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Abstract: Rheology of a concrete is mainly controlled by the rheological behavior of its cement paste.
This is the main practical reason for the extensive research activity observed during 70 years in this
research subfield. In this brief review, some areas of the research on the rheological behavior of
fresh cement pastes (mixture method influence, microstructure analysis, mineral additions influence,
chemical additives influence, blended cements behavior, viscoelastic behavior, flow models, and flow
behavior analysis with alternative methods) are examined.
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1. Introduction

Concrete can be dealt with as a dispersion of gravel (around 20 mm diameter) in mortar,
and mortar can be dealt with as a dispersion of sand (around 1 mm diameter) in cement paste.
So, cement paste that is a dispersion of cement particles (around 10 pm) in water, is the fluid media
where aggregate particles (sand and gravel) are dispersed.

Interest in gaining information about the rheological behavior of fresh cement pastes (RBFCP)
is mainly due to the role played by this phase in concrete and mortar formulations. Tattersall firstly
pointed to this field of research in 1955 [1], enhancing the fact that this is a non-Newtonian fluid.
More precisely, he assumed a relationship between thixotropic behavior of the cement paste and the
performance of the vibration process commonly used when the concrete is placed. Although a direct
connection between cement paste and concrete rheology can be questioned [2] due to the effect of the
shape and grain size distribution of coarse aggregates, the subject left open the search for possible
relationships between both materials [3]. In this line, Ferraris and Gaidis [4] studied the rheology of the
paste with parallel plate geometry (Figure 1) in an attempt to simulate the effect of coarse aggregate on
the rheological behavior of pastes.
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Figure 1. Cement paste flow in concrete is directly influenced by the action of coarse aggregate [4].
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Interest in the study of fresh cement paste rheological behavior is founded in the assumption
that concrete rheology is mainly determined by cement paste rheology [4]. Considering that the
hydration reaction of cement starts at the first contact between cement and water, and continues when
the rheological studies are usually made (10-60 min after), it is reasonably expected that rheometric
work with fresh cement pastes faces a variety of challenges. Even if it is assumed that during the
dormant period the hydration of cement is basically stopped, additional problems associated with
rheological measurements of cement pastes can be listed. Banfill [5,6] pointed to possible reasons for
these problems. Concretely, (a) discrepancies in time-dependent viscosity curves are usually reported,
that can be due to variable competition between shear-induced breakdown and by-hydration build-up
of structure when the design of hysteresis loops is modified; (b) the rheological results depend on the
mixing and handling protocol, probably due to the decrease of the yield stress with vigorous mixing;
(c) slippage of pastes at the walls of the rotor can certainly be overcome with roughened surfaces, but it
is not possible to determine to which extension; and (d) particle sedimentation during measurement
can be neglected when helical impeller or similar are used, or when the water/cement ratio is kept
below 0.4 with conventional geometries. All these problems can be overcome with a good experimental
design, however plug flow due to the existence of a range of stresses in the bulk of the material, some
of them with values lower than yield stress, is described as an unsolved problem [5,6].

It can be affirmed that the experimental study of the rheological behavior of fresh cement pastes
is a difficult task [5,6]. Generally, this is due to several factors and conditions that have certain
influence on the response of the material. We can include physical factors like water/cement ratio
or the morphology of cement grains, mineralogical factors like cement composition, chemical factors
like structural modifications due to hydration processes, mixing conditions like the type of stirrer,
or measurement conditions like experimental procedures.

The first interest for the study of RBFCP was initially practical; i.e., it was motivated by the
necessity to control and predict the rheological behavior of the concrete obtained when sand and
gravel are added to the cement paste. But, also, this study is interesting from a fundamental point of
view. This is because cement pastes are particle dispersions featured by a decisive hydration chemical
activity, which generates products of the reaction that form a gel phase interconnecting the core of
cement particles. It is easy to understand that a material with such a brand mark had been wide and
deeply studied. Different aspects of these particle suspensions have attracted the interest of researchers.
Some of them will be briefly described in this review:

a) Mixture method influence.

b)  Microstructure analysis.

