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Abstract

Strong polyelectrolytes, known as superplasticizers, improve the initial fluidity of concentrated cement suspensions through electrostatic
stabilization. These polyelectrolytes do not maintain the initial fluidity, however, primarily due to an increase in the ionic strength of the
cementitious suspension. Consequently, non-ionic polymers are often used in conjunction with polyelectrolytes to provide steric stabilization and
hence to sustain the desired fluidity over a longer time, and this has lead to the development of copolymers with both electrostatic and steric
(electrosteric) functionalities. To design such polymers, it is necessary to optimize the balance between electrostatic and steric stabilization to
maximize suspension fluidity. We have quantified the effects of a strong anionic polyelectrolyte, melamine formaldehyde sulfonate (MFS), and a
non-ionic polymer, hydroxypropylmethylcellulose (HPMC), on the zeta potential of cement particles and the steady shear and low-amplitude
rheological properties of concentrated cement suspensions. While the adsorption of MFS onto the cement particle surfaces leads to a sign inversion
in the zeta potential, the adsorption of the non-ionic HPMC has no significant effect on the potential. The addition of HPMC to the suspensions
substantially reduces the steady shear viscosity and the storage modulus at constant MFS concentration; in addition, there exists an intermediate
HPMC concentration that minimizes fluidity. The resulting suspension fluidity is also maintained over a longer time than in the absence of HPMC.
This improvement in the stability and fluidity of cement suspensions is attributed to “complementary electrosteric dispersion/stabilization”, and
provides insight to the design of polymers with electrosteric functionality.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In a previous paper, we described our studies on the
stabilization of concentrated cement suspensions using super-
plasticizers, which are strong anionic polyelectrolytes [1].
These polymers adsorb onto the cement particle surfaces
through electrostatic attraction, and as a result provide
electrostatic stabilization of the particles. This allows for
greater particle loading and improved workability of the
suspension [2]. Such qualities are critical for self-compacting
engineered cementitious composites (SC-EECs), for example.
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These composites are designed to flow into a complex building
structure without any extreme compaction, similar to self-
compacting concrete [3], and to exhibit extremely ductile
pseudo strain-hardening performance in the hardened state,
similar to engineered cementitious composites (ECCs) [4,5].
This ductile performance is achieved by the micromechanical
criteria to optimize the matrix, fiber, and interfacial properties
[6].

However, these strong polyelectrolytes do not maintain the
initial fluidity of a fresh cementitious suspension [7], which is
necessary to achieve self-compactability [3]. In the previous
paper, we showed that while addition of the superplasticizer
melamine formaldehyde sulfonate (MFS) initially reduces the
suspension viscosity and storage modulus, these rheological
properties increase rapidly after a short time. This fast fluidity
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loss is primarily due to the increase in the ionic strength of the
cementitious suspension, which leads to re-flocculation driven
by van der Waals attraction. Since the strong polyelectrolytes do
not provide significant steric repulsion to prevent this re-
flocculation, copolymers such as weak or grafted polyelec-
trolytes have been developed to provide both electrostatic and
steric—"‘electrosteric”—stabilization in a single molecular spe-
cies [8—11]. The design of these copolymers must optimize the
balance between electrostatic and steric stabilization to achieve
a desired fluidity of the suspension. This design has been
primarily based on trial and error modification of polymer
structures, such as altering the length of the steric chains and the
number of ionic groups on the backbone. For example, Yamada
et al. [10] suggested that polymers with longer grafted chains,
shorter backbones, and a greater proportion of ionic groups will
improve the fluidity of cementitious suspensions. Increasing the
length of the grafted chain or the proportion of ionic groups too
much, however, may hinder the adsorption of other molecules
and reduce the dispersion of the particles.

It is necessary to first understand the individual roles of
electrostatic stabilization and steric stabilization on fluidity
prior to designing a copolymer that will provide the appropriate
balance of both. In the work reported here, we have quantified
the effect of both a superplasticizer (MFS) and a non-ionic
polymer (hydroxymethylcellulose, HPMC) on the zeta potential
of cement particles and the rheological properties of concen-
trated cement suspensions. HPMC has been used as a viscosity
agent to prevent segregation in a cementitious suspension
[12,13], and has also been widely used as a steric stabilizer to
reduce strong flocculation in silica suspensions [14]. By using
two polymers—one to achieve electrostatic stabilization and one
to achieve steric stabilization—we are able to separately quantify
the effect of each type of stabilization on the resulting fluidity of
the suspension.

