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Abstract: With the interest aroused by the development of modern concretes such as printable or
self-compacting concretes, a better understanding of the rheological behavior, directly linked to
fresh state properties, seems essential. This paper aims to provide a phenomenological description
of the rheological behavior of cement paste. The first part is devoted to the most common testing
procedures that can be performed to characterize the rheological properties of cement suspensions.
The second one deals with the complexities of the rheological behavior of cement paste including the
non-linearity of flow behavior, the viscoelasticity and yielding, and the structural build-up over time.

Keywords: cement paste; rheology; yield stress

1. Introduction

The development of modern cementitious materials, such as 3D-printable cementitious
materials [1-3], low-carbon cement [4,5], or self-compacting concrete [6,7], requires a deep
understanding of the rheological behavior at the fresh state. Other types of concretes
including recycled aggregates or plastic fiber pose challenges with respect to their fresh
state behavior [8,9]. In addition, several processes, such as pumping or casting, are strongly
conditioned by the rheological behavior. For instance, the development of 3D-printable
concretes based on extrusion generates several challenges that directly concern the rheology
of cementitious materials. Indeed, 3D concrete formulations must be pumpable but stable
in shape once placed without formwork. In addition, the sequential layers put in place
by extrusion must adhere and structure themselves quickly. Finally, the geometry of the
printed parts must be controlled within the appropriate geometric tolerances [3,10].

At the fresh cement paste scale, the rheological behavior is dictated by the cement
particles’ organization and the interparticle forces [11]. Several methods and procedures
were developed to characterize this behavior and to examine the effect of influencing factors
such as superplasticizers [12-14], supplementary cementitious materials (SCMs) [15,16], or
formulation parameters [17]. Moreover, the rheological behavior of cement paste exhibits
different complexities such as non-linearity (shear thinning/shear thickening), viscoelastic-
ity, yielding, structural build-up at rest, and chemical evolution. In general, the rheograms
of cement paste are not linear and can present a shear-thinning phenomenon leading to
the decrease in viscosity with an increasing shear rate. This behavior is characteristic of
flocculated suspensions [15,18] and is attenuated with the incorporation of a dispersant
(superplasticizer). In fact, the flow behavior becomes linear with viscosity independent
from the shear rate due to the enhanced dispersion by the addition of the superplasticizer.

Furthermore, cementitious materials cannot be described as thixotropic materials [19-23],
since the evolution of rheological properties at rest is not fully reversible. At rest, a structural
build-up due to flocculation and chemical evolution occurs and allows for evaluating the
loss of workability during the dormant period of cement hydration. An irreversible part
due to chemical hydration remains despite the application of a strong shearing which
theoretically can erase the structural build-up [20]. The addition of dispersants or retarders
induces a decrease in the structural build-up, and the behavior of the cement paste tends
towards a thixotropic behavior [20].
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It thus appears that the rheological behavior of cement paste is complex due to several
factors such as the polydispersity of cement particles, their morphology, the interaction
between particles, and the chemical evolution (dissolution/precipitation). In this paper, the
testing procedures commonly used to characterize the rheological behavior of cement paste
are presented first. Then, the rheological behavior of cement paste is described through
flow behavior including steady and transient modes, as well as dynamic rheology. Finally,
the structural build-up of cement paste during the dormant period of cement hydration
is described.

2. Testing Procedures

Rheological measurements can be carried out using rotational rheometers with dif-
ferent types of geometries. It has to be kept in mind that several artifacts could occur and
lead to misinterpretations of results [24]. In this section, only the most relevant testing
procedures that can be performed for cement paste are presented.