¢)  Mineral additions influence.

d) Chemical additives influence.

e) Blended cements behavior.

f)  Viscoelastic behavior.

g)  Flow models.

h)  Flow behavior analysis with alternative methods.

2. Mixture Method Influence

The purpose of cement paste mixing processes is to reduce the size of particle clusters in order
to make effective the wetting of each individual cement particle. Additionally, specific interest in the
study of the mixture method influence on cement paste rheology is justified by the fact that cement
paste forms part of the medium where aggregates are dispersed. Certainly, when concrete flows
cement paste is mixed similarly to that which occurs in a laboratory stirrer. Therefore, it is of capital
importance to determine the influence of mixing procedure on cement paste rheology, because it
has been clearly demonstrated that the mixing procedure to obtain the cement paste has a direct
influence on its rheological behaviour. This is probably due to the fact that different water—cement
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contacts (in number and quality) can be obtained when the mixture is agitated or mixed following
different methods. Consequently, several research studies have been undertaken with the objective of
achieving an optimal mixing protocol, specifically referring to the reproducibility and repeatability
of the rheological results. In this line, Jones and Taylor [7] obtained rheological reproducible results
applying vibration to cement pastes that had been previously mixed by hand. Yang and Jennings [8]
investigated the effect of low and high mixing procedures on the peak stress value, which was
obtained when a constant shear rate was applied to samples just after they were at rest along different
time intervals. These authors observed that peak stress values were directly related to the size of
agglomerates, and concluded that the lack of hydration of the inner particles of the agglomerates is a
determinant source of microstructural defects. Additionally, they proposed a new empirical parameter,
the limiting gap, as a measure of the degree of mixing. As the shear stress increases when the gap
reduces, the limiting gap was defined as the gap that separates the two plates of plate—plate geometries
just when the shear stress was three times higher than the shear stress measured at high gaps. Although
some correlation between limiting gap and microstructure was induced, the utility of this parameter is
still open to discussion. Williams et al. [9] used, in a very detailed work, plastic viscosity and the area
enclosed by the up and down curves of the hysteresis loop to compare the effect of several mixing
methods (hand-, paddle-, high-shear-, and concrete-mixed) on the degree of structure remaining in
the cement paste. Results confirmed, as is reasonably expected, that the structure be comparatively
much more broken down when the mixed method was more vigorous. Additionally, they obtained
similar effects for concrete- and high-shear mixed pastes; a result that suggests that, in concrete, cement
paste is highly sheared by aggregates (see Figure 1). Therefore, it could be concluded that standard
initially used to prepare cement paste samples [10] is not adequate to simulate the ball-milling effect
of aggregates in concrete [8]. Then, another standard [11] for the preparation of cement pastes was
introduced. The capability of both standards to influence on structural and rheological properties
of cement pastes was evaluated by Han and Ferron [12]. These authors obtained an unexpected
result. They observed that the mixing intensity had much more influence on the yield stress and
the plastic viscosity for pastes formulated with chemical additives and lower particle concentration
(higher water/cement ratio). Their results were clearly counterintuitive because, while a decrease
in both rheological parameters was expected with the increase of the mixing intensity, the opposite
result was found using the ASTM C1738 protocol [11]. The discrepancy was especially high when
plasticizers form part of the cement paste formulation. Han and Ferron [12] pointed out that if,
certainly, the vigorous mixing breaks particle agglomerates, it also accelerates the cement hydration.
Then, a hindering effect of the plasticizer agent due to the high velocity of mixing, which leads to a
decrease in the extent of the steric diffuse double layer that surrounds cement particle and promotes
particle agglomeration, was claimed [12,13].

The main conclusion of this research area is that the mixing protocol applied to cement pastes
preparation is not a trivial issue. It should be intensive and lengthy enough to break all particle
agglomerates, but limited by the possibility of provoking the opposite effect, especially when chemical
additives form part of the cement paste formulation.

