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Abstract

The influence of wall slip on the shear yield stress and modulus of cement paste was investigated using a rotational rheometer with
smooth-walled concentric cylinders and a vane. The results show that the concentric cylinders suffer from slip during yield stress
measurements due to the formation of a water-rich layer at the walls of the cylinders. The use of a vane eliminates slip since shearing occurs
within the material. Oscillatory tests were conducted to measure the viscoelastic properties of cement paste. The data for the vane and
concentric cylinders are in excellent agreement at stresses below the yield point. It is difficult to determine the influence of slip for stress
sweep measurements. Frequency sweep data for various materials show the general applicability of the vane method over several decades of

modulus. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Controlling the flow behavior of cement paste is critical
for successfully processing cement-based materials, includ-
ing concrete, mortar, and extrudable products. The devel-
opment of self-compacting concrete by Okamura [1] is one
example of the tremendous benefits obtained by using
rheology as a design parameter.

The rheology of fresh cement paste is controlled by the
structure of the three-dimensional network of cement parti-
cles in water. A ‘gel’ structure forms immediately after
water is introduced to cement powder. The structure arises
from a combination of colloidal forces (e.g. van der Waals
attraction and electrostatic repulsion), hydrodynamics, and
chemical reactions producing calcium silicate hydrates [2].
The load-bearing capabilities of the network result in the
viscoelastic properties of cement paste, common of ceramic
suspensions [3].

* Corresponding author. Department of Civil Engineering, Technolo-
gical Institute, Northwestern University, 2145 Sheridan Drive, Evanston, IL
60208-3109, USA. Tel.: +1-847-491-4858; fax: +1-847-965-5282.

E-mail address: h-jennings@nwu.edu (H.M. Jennings).

At low stresses, cement paste is very viscous, resembling
an elastic solid. Over a very narrow stress range, the
viscosity drops several orders of magnitude and macro-
scopic flow occurs. The critical stress range is very small
and often designated as a single point, called the ‘apparent’
yield stress [4].

Various empirical and theoretical models have been
used to determine the yield stress of cement paste based
on data obtained from flow curve measurements. Among
the most widely used are the Bingham and Herschel—
Bulkley models [2,5-8]. Although these models can
provide a reasonable estimate of yield stress, the measure-
ments are highly dependent on the model assumptions,
accuracy of the experimental data, and rheometer specifi-
cations [8]. In addition, large errors in determining yield
stress can result by selecting the wrong shear rate range to
fit the models [4].

The best way to determine yield stress is to directly
measure the stress required to initiate measurable flow.
Several types of tests have been developed and Nguyen
and Boger [9] present an excellent review of this subject.
Creep recovery [10] and stress growth [11,12] are among
the techniques that have been used to directly determine the
yield stress of cement paste.
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At stresses below the yield stress, the viscoelasticity of
the network structure can be evaluated using oscillatory
testing by applying a sinusoidally varying stress' [Eq. (1)]:

T = Tesin(w - ) (1)

where T, is the maximum applied stress amplitude, w is the
angular velocity, and ¢ is time. The measured strain is a
sinusoidal function taking the form [Eq. (2)]:

Y = Yosin[(w - 1) + 9] (2)
where vy, is the maximum strain amplitude and o is the
phase shift representing the degree to which the strain is
out of phase with the applied stress. The ratio of the
applied stress to the maximum strain is called the complex
modulus [Eq. (3)].
— TO
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The complex modulus can be divided into an elastic and
viscous portion representing the magnitude of the strain in-
phase and out-of-phase with the applied stress, respectively

[Eq. (4)].
G' =G +iG" (4)

G (3)

The elastic component is called the storage modulus [Eq.
(5)] and the viscous component is called the loss modulus
[Eq. (6)]. The phase shift is expressed as the ratio of the
two moduli [Eq. (7)].

G = G*cosd (5)

G’ = G*sind (6)
G/

tand = el (7)

A perfectly elastic material exhibits no phase shift
between the applied stress and resultant strain (§=0).
Conversely, a perfectly viscous material is 90° out of
phase with the applied stress and G*=G". Below the yield
stress, cement paste behaves like a viscoelastic solid with
G*~G.