Previous studies have used rheological measurements to
quantify the effect of polymeric admixtures on the fluidity of
concentrated cement suspensions. For example, several studies
have related the effects of strong polyelectrolytes on the zeta
potential, the interparticle interactions, the suspension fluidity,
and the hydration process using the plastic viscosity, yield
stress, and deformability (see, for example, Refs. [14-25]).
While some studies have focused on the effect of super-
plasticizer addition on the low-amplitude oscillatory shear
(LAOS) behavior of cement pastes [26—31], no study has
systematically addressed the effect of both an electrostatic
stabilizer and a steric stabilizer on the microstructure and
subsequent LASO behavior, however.

In this work, the amount of MFS and HPMC adsorbed onto
Type I Portland cement particles is quantified and related to the
measured zeta potential of the particles. Then, both steady-shear
and LAOS properties of suspensions are measured as a function
of polymer concentration. The steady-shear properties were
measured to characterize the response of the suspension
microstructure to steady shear (irreversible) deformation,
while the LAOS properties were measured to quantify changes
in the suspension microstructure with polymer and particle
concentrations. The results of this work will provide guidelines

to aid in the design of copolymers to function as both an
electrostatic dispersant and a steric stabilizer.

2. Experimental section
2.1. Materials

Type I ordinary Portland cement (LaFarge Cement Co.,
France) was used as received. The cement was stored in a dry
environment to avoid hydration prior to use. The super-
plasticizer, melamine formaldehyde sulfonate [MFS, molecular
weight (MW)=20,000—-30,000], was used as received in an
aqueous solution of 33 wt.% (W. R. Grace Chemical Co.,
Boston, MA). The non-ionic polymer, hydroxypropylmethyl-
cellulose (HPMC, MW=150,000; Dow Chemical Co.,
Midland, MI) was dissolved in water before addition to the
cement suspension. De-ionized (DI) water was used in all
suspensions.

Using a vibrating mixer, the cement particles were first
mixed with water for 30 s to form a paste. Next, a HPMC
solution at a known concentration was added to the cement
paste and the paste was further mixed for 30 s. Then, a known
amount of the aqueous MFS solution was added to the cement
paste, and the paste was mixed for another 2 min. The sequential
addition of the polymer solutions was adopted to promote the
adsorption of HPMC molecules onto the particles, since the
MFS chains are preferentially adsorbed due to strong
electrostatic attraction. The cement particle volume fraction
was varied from 0.46 [weight of water/weight of cement (W/C)
=0.40] to 0.56 (W/C=0.25). The compositions of the cement
suspensions are detailed in Table 1. Note that the concentration
of MFS necessary to disperse the particles increases with the
cement particle volume fraction.

2.2. Adsorption isotherms

The adsorption isotherm for MFS was measured using
ultraviolet spectroscopy as described in a previous paper [1].

Table 1
Effect of MFS and HPMC concentrations on the storage moduli growth rates
Cement volume  Wyips/Weement  Wapmc/ Weement @ p
fraction (%) (%) (MPa/min) (MPa/min)
0.51 1.00 0 0.4 39
0.013 0.1 1.4
0.050 0.1 0.6
0.100 0.1 0.3
0.53 1.00 0 0.4 2.6
0.013 0.3 1.4
0.050 0.3 1.0
0.100 0.2 2.5
0.53 1.67 0 1.1 7.9
0.013 0.5 4.1
0.050 0.8 1.0
0.100 1.4 0.9
0.56 1.67 0 22 -
0.013 15 -
0.050 9.0 -
0.100 4.2 -
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The adsorption isotherm for HPMC was quantified by
viscometry. Dilute cement suspensions were prepared with a
constant particle concentration and varying HPMC concentra-
tion following the mixing procedure detailed above. Then, the
cement particles bearing adsorbed HPMC were removed by
centrifugation, and the viscosity of the resulting supernatant
was measured with a Cannon-Fenske capillary viscometer. The
concentration of HPMC in the supernatant was calculated
using measured viscosities of solutions with known HPMC
concentrations.