2.1. Flow Tests

Flow tests are usually performed using rotational rheometers by applying an imposed
shear rate or shear stress. The most relevant procedure for cement paste consists of the
application of a strong preshear in order to induce a structural breakdown and ensure a
same initial state for the tested samples, followed by a flow sweep (or stepped flow) with a
decreasing shear rate, as shown in Figure 1. The applied time at each step must be greater
than the characteristic time, which depends on the shear rate. In fact, the characteristic
time is inversely proportional to the shear rate. So, for a high shear rate, the required
time to reach the steady state flow is negligible, while for a very low shear rate, this time
increases and is of the order of 10 to 50 s. It should be noted that most modern rheometers
are equipped with steady state sensors that allow the equilibrium state to be detected at
each applied shear rate.
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Figure 1. Flow sweep test with a decreasing shear rate.

The response given by such flow test in terms of shear stress and viscosity is presented
in Figure 2. The flow curve is non-linear and displays shear-thinning behavior. In fact,
the viscosity decreases with an increasing shear rate, which characterizes the breakdown
of agglomerated particles. For a low shear rate, the shear stress remains almost constant,
which describes the flow stoppage of freshly mixed cement paste. This shear stress is
defined as the dynamic yield stress and corresponds to the minimum stress required to
initiate the flow onset.
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Figure 2. Shear stress and viscosity as a function of the shear rate for cement paste with a w/c ratio

of 0.4 after 20 min of hydration (test performed with Rheometer AR2000Ex from TA Instruments
equipped with Vane geometry).

As presented in Figure 2, several laws allow for fitting the flow curve. However,
for non-Newtonian and yield stress fluid such as cement paste, the flow behavior can be
described by the Casson law as well as by the Herschel-Bulkley model. This latter is widely
used for cement paste behavior and is defined as follows:

T=1+ky" 1)

where 7 is the shear stress (Pa), 7 is the yield stress (Pa), 7 is the shear rate (s~!), k is the
viscosity (Pa-s), and n is the rate index. k and n are the fitting parameters. A thinning
behavior is represented by a rate index n inferior to 1, as shown in Figure 2. When the
rate index is equal to 1, the Herschel-Bulkley law is equivalent to the Bingham law and
represents a linear behavior for which the viscosity remains constant with the shear rate. A
shear-thickening phenomenon is represented by a rate index superior to 1.

The Casson model can also describe a non-linear flow behavior (shear-thinning) with
a yield stress term. It is defined as follows:

T1/2 = g1/2 4 ké/zr-yl/z @)
where 1 is the yield stress (Pa) and kg is a model constant (Pa-s).

2.2. Oscillation Metods

Dynamic rheology consists of small-amplitude oscillation shear (SAOS) [17,21,25]
and large-amplitude oscillation shear (LAOS) [26]. These procedures seem to be more
appropriate for examining the microstructure of cement paste. The LAOS procedure
appears to be relevant to investigating the evolution of non-linear viscoelastic properties at
different frequencies and amplitudes represented by the Pipkin diagram [26]. The SAOS

procedure is more appropriate for examining the structural build-up during the dormant
period of cement hydration [21,22,27-29].
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Oscillation procedures include strain sweep, frequency sweep, and time sweep tests.
They consist of the measurement of the viscoelastic properties such as the storage (or
elastic) modulus G/, the loss (viscous) modulus G”, critical strains, and other parameters
(phase angle, oscillation stress ...). The frequency sweep mode is generally performed to
investigate the cement paste stability [30]. The time sweep procedure is appropriate for
examining the structural build-up and thixotropy [19,21,22]. Strain (or stress) sweep tests
can be carried out to probe the microstructure of cement paste and can give information
concerning the network of cement particles and the forces acting inside this network.

The amplitude sweep can be performed by applying an increasing stress (or strain) at
a frequency of 1 Hz [17,19,23]. The typical response of amplitude sweep is presented in
Figure 3. It is worth noting that this kind of non-destructive test allows the microstructure
of fresh cement paste to be probed [17,27,31]. As shown in Figure 3, the evolution of storage
and loss moduli during an amplitude sweep follows three phases. The first phase in which
the moduli remain almost constant is defined as the linear viscoelastic domain (LVED). In
this domain, the microstructure of cement paste is maintained [27]. The SAOS procedure
allowing the structural build-up to be characterized is commonly performed in this strain
region. In addition, cement paste will behave like a solid if the storage modulus G’ is
greater than the loss modulus G”. The liquid-like behavior corresponds to G’ < G”. The
end of the LVED is characterized by a significant drop of the moduli. The strain associated
with this decrease onset is of the order of 1072% and can be interpreted as a signature of
the breakage of the links between cement particles (C-S5-H links and attractive colloidal
forces) [17,23,27,29,32].
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Figure 3. Example of an amplitude (strain or stress) oscillation test (test performed with Rheometer
AR2000Ex from TA Instruments equipped with Vane geometry).

