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Shear-induced particle migration is widely recognized to be a challenge in characterizing the rheological proper-
ties of fresh cement-basedmortars. In this study, we aim to quantify shear-induced particlemigration by charac-
terizing the stress decay process during constant shear flow with the aid of a modified thixotropy/migration
model. It is found that a conventionally used single exponential model is not sufficient to fit the stress decay
and describe the destructuration and sand migration of mortar under shear. Instead, a two exponential model
is needed to capture the interaction of sand particles and the suspending cement paste phase. Model parameters
are used to quantify the effect of sand volume fraction, clay addition, and applied shear rate on the kinetics and
intensity of colloidal deflocculation and sand migration. Results provide evidence that the colloidal and granular
contributions to the overall stress decay of mortars can be represented by each of the two exponentials.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction and background

Most studies on the rheology of cement-based materials thus far
have focused on the paste phase and the concrete phase [1]. Paste is in-
vestigated because it is the phase that embodies the colloidal andhydra-
tion effects. However, the rheology of concrete is heavily influenced by
the characteristics of the granular phase. Many experimental rheologi-
cal studies investigate concrete systems directly to capture the critical
aspects of particle packing and grain-to-grain contact. Sophisticated
measurements are challenging, though, due to the limited sensitivity
of large-scale viscometers and increased likeliness of inhomogeneity
within the suspension, although some modified geometries have been
proposed [1–3]. Mortar is an intermediate scale that exhibits both col-
loidal and granular behavior. They can be prepared in relatively small
batches, and tested on rotational rheometers with precise shear and
measurement control, allowing for more complex flow situations. Serv-
ing as the suspending phase for the coarse aggregates, the rheological
properties of the mortar are important in regards to the stability of
fresh concrete systems [4]. Particularly for self-consolidating concrete
(SCC), themortar phasemakes up a greater part of its composition com-
pared to conventional concrete. Thus testing the rheological properties
of mortar is an integral part of SCC design [5].

However, a widely recognized challenge in characterizing fresh ce-
mentmortar through shear rheological methods is shear-induced parti-
cle migration [6–8]. This has invoked studies that explore the influence
of various parameters, e.g. setup geometries and solid inclusions, on
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sedimentation and migration under rotational shear [9]. However,
more investigation is needed. In particular, it would be useful to develop
a method to quantify sand particle migration in fresh mortars to help
guide the design of protocols for dynamic rheological characterization.
Further, it can help determine the range of shear rateswithinwhichmi-
gration can be minimized or held constant. It can also be used to evalu-
ate the effect of variousmix parameters, e.g. mix proportioning and use
of mineral/chemical admixtures, on dynamic segregation. As part of a
wider investigation on the thixotropy of fresh mortar systems, in the
present paper we discuss the potential of a thixotropy/migration
model to quantify shear-induced particle migration in fresh mortars.

The idealized shear stress response of a fresh cement-based suspen-
sion under a constant intermediate shear rate can be described as fol-
lows: an initial increase to a peak value, considered to be the static
yield stress as measured by the stress growth protocol, followed by a
decay until steady-state is reached. The shear stress decay from the
peak value to the equilibrium value captures the process of structural
breakdown and is related to the thixotropy of the material. Thixotropy
is defined as a decrease in viscosity under shear, followed by an increase
upon removal of shear. From a microstructural point of view, it can be
described as paste deflocculation and breakage of CSH bridges under
flow, and reflocculation and formation of CSH bridges over time at rest
[10].Meanwhile, sandmigration induces structural heterogeneity. In in-
vestigating stress decay, we focus on paste deflocculation and sand
migration.

