without HRWR showed 

relatively similar flow curves regardless of the mixing speeds.  

 

 There was no significant change in compressive strength of hardened 

cement paste regardless of the different mixing speeds. Compressive 

strength of hardened cement paste was measured at 0.5, 1, 7, and 28-day 
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ages but there was no significant change in compressive strength with 

mixing speeds. 

 

 Air voids were observed on the cross-sections of one day cured cement 

paste. After one day of curing, the hardened cement pastes were cut and air 

voids were counted; as the mixing speed was increased, the percentage of 

air voids increased in all cement pastes, especially, the cement paste where 

HRWR showed high air voids as observed. 

 

 Using the computer modeling for hydration, each cement paste with 

different mixing speeds was simulated and total porosity was calculated. 

Likewise the calorimetry data led to the expectation that the higher mixing 

intensity produced less porous microstructure of cement paste. 

 

 The system dynamics model showed the relationship between the mixing 

intensity to microstructure formation of cement paste during the fresh state. 

Based on the literature and the experimental results, it was shown that 

mixing energy contributes to the flocculation of cement particles depending 

on the mixing speeds.  
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 Using the idea of the microstructure formation, particle chord length data 

from FBRM and the Bingham viscosity data from the flow curve test results 

were matched and a relationship was shown.  

 

The above statements are key findings that can be applied to other research 

regarding the rheology conditions and microstructure under the high mixing intensity 

conditions. However, these findings were achieved under the environment of controlled 

conditions of laboratory with certain facilities and limited kind of materials. Therefore, at 

different conditions or with different materials, the response of cement paste and 

microstructure can vary. Furthermore, although ASTM C1738 standard was designed to 

simulate the cement paste in concrete mixture with aggregates, all findings were tested with 

cement paste. Therefore, the findings in this research cannot be matched with the properties 

and response of cement paste in concrete mixture with aggregates. With these 

considerations in mind, the following conclusions can be provided regarding fresh state 

cement paste rheology and microstructure. 

 

 ASTM C1738 protocol can apply very high mixing energy in cement paste. 

Especially, when this protocol used to study high performance cementitious 

materials which contains polycarboxylate-based HRWR and requires 

longer mixing time, the microstructure of cement paste can be flocculated 

and flow rheology properties also can be measured highly. 
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 Cement paste mixed with high mixing intensity can show higher apparent 

viscosity and Bingham viscosity from the flow curve results. These 

increased rheology properties (decreased fluidity) were caused by the 

flocculation of cement particles. Although the microstructure of cement 

paste shows a flocculated system, cement agglomerates consist of weak 

linkages of small cement flocs which become broke down by high mixing 

energy during the mixing process. Therefore, this cement paste still has high 

reactivity; so it shows accelerated hydration kinetics.  

 

 The flocculated microstructure of the cement paste prepared with high 

mixing intensity was formed with increased ionic concentration by 

increased rate of dissolution of ions from broken down cement flocs. 

Therefore, as vol. % solid increased, the flocculating tendency also 

increased. However, since the flocculation was produced with weak 

interparticle forces, the linkage can be broken down by further shear forces. 

In this research 450 rpm of agitation speeds broke the linkage of some 

cement pastes.  

 

 Cement pastes including polycarboxylate-based HRWR showed significant 

increases in rheological properties under high mixing intensity conditions. 

Polycarboxylate-based HRWR suspension made stable and dense air 

bubbles under the high mixing conditions, and these air bubbles were 
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observed as staying in the cement paste system and contributed to increasing 

apparent viscosity and Bingham viscosity according to rheology property 

measurement.  

 

 For hardened state of cement paste, overall microstructural changes could 

not affect the compressive strength result. The compressive strength of 

hardened cement pastes were almost constant regardless of different mixing 

speeds, although high mixing intensity produced flocculated microstructure 

and air bubbles with polycarboxylate-based HRWR. Comparing the cement 

paste with and without HRWR, compressive strength was maintained as far 

as the vol. % solid is concerned and remained the same. From the computer 

modeling, the cement paste prepared with higher mixing speed showed less 

porosity at hardened conditions. Based on this modeling, it was considered 

that faster and more hydration of high speed mixed cement paste 

compensated for the effect of flocculating microstructure and air voids 

produced by polycarboxylate-based HRWR. 