The second phase corresponds to the yielding zone. The oscillation stress remains
almost constant in this region, and the moduli (G’ and G”) decrease significantly. In
addition, there is a transition point corresponding to the intersection of the storage modulus
and the loss modulus curves (G’ = G”) which defines a solid /liquid transition, i.e., the flow
onset. This transition point is associated with a large strain (transition strain). The yield
stress can be determined at this point.

The last phase is associated with a large strain and describes the flow behavior (liquid-
like behavior G’ < G").
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2.3. Transient Mode

The transient mode includes stress growth, stress relaxation, and creep/recovery
procedures. This paper focuses on the stress growth procedure widely used to measure the
static yield stress.

The stress growth procedure consists of the application of a very low shear rate in the
range of 1073 s71-1072 s, depending on the rheometer sensitivity. In fact, the yield stress
corresponds to the minimum stress required to initiate flow. Theoretically, it corresponds
to the shear stress at rest, i.e., for a shear rate equal to 0. Since rheometers cannot apply a
shear rate of zero, this shear rate must be as low as possible. The correct measurement of
the yield stress consists of the application of a strong pre-shearing phase, followed by a
sufficient resting time to allow the structure to be rebuilt [23,33-36]. Then, a very low shear
rate in the range of 1072 s71-1072 s~! is applied to the cement paste during a sufficient
time to reach the steady state flow. This time has to be greater than the characteristic time
of flocculation, which is of the order of 10 s [23]. Vane geometry appears to be the most
suitable for such a test. However, it is important to determine beforehand the geometric
constants making it possible to calculate, respectively, the shear stress and the shear rate
from the applied torque and the rotational velocity. This can be accomplished using the
Couette analogy method described by Ait-Kadi et al. [37].

The typical curve given by the stress growth procedure is presented in Figure 4. It can
be observed that the evolution of shear stress as a function of shear strain follows at least
two steps. First, the shear stress increases almost linearly with the strain until it reaches a
peak followed by a plateau. The linear increase for a low strain is consistent with elasticity
(solid regime) and can be represented as follows:

=Gy 3)

where T is the shear stress (Pa), G is the instantaneous shear modulus (Pa), and 7 is the
shear strain.

350 4
s <40 min
Static yield stress
300 Y 4 5 min
5
&
<
@ Slope change
g
n
- Dynamic yield stress o e
e ,;r,t)f);«—f*fik_’j/ilfiﬂ’ki
s AL
E critical strain Strain (%)
®s-—
0 20 40 60 80 100

Figure 4. Shear stress as a function of shear strain during the stress growth procedure (cement paste
with w/c = 0.4) performed after 5 min and 40 min of hydration with AR2000Ex equipped with
Vane geometry.

The peak defines the static yield stress corresponding to the flow onset, i.e., the shear
stress where the suspension just starts to flow. In cement suspensions, the yield stress



Eng 2023, 4

1896

originates from the network of interacting particles due to direct contacts and colloidal
attractive forces [11]. This peak is not always observed. Its observation depends on several
factors such as the particle properties (shape, particle size distribution), solid volume
fraction, and time of hydration. In cement pastes, this peak becomes more visible with the
progress of the hydration, as shown in Figure 4 [20]. Moreover, one can simply observe
a plateau defining the steady state flow under a low shear rate. This plateau defines the
dynamic yield stress (Figure 4). In the plateau, the shear stress is related to the shear rate
through the Newton law as follows:

T=nY 4)

where 1 is the viscosity (Pa-s), and 7 is the shear rate (s71).