To quantify the competitive adsorption between HPMC and
MEFS, the amount of MFS adsorbed onto the cement particles in
the presence of 0.05% (w/w) HPMC was measured by
ultraviolet spectroscopy (Varian Australia Ltd., Melbourne,
Australia). The mixing procedure to prepare the dilute
suspensions was the same as described in Section 2.1. Then,
the cement particles bearing adsorbed MFS were removed by
centrifugation and the supernatant collected for UV analysis.
The changes in the UV absorbency at 490nm to mark the non-
adsorbed MFS in the supernatants were compared.

2.3. Zeta potential measurements

To investigate the effects of both HPMC and the binary
mixture of HPMC and MFS on the surface potential of the
cement particles, the zeta potential of the particles was
measured by electrophoresis (Zeta-Meter Inc., Staunton, VA).
Cement suspensions with a constant particle concentration and
varying polymer concentration were prepared. For the binary
mixtures, the HPMC concentration was kept constant at 0.05%
(w/w) and the MFS concentration was varied. Following the
adsorption of the polymer(s), the suspensions were diluted with
DI water. The velocity of the particles under an applied voltage
was measured, from which the electrophoretic mobility
(velocity/electric field) was calculated. The mobilities were
converted to zeta potentials, using the Helmholtz-Smluchowski
equation:

nu
1= 1
="t (1)
where ( is the zeta potential, # is the fluid viscosity, and & is
the dielectric permittivity. Eq. (1) is valid for ka>100, where
k! is the Debye length of the particles and a is the particle

radius.
2.4. Rheological measurements

The steady-shear and low-amplitude oscillatory shear
(LAOS) properties of the suspensions were measured using a
controlled-strain theometer (VOR, Bohlin Instruments, Glou-
cestershire, England). A concentric cylinder geometry with a
gap spacing of 1.4mm was used; the sample temperature was
fixed at 25+1°C. To eliminate the dependence of the
microstructure on shear history, a pre-shear was applied to the
samples prior to the rheological measurements. This pre-shear
consisted of subjecting the samples to a shear rate of 150 s~ ' for
30 s, followed by a rest time of 3 min for the steady-shear

measurements and between 10 and 60 min for the LAOS
measurements.

During the steady-shear measurements, the shear stress was
measured as a function of shear rate ranging from 0.00146 to
146 s~ ', from which the suspension viscosity was calculated.
The relative viscosity was calculated by dividing the suspension
viscosity by the medium viscosity, measured using a capillary
viscometer.

During the LAOS measurements, the storage modulus (G”)
and the loss modulus (G”) were measured as a function of
frequency (from 0.01 to 0.1Hz) and as a function of time (at
1Hz) within the linear viscoelastic region (LVR). The critical
strain marking end of the LVR tends to decrease with increasing
particle concentration, so the maximum strain employed for all
measurements was kept constant at 0.0002.

3. Results and discussion
3.1. Adsorption isotherm

The HPMC adsorption isotherm is shown in Fig. 1. The
amount of HPMC adsorbed at complete surface coverage
(approximately 0.06%) is much less than that of the strong
polyelectrolyte [1], MFS, illustrating that the charged MFS has
a greater affinity for the cement particle surface. Also shown in
Fig. 1 is a straight line that corresponds to 100% adsorption of
the HPMC molecules. There is a greater increase in the
concentration of non-adsorbing HPMC molecules for concen-
trations greater than approximately 0.1%. This is found to lead
to a significant increase in the suspension medium viscosity.

When both HPMC and MFS are present, there is competitive
adsorption between the two polymers for the limited adsorption
sites. Since MFS has a greater affinity for the particle surface,
HPMC was first added to the suspensions to promote its
adsorption [31], followed by the addition of MFS after a
specified time had elapsed (from 0.5 to 10 min). Fig. 2 shows
that increasing the HPMC concentration, at a constant MFS
concentration of 1%, leads to a small increase in absorbance of
the supernatant at a wavelength of 490nm. This increase in
absorbance corresponds to an increase in the concentration of
non-adsorbing MFS chains, which is due to a decrease in the
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Fig. 1. Adsorption isotherm of HPMC, -@- Actual, — 100% adsorption of
HPMC assumed.
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Fig. 2. Increase in the concentration of non-adsorbed MFS (overall MFS
concentration of 1% (w/w)) in the suspending medium due to the addition of
HPMC.

amount of MFS adsorbed onto the particles. Hence, the pre-
adsorbed HPMC chains reduce the number of adsorption sites
for MFS. It is not expected that the MFS chains displace the
adsorbed HPMC chains due to the higher molecular weight of
the non-ionic chains [32].