The stress decay curve of cement paste is found to be fitted well by
an exponential curve. Empirically, Tattersall [11], Papo [12] and Lapasin
et al. [13] measured the difference between the maximum shear stress,
τmax, needed to initiate flow and the steady-state equilibrium value, τe,
at constant shear rate, then proposed simple thixotropy models that

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2016.09.006&domain=pdf
http://dx.doi.org/10.1016/j.cemconres.2016.09.006
mailto:s-kawashima@columbia.edu
http://dx.doi.org/10.1016/j.cemconres.2016.09.006
http://www.sciencedirect.com/science/journal/00088846
www.elsevier.com/locate/cemconres


Table 1
Cement chemical constituents.

Constituents % by mass

SiO2 19.22
Al2O3 4.98
Fe2O3 3.42
CaO 62.42
MgO 3.87
SO3 2.72
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predict an exponential decrease of the shear stress. A logarithmic evolu-
tion of the shear stress was obtained, as follows:

τ ¼ τe þ τmax−τeð Þ exp −Btð Þ ð1Þ

where B is a constant depending on the shear rate. The characteristic
time of destructuration is tc=1/B, i.e. when exp(−Bt)=e−1.

Several thixotropic models have been proposed to quantify the
structural breakdown process of cementitious materials. Roussel has
proposed models for cement paste [14] and concrete [15]. For fresh
mortar under shear, the measured decay can be expected to be a func-
tion of both deflocculation of the colloidal suspension and sand particle
migration. Concerning the latter, in a rotational shear setup consisting of
a concentrically oriented vane rotor and a cylindrical container, as the
rotor introduces shear to a fresh mortar suspension sand particles will
tend to migrate from the inner rotor to the wall of the cylinder. A void
area with a smaller volume fraction will form in the suspension near
the inner rotor, thus making the apparent viscosity and shear stress de-
crease. Somodelling the shear stress decay provides a promisingway to
quantify the sand migration process.

Shear-induced particle migration has been explored in other system
types, and the influence of different parameters has been measured by
direct methods. It has been observed through magnetic resonance im-
aging (MRI) that shear-induced particle migration of beads in yield
stress fluids is not apparent when the particle volume fraction is
below 20%, while it becomes more apparent at higher particle volume
fractions [6].

Ovarlez et al. investigated the effect of shear rate on noncolloidal
rigid particles suspended in a Newtonian fluid [16]. They found very
similar concentration profiles in a 58% suspension under constant rota-
tional velocities ranging from 0.06 to 25 rpm with preshears of 9-rpm
and100-rpm. At all rotational velocitieswith each preshear, the concen-
tration was found to be lower near the inner cylinder where the shear
rate is highest. This may be attributed to the concentration profile that
is irreversibly established by the preshear. Ovarlez et al. [6] also found
that the ratio of normal stress difference from the inner rotor to the
wall, which is the force of shear-induced particle migration, is propor-
tional to shear stress but not dependent on the shear rate.

In addition to particle volume fraction and shear rate, it is expected
that mix constituents, namely the presence of chemical andmineral ad-
mixtures, will change the rheological properties of the suspending paste
system and thereby change the kinetics of shear-induced sand particle
migration.

In this study, we propose a two exponential model to fit the torque/
stress decay of fresh cement mortar systems subjected to constant an-
gular velocity in a rotational rheometer. Results provide evidence that
the colloidal and granular contributions to the overall destructuration
and sand migration of mortars can be represented by each of the two
exponentials. Model parameters are used to quantify the effect of sand
volume fraction, clay addition, and applied shear rate on the kinetics
and intensity of thixotropic deflocculation and particle migration. We
find the influence of sand volume fraction and rotational velocity on
shear-induced particle migration, as described by the model parame-
ters, agree well with the findings of other studies as presented in the lit-
erature review above.