3. Microstructure Analysis

Breakdown of structure due to shear and rebuilding of structure-at-rest are phenomena of technical
interest in cement paste applications. The contact of cement pastes with water gives place to a process
of coagulation starting from a completely dispersed state. A gel layer of calcium silicate hydrate
(C-5-H) progressively surrounds cement particles, the process being very slow during the dormant or
induction period [14]. This phase initiates around 10 min after the first contact between cement and
water. During the induction period, fresh cement pastes can be properly analyzed from a rheological
point of view [15]. It is worth distinguishing when fresh cement pastes are studied between reversible
and irreversible microstructure evolutions. Reversible evolution of the cement paste microstructure
(breaking or building) can only be claimed when colloidal interactions between cement particles
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are taken into account. Hydration of cement particles is always connected to irreversible processes.
Fortunately, during the dormant period of the cement hydration, this reaction can be slow enough to
assume that chemical changes in cement pastes are negligible. However, it is important to consider
that these effects are not fully absent during rheological measurements. Hydration products generate
particle flocs that, finally, lead to the formation of clusters or 3D networks formed by aggregates
of flocculated cement particles [16]. If we consider only reversible evolution of the microstructure,
the picture can be described as follows. Initially, when the network immobilizes the liquid phase,
cement pastes behave in a solid-like way, and only when the stress achieves a threshold value, or yield
stress, due to the action of shear, does the structural breakdown begin. The increasing of shear rate
results in further deflocculation, i.e., the apparent viscosity will decrease with shear. This is the
basis for the concrete vibration technique that is applied after placing, which makes that previous
stiff material can after flow easily. Therefore, lower water/cement ratios can be used in concrete
formulations, and higher strength of the set concrete can, consequently, be obtained. So, it is justified
why an understanding of both, reversible (thixotropy) and irreversible (setting) breakdown of structure
of cement pastes, is of major importance: simply due to the role-played by cement pastes when a
vibratory force is applied in the placing of concrete [1,17].

First studies of the time evolution of the microstructure of Portland cement pastes [1] showed that
an exponential decrease of the torque with time, when a step-up in shear rate is applied to samples,
fits reasonably well experimental results,

M= Me + (Mo - Me)eikt (1)

In Equation (1), M is the torque at time ¢, k is the rate for the stress decay, and M, and M, are the
initial and the equilibrium torque values, respectively (see Figure 2). Tattersall’s results [1] showed that
k increases with the angular velocity of the rotor. The area under the torque-time curve (Figure 1) can
be used as a measure of pastes workability [17] because it is directly related to the net energy input or
work done by the rotor to (i) overcome viscous forces, (ii) breaking the structure, and (iii) maintaining
broken the structure [1].

Torque

~2M+M)/3

>
1/k Time

Figure 2. Schematic plot of the evolution with time of the torque after a step-up in angular velocity
according with Tattersall [1].

Bouras et al. [18] found that the sum of two exponentials fitted better stress decay with time due to
breakdown microstructure, when pastes contain some viscosity-modifying admixture (polysaccharide).
They justified their result as due to the existence of two relaxation times for the rebuilding of
microstructure. The first one is related to particle-particle interconnections as usual, and the second one
refers to the alignment and disentanglement under flow of admixture molecules. Then, using Cheng
and Evans’ general thixotropic microstructural model [19], the kinetics equation for the structural
parameter A should be expressed as,

dA 1 1 .
E_fﬂLﬁ_M 2
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In Equation (2), T, is the characteristic time for cement particles aggregation, T}, is the characteristic
time for the admixture entanglement, and 7 is the shear rate. However, when Bouras et al. [18] analyzed
the microstructure rebuilt process assumed that, experimentally, stress increases exponentially with
time, avoiding the use of Equation (2) that predicts a linear increase of the stress with time.

Irreversible time-evolution of the microstructure is observed during the setting of cement pastes
due to the hydration chemical reaction is the dominant effect. It has been observed that in this case
the increase in the viscosity with time, which is partially attributed to shear-induced aggregation,
is opposite to that which could be expected, faster with increasing organic additives concentration [20].
These processes are dominated by the hydration of cement particles and fall out of the scope of
the rheological analysis proposed in this review. However, it is worth distinguishing between the
irreversible, or aging due to hydration, and the reversible part, or thixotropy, of the transient behavior
of cement pastes, as mentioned above. This is important to avoid misinterpretations of the experimental
results. For example, Roussel [21] proposed a thixotropic model for cement pastes. He started from
the assumption of the experimental results summarized in Equation (1) although he attributed it to
Lapasin et al. [22] instead of Tattersal [1]. Then, Roussel used Cheng and Evans’ general microstructure
thixotropic model [19] and assumed that the material restructuration occurs in a natural way at an
unique constant rate 1/T, although maintaining the idea that the destructuration is proportional to the
existing structure and to the shear rate,