There have been relatively few studies examining the
viscoelasticity of cement paste due primarily to equip-
ment limitations [13]. In many of the reported studies,
the experiments were not conducted within the linear
viscoelastic region (i.e. below the yield stress). Conse-
quently, the results do not accurately reflect the true
viscoelastic properties of the paste [14—16]. Using a
highly sensitive controlled-stress rheometer, Struble and
Schultz [13] showed that the critical strain limit for
cement paste is on the order of 10 ~*. Assuming a yield
stress less than 100 Pa, these results suggest that the

! Equivalently, a controlled strain can be applied and the resultant stress
measured.

complex modulus (G*) of cement paste should be on the
order of 10° Pa.

1.1. Wall slip

Concentric cylinders are normally used in rotating rhe-
ometers to measure the yield stress and viscoelastic proper-
ties of cement paste [Fig. 1(a)]. During testing, a solvent-
rich layer develops due to the displacement of the cement
particles away from the smooth walls of the cylinder. The
development of this water-rich layer produces a lubricating
effect, making flow easier and not representative of the bulk
material. This phenomenon, called ‘slip,” is most pro-
nounced at stresses near the yield point [17].

Slip is the result of both static and dynamic effects. The
static effects arise from the physical depletion of cement
particles away from the area next to the cylinder walls. This
depletion is the result of both particle-packing characteris-
tics and the disruption of Brownian motion near the solid
boundaries. Electrostatic and steric effects can also arise
between the cylinder walls and the particles due to a variety
of physical and chemical forces [17]. The dynamic effects
stem from hydrodynamic forces moving particles away from
the walls when torque is applied. As the torque is increased,
a shear force gradient develops, contributing to the slip
phenomenon. Gravitational forces can also enhance the slip
effect in systems that are known to sediment, such as cement
paste [17].

The width of the slip layer is normally on the order
of 0.1-10 pm. As the solids concentration increases, the
size of the slip layer decreases, but the influence of slip
becomes more dominant [17]. The high solids concen-
trations, typical of most cement pastes, make slip a
likely scenario in experiments using smooth-walled con-
centric cylinders.
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Fig. 1. (a) Concentric cylinders and (b) vane.
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Slip was first shown to occur in rheological measure-
ments of cement paste by Wesche et al. [18] who compared
the results of flow curve experiments using smooth-walled
and serrated cylinders. Slip was most pronounced at low
strain rates and led to unusually low viscosity readings. As
the strain rate was increased, the influence of slip decreased.
Other studies have shown similar results for cement paste
[19,20] and for a variety of suspensions [17,21,22].

1.2. Vane method

Slip can be reduced, if not completely eliminated, by
profiling or roughening the walls of concentric cylinders
[17]. An increasingly popular technique involves using a
vane geometry, since slip is physically impossible [Fig. 1(b)].

A vane normally has four to six blades extending out-
ward from the shaft at equal angles. The great advantage of
the vane method is that slip is eliminated since shearing
occurs completely within the material along the localized
surface circumscribed by the vane [8]. Another advantage is
that insertion of the vane results in much less disruption of
the material in comparison to concentric cylinders. This is
particularly advantageous due to the irreversible structural
breakdown and thixotropy associated with shearing cement
paste [2].

The torque on the vane surface is calculated by
replacing the vane with a cylinder of equal dimensions.
It is assumed that the force due to shearing is distributed
uniformly over the entire cylindrical surface [23]. The
torque is given by:

T =2nr2HT. +47r/ Tertdr (8)
0

where T is the torque, 7, is the radius of the vane, H is the
height of the vane, T, is the shear stress at the radius of the
vane, T is the shear stress at the top and bottom surfaces of
the vane, and r is the radial distance from the center of the
vane. Assuming that the stress is uniformly distributed along
the top and bottom surfaces and 7. equals T, when 7 equals
ry, Eq. (8) reduces to Eq. (9):