3.2. Zeta potential measurements

Cement particles are composed of interstitial phases with a
positive potential ranging from 20 to 40mV and of silicate
phases with a negative potential of approximately —10mV [33].
Hence, the measured zeta potential represents a composite
potential for the particle surface. We have shown that the
adsorption of MFS leads to a sign reversal in the zeta potential
of the cement particles, resulting in short-term electrostatic
stabilization of the particles and subsequent changes in the flow
properties including reductions in the viscosity and storage
modulus [1]. The negatively charged MFS adsorbs predomi-
nately onto the interstitial phases [22,34] and not onto the
silicate phases, which results in the sign reversal in the potential.
For MFS concentrations of 1% and greater, the changes in the
zeta potential becomes less significant, which mirrors the
smaller increase in the amount of MFS adsorbed at these
concentrations.

However, little change in the zeta potential is expected upon
the addition of the non-ionic HPMC. This is supported by the
data shown in Fig. 3(a). The small decrease in the zeta potential
observed at the largest HPMC concentration is likely due to the
increase in the effective volume of the particles owing to the
formation of thicker adsorption layers.

The effect of the adsorption of MFS in the presence of HPMC
on the zeta potential is shown in Fig. 3(b). The MFS
concentration was varied from 0 to 1.75%, while the HPMC
concentration was kept constant at 0.05%; the zeta potential data
for 0% HPMC (i.e., MFS only) is shown for reference. As shown
in Fig. 3(a), 0.05% HPMC alone has no significant effect on the
zeta potential. In combination with MFS, the presence of
adsorbed HPMC causes the sign reversal in the potential to occur
at a larger MFS concentration. For example, the isoelectric point
occurs at a MFS concentration of approximately 0.15% in the

absence of HPMC and at a concentration of approximately
0.33% in the presence of 0.05% HPMC. In addition, the mag-
nitude of the potential is reduced at a given MFS concentration.
These results are in correspondence with the reduction in the
amount of adsorbed MFS when HPMC is present.

3.3. Effect of HPMC on the steady shear properties

The effect of HPMC (in the absence of MFS) on the steady-
shear properties of the cement suspensions is shown in Fig. 4.
Both the low-shear (0.06 s~ ') and high-shear (23.3 s ')
viscosities are shown as a function of HPMC concentration for a
particle concentration of 0.46. The concentration of HPMC was
varied from 0 to 0.1% (w/w), since the adsorption isotherm
showed that the concentration of non-adsorbing HPMC
increases significantly for HPMC concentrations greater than
approximately 0.1%. It is not possible to measure the
rheological properties of the suspensions prepared without
MEFS for particle concentrations larger than 0.49 because of the
extensive flocculation of the particles and subsequent large
suspension viscosity.

As shown in Fig. 4, the low-shear viscosity gradually
decreases up to a HPMC concentration of 0.05%, then increases
at a HPMC concentration of 0.1%. The high-shear viscosity
increases with increasing HPMC concentration. In contrast,
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Fig. 3. Effect of the polymers on the zeta potential of the cement particles: (a)
HPMC (no MFS); (b) MFS, -@- HPMC 0% (w/w), -O- HPMC 0.05% (w/w).
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Fig. 4. Effect of HPMC on the viscosity of cement suspensions at ¢cement=0.46;
-@- shear rate of 0.06 s~ ', -O- shear rate 0of 23.2's .

both the low-shear and high-shear relative viscosities continu-
ously decrease with increasing HPMC concentration (not
shown here). Hence, the increases seen in the viscosities are
due to the increase in the medium viscosity caused by non-
adsorbing HPMC chains. These data show that the adsorbed
HPMC molecules provide some stabilization to flocculation of
the particles. As shown in Fig. 3(a), HPMC has a negligible
effect on the zeta potential and hence the electrostatic
interactions between the particles. The reduction in the particle
interactions, as inferred through the reduction in the viscosities,
is due solely to steric hindrance.

3.4. Effect of HPMC and MFS on the steady shear properties

The effect of both MFS and HPMC on the steady-shear
properties is shown in Fig. 5(a) and (b) for particle concentra-
tions of 0.51 and 0.53, respectively. In Fig. 5(a), both the low-
shear (0.06 s~ ) and high-shear (23.3 s~ ') viscosities are shown
as a function of the admixture concentrations; in Fig. 5(b), only
the low-shear viscosities are shown since little variation was
noted in the high-shear viscosities. The concentration of HPMC
was varied from 0 to 0.1% at constant MFS concentrations
ranging from 0.33% to 1.67%.