dr 1 .
A

at — 1 7 ©)
Roussel assumption predicts, as Bouras et al. [18], unrealistic linear increase of the microstructure-

at-rest. When shear rate is zero,
-2 @)
dt T

Solving Equation (4),

t
A=t ®)

However, experimental tests have demonstrated that the microstructure-at-rest increases
exponentially until a maximum (reversible) structure is achieved [18,23]. This result is opposite
to which Equation (5) predicts [21].

Very recently, Ma et al. [24] have proposed a kinetics equation for the rebuilt process, which
expresses restoration of an equilibrium state from a non-equilibrium condition, i.e.,

dA 1

= A ©)

In Equation (6) A, > A represents the structure of the paste at equilibrium. Effectively, solving
Equation (6) a most realistic exponential evolution of the microstructure towards the rest equilibrium
state is obtained (Figure 3),

A=A+ ()\o - )\e)e_t/T (7)

It is worth noting that experimental results by Ma et al. [24] supported the existence of two
structural levels (particle flocs and C-S-H nucleation) in cement pastes, which were previously pointed
out by Roussel et al. [25].

Summarizing, fresh cement pastes are concentrated particle suspensions in which particle-particle
interaction is not only governed by colloidal and hydrodynamic forces, but also steric (admixtures) and
products of the hydration reaction (C-5-H) play a specific role for the development of microstructures.
These aspects of cement particle interactions make the study of the microstructural evolution of cement
pastes with time (thixotropy) especially interesting.
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Figure 3. Schematic plot of the evolution with time of the atructure at rest according with Ma et al. [24].
4. Mineral Additions Influence

The flow behavior of cement pastes is characterized by a variety of rheological parameters. It is
a task of major importance to determine the influence of the cement properties, and of mineral and
chemical additions on these parameters. So, a lot of work has been done with the aim to determine
correlations between different geometric, physical and chemical modifications of cement pastes with
their rheological properties.

Some results corresponding to this research sub-area refer to the yield stress value. For example,
it has been observed that the yield stress increases with the specific surface area of cement particles
and the water/cement ratio [26]. Ivanov et al. [27] obtained an increasing dependence of the yield
stress and the plastic viscosity with a variety of factors; concretely, they observed that the yield stress
is more dependent according to the following succession, superplasticizer > addition of silica fume >
water/cement ratio; while the plastic viscosity is dependent in the following succession, water/cement
ratio > superplasticizer > addition of silica fume. Nehdi et al. [28] observed that the replacement of
cement with limestone filler slightly increased the yield stress of cement paste with added plasticizer,
but its plastic viscosity decreased. Latter, Rubio-Herndndez et al. [23] observed that when the limestone
filler concentration is lower than 3% weight the opposite effect appears, i.e., the yield stress decreases
and the plastic viscosity increases.

It is reasonably expected that the different factors on which the rheological behavior of cement
pastes is dependent, interact among them giving place to complex dependencies. Then, it is necessary
to define combinations of them. So, Wong and Kwan [29] considered the effect of the excess water
to solid surface area ratio on the rheological properties of cement pastes. In this way, water content,
packing density and solid surface area effects were simultaneously considered. They found that yield
stress and plastic viscosity versus excess water/solid surface area ratio curves overlap when this
parameter was higher than 0.05 um, while at lower values the yield stress and the plastic viscosity
curves separate, distinguishing between pastes with and without silica fume, i.e., the rheology of
cement pastes also depends on silica fume content at the lower water/solid surface area ratios.