2. Experimental methods and materials

2.1. Materials

All mixes are prepared with tap water and Type I Portland cement.
According to ASTM C150 [17], its compressive strength at 28 days is
44.8 MPa, the Blaine fineness is 420 m2/kg and the chemical constitu-
ents are summarized in Table 1. The sand used in this study is silica-
quartz. It is oven-dried for 24 h and sieved between sieve #16 and
#30, yielding diameters between 0.6 and 1.18 mm.
Highly purified attapulgite clay, or magnesium aluminosilicate, is
also used. It is a commercially available clay that is chemically exfoliated
from bulk attapulgite to remove all impurities. When dispersed, it is
needle-like with an average length of 1.75 μm and diameter of 3 nm,
which gives rise to a high aspect ratio and high specific surface area.
Given its nanoscale dimension, it will be referred to as nanoclay herein.
2.2. Mix proportion

All mortar mixes have a water-to-cement (w/c) ratio of 0.5 by mass.
Water absorption of the sand is considered when proportioning to
achieve the desired w/c ratio.

To explore the effect of sand volume, we test mortars with sand-to-
cement (s/c) ratios of 1.5, 1.75, 2, and 2.25, yielding sand volume frac-
tions of 41%, 45%, 48%, and 51%, respectively. In this case, nanoclay addi-
tion is held constant at 0.5% by mass of cement, which is found to be
sufficient to achieve stable mixes that exhibit no visible signs of static
bleeding or sand sedimentation. To explore the effect of nanoclay, we
test mortars with nanoclay additions of 0, 0.25 and 0.5% by mass of ce-
ment. In this case, s/c ratio is held constant at 2 by mass. Finally, to ex-
plore the effect of angular velocity all mixes have s/c ratio of 2 and
0.5% nanoclay addition.
2.3. Mortar preparation

In this study, steps are taken to ensure that the cement paste phase is
mixed at the same state for various s/c ratios. First, only the fresh ce-
ment paste phase is prepared in a medium upright planetary mixer.
Then, to ensure that the sand is mixed evenly in the cement paste,
sand is poured into the cement paste and hand-mixed randomly at
high intensity. The details of the protocol are given here.

Nanoclay powder is blended with the mixing water in a Waring
blender for 2min to produce a nanoclay suspension,which remains sta-
ble for at least 6 h. The clay suspension and remaining mix water to
reach the target w/c ratio is poured into themixing bowl. Cement pow-
der is slowly poured into the wet ingredients and mixed at a speed of
136 rpm for 1 min, then at a higher speed of 281 rpm for an additional
4 min. We occasionally scrape the bowl to ensure the cement paste is
mixed evenly. Then, sand is slowly poured into the cement paste and
hand-mixed in a randommanner for 4min. Finally themortar is poured
into the construction cell of the rheometer for testing.
2.4. Rheometer and construction cell

The rheometer in this study is a HAAKEMARS III rheometer. A draw-
ing of the setup is shown in Fig. 1. The construction cell is a 74 mm di-
ameter and 150 mm height cylinder, with 24 profiles of 2 mm evenly
distributed at the wall to prevent wall slip. The rotor is a two-bladed
vane with a diameter of 52 mm and height of 50 mm. The coaxial gap
between rotor and construction cell is 11 mm, which is much larger
than the size of sand. For all the tests in this study, the vane rotor is
placed at the height where the gap between the bottom of the rotor
and bottom of the construction cell is 20 mm.



Fig. 1. Dimensions of construction cell and rotor.
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2.5. Protocol

As cementitiousmaterials are thixotropic, the flowbehavior is great-
ly dependent on the flocculation state. Therefore it must be consistent
between each test to ensure reasonable repeatability. Since the
completely de-flocculated state is theoretically impossible to reach,
Roussel [15] recommends using the “most de-flocculated state” as the
reference state in studying thixotropic materials. He also states that
the most de-flocculated state is achieved right after mixing, since rhe-
ometers do not reach the high mixing speed mixers do. Since this
state can only be reached immediately after mixing, we have adopted
an alternative reference state based on the work of Mahaut et al. [18],
which is to introduce random mixing by hand after the mortar sample
is loaded in the rheometer. The advantage of random hand mixing
over applying a preshear with the rotor is that it prevents preferential
orientation in the shear direction of the planetary mixer and facilitates
a random homogeneous mix of sand in cement paste. Therefore in this
study, before each test the mortars are strongly tampered by hand
mixing for 1 min in a random manner to bring the material to a homo-
geneous state.