 

 The relationship between rheological properties and microstructure was 

suggested. Using the system dynamics model, the cement agglomerate size 

determination model was suggested and based on this model, particle size 

(chord length) was selected as a factor of microstructure. After matching 

chord length information, Bingham viscosity was determined to be a proper 
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factor of rheological property. Therefore, the numerical relationship was 

achieved between particle chord length and Bingham viscosity of fresh state 

cement paste.  

 

Based on the key findings and conclusions, this research is considered to contribute 

to the improvement of the study method for rheology of concrete with measuring rheology 

of cement paste. As stated in Section 2.4, many researchers have concentrated on the 

estimating method of rheological properties of cement paste in concrete mixtures with 

aggregates using rheology measurement of cement paste. ASTM C1738 standard was 

suggested based on this idea. Based on this research, the final mixing speed of ASTM 

C1738 may be too high to simulate the properties of cement paste in concrete mixture 

accurately. Based on research conducted by Helmuth [1] on the shear rate experienced in 

rich concrete mixtures, when using ASTM C1738  to prepare high pastes for high paste 

concrete mixtures, such as an SCC,  a final mixing speed of 12,000 rpm is too high as this 

subjects the cement paste fraction to much higher shear rates than what it would be 

subjected to during mixing in the field. Therefore, further analysis of applied shear rate on 

different concrete mixtures are necessary in order to determine the best mixing speeds that 

should be used in ASTM C1738 for different pastes.  

 

11.3 FUTURE WORKS 

The background of this research is the ASTM C1738 standard suggested for 

simulating the properties of cement paste in the concrete mixture with an aggregate. From 
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the results of this research, increased rheological properties with flocculated cement 

particles were found under high mixing intensity conditions. Therefore, using the idea of 

simulating the conditions of cement paste in the concrete mixture, the findings should be 

studied further-especially where the flocculated microstructure test results with a high 

mixing intensity are found to be in conflict with the general idea that more mixing means 

more dispersion of the microstructure. Additionally, the relationship between 

microstructure and rheological behavior can be used for future research to improve 

predicting the performance of cement paste and concrete. The following ideas related to 

this research are valuable: 

  

 Simulating properties of cement paste in the concrete mixture with aggregates: 

Theoretically, cement paste in concrete mixture experiences a much higher 

shear rate and the high-speed mixing of ASTM C1738 came from this idea. 

However, the research results herein showed an unexpected flocculation of 

cement particles under this high mixing intensity. Therefore, further studies are 

needed to simulate more accurate conditions of cement paste in the concrete 

mixture.  

 

 Unexpected flocculation of cement paste microstructure: Although there are 

two possible reasons for the flocculation of the cement paste microstructure 

under a high mixing intensity, there could be a more plausible reason for this 

unexpected flocculation. For example, because the shape of the blades in a high 
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shear mixer are not in a vane shape, the cement mixture is scattered and 

experiences vertex during the high energy mixing process. However, in 

concrete, although the aggregate contributes to the higher shear rate by falling 

down from the mixer and ball-bearing effects, it is hard to imagine a vertex 

movement comparable to the high shear mixer. Therefore, vane shape or other 

different shapes of the impeller need to be evaluated with the same degree of 

high mixing speed on the cement paste microstructure.  

 

 Mechanisms of air bubbles with polycarboxylate-based HRWR under high 

mixing intensity: As for the second hypothesis of increased apparent viscosity 

of cement paste: Air bubbles produced by the high mixing intensity with 

polycarboxylate-based HRWR were found. According to literature 

[99,100,119,120], polycarboxylate-based HRWR can increase the air content 

of SCC due to decreasing surface tension. However, this research could not 

show the actual air bubbles with mixing, especially during high mixing intensity. 

Therefore, more studies about inducing air bubbles with a polycarobxylate-

based HRWR under high mixing intensity conditions are needed.  

 

 Matching relationship between rheological behavior and microstructural 

change: In this research, only cement paste was used. However, modern 

concrete contains large variety of components, and each component should 

interact with each other within the mixing conditions in the concrete mixture. 