One of the technical applications pursued by means of mineral additions is the design of highly
concentrated suspensions with moderate yield stress and plastic viscosity values [30]. To this end,
advantages resulting from the use of bimodal suspensions have been considered. This strategy can be
useful to improve the performance of, for example, extruded materials [31]. For example, bimodal
suspensions of cement and clay particles showed higher yield stress values than those obtained for
the original cement suspension, despite the maximum packing fraction practically did not vary [32].
This apparently contradictory result was justified as due to the water adsorption of clays, which
eliminates lubricant water phase and increases the effective size of clay particles [33]. Fine mineral
additions like limestone, silica fume, fly ash, etc. increase maximum packing fraction with good
lubricant effect, and the resulting cement pastes can serve as the base for self-compacting concrete
design [33]. However, not only the particle size but also the geometric shape have a determinant
effect on the cement paste and, consequently, on the concrete fluidity. So, when fly ash particles of
spherical shape substituted amorphous cement particles, the viscosity or consistency of fresh cement
pastes decreases, and even lower yield stress values can be obtained although the water/binder ratio
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decreases [34]. Nevertheless, high dosages of fly ash can lead to fluidity loss due to its high specific
surface area, which provokes higher water demand and admixture consumption. The combined
effects of spherical shape and high polydispersity of fly ash added to cement pastes can enhance
the results before pointed out, i.e., for a given solid volume fraction, the plastic viscosity increases
and the yield stress decreases with particle polydispersity [35]. In the last sense, the main objective
pursued adding fine mineral additions with a high polydispersity index is to reduce, as low as possible,
water/binder ratio in order to obtain optimal conditions for the production of high-strength and
high-performance concretes [36]. Sometimes, mineral additions are used in combination with chemical
additives (superplasticizers) [37]. The objective is to reduce water demand maintaining workability
and strength at hardened state. Not all mineral additions can be used to this end. For example, this can
be achieved using fly ash but not limestone [38] or nano-CaCOj3 [39].

Summarizing, mineral additions are used to improve hardened properties of cementitious
materials maintaining or refining fresh state behaviour. Two main types of mineral additions are used,
with and without pozzolanic activity. The first type will be specifically considered in part 6 when
advances in blended cement are reviewed. The main characteristics of mineral additions without
pozzolanic activity that have an influence on the rheology of cement pastes are size, shape and particle
polydispersity. In both cases, combined action of mineral additions with plasticizers gives place to
cement paste formulations optimal for high-performance concretes design.

5. Chemical Admixtures Influence

There are two most important effects that the presence of chemical additives has on the rheology
of fresh cement pastes,

a) the increase of the duration of the dormant period [40], because hydration reaction of cement
slows down [41], allowing considering cement pastes as a chemically stable suspension during
longer time intervals [42],

b) and the modification of its viscosity [43,44].

The type of chemical additive is determinant for the observation of different rheological behaviors.
Specifically, polysaccharide gums increase the viscosity of pastes, enhance rebuilt-up kinetics at rest,
and increase the yield stress [18], the effect being much more significant at low than at high shear
rates [43]. So, the cement paste will be stable against sedimentation at rest and resistive to solid-liquid
separation, but will flow easily when, for example, being pumped.

Sometimes, counterintuitive effects, like a decrease of the viscosity of cement paste when the
viscosity of the interstitial liquid phase is increased due to the addition of a chemical admixture, are
also observed. This phenomenon has been justified by the lubricant action of the liquid phase with
respect to solid particles [45], which is higher when the admixture viscosity is higher [46].

Whatever the case is, the performance of a chemical additive is determined by its compatibility
with cements, i.e., the adsorption capability of each type of cement particles [44,47], and
temperature [48]. Bonen and Sarkar [49] analyzed the adsorption capacity of sodium salt of
polynaphthalene sulfonate superplasticizer by different cement types, and concluded that cement
fineness and superplasticizer molecular weight are the main factors determining the adsorption
capacity of pastes. Bessaies-Bey et al. [50] studied polyacrylamide adsorption on cement particles,
and observed the formation of polymer micro-gels that not only adsorb on particles but also bridge
them increasing consequently the yield stress of the cement paste. Then, Mukhopadhyay and Jang [51]
proposed a rheological method to quantify cement-admixture incompatibilities. They measured the
time evolution of the yield stress and plastic viscosity of pastes and justified, combined with heat of
hydration evolution data, that incompatibility of the admixture corresponded to a rate of change of
yield stress lower than 14 Pa/h and a rate of change of plastic viscosity lower than 0.02 Pas/h.
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Two main types of chemical admixtures can be distinguished, viscosity-modifying admixtures,
which increase the viscosity of cement pastes [43,44], and superplasticizers, which disperse cement
particles [52,53].