Another point that should be considered is irreversible workability
loss due to cement hydration. At the sample age we are investigating,
within 1 h of initial water to cement contact, the characteristic time of
irreversible workability loss due to cement hydration can be expected
to be much longer than that of paste deflocculation and sandmigration.
Jarny, Roussel et al. [19] found thatwithin shorter time periods thixotro-
pic effects dominate, while at longer periods the irreversible effects of
cement hydration dominate. Struble et al. [20,21] also show that before
initial setting (around 1.5 h afterwater addition), the irreversible effects
of hydration aremarginal and the yield stress increases very slowlywith
resting time. In this study, test results of constant rotational velocity also
show that the difference in equilibrium torque is less than 3%within this
time period. Therefore it is assumed that the irreversible effects of
hydration are negligible and random strong hand mixing can bring
the mortar into a replicate deflocculated state.

Immediately after 10minmixing, the freshmortar is poured into the
construction cell. Before each test, the mortar is hand tampered for
1 min using a standard whisk. Then the rotor is quickly put in position
and lowered to the designated position. The shearing protocol used in
this study is simple: constant angular velocity for 60 s. The torque is re-
corded at a data acquisition rate of 4 data points per second at 10 rad/s,
and 8 data points per second at higher shear rate. With the vane geom-
etry used in this study, effective shear rate and shear stress are not easy
to derive. Therefore results will be reported in angular velocity of rotor
(rad/s) and shear torque (mNm). At least three samples per mix are
tested and the average is taken to be the representative value. Errors
bars are presented in all plots to show variability.

3. Results and discussion

3.1. A modified thixotropy model for mortar

A number of thixotropy models exist, reviewed by Roussel [15], to
describe flocculation and deflocculation behavior of cement-based ma-
terials. Although described in detail elsewhere, it will be briefly present-
ed here.

The general form for existing models can be written as follows:

τ ¼ 1þ λð Þτ0 þ k _γn ð2Þ

∂λ
∂t

¼ 1
Tλm −αλ _γ ð3Þ

Where λ is the flocculation state of the material and T, m, and α are
thixotropy parameters. Two assumptions are applied: i) the steady-
state flow can be described by the Bingham model and ii) the yield
stress at rest increases linearly. It is reasonable to assume both for our
cement mortars systems based on the results of other studies on con-
cretes [15,22] and mortars [23].

From there a simplified deflocculation model is found to be:

τ ¼ 1þ λ0e−α _γt
� �

τ0 þ μp _γ ð4Þ

where μp is plastic viscosity.
It can be noted that the model predicts, just as the Tattersall model

[11] and Papo model [12], an exponential decrease of the shear stress
under constant shear rate with a deflocculation characteristic time
equal to 1=ðα _γÞ.

It has been found that shear stress decay under shear of pastes and
concretes can be described by a single exponential [14,15,22]. However,
we find that the stress decay of mortars cannot, especially at the initial
onset of shear. And given the rapid kinetics of shear-induced particle
migration, it is essential to capture the initial portion of the decay. In-
stead, it requires two exponentials, as shown in Fig. 2. It is hypothesized
that it has to do with the viscous and granular contributions in mortar
systems that is not as present in cement paste systems. Thus it is pro-
posed that the stress decay of mortars under shear be described by
the following:

M ¼ M0 þM1e−α1 _γt þM2e−α2 _γt ð5Þ

where the colloidal deflocculation of the paste phase and sand shear
migration of the granular phase (i.e. sand particles) are described by
each exponential.