Therefore, a deeper understanding of each different concrete composite such as 
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SCMs or other chemical admixtures need to be used to evaluate the influence 

on the microstructure and rheological properties of cement paste and concrete 

mixtures.  
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Appendix A: Influence of initial mixing water temperature and mixing 

protocols on the rheological properties of fresh cement paste 

 

A.1. INTRODUCTION 

Rheological properties of cement paste are very sensitive towards temperature 

changes in the sample [1]. Furthermore, the behavior of cementitious materials are more 

influenced by temperature change: interparticle forces [2], and hydration forces [3,4]. Since 

these factors of cementitious materials are associated with flocculation or coagulation, and 

the temperature changes of the cement paste prepared with different protocols or mixing 

speeds are very critical to understanding rheological properties and microstructural 

properties. In this research, different mixing protocols and speeds were used to evaluate 

the rheological properties influenced by microstructural change. Several mixes following 

ASTM C1738 were performed and rheological properties investigated. The high mixing 

speed and its variation in mixing procedure used in ASTM C 1738 were expected to affect 

the rheology properties of the sample. Samples were mixed with deionized water precooled 

at 15 ± 5 °C as well as kept in isothermal condition by mixing in water at the equivalent 

temperature. Since ASTM C1738 standard designates temperature checking points and 

enough resting time (150 seconds) to stabilize the temperature of the sample [5], some 

modified protocols (i.e., ASTM C1738_1m, ASTM C1738_2m, and high mixing intensity 

mixing protocols noted in Chapter 6) were used. In addition, the resting period was also 

decreased to 75 seconds for ASTM C1738_1m and 15 seconds for ASTM C1738_2m as 

well as various other mixing protocols. As a result, the final temperature of each sample 

was 23 ± 2 °C.  
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The objective of this stage of the research was to evaluate the influence of the initial 

temperature of the mixing water and mixing protocol on rheological properties of cement 

paste under the experimental set up in this research. 

 

A.2. EXPERIMENTAL METHODS 

The cement paste used was vol. % solid 0.45 of control cement paste. Higher vol. 

% solid of cement pastes such as 0.47 or 0.50 were not selected because they contained 

High Range Water Reducer (HRWR). From previous work described above, HRWR likely 

reduces adverse effects on rheological properties under the very high mixing intensity of 

ASTM C1738 protocol and 12000 rpm of high mixing intensity protocol. To control the 

temperature of the mixing water, temperature controlled water bath was used and the initial 

temperature of the mixing water was prepared with 15, 20, and 25 °C. The mixing water 

was stored in water bath of desired temperature, and the temperature of the mixing water 

was checked and the mixing water was used after the desired temperature was achieved 

and stabilized. The mixing protocols used were ASTM C1738, ASTM C1738_1m, and 

ASTM C1738_2m (see Figure 5.1 (b), and 5.3). The high mixing intensity mixing protocols 

used in Chapter 6 were not prepared because the mixing protocol at the maximum mixing 

speed of 12000 rpm was considered similar to the energy produced by ASTM C1738_2m 

protocol (compared to the mixing protocols in Figure A-1). 
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(a) ASTM C1738_2m protocol 

 

(b) High mixing intensity mixing at 12.0 rpm protocol 

Figure A-1. Comparing the mixing protocols of ASTM C1738_2m and high mixing 

intensity protocol at 12000 rpm of mixing speed 

 

The temperature was measured and recorded for the initial mixing water and the 

final mixed cement paste. The prepared samples were tested using the flow curve method. 

The rheometer set up was the same as the flow curve test method (see Section 5.2.3) and 

the flow curve protocol was also the same as the protocol used in the research (see Figure 

4.2). 

 

A.3. RESULTS AND DISCUSSION 

Figure A-2 shows the influence of the mixing protocols on the initial and final 

temperatures of the mixed cement pastes. As shown in the figure, the final temperature of 

the mixed cement paste was controlled at around 23 °C and as the mixing protocols were 

changed from ASTM C1738 to ASTM C1738_2m, the final temperature of the mixed 
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cement paste was slightly increased. From this result, the mixing energy of the applied 

mixing protocols were increased according to test results based on ASTM C1738, ASTM 

C1738_1m and ASTM C1738_2m, respectively. The flow curve results of fresh state 

cement pastes prepared with different temperature of mixing water and mixing protocols 

are shown in Figure A-3. Although there were some differences between the cement pastes 

prepared with different temperatures of the mixing water, generally, the differences were 

not that significant (maximum 3 Pa difference) and relatively similar trends and apparent 

viscosity results were obtained. 