In order to design adequate formulations of cementitious materials, the optimal dosage of chemical
admixtures must be determined [54-56]. Sometimes, this does not coincide with that recommended by
the producer [57] or is clearly dependent on physical conditions of the cement paste, as temperature [58].
Moreover, incompatibilities before cited between cement and chemical admixtures should be well
established to avoid problems in fluidity [58]. In fact, the same chemical admixture can show
a different performance when added to different cement types [59]. It appears that polycarboxylate
type superplasticizer have the best compatibility with a wider variety of cements [60]. So, the study of
this kind of superplasticizers has extended to consider a variety of molecular conformations due to the
incorporation of different hydrophobic groups to the polycarboxylate molecule [61].

Another aspect that must be considered when several chemical admixtures are simultaneously
used in the formulation of the same cement paste is its synergic effect [62-65]. For example,
it was observed that a polysaccharide viscosity-modifying agent (Welan Gum) has a higher
influence on rheological properties of cement pastes formulated with an ester polycarboxylate
superplasticizer than when it was formulated with an ether polycarboxylate [66]. Nanoclay enhances
or modifies [24] thixotropy behavior of cement pastes with polycarboxylate ether superplasticizer [67].
Hydroxypropyl-methyl cellulose ether [68] and polyacrylic acid [69] acts opposite to the dispersive
capability of polycarboxylate type superplasticizers. The presence of other mineral additions, as borax,
in order to retard cement paste setting must be analyzed in depth due to the negative effect that can
induce in the adsorption of superplasticizer molecules onto the particle surface [70]. On the other
hand, specific plasticizer and viscosity-modifying admixture concentrations are necessary to achieve
the best rheological performance of cement pastes [30]. Although polycarboxylates are more effective
than lignosulfonates, i.e., a lower concentration of polycarboxylates is necessary to obtain the same
yield stress and consistency reductions, when they are combined, lignosulfonates adsorption onto the
cement particle surface is dominant [71], although limited by the amount of C3A in the composition of
the clinker from which the cement powder is obtained [72].

Viscosity-modifying admixture of starch type can give place to different viscous behavior at
low (shear-thinning) and high (shear-thickening) shear rates. These opposite behaviours have been
ascribed to disentanglement and alignment of admixture molecules at low shear, and the increase of
repulsive interparticle forces at high shear [73].

Summarizing, two main types of chemical admixtures are used to modify cement paste rheological
behavior, viscosity-modifying admixtures and superplasticizers. The first are used to improve stability
of pastes against sedimentation and bleeding, while superplasticizers increase the dormant period and
allow for reduction of water content, which leads to higher strength when pastes set. Synergic effects
must be carefully considered when different chemical admixtures are tested.

6. Blended Cements Behavior

Although the term blended cements generally refers to materials obtained when the ligand phase
is obtained with water added to the mixture of cement and another material in different states of
aggregation [74-76], here we will limit the definition to materials that are obtained when cement
is partially substituted by another solid phase. This last can or cannot show pozzolanic activity.
The term “binder” is used for the mixture cement + solid addition. It is widely accepted that particle
morphology [77] and pozzolanic activity [78] of binders are the main features that determine their
influence on the rheological behaviour of blend cement pastes.

Limestone filler and silica fume are two examples of solid substitutions without pozzolanic
activity. It has been observed that the substitution of cement by limestone filler, maintaining constant
the water/binder ratio, increases the yield stress and decreases the plastic viscosity of pastes [28]. Then,
the stability at rest of cement pastes is enhanced, although the increase of the segregation of the phases
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can be an undesirable consequence. It has been also observed that the particle morphology of limestone
has much more influence on the rheological behavior of pastes than its chemical composition [79].