The characteristic time of each component is given by 1=ðα1 _γÞ and1
=ðα2 _γÞ. The shorter the characteristic time, which corresponds to the
bigger α value at a given shear rate, the faster the rate of stress decay.
Of the three torque parameters, M0 corresponds to the steady state of
the mortar system under constant shear, while M1 and M2 correspond



Fig. 2.One versus two exponentialmodel for capturing stress decay of freshmortar (s/c=
2) under constant angular velocity (10 rad/s).
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to the intensity of colloidal deflocculation and sand migration, respec-
tively. We observe the effect of s/c ratio, nanoclay addition and angular
velocity on the parameters to explore the suitability of the model for
distinguishing and characterizing colloidal deflocculation and sand
shear migration during transient flow of fresh mortar.
Fig. 4. Effect of s/c ratio on (a) parametersM0, M1, andM2 and (b) normalizedM0, M1, and
M2.
3.2. Effect of s/c ratio

We capture the stress decay of fresh mortars with s/c ratios ranging
between 1.50 and 2.25 at a constant applied rotational rate of 10 rad/s
over 60 s. All the samples have 0.5% nanoclay addition by mass of ce-
ment. The results of parameters α and M are presented in Figs. 3 and
4, respectively. First, with increasing s/c ratio allα andMparameters in-
crease, indicating faster and higher degree of stress decay overall. Sec-
ond, comparing α1 and α2, α1 is about 20 times greater than α2

throughout while the difference between M1 and M2 is much smaller.
This indicates there are two distinct stress decay mechanisms at differ-
ent rates yet similar intensities. Third, it is apparent that there is greater
variability for α1, especially for s/c = 2.25. This variability can be ex-
pected as it describes the instantaneous decay upon introduction of
shear, which highly depends on the initial flocculation state.

Focusing on rate of decay, we observe an increase inα1 andα2 with
increase in s/c ratio, which translates to decrease in characteristic times
1=α1 _γ and 1=α2 _γ. This can be attributed to accelerated kinetics of both
colloidal deflocculation of the paste phase and shear migration of the
Fig. 3. Effect of s/c ratio on parameters α1 and α2.
sand. Increase in sand volume fraction will increase the local shear
rate applied on the paste phase, thus accelerating colloidal
deflocculation and corresponding rate of decay. And as mentioned
prior, concentration profiles of particles measured throughMRI showed
shear-induced particle migration increases with particle volume frac-
tion [6]. Further, it could be reasoned that α1 and α2 correspond to
paste deflocculation and sand migration, respectively.

First, due to the fine size of cement particles compared with sands,
the characteristic strain to break down the paste colloidal structure is
much smaller than that of sand migration. So at constant shear rate,
the characteristic time for colloidal deflocculation is much smaller
than that of sandmigration. This means the parameterα corresponding
to colloidal deflocculation can be expected to be much greater, which
points toα1. Secondly, with increasing s/c from 1.5 to 2.25,α2 increases
more times thanα1, indicating thatα2 is more sensitive to sand volume
fraction. Through MRI, Ovarlez et al. [6] found that particle migration
became more apparent as particle volume fractions exceeded 30% and
approached the maximum packing density (around 64% for monodis-
perse spheres). In our present study, s/c ratios 1.5, 1.75, 2 and 2.25 cor-
respond to sand volume fractions 41%, 45%, 48%, and 51%, respectively.
Therefore in this range we can expect that sand volume fraction will



Fig. 6. Effect of nanoclay addition on (a) parameters M0, M1, and M2 and (b) normalized
M0, M1, and M2.
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have a greater effect on sand migration over deflocculation of cement
paste, thus tying sand migration to α1.

From Fig. 4 (a), all the torque M values increase with s/c ratios, indi-
cating a denser steady-state structure and higher degree of decay. To
observe the effect of s/c ratio on the relative intensity of paste
deflocculation and sand migration, we compare the relative increase
of each torque by normalizing Mx, as follows:

Normalized Mx ¼ Mx= M0 þM1 þM2ð Þ ð6Þ

where M0+M1+M2 corresponds to the maximum value of stress
under constant shear rate. Normalized M0 corresponds to the ratio be-
tween viscosity before and after colloidal deflocculation and sand mi-
gration, which translates to the ratio between dynamic yield stress
and static yield stress; normalizedM1 andM2 correspond to the relative
intensity of each component over themaximum torque. From Fig. 4 (b),
we observe that normalized M1 and M2 increase with sand volume, in-
dicating higher degree of colloidal deflocculation and sand migration
during the shearing period. This is, again, in agreementwith the expect-
ed effect of increasing sand volume fraction. However, normalized M0

decreases, indicating sand addition increases static yield stress more
than dynamic yield stress. Measuring static yield stress through the
stress growth protocol, Mahaut et al. [18] found that the static yield
stress increases with particle volume fraction, where the increment of
increase is higher at higher particle volume fraction. However, Hu [24]
found that the dynamic yield stress of mortar increases less at higher
sand volume fraction. These results support that normalized M0, as
the ratio between dynamic yield stress and static yield stress, decreases
with increasing sand volume fraction.

3.3. Effect of clay addition

The effect of nanoclay addition was investigated on mortar systems
with s/c ratio 2 subjected to an angular velocity of 10 rad/s. The
nanoclay addition varies from 0 to 0.5% by mass of cement. The results
of α and M parameters are presented in Figs. 5 and 6, respectively.

Firstly looking at α parameters (Fig. 5), at addition levels up to 0.5%
nanoclay by mass of cement there is an apparent increase inα1 and de-
crease inα2. In this model, 1=α1 _γ corresponds to the characteristic time
of deflocculation of the paste phase - thus, 1/α1 corresponds to the char-
acteristic strain for deflocculation. Since _γ here is constant, increase in
α1 leads to decrease in characteristic strain. Physically, this indicates
that the nanoclays are stiffening the microstructure of the cement
paste. In a parallel investigationwe implemented low amplitude oscilla-
tory shear (LAOS) tomeasure the critical strain at which the fresh-state
structure of fresh cement pastes modified with nanoclays is irreversibly
broken, the results of whichwill be fully reported in another paper [25].
Fig. 5. Effect of nanoclay addition on parameters α1 and α2.
Details of themethod can be found elsewhere [26], although briefly ex-
plained here. Within the linear viscoelastic region (LVR), the storage
modulus G’ and loss modulus G” are independent of the applied strain
amplitude because the applied oscillatory strain is sufficiently small
and the suspension structure remains intact. Beyond a critical strain,
which marks the end of the LVR, the microstructure can no longer
fully recover and G’ dramatically decreases. To measure the critical
strain, we apply a strain amplitude sweep from 10−5 to 10−1 at a fre-
quency of 1 Hz, as conducted in many studies on cement paste [26–
28]. Critical strain values of clay-modified cement pastes are reported
in Table 2. It is apparent that critical strain decreases with nanoclay ad-
dition, which supports that α1 corresponds to the paste phase.
Table 2
Effect of nanoclay addition on critical strain.

Nanoclay addition over cement/ % Average critical strain Standard deviation

0 7.69E-4 5.1E-5
0.1 3.69E-4 3.2E-5
0.3 2.42E-4 1.9E-5
0.5 1.69E-4 5.6E-5
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The decrease in α2 indicates the rate of sand migration is slowed
with nanoclay addition. Viscosity modifiers are commonly used to im-
prove suspension stability, particularly in SCC mixes. For instance, a
number of studies have demonstrated that viscosity modifying agents
(VMAs) can improve dynamic segregation resistance [29–31]. Clays
can have a similar effect. Metakaolin clay addition in cement has been
found to stabilize pastes, especially at prolonged mixing or higher w/b
ratio [32]. And nanoclays have been shown to increase yield stress
[33], apparent viscosity [34] and cohesiveness [35] of cement paste at
modest dosages. Based on the results of the references studies it can
be expected that nanoclays can slow particle migration, which supports
that α2 corresponds to the granular phase.