H 2
T =2mr — 4 = 9
1TrVTC(r 3) ©)

v

Keentok et al. [24] modeled the shearing surface around
a vane in two dimensions by a finite element method.
The results from the model agree with their experimental
data, showing that shearing occurs along the cylinder
circumscribed by the vane. The model also predicts stress
concentrations at the blade tips. Finite element modeling
by Christensen [25] also concluded that the yield surface
existed along the circumference of the vane. However, the
results suggest that the yielding zone is much smaller
than what Keentok’s model predicts. Yan and James [26]
used a more detailed finite element mesh to model
shearing in a vane for a variety of fluids. Their results

confirm those of Keentok et al. and Christensen concern-
ing the cylindrical conformity of the shearing surface.
However, they go on to state that the concentration of
shear stresses at the tips of the blades is not as pro-
nounced as Keentok et al. suggests.

The vane method has become a popular technique for
evaluating the yield stress of suspensions, emulsions, and
pastes [27—31]. Haimoni and Hannant [11] measured the
yield stress of cement paste using a vane and found it to be
greater than twice the value measured using smooth-walled
concentric cylinders. They also found the yield stress to be
dependent on the rotational speed of the vane. Banfill and
Kitching [32] also reported a large difference in yield stress
between vane and parallel plate measurements, attributing
the differences to slip.

There are very few studies reported where a vane has
been used to measure viscoelastic properties. Yanez et al.
[33] showed excellent agreement between vane and
concentric cylinder measurements of G’ for alumina
slurries. The results did, however, show differences in
the values of G” over several decades of angular velocity
and at low strains. Zhang et al. [34] used a vane to
measure the modulus of foams and found no difference
in G’ or G” between vane and roughened parallel-plate
measurements. There are no studies reported where the
vane has been used to measure the viscoelastic properties
of cement paste.

The objective of this research program is to evaluate the
influence of wall slip on yield stress and viscoelastic
measurements of cement paste. A vane shear is used to
eliminate slip, and results are compared with data obtained
using smooth-walled concentric cylinders.

2. Experimental procedure

Type I Portland cement and deionized water were used
for all experiments at water to cement ratios (w/c) of 0.30
and 0.40. Each batch was mixed in a mechanical mixer
conforming to the specifications of ASTM C-305 [35]. The
water was first placed in the mixing bowl and the cement
was added over a 1-min period, while the mixer was at
setting No. 1. The batch was then mixed at setting No. 2 for
2.5 min, after which the sides of the bowl were scraped with
a rubber paddle. Finally, the sample was mixed for an
additional 2.5 min for a total of 5 min of mixing at setting
No. 2. This mixing procedure was strictly followed to avoid
any experimental complications arising from incomplete
mixing [36].

A Haake Rheostress 150 rheometer (Haake, Karlsruhe,
Germany) was used for all of the testing. The dimen-
sions of the concentric cylinders and vane used for both
the yield stress and viscoelastic experiments are given in
Fig. 1. The inner radius of the cup used with the vane
was 22 mm, conforming to the suggested procedure of
Dzuy and Boger [23]. A solvent trap was used with both
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Fig. 2. Stress response for constant rotational speed yield stress measure-
ments. The static yield stress (Ty()) represents the onset of viscoelasticity.
The peak stress corresponds to the dynamic yield stress (Ty(q))-

the concentric cylinders and vane to prevent drying of
the samples.

2.1. Yield stress measurements

Cement paste was placed in the rheometer immediately
after mixing. Yield stress was measured via a stress
growth experiment [9]. A constant rotational speed was
inputted into the rheometer program ranging from 0.001
to 1 rad/s. Shear stresses developed in the sample as the
rheometer tried to move the spindle to meet the desig-
nated rotational speed (Fig. 2). Initially, the sample
deforms elastically due to stretching of the bonds in the
network structure. At some point, the network begins to
break under the shear stress as localized bonds reach their
elastic limit. The development of viscoelastic effects is
represented by the departure from linearity of the shear
stress—time profile as shown in Fig. 2. At some point, the
structure breaks down completely and a maximum stress
is obtained. Finally, the stress decays to some equilibrium
value as the vane begins to rotate [8].