Activated kaolinite (metakaolin) is a widely used example of the solid phase with pozzolanic
activity [80]. The yield stress of blended pastes increases when the amount of activated kaolin
increases [81] or the pozzolanic activation of kaolinite is enhanced [82]. Even then it can give to cement
paste adequate characteristics for use in self-compacting concrete formulation [83]. Fly ash is another
binder extensively used due to its pozzolanic activity. The origin of fly ash can be the combustion
of fuel [34] or different biomasses [84]. In both cases, the regular shape of particles is a characteristic
demanded for the optimal rheological behavior of pastes.

The use of natural pozzolans (mixtures of volcanic ash and pumice powder) as partial substitution
of Portland cement has been shown to be an economic and very useful alternative in volcanic
zones. Again, the yield stress increases and the plastic viscosity decreases with cement substitution.
This variation of the rheological parameters has been justified by using a model that treats fresh
volcanic cement pastes as suspensions of particles in a fluid phase formed by water and the gel
resulting from the chemical hydration reaction of cement [78].

Blended cements contribute to the reduction of CO; emissions that result from cement production,
and help to conserve the environment when waste solid materials are used. These are two important
reasons that justify the interest for this research area that can be added to the increase of concrete
durability thanks to improving the resistance to salts, freeze-thaw and carbonation effects.

7. Viscoelastic Behaviour

The objective of the rheological studies of cement pastes is to obtain rheological parameters with
some practical meaning. This has traditionally been the case with viscosity, yield stress, and plastic
viscosity, which are related to workability, fluidity and resistance to segregation, respectively. However,
these rheological parameters account only for the viscous behaviour of the pastes. Additionally,
time dependence of viscosity (thixotropy) is used to quantify microstructure changes, which is
information useful to avoid, for example, cold joints in sequential casting applications. Moreover,
viscoelastic studies are considered when useful knowledge for practical applications is obtained, i.e., on
workability [57], microstructural evolution [85,86], and pumping [87].

Creep-recovery tests have been used for cement pastes to determine with much more precision
the yield stress value. This is the stress value that limits the transition from viscoelastic solid-like to
liquid-like behaviour [88,89].

Small-amplitude oscillatory shear applied to cement pastes has been shown to be the main
evolution of the microstructure of the paste occuring just after the first contact of the cement with
water [85,86]; the linear viscoelastic behaviour is limited by lower shear strain values when the
water/cement ratio increases [88]. Moreover, as is reasonably expected, the storage modulus also
decreases when the water/cement ratio increases [90]. Large-amplitude oscillatory shear will be of
interest when the meaning for the results is proposed.

8. Flow Models

As cement pastes need, in general, for a threshold shear stress to be surpassed in order to observe
flow, viscoplastic models [26,57,91-97] have been largely used to describe shear-stress-shear-rate or
steady flow curves (Table 1). Some confusion results from the use of ramp flow curves (non-steady)
to fit or describe new viscoplastic models [98]. Whatever the case, the influence of cement paste
composition (cement type, water/cement ratio, type and concentration of different additions and
admixtures, etc.) on the value of the model parameters, has been the subject of a large number
of publications [2,27,59,99-101]. For example, Jones and Taylor [7] proposed a model based on
Robertson-5Stiff’s to relate the flow curve of cement pastes to water/cement ratio,

T = (aw+0b){y+ (cw—i—d)}(%ﬁeiw) (8)
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where w is the water/cement ratio, and a, b, ¢, d, r, and s are constants to be determined. However,
this 6-parameter model is capable for describing only qualitatively shear-stress-shear-rate-water/
cement-ratio curves [7].

Table 1. Viscoplastic models used for describing steady flow curve of cement pastes.

Model Name Equation Reference
Bingham T="1+1pY [90]
Modified Bingham T="1+ qpf'y + ¢y [91]
Herschel-Bulkley =1 +Ky" [92]
Robertson-Stiff T=A(C+%) B [93]
Karam T = Aexp(k¢) (7, — ) [94]
Casson T =T+ o'y + ZW\E [95]
Modified Casson ™ =T+ Hoo¥" [96]
Papo-Piani =1 +1,7 +KY" [57]
Vom Berg 7y = Bsinh (t{"’) [97]

The responses of cementitious materials to flow after rest state cycles have been also modeled [102].