The transition point between the linear regime and the plateau which defines the yield
stress can be associated with a characteristic time required to reach the steady state flow.
This characteristic time is inversely proportional to the shear rate as follows:

N

te ~ =

s ©)

where 7. is the critical strain of the order of few %. For a shear rate of 1072 s~ ! and a
critical strain of about 10%, the characteristic time is of the order of 10s, which is close to
the characteristic time of flocculation [23].

Furthermore, as reported by Roussel et al. [23], in the very first stages of the shearing
process, the shear stress—shear strain curve can exhibit an abrupt change in the slope
(Figures 4 and 5). Fourmentin et al. [38] reported the same trend. In fact, at a very low shear
strain, there is a quick increase in the shear stress associated with a high instantaneous
shear modulus, which could characterize a very stiff material [23,38]. This slope change is
associated with a very low strain which cannot be associated with the flow onset. According
to Roussel et al. [23], this low strain could be associated with the breakage of the contacts
between cement particles formed by C-S-H links. The critical strain of the order of few % at
the flow onset describes large structural changes in the suspension [11,23].

3501

< 40 min
# 5 min

300
250 -
200

150 1

| Stress A (Pa)l

100

50

characteristic time Time (s)

T T T T T T T T T - 3

20 40 60 80 100

Figure 5. Evolution of shear stress as a function of time during the stress growth procedure (cement
paste with w/c = 0.4) performed after 5 min and 40 min of hydration.
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3. Rheological Behavior of Cement Paste
3.1. Flow Behavior

The cementitious suspensions generally display a shear-thinning behavior with a
continuous decrease in viscosity with the shear rate. This behavior, characteristic of floc-
culated suspensions, describes the deflocculation under shearing. For simplification, the
rheological behavior of cement paste is often assimilated to a Binghamian behavior under
certain conditions. In addition, cement pastes (without dispersant) exhibit a yield stress
that has to be overcome to initiate flow. Viscoplastic models such as the Herschel-Bulkley
model or Bingham model seem to be relevant and are widely used to describe the flow
behavior of cement pastes. The flow curve obtained by a stress (or shear rate) sweep is
fitted with such models to determine the dynamic yield stress at a very low shear rate.

The effect of several parameters such as the properties of cement, water-to-cement
ratio (w/c), admixtures, and supplementary cementitious materials (SCMs) on the flow
behavior has been widely studied [15,23,32,39-45]. The effect of w/c on rheological pa-
rameters can be described by the dependence on the solid volume fraction through the
Krieger-Dougherty law for viscosity [46] or yield stress [47] or by the yield stress model
(YODEL) developed by Flatt and Bowen [48]. The effect of admixtures (especially super-
plasticizers) and SCMs has been the subject of a large number of publications.

Although it is often assumed, by simplification, that cement pastes behave like a
Bingham fluid, it turns out that many experimental results reveal behaviors marked by
nonlinear flow curves, especially with shear-thinning behavior. However, cement pastes can
also display a shear-thickening behavior, particularly in the presence of superplasticizers
and/or certain mineral additions [15,49,50]. The shear-thickening behavior refers to the
abrupt or continuous increase in viscosity with the shear rate. This behavior can be
described with the Herschel-Bulkley model with a rate index n > 1. Different assumptions
have been proposed to explain the origins of this behavior.

By carrying out dynamic simulations, Bossis and Brady [51] proposed a mechanism
based on particle clustering to explain the shear thickening. The cluster formation results
from the lubrication forces. In a suspension with short-range repulsive interparticle forces
(electro-steric effect; Brownian motion) such as cement paste with a superplasticizer, the
cluster formation could be avoided, especially at low or moderate shear rates. With an
increasing shear rate, the hydrodynamic forces increase until their intensity exceeds that of
the repulsive forces, thus inducing the formation of particle clusters.