 

  
(a) ASTM C1738 protocol (b) ASTM C1738_1m protocol 

 
(c) ASTM C1738_2m protocol 

Figure A-2. Influence of the temperature of the initial mixing water and protocols on the 

temperature of final mixed cement paste 
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(a) ASTM C1738 protocol (b) ASTM C1738_1m protocol 

 
(c) ASTM C1738_2m protocol 

Figure A-3. Influence of the temperature of the initial mixing water and protocols on the 

rheological properties of fresh state cement pastes 

 

As a result, from this experiment, there does not seem to be significant changes in 

the rheological properties of the cement pastes using different initial mixing water 

temperature within the range of 15 °C to 25 °C in the same mixing protocol. Slight changes 

may exist with different vol. % solid, but under controlled condition of temperature, the 

influence of initial mixing water on rheological properties are considered insignificant. 
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Appendix B: Repeatability of flow curves 

 

B.1. INTRODUCTION 

Using flow curve of materials, rheological behaviors are represented as well as 

rheological functions (i.e., plastic viscosity and yield stress). Especially, nonlinear 

behavior of flow curve is an indicator of microstructural change during the measuring 

process such as shear-thinning or shear thickening. From Chapter 6, although generally the 

flow curves were acceptably linear (R2 > 0.8), some flow curves showed non-linear 

behavior at high final mixing speeds (i.e., 8000 and 12000 rpm) (see Figure 6.4), and these 

flow curves were expressed with a single data set to show the rheological behaviors of 

fresh state cement paste while the flow curve test was performed with at least two 

independent samples.  

Therefore, the objective of this stage of research was to show the repeatability of 

flow curve test results, especially for non-linear behaviors of flow curve results, and 

analyzing the influence of high final mixing speed on the fresh state microstructure of 

cement paste.  

 

B.2 RESULTS AND DISCUSSIONS 

In Figure B-1, each flow curve was shown with two independent trials’ results. 

Although the differences between two duplicated results were different depending on 

different mixing speeds and cement paste, the shapes of flow curves were generally similar 

between two duplicates. The difference between two independent trials’ flow curves were 
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slightly increased when the cement pastes were prepared at higher final mixing speeds of 

8000 and 12000 rpm. It is considered that the microstructure of fresh state cement pastes 

with higher than certain threshold of final mixing speeds are relatively unstable rather than 

the microstructure of fresh state cement pastes prepared at lower than the threshold final 

mixing speeds (e.g., less than 4000 rpm). However, the difference between two duplicated 

samples’ flow curve was not that significant.  

For the shape of flow curves, not only the flow curves of linear behaviors, but also 

the flow curves of non-linear behaviors at high final mixing speeds showed similar 

behaviors. As shown in Table B-1, all flow curves were generally linear (R2 > 0.8), and the 

linear-based shapes were similar. As stated in Section 6.3.1, the flow curves of 12.0 042, 

8.0 045_SP, and 12.0 045_SP mixtures showed relatively non-linear behavior (R2 < 0.9) 

and both duplicated samples’ flow curves were also relatively nonlinear behaviors. It 

suggests that regardless of the final mixing speeds on the microstructure of fresh state 

cement paste, the formed fresh state microstructures have good repeatability. Therefore, 

although the degree of nonlinear behaviors of flow curves are little, these nonlinear 

behaviors of fresh state cement pastes likely represent microstructural change during the 

flow curve measuring process. 

From the repeatability of flow curves, generally, the measured flow curves had a 

good repeatability. Although some flow curves of cement pastes prepared at higher than 

threshold final mixing speed showed a relatively wider difference than the cement paste 

prepared at lower than threshold final mixing speed. The shape of flow curves were similar 

between the two flow curves of independently prepared cement pastes.  
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(a) 039 (b) 042 

  
(c) 045 (d) 045_SP 

Figure B-1. Influence of the final mixing speeds on repeatability of flow curves of fresh 

state cement pastes: (a) vol. % solid = 0.39, (b) vol. % solid = 0.42, (c) vol. 

% solid = 0.45, (d) vol. % solid = 0.45 with HRWR, (e) vol. % solid = 0.47 

with HRWR, and (f) vol. % solid = 0.50 with HRWR25 

 

                                                 
25 Each graph has different scale of Y-axis to show relative difference between two flow curves. 
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(e) 047_SP (f) 050_SP 

Figure B-1. Influence of the final mixing speeds on repeatability of flow curves of fresh 

state cement pastes: (a) vol. % solid = 0.39, (b) vol. % solid = 0.42, (c) vol. 