9. Flow Behavior Analysis with Alternative Methods

It has been recognized the influence of the measurement device on the results of rheological
testing. A study on concentric cylindrical geometries [103] lead to acknowledge that the surfaces in
contact with cement pastes must be roughness to avoid wall-slip phenomena, and the gap between
rotor and stator must be large enough to guarantee laminar and homogeneous flow of the fluid.
The use of cone-plate geometry to obtain rheological data is not appropriate due to the size of cement
particles (10-100 pm) despite, surprisingly, some authors affirming the reproducibility of the results
when the gap was the same order than particle size [7].

The sedimentation of cement grains is one of the most important problems that must be
avoided to obtain valid results. With the aim to reduce its negative impact on rheological
measurements, alternatives to rotational rheometers have been explored. For example, the turning-tube
viscometer [104] avoids cement grain sedimentation, although rheometric measurements are relative,
i.e., it does not supply absolute or fundamental rheological parameters.

Squeeze flow has been also used to characterize rheologically cement pastes [105]. However, it is
necessary to assume a variety of simplifications in the experimental procedure (infinite volume of
the sample, neglecting buoyancy force on the top plate, and neglecting of stress due to friction) to
obtain results with some physical meaning. Despite squeeze and shear experiments results did not
coincide [104], it is a valuable technique to mimic the flow conditions experienced by the cement paste
in the inner granular space of concretes [106].

The inclined plane test has been shown to be a valuable way to infer rheological characteristics of
cement pastes [107]. Shear stress-shear rate curves show reasonable agreement with those obtained
with conventional rotational rheometers but what is most remarkable is that they allow us to show
directly that the yield stress increases with the time that the sample is at rest before the test was made.

Extrusion is used in the formation of cement pastes. To determine the conditions that maintain
constant the shape and cohesion of the extruder, specific studies complementary to rotational rheometry
must be undertaken. Another reason for the use of this technique is the possibility to test materials
with very low water/binder ratios [108]. In this respect, the presence of fly ash reduces the value of
the extrusion load due to the lower size and the spherical shape of fly ash particles gives place to a
lubricant effect [31].

Flow measurements at high pressure conditions can be made with specific cells that can be coupled
to conventional rotational rheometers. They are designed to simulate pumping processes [109].
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10. Conclusions

Interest in gaining information about the rheological behavior of fresh cement pastes (RBFCP) is
mainly due to the role played by this phase in concrete and mortar formulations. Moreover, as cement
pastes are particle dispersions featured by a decisive hydration chemical activity, which generates
products from the reaction that form a gel phase interconnecting the core of cement particles, academic
interest in the study of this material has also given rise to a variety of research sub-fields on RBFCP.
Briefly, the state of the art can be summarized as follows:

a) The mixing protocol applied to cement paste preparation is not a trivial issue. It should be
intensive and lengthy enough to break all particle agglomerates, but limited by the possibility
of provoking the opposite effect, especially when chemical additives form part of the cement
paste formulation.

b)  Fresh cement pastes are concentrated particle suspensions in which particle—particle interactions
are governed by colloidal, steric, and hydrodynamic forces, and also by products of the hydration
reaction (C-S-H).

a) The combined action of mineral additions with plasticizers gives rise to cement paste formulations
optimal for high-performance concrete design.

d) Viscosity-modifying admixtures and superplasticizers are used to improve the stability of pastes
against sedimentation and bleeding, and to increase the duration of the dormant period and allow
for a reduction in water content. Synergic effects must be carefully considered when different
chemical admixtures are jointly tested.

e) Studies on blended cements are justified by the benefits on the environment and the possibility to
develop new and improved concrete formulations.

f)  Viscoelastic studies on cement pastes need to be properly justified, giving practical meaning to
the rheological parameters thus obtained.

g) Cement paste is a viscoplastic material. In this case, the rheological parameters commonly
analyzed, the yield stress and the plastic viscosity, are related to practical uses. This is because
steady viscous flow studies have traditionally been undertaken.

h) Sedimentation and wall slip are two error sources in rheological tests. Then, new experimental
methods must be developed that, in addition, can inform us about other flow cement
pastes characteristics.
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