As for the intensity parameters, M0 and M1 increase with nanoclay
addition,which can be attributed to the increase in viscosity of the over-
all system and paste phase, respectively [33–35]. On the other hand, M2

remains relatively constant at all nanoclay addition levels. From Fig. 6
(b), we observe that normalized M0 increases with nanoclay addition
while normalized M2 decreases. Increase in normalized M0 captures
the significant flocculating effect of the clays, which has been observed
in other studies. Through focused beam reflectance measurement
(FBRM), Ferron et al. [36] found that various clay types increase average
floc size. And through compressive rheology, Tregger et al. [37] found
that nanoclays increased floc strength. The decrease in normalized M2

indicates that theflocculating effect of the clays on thepastes phase sub-
sequently leads to some alleviation of sand migration.
Fig. 8. Effect of angular velocity on (a) parameters M0, M1, andM2 and (b) normalizedM0,
M1, and M2.
3.4. Effect of angular velocity

The effect of angular velocity onα _γ andM parameters are shown in
Figs. 7 and 8, respectively. Overall, changes in angular velocity in the
range of 10 rad/s to 20 rad/s show less influence on the parameters of
the model compared to sand volume fraction and nanoclay addition.

Looking at α _γ parameters (Fig. 7), α1 _γ remains relatively constant
within 20 rad/s. This supports that 10 rad/s is sufficiently high to
break the colloidal structure, which is the applied angular velocity im-
plemented throughout the investigation. α2 _γ shows slight increase
with higher angular velocity – this corresponds to lower characteristic
time 1=α2 _γ, indicating faster kinetics of sand migration. From Fig. 8
(a), there is no apparent trend of the M parameters with angular veloc-
ity. It is expected that increase in angular velocity will increase viscosity
of the overall system. Here, M0 shows a slight increase with angular ve-
locity but it is not apparent. Looking at the effect of angular velocity on
normalized M (Fig. 8 (b)) provides more insight. All normalized M
values remain relatively constant with angular velocity. Specifically,
normalized M2 does not change. M2 does not change either (Fig. 8
(a)). This shows that although angular velocity can accelerate kinetics
Fig. 7. Effect of angular velocity on parameters α1 _γ and α2 _γ.
(i.e. increase in α2 _γ), there is no measurable increase in intensity of
sandmigrationwithin the total shearing period. This can at least partial-
ly explainwhyMo does not show an apparent increasewith shear rate –
degree of sandmigration is similar at steady-state. This is in agreement
with the observations of Ovarlez et al. [6,16], where similar concentra-
tion profiles were captured at a range of pre-shear and applied constant
shear rate conditions.

4. Conclusions

In this study, a modified two exponential thixotropy/migration
model is proposed to quantify the stress decay of fresh mortar under
constant shear rate. Results support that destructuration and sand mi-
gration are represented by the two exponentials. α and characteristic
time 1=ðα _γÞ are related to the rate of these two stress decay mecha-
nisms, and torque M and normalized M indicate the intensity of each
phase. Test results indicate the following:

• Increase of sand volume fraction increases all five parameters, along
with normalized M1 and M2, indicating faster kinetics and increased
intensity of both colloidal deflocculation and sand migration. This is
in agreement with observations of other studies.
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• Nanoclay addition increases α1 and decreases α2, indicating decrease
in critical strain, which agrees well with LAOS results, and slowed
sand migration. Decrease of normalized M2 supports the alleviation
of sand migration with nanoclay addition.

• Angular velocity in the range of 10 to 20 rad/s does not have a signif-
icant influence on the model parameters. Increase in angular velocity
increases α2 slightly, indicating slightly accelerated shear migration
kinetics. However, intensity of sand migration, M2 and normalized
M2, is not greatly affected by angular velocity, which agrees well
with results in literature.

The thixotropy/migration model provides a straightforward and
promising way to measure the sand migration behavior of mortar. Fu-
ture work includes exploring other parameters (e.g. rheometer geome-
try, mix design, increased range of angular velocities), as well as
supportingflow resultswith directmeasurements of concentration pro-
file to help validate the model.
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