% solid = 0.45, (d) vol. % solid = 0.45 with HRWR, (e) vol. % solid = 0.47 

with HRWR, and (f) vol. % solid = 0.50 with HRWR (continued)  

 

Table B-1 Comparing R2 values of two flow curves for independently prepared fresh 

state cement pastes 

(R2
#1/R

2
#2) Pastes (vol. % solid) 

Final mixing 

speeds (rpm) 
039 042 045 045_SP 047_SP 050_SP 

1000 0.98/0.99 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00 1.00/1.00 

2000 0.99/0.99 0.99/0.98 1.00/1.00 1.00/1.00 1.00/1.00 0.97/0.96 

4000 0.97/0.98 0.97/0.97 1.00/1.00 1.00/1.00 0.94/0.99 0.98/0.96 

8000 0.94/0.94 0.92/0.92 0.98/0.98 0.82/0.84 0.93/0.93 0.98/0.98 

12000 0.95/0.94 0.87/0.88 0.96/0.95 0.87/0.88 0.96/0.97 0.99/0.97 
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Appendix C: FBRM test results for high mixing intensity mixed pastes. 

   
(a) Chords counts per second (150 rpm) (c) Chords counts per second (300 rpm) (e) Chords counts per second (450 rpm) 

   
(b) Mean chord length (150 rpm)  (d) Mean chord length (300 rpm) (f) Mean chord length (450 rpm) 

Figure C-1 Effect of final mixing speed on number of chords counted per second and mean chord length for 042 paste 
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(a) Chords counts per second (150 rpm) (c) Chords counts per second (300 rpm) (e) Chords counts per second (450 rpm) 

   
(b) Mean chord length (150 rpm)  (d) Mean chord length (300 rpm) (f) Mean chord length (450 rpm) 

Figure C-2 Effect of final mixing speed on number of chords counted per second and mean chord length for 045 paste 



208 

 

 

   
(a) Chords counts per second (150 rpm) (c) Chords counts per second (300 rpm) (e) Chords counts per second (450 rpm) 

   
(b) Mean chord length (150 rpm)  (d) Mean chord length (300 rpm) (f) Mean chord length (450 rpm) 

Figure C-3 Effect of final mixing speed on number of chords counted per second and mean chord length for 045_SP paste 
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(a) Chords counts per second (150 rpm) (c) Chords counts per second (300 

rpm) 

(e) Chords counts per second (450 rpm) 

   
(b) Mean chord length (150 rpm)  (d) Mean chord length (300 rpm) (f) Mean chord length (450 rpm) 

Figure C-4 Effect of final mixing speed on number of chords counted per second and mean chord length for 047_SP paste 
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Appendix D: MATLAB program code for measuring air void of 

hardened cement paste 

function [blackArea,blackPixels,whiteArea,whitePixels] = 

countWhite(filename) 

% 

%   [blackArea,blackPixels,whiteArea,whitePixels] = 

countWhite(filename) 

%  

% filename: input filename. 

% 

  

% load from 'filename' 

A = imread(filename); 

  

% if image is rgb, convert to grayscale image 

if ndims(A) == 3 

    A = rgb2gray(A); 

end 

  

% if image is grayscale, convert to binary image, black = 0 and 

white = 1 

if ~islogical(A) 

    A = im2bw(A,graythresh(A)); 
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end 

  

% black  

blackArea = bwarea(~A); 

blackPixels = nnz(~A); 

  

% white 

whiteArea = bwarea(A); 

whitePixels = nnz(A); 

  

%[B,L,N] = bwboundaries(A); 

%Achild = (L~=1); 

%whiteArea = bwarea(Achild); 

%whitePixels = nnz(Achild); 

  

%whiteArea = 0; 

%whitePixels = 0; 

%for i=2:N 

%   Achild = (L==i); 

%   whiteArea = whiteArea + bwarea(Achild); 

%   whitePixels = whitePixels + nnz(Achild); 

%   fprintf(1,'child %d/%d: area = %.4f numberOfNonzeros = 

%d\n',i,N,bwarea(Achild),nnz(Achild)); 



212 

 

%end 

  

fprintf(1,'black area = %.4f, black pixels = 

%d\n',blackArea,blackPixels); 

fprintf(1,'white area = %.4f, white pixels = 

%d\n',whiteArea,whitePixels); 
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