Two yield stresses can be measured as shown in Fig. 2.
The first yield stress (Ty()) represents the onset of viscoe-
lasticity in the material. This is often referred to as the static
yield stress since macroscopic flow has not occurred. The
peak of the shear stress—time profile is called the dynamic
yield stress (Ty(q)), denoting the onset of viscous flow.
Traditionally, the dynamic yield stress is taken as the true
yield stress of the material, since it represents the full
breakdown of the structural network [28]. For this paper,
the reported yield stress refers to the peak of the shear
stress—time profile (i.e. dynamic yield stress).

2.2. Viscoelastic testing
The viscoelastic properties of cement paste were evalu-

ated by oscillatory testing. As outlined in the Introduction, a
sinusoidally varying stress was applied and the resultant

strain was measured. For cement paste, the phase shift angle
is very small, thus, the complex modulus is very close in
value to the storage modulus in the linear viscoelastic region
(i.e. below the yield stress).

Stress sweeps were performed using both concentric
cylinders and a vane. For all tests, the frequency was 1.0
Hz. Frequency sweeps were also preformed at angular
velocities ranging from 0.063 to 62.8 rad/s. The applied
stress during the frequency sweeps was well below the yield
stress of the particular sample.

As mentioned previously, there have been relatively
few studies reported using oscillatory shear to probe the
viscoelastic properties of fresh cement paste. This is a
result of experimental difficulties in measuring modulus
on the order of 10° Pa or higher [37]. Allowing the
sample to sit in the rheometer for several minutes after
mixing resulted in less data scatter and more reproducible
measurements, since higher stresses could be applied
during testing. For this reason, all oscillatory tests were
started exactly 15 min after the cement powder was first
added to the water.

3. Results and discussion

Fig. 3 shows results from a typical stress growth
experiment. The data obtained using the vane are very
similar to the expected behavior (Fig. 2). However, the
curve obtained using the concentric cylinders clearly
shows slip occurring. Initially, stress develops in the
sample as expected with the concentric cylinders. At
some point, there is an instantaneous decrease in stress
due to the formation of a slip layer. The spindle rotates
very slightly until its rotation is resisted by cement
particles. The stress begins to develop again until slip
occurs. This process continues, producing the character-
istic ‘sawtooth’ type behavior. The large difference

Shear Stress (Pa)

® Vane

@ Concentric Cylinder

0 g 1 1
0 100 200 300

Time (s)

Fig. 3. Representative stress growth curves for concentric cylinders and
vane. Rotational speed=0.01 rad/s and w/c=0.30.
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Fig. 4. Influence of rotational speed on yield stress.

between the peak stress measured using the vane and
smooth-walled concentric cylinders can be attributed to
the initial development of the slip layer.

The influence of rotational speed on yield stress mea-
surements is shown in Fig. 4. The data for the vane show a
minimum in yield stress at rotational speeds near 0.01 rad/s
for both solids concentrations. At the minimum of the shear
stress—rotation speed curves, the stress applied by the
rheometer is just great enough to overcome the restoring
forces due to reorientation of the particles into a more
preferential, load-bearing structure, thixotropic recovery of
broken bonds, and structural development due to hydration
reactions. This minimum stress corresponds to the apparent
yield stress of the paste.

The shape of the curves in Fig. 4 is very similar to the
results of Liddell and Boger [28] who measured the yield
stress of TiO, suspensions using a vane. The results also
agree with the trends shown by Haimoni and Hannant [11]
for cement paste.

The development of stress in the sample is extremely
slow and the time scale of the measurement is much
longer at low rotational speeds (Fig. 5). In this case, the
sample is able to withstand higher stresses before yielding
due to the reorientation, hydration, and recovery mechan-
isms. Conversely, at high rotational speeds, the time scale
of the measurement is very short, approximately 1-3 s
(Fig. 5). The stress applied by the rheometer rips apart
the structural network bonds, leading to an increase in
yield stress.

The yield stress measured using concentric cylinders
appears to be largely independent of rotational speed
(Fig. 4). This data agrees with the concept that a water-
rich slip layer, with a solids concentration lower than the
bulk material, forms during the experiment. At high
rotational speeds, there is less structure present at the

walls of the cylinders to plastically deform. Thus, the
increase in yield stress at high rotational speeds is much
lower in comparison to the vane measurements. For the
same reason, the influence of thixotropic recovery or
particle reorientation is not as influential at lower rota-
tional speeds.