Another mechanism based on the order—disorder transition has been proposed to
explain the shear thickening [15,52-54]. According to this theory, the shear-thickening
behavior would be the consequence of the transition from a layered flow, where the
particles are ordered in successive layers, to a locally disordered state, where the particles
are dislodged from the layer structure. In fact, the hydrodynamic forces cause this instability,
which breaks up the layered flow. This local instability induces particle jamming, which
probably involves cluster formation, leading to an increase in viscosity.

In the case of cement paste, Roussel et al. suggest that these mechanisms do not seem
relevant. Indeed, according to the authors, the macroscopic flow behavior of cement pastes
can be characterized by two transitions: macroscopic shear thinning resulting from the
transition between a colloidal and viscous regime, and shear thickening corresponding to
the transition between a viscous and inertial regime. At a high shear rate, particle inertia
dominates hydrodynamic effects, which may lead to shear thickening.

3.2. Linear Visco-Elastic Domain

The linear visco-elastic domain (LVED) can be determined by oscillation rheology
(Section 2.2). In this domain, the storage and loss moduli remain constant. Generally, fresh
cement pastes (without a superplasticizer) exhibit a solid-like behavior in this domain with
a storage modulus greater than the loss modulus (G’ > G”). The end of this domain is
associated with a shear strain of the order of 1072%. This shear strain can be attributed to
the breakage of the links between particles due to early hydrates nucleation [23] and /or
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the attractive colloidal forces [29,32]. It has to be kept in mind that this critical strain
remains identical from fresh cement paste to hardened cement paste [29]. In addition,
it is of the same order of magnitude as the critical strain for which cracks propagate in
hardened concrete [23].

The effect of several factors (w/c ratio, SP dosage, SCMs ...) on the LVED of
fresh cement paste has been investigated, but the number of studies remains relatively
limited [17,19,27,29,55,56]. Recently, an interesting study dealing with the effect of the w/c
ratio and superplasticizer (SP) on the viscoelastic properties of fresh cement pastes has been
carried out [17]. The results show that both the storage modulus and viscoelastic stress
increase with the decreasing w/c ratio, which is consistent with the fact that the stiffness of
cement paste increases with the solid volume fraction. In fact, the storage modulus could
follow a Krieger-Dougherty law [47].

Furthermore, it appears that the critical strain at the end of the LVED is strongly
affected by the superplasticizer dosage, while the effect of the w/c ratio is less significant.
Only a high w/c ratio leads to an increase in this critical strain [17]. The effect of the
SP dosage thus appears to be more significant than that of the w/c ratio (Figure 6). The
interpretation of this phenomenon remains complex, and some ambiguities remain in the
literature. First, the critical strain at the end of the LVED is attributed to the breakage of C-
S-H bridges between cement particles [17,23]. However, in a calcite suspension (chemically
inert), which has granular properties close to those of cement paste and is sometimes used
to mimic the fresh behavior of cement paste [57,58], the end of the LVED is characterized
by a critical strain of the same order of magnitude [59].
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Figure 6. Effect of water-to-cement ratio (w/c) and superplasticizer dosage on the critical strain (data
from [17]).

Concerning the effect of w/c on the critical strain, Jiao and De Schutter [17] explain it
by the increase in the dissolution rate, leading to the increase in early hydrates formation.
In addition, these early hydrates could be more fragile when w/c increases. The effect of the
superplasticizer on the critical strain is explained by the entanglement of superplasticizer
molecules with each other and the possible enhancement of the C-5-H bridges. According to
these authors, the cohesive bonding between cement particles is improved, which increases
the deformation capacity of the connections. The oscillatory shear strain required to initiate
the relative movement between particles thus increases. However, some ambiguities could
be pointed out. First, there is no consensus on the formation of early hydrates, which can
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form links between cement particles. According to Sujata and Jennings [60], alite (C35)
particles get covered by C-S-H after 10 min of hydration, while Gauffinet et al. [61] reported
1 h after the contact between alite and lime solution. In addition, Zingg et al. [62] found
that, in the presence of a superplasticizer (dispersed cement paste), the early hydrates
precipitate mainly in the pore solution.