As shown in these figures, increasing the MFS concentration
reduces the dynamic viscosity, irrespective of the applied shear
rate. As is expected, the reduction in the viscosity is larger at the
lower shear rate. These viscosity reductions are attributed to the
enhancement of electrostatic repulsion between the cement
particles as the number of adsorbed MFS molecules increases
[1]. These data also illustrate that, at a given MFS concentration,
the suspension viscosity is minimized at an intermediate HPMC
concentration. With the exception of the lower-shear data at a
MEFS concentration of 0.33% (Fig. 5(a)), this minimum occurs
at a HPMC concentration of 0.013%. It is striking that the
addition of HPMC at a concentration of 0.013% leads to a large
decrease in the viscosity at intermediate MFS concentrations.

The observed increases in the viscosities seen in Fig. 5(a)
and 5(b) can be attributed to increases in the suspending
medium viscosity due to non-adsorbed HPMC. While not
shown here, the relative viscosities decrease with increasing

HPMC concentration. Thus, the adsorbed HPMC molecules
enhance suspension stability due to steric repulsion. Since the
viscosity also decreases with increasing MFS concentration, the
adsorbed MFS molecules enhance suspension stability through
electrostatic repulsion.

3.5. Effect of HPMC and MFS on the LAOS properties

Strongly flocculating cement suspensions generally exhibit
viscoelastic flow behavior, for which the storage modulus
increases with frequency followed by a plateau in the modulus
above a critical frequency where the flocculated microstructure
is less able to dissipate the energy and the suspensions responds
like an elastic solid [1]. The storage modulus measured at such a
high frequency is related to the strength of flocculation,
especially when strong interparticle forces, such as van der
Waals or electrostatic forces, are present in the suspension [35].
In addition, the loss modulus is less than the storage modulus
and tends to be less dependent on the frequency. This flow
behavior is characteristic of solid-like viscoelastic materials.
What is of interest in this study is how the addition of both
HPMC and MFS modulates the magnitude of the moduli and
their dependence on the frequency, since the variations of these
properties directly reflect the changes in the flocculated
microstructure.
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Shown in Fig. 6 are representative LAOS data for a particle
concentration of 0.51. At a given HPMC concentration, the
storage modulus decreases with increasing MFS concentration.
This trend was noted in our previous study for suspensions that
were stabilized only by MFS [1]. At a given MFS concentration,
the storage modulus displays a minimum with increasing
HPMC concentration, paralleling the dependence of the
viscosity on HPMC concentration. For both MFS concentra-
tions, the minimum in the modulus is observed at a HPMC
concentration of 0.013%. In addition, at the larger MFS
concentration of 1.0%, a HPMC concentration of 0.1% leads
to a storage modulus that is larger than that of a suspension that
does not contain HPMC. This latter behavior is likely due non-
adsorbed HPMC chains increasing the medium viscosity, which
will be discussed below.

The dependence of the LAOS data on polymer admixture
concentration for three different particle concentrations is
shown in Fig. 7(a) and (b). The storage moduli measured at
0.1Hz are plotted as a function of HPMC concentration in Fig.
7(a); for each data set, the MFS concentration is constant. Two
key observations can be drawn from this data. First, the storage
modulus increases with increasing particle concentration,
which is expected [36]. Second, regardless of the particle
concentration or MFS concentration, the storage modulus is a
minimum at a HPMC concentration of 0.013%.

These moduli reflect not only the strength of the flocculated
networks in the cement suspensions but also the viscosity of the
suspending media; increasing the medium viscosity will lead to
an increase in the measured storage modulus. At larger HPMC
concentrations, the non-adsorbed polymer will increase the
medium viscosity and in turn increase the measured modulus.
To normalize the modulus data for the effect of the non-
adsorbed polymer, the storage moduli were divided by the
medium viscosity to obtain the reduced storage modulus, as
shown in Fig. 7(b). At particle concentrations of 0.51 and 0.53,
the moduli are minimized at a HPMC concentration of 0.013%.
However, the moduli are largest when there is no HPMC in the
suspension, in contrast to the data shown in Fig. 7(a). At a
particle concentration of 0.56, the moduli either become
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Fig. 6. Low-amplitude oscillatory shear properties of cement suspensions
quantified with storage modulus (G”) at ¢cement=0.51 and MFS 0.33% (w/w)
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constant or continuously decrease with increasing HPMC
concentration. These data confirm that HPMC provides some
steric repulsion when adsorbed onto the cement particles and
improves the suspension stability.