The yield stress measured at the minimum of the vane
curves is almost twice as great as that measured using
concentric cylinders. These results are in excellent agree-
ment with the data of Haimoni and Hannant [11]. The
results from Figs. 3 and 4 indicate that the measured
yield stress of cement paste can be inaccurately low if
slip is not eliminated.

Data from stress sweep experiments show excellent
agreement between the vane and concentric cylinder mea-

900 [T T T T T T T T T T T T T
w/c=0.30

0.005 rad/s

1.0 rad/s

750 |

0.1 rad/s

450 I 0.01 rad/s

Shear Stress (Pa)

0.001 rad/s

N P L N .
0 100 200 300 400 500 600

Time (s)

Fig. 5. Stress development as a function of measurement time for different
rotational rates using a vane.
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Fig. 6. Stress sweeps using concentric cylinders and a vane.

surements (Fig. 6). The modulus measurements at w/c of
0.40 are on the order of 3 x 10° Pa. Using the yield stress
data from Fig. 4, the critical strain calculated using Eq. (3) is
approximately 10 ~*. These results are in excellent agree-
ment with the data of Schultz and Struble [13].

It is very difficult to determine if slip is present as the
samples begin to yield. As an example, at w/c=0.40, the
concentric cylinder measurement displays yielding before
the vane. However, at w/c=0.30, both the concentric
cylinders and vane show yielding at approximately the same
point. Several measurements were performed at each solids
concentration and no discernable trends concerning the
formation of a slip layer could be concluded.

Determining the onset of nonlinear behavior is one of the
major problems while trying to identify slip in viscoelastic
experiments. Most rheometer testing programs require a
logarithmic distribution of measurement points to cover
the wide stress range shown in Fig. 6. Such a distribution
makes it difficult to determine the stress at which yielding
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occurs, in contrast to the more direct stress growth experi-
ment discussed earlier.

Frequency sweeps were performed at stresses within the
linear viscoelastic region (Fig. 7). The agreement between
the vane and concentric cylinders data is encouraging, given
the low strains required to perform these measurements. The
limited scatter in the data between the vane and concentric
cylinder measurements is well within the data scatter of an
individual testing method. The value of the modulus
remains relatively invariant over a wide range of angular
velocities for both solids concentrations. This is in agree-
ment with results for other suspensions [33,38].

To further test the general applicability of the vane
method, frequency sweeps were performed on a standard
low modulus emulsion using both the vane and concentric
cylinders. The data are presented in Fig. 8 with the results
from frequency sweeps of cement paste and an alumina
slurry [33]. Once again, there is excellent agreement
between the vane and concentric cylinder measurements.
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Fig. 7. Frequency sweeps using concentric cylinders and vane.
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Fig. 8. Frequency sweeps using concentric cylinders and vane for a variety
of materials (alumina data from Ref. [33]).

The results show that the vane can be used over several
decades of modulus values.

4. Conclusions

In this study, the influence of slip on yield stress
measurements of cement paste was determined using a
rotational rheometer with smooth-walled concentric cylin-
ders and a vane. The results indicate that a slip layer
develops when the shear stress approaches the yield point.
The yield stress measured using the vane is approximately
twice the value measured using smooth-walled concentric
cylinders. The rotational speed of the vane greatly influ-
ences the yield stress measurements, in agreement with
published data for cement paste and other suspensions
[11,28]. The yield stress measured using concentric cylin-
ders was largely independent of rotational speed, further
suggesting the development of a slip layer.

Viscoelastic measurements were performed to determine
the extent of the slip phenomenon at stresses below the yield
point. There was excellent agreement between the vane and
concentric cylinder modulus measurements for oscillatory
stress sweeps. The results suggest that slip is not prevalent
in measurements below the yield stress of cement paste.
Frequency sweeps were also performed on a low shear
modulus emulsion to show the general applicability of the
vane method. Modulus measurements made using a vane
agree with measurements made using concentric cylinders
over several orders of magnitude.
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