In calcite suspensions, the dependence of the critical strain on the solid volume fraction
has been investigated by Liberto et al. [59]. It was found that the critical strain varies in a
non-monotonic way with the solid volume fraction and displays a minimum for a volume
fraction of 20% of about 1072%. The authors attributed this critical strain to the inter-floc
rupture associated with a weak-link structure. The second critical strain (where G’ = G”) of
the order of few % is associated with the fragmentation of flocs.

It thus appears that the interpretation of the viscoelastic properties of fresh cement
pastes is complex. Further investigations are required to deepen the comprehension of the
origins of each transition in the microstructure of fresh cement paste.

3.3. Structural Build-Up

The term thixotropy reflects the fact that the rheological properties (viscosity) are time-
dependent. Thixotropic materials thus become more fluid with an increasing shear time (ata
constant shear rate) or more viscous when kept at rest. Therefore, the viscosity of thixotropic
material gradually increases with the resting time (build-up), and when it is sheared, it
must recover its initial state (break-down). Thixotropy therefore assumes that the evolution
of rheological properties over time is reversible. Thus, the application of a shear makes it
possible to erase the history of the structuration at rest. This reversible phenomenon is often
attributed to reversible physico-chemical phenomena such as flocculation/deflocculation
in colloidal suspensions [23].

The term “thixotropy” is often used for cementitious materials to describe the reversible
evolution at the macroscopic scale, e.g., the maintenance of workability [35,44,63,64]. How-
ever, due to cement hydration, the initial state cannot be completely recovered. This is
referred to as workability loss (or slump loss). In fact, during the low-activity period of
cement hydration, also called the dormant period, chemical changes occur in the cementi-
tious material, leading to the formation of hydrates bridges between cement particles [23].
Despite a strong shear, the history of the structuration is not fully erased. This is why
the term “structural build-up” seems to be relevant to describing the time-dependence
of the rheological behavior of cementitious materials. It can be noted that the addition of
admixtures such as superplasticizers allows for approaching an ideal thixotropic behavior
due to the retarding/dispersive effect [20].

Various testing procedures and approaches have been reported in the literature. The
first procedure, called the hysteresis loop, consists of applying an increasing and de-
creasing shear rate. The area between the ascending and descending curve is an indi-
cator of the thixotropy. This method can be used as a preliminary attempt to assess the
thixotropy [65,66]. In fact, the hysteresis area depends not only on time but also on shear
history (shear rate, test condition, step duration). The most common test consists of the
measurement of the static yield stress (using the stress growth procedure) after different
resting periods [20,21,67,68]. The slope of the yield stress-resting time curve (Ay;y) is a
strong indicator of the structural build-up. Another interesting method is based on time
sweep measurements using small-amplitude oscillatory shear (SAOS). It consists of the
determination of the evolution of both the storage and loss moduli with rest time [21,22].

The contribution of physical and chemical parts to the structural build-up is an inter-
esting challenge. In fact, a deep understanding of the structuration of fresh cementitious
materials during the dormant period is essential to controlling the placement of modern con-
cretes such as 3D-printable concretes, low-carbon concretes, or self-compacting concretes.

Mostafa and Yahia [21] found that the physical structural changes at rest can be
described by the percolation time. This latter corresponds to the time needed to form a
colloidal percolated network, where the phase angle (determined by SAOS measurements)
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reaches its lowest and steady value. In addition, the linear increase at rest of the storage
modulus within the dormant period can describe the chemical rigidification rate of a
formed network. The authors suggested that these parameters can be used in combination
to describe the physical and chemical structuration of cement suspensions with different
water-to-cement ratios, superplasticizer dosages, and SCMs replacements.

Another interesting study, performed by Zhang et al. [22] through SAOS measure-
ments, allowed the chemical and thixotropic part to be quantified. The authors suggested
that the structural build-up is the sum of the chemical and thixotropic parts. Moreover, it
appears that the thixotropic part dominates the chemical contribution until the beginning
of the acceleration period of hydration, where the chemical contribution dramatically in-
creases. The addition of a superplasticizer (SP) allows for reducing the thixotropic part,
while the chemical contribution is comparable with and without SP.