The moduli were also measured as a function of time at a
frequency of 1Hz. This measurement provides information
about how rapidly the flocculated structure forms in the
suspensions following the breakdown of any existing structure
by the pre-shear [37]. In general, the rate of increase in the
storage modulus becomes greater after 30 min, irrespective of
the polymer admixture concentrations. The dependence of the
reduced storage moduli on time ¢ can be expressed using the
following:

For t<30 min: Ge{t) = G reat 0t

For ¢t > 30 min: Gledt) = G{ reat Pt (2)

where G§ ;cq is the reduced storage modulus at 0 min, G o4 is
the reduced storage modulus at 30 min, and o and f are the
growth rates.

The values of o and f3 as a function of particle and polymer
concentration are given in Table 1. Note that it was not
possible to measure the storage moduli after 30 min for a
particle concentration of 0.56 because the torque exceeded the
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limits of the rheometer. At all particle concentrations,
increasing the HPMC concentration reduces the rate of growth
of the modulus, with the exception of the value of B for a
HPMC concentration of 0.1% at a particle concentration of
0.53. This analysis confirms that HPMC function as a steric
stabilizer in the cement suspensions, as was also concluded
from the other LAOS and viscosity data.

3.6. Contribution of MFS and HPMC to suspension stability

In our previous work, we demonstrated that the addition
of MFS to cement suspensions improved suspension stability
through electrostatic repulsion [1]. In addition, there exists
an optimal MFS concentration at a given cement particle
concentration that balances suspension fluidity and cohe-
siveness. However, while the adsorbed MFS chains initially
disperse the electrostatically flocculated cement particles, the
dissolution of ions from the particle surfaces increases the
ionic strength of the suspension and weakens the electro-
static repulsion. This allows van der Waals attraction to
dominate the interparticle interactions at later times.

In this work, we have shown that the adsorbed HPMC
chains, which are insensitive to ionic strength changes in the
suspending medium, enhance the suspension stability over
that imparted by the adsorbed MFS chains. While the
addition of HPMC leads to a small reduction in the amount
of MFS adsorbed, there appears to be no significant
reduction in the electrostatic dispersion provided by the
adsorbed MFS. In addition, the stabilization provided by the
adsorbed HPMC chains is enhanced by the presence of MFS,
since the adsorption of MFS provides electrostatic dispersion
to the particles that are initially flocculated because of
electrostatic attractive forces. This is noted by the decrease in
the viscosities (Fig. 5(a) and (b)) and storage moduli (Fig. 6)
with increasing MFS concentration. These results emphasize
the beneficial effects of complementary and stepwise
electrosteric dispersion/stabilization imparted by the
adsorbed HPMC and MFS chains on improving the stability
of cement suspensions.
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Note that retardation of the hydration process, which may
be enhanced by the addition of HPMC, is regarded to be
negligible in this study for two reasons. First, the HPMC
concentrations employed in this study are very small
compared to the dosage of polysaccharides used as a retarder
to reduce the diffusion of calcium ions in the suspending
medium [7,38,39]. Second, the desirable fluidity improvement
is measured a few minutes after preparing the suspensions
while the hydration process on the silicate phases is activated
generally after 3 h.

In our earlier work, we observed an increase in the viscosity
and storage modulus with increasing MFS concentration for a
particle concentration of 0.56. The apparent loss in stability of
the suspensions was attributed to depletion flocculation due to
excess MFS chains in the solution. In this work, the presence of
HPMC appears to suppress depletion flocculation at this particle
concentration. For example, as shown in Fig. 7(a), increasing the
HPMC concentration leads to approximately equivalent storage
moduli at MFS concentrations of 1.33% and 1.67%. This
suppression is likely due to the interpenetration of the adsorbed
layer by the free (nonadsorbed) polymer molecules [40].