Another study based on a succession of stress growth procedures (with or without
the pre-shear phase) has been carried out to assess the contribution of reversible and
irreversible parts of the structural build-up. It was found that the structural build-up
of a chemically inert material (calcite) is completely reversible. The structural build-up
in such colloidal suspension is due to flocculation induced by attractive colloidal forces.
Furthermore, for cement paste without a superplasticizer, there is a significant increase in
the static yield stress despite the strong pre-shear which is supposed to erase the structural
build-up (irreversible part) (Figure 7). The evolution of the static yield stress with hydration
time showed two stages. The first one is characterized by a linear increase in the static
yield stress with time until 40 min of hydration, and the second one is characterized by a
significant increase from 40 min (slope change) (Figure 7). The irreversible part (after the
pre-shear phase) showed linear evolution without a slope change. This suggests that the
physical part (flocculation) is not necessarily reversible in cement suspensions and/or that
the chemical changes probably contain a reversible part. The addition of a superplasticizer
strongly affects the structural build-up due to the retarding and dispersive effects. In the
presence of a superplasticizer, the contribution of the cement hydration to the structural
build-up could be neglected. The cement paste thus behaves like a thixotropic material
with reversible changes. The use of a superplasticizer allows for reducing the workability
loss during the dormant period [20].
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Figure 7. Evolution of the static yield stress with and without a pre-shear phase [20].
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Recently, an interesting study was performed by Zhang et al. [68] to clarify and
quantify the contribution of colloidal forces and C-5-H formation to the structural build-up.
It was shown that the evolution of the static yield stress during the dormant period follows
three stages (Figure 8). The initial stage, in the first 30 min, corresponds to the rapid linear
growth of the static yield stress. In the induction period (30-60 min), the static yield stress
increases slowly. Finally, the acceleration stage (>60 min) is marked by an exponential
growth of the static yield stress. This evolution is almost comparable to that presented
in Figure 7.
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Figure 8. Schematic illustration of the static yield stress and interaction force evolution of fresh
cement paste [68].

Zhang et al. [68] showed that the interparticle force, which is the combination of the
colloidal force and interaction force between C-S-H particles, is the driving force for the
evolution of static yield stress. The contribution of colloidal force appears to be greater in
the early period (the initial and induction period), while the C-S-H force determines the
evolution trend of the static yield stress since the induction period.

4. Conclusions

This paper presented a phenomenological description of the rheological behavior
of cement paste. In fact, this rheological behavior displays several complexities such as
non-linearity, yielding, time-dependence and chemical changes.

The most common testing procedures allowing for the characterization of this behavior
have been reported. For flow behavior, the most relevant protocol consists of the application
of a ramp sweep (shear rate or shear stress) so that the flow curve (shear stress as a function
of the shear rate) is at steady state flow. The structural build-up can be characterized by
static yield stress measurements or the SAOS protocol for various resting times.

The non-linearity of flow behavior corresponds to a shear-thinning /shear-thickening
phenomenon that can be represented by the Herschel-Bulkley model. If the shear-thinning
phenomenon can be related to the flocculation state, the origins of shear thickening are
not clearly elucidated. Theories based on order-disorder transition, particle clustering,
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or viscous/inertial regime transition have been developed to explain the appearance of
shear thickening.

Furthermore, oscillation rheology allows for determining the linear viscoelastic do-
main (LVED) in which both storage and loss moduli remain constant. The end of this linear
domain is associated with a critical strain of the order of 1072%. This critical strain could
be the signature of the breakage of interparticle bonds formed by early hydrates (C-S-H)
and/or attractive colloidal forces, especially for cements with supplementary cementitious
materials (SCMs) and alternative cements such as calcium sulfoaluminates cements or
belite ye’elimite ferrite (BYF) cements.
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