It is also of interest to note the similarities between the
steady-shear and LAOS data. The reduction observed in the
storage moduli upon adding 0.013% HPMC (at a constant MFS
concentration) coincides with a reduction in the low-shear
viscosities, especially at larger MFS concentrations. Since this
HPMC concentration leads to a small decrease in the zeta
potential, the observed increased in stability is due to steric
repulsion imparted by the adsorbed HPMC molecules. A further
increase in the HPMC concentration leads to an increase in the
viscosities and the storage moduli; this is due to the increase in
the non-adsorbed HPMC in solution.

Fig. 8 schematically describes the effect of both HPMC and
MES on the nature of the polymer adsorption layer. In the
absence of HPMC, MFS preferentially adsorbs onto the
aluminate phases because of electrostatic attraction [22,34]. In
the absence of MFS, HPMC will adsorb onto both the aluminate
and silicate phases; if MFS is added at a later time, it will adsorb
onto open sites on the aluminate phases. The adsorbed MFS

Silicate
phases
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Fig. 8. Schematic description of the polymer adsorption layer resulting from the competitive adsorption of the ionic MFS and the nonionic HPMC. Electrosteric
repulsion between aluminate phases bearing adsorbed MFS and HPMC and silicate phases bearing adsorbed HPMC.
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chains not only neutralize the positively charged surface sites,
but also lead to a net negative surface potential upon sufficient
adsorption. This creates electrostatic repulsive forces between
the cement particles and results in their dispersion. However,
the high ionic strength of the suspending medium that arises
over time leads to a compression of the electrical double
layers, leading to the reduction in the electrical repulsive
forces [19]. The adsorbed HPMC chains provide steric
repulsion against van der Waals attraction that dominates at
high ionic strengths and prevent particle re-flocculation. Such
stepwise dispersion and stabilization imparted by MFS and
HPMC lead to the observed reduction in the viscosity and
shear modulus.

The adsorbed MFS chains tend to adopt a flatter conforma-
tion than the adsorbed HPMC chains. Since the HPMC con-
centrations are less than that required for complete surface
coverage, the thickness of steric layers composed of the HPMC
chains is assumed to be on the order of the radius of gyration,
which is approximately 50-60nm. The surface coverage of the
particles becomes greater with increasing HPMC concentration
and extending the mixing time following the addition of the
HPMC solution, which is not shown here [41]. Overall, the
total surface coverage by the adsorbing polymers is increased
with the inclusion of HPMC.

At higher concentrations, the adsorbed HPMC chains lead
to a thicker steric layer, and it is likely that the nonadsorbed
polymer chains interpenetrate this thicker layer. This conse-
quently reduces the osmotic pressure difference caused by
excess non-adsorbed MFS chains. As a result, the addition of
HPMC reduces the depletion flocculation noted at high MFS
concentrations in the absence of HPMC.

The results of this work have been successfully imple-
mented in the development of self-consolidating ECCs
containing polyethylene [42] and poly(vinyl alcohol) fibers
[43]. These fiber-filled composites show self-consolidating
flow behavior in the fresh state and tensile-strain-hardening
behavior is the hardened state. For example, the composite
containing the poly(vinyl alcohol) fibers exhibited tensile
strains of up to 5% before failure. The method of constitutive
rheological control outlined in this paper has a potential to be
extended to other materials in which the processing
parameters are constrained by the mechanical requirements
of the material. In addition, the results of this work provide
insight to the design of polymers for material processing in
which both electrostatic and steric functionalities are desired.

4. Conclusions

Cement particles bearing only adsorbed MFS are electro-
statically dispersed, but are rapidly re-flocculated, owing to the
absence of the thick steric adsorption layers to prevent
flocculation due to van der Waals attraction. In contrast, the
adsorption of both MFS and HPMC provides an initial
electrostatic barrier and a longer-term steric barrier to
flocculation, respectively. We have shown that the rheological
behavior of cement suspensions can be precisely controlled
through the manipulation of the relative amounts of both

polymers. At a given particle and MFS concentration there
exists an optimal HPMC concentration that leads to minima in
the low-shear viscosity and storage modulus as well as in the
growth rate of the modulus, which is indicative of the rate of
structure growth in the suspension. The self-consolidating
behavior of the cement suspension is optimized at this HPMC
concentration. The results of this work have been successfully
applied to the development of self-consolidating engineered
cementitious composites containing polymer fibers. In addition,
the results of this work provide insight to the design of
polymers for material processing in which both electrostatic
and steric functionalities are desired.
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