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Abstract—The results from experimental and theoretical analyses of possible artifacts associated with measuring
the rheological property of cement paste using plate/plate and truncated cone/plate sensors are reported. Impor-
tant considerations include the sensor diameter and the size of a gap between sensors. A theoretical investigation
shows that for a truncated cone/plate sensor, the error introduced by a truncated cone tip of 0.7 mm on torque
is less than 8.5%. Experimental results show that the relative humidity around a specimen influences the
results. The measured rheology of cement paste is sensitive to the geometry of a sensor, and to the ambient
relative humidity. This study has a lead in small strain rate rheology under long experimental time and quiesce-
nce.
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1. Introduction been studied extensively such as the time depen-
dent behavior under constant shear rate and the
The rheological properties of cement paste have dynamic behavior under varying shear rate, in

ek A7 A 15, 1995



Plate/Plate, Truncated Cone/Plate Al* & o] &3k
which the frequency or the strain of oscillatory
sensor was varied [1]. These experiments typica-
lly employed large deformations. The structure
of cement paste, however, is broken under relati-
vely small strain, and this destroys information
about the undamaged structure, which must be
investigated using small strain. Microstructure of
cement paste within two hours after mixing of
cement particle and water, keeps the inter-conne-
ction forces generated by thin films between wa-
ter-coated cement particles. These forces can be
quantified by measuring a yield stress at small
strain region without breaking the undamaged st-
ructure. So far, yield stresses were obtained th-
rough a flow curve experiment performed by dec-
reasing shear rates from large values to small va-
lues. Yield stresses at the flow experiment repre-
sent the microstructure of cement paste after the
breakdown of inter-connection forces because they
are defined at the stress axis by the extrapolation
of a constant gradient line decided at large strain
region. They were ten times lower than those
measured by small strain experiment which could
display the build-up structure of cement paste af-
ter mixing. Rheological behavior of cement paste
has been studied through a plot of shear stress
vs. shear strain under very small shear rates as
shown in Fig. 1 [2]. Shear strain was obtained
by integration of shear rate. At small deformation
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Fig. 1. Rheological behavior of cement paste under
small shear rate.
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cement paste has a yielding behavior and is sensi-
tive to experimental conditions. At large deforma-
tion, however, cement paste has a broken struc-
ture and approximates a constant structure regar-
dless of experimental conditions. Cement paste
rheology was mainly studied at large deformation
region; that is, interested in an equilibrium state
after ‘structure breakdown. At large deformation
experimental conditions do not affect rheological
properties of cement paste. However, the experi-
mental conditions are important to analyze the
microstructure of cement paste from the relation-
ship between the interactive strength and the
rheological properties of cement paste. The transi-
tion region between the structural build-up (elas-
tic solid region) and the structural break down
(non-Newtonian liquid region) can be quantified
by the experiment with small deformation region.
Yield stresses measured at small strain region are
connected to the flocculation forces of cement pa-
rticles based on attractive or repulsive forces bet-
ween particles. In this paper the importance of
experimental conditions will be discussed at the
region of small deformation through the geometry
effect of a sensor.

The ability to measure small strain behavior
of cement paste is related closely to the type of
sensor especially when the experiment is perfor-
med under relatively long time and quiescence.
Reported rheological characteristics of cement pa-
ste were frequently inconsistent. There are many
reasons for this including different mixing history
[3-5], inhomogeneous characteristics of cement
paste [6], and variations in experimental methods
that include both the type of a sensor and the
loading method [7]. Coaxial cylinder viscometers
have been used a great deal as cone/plate and
plate/plate viscometers.

Coaxial cylinder viscometers [8,9] are easy to
use and the shear history of cement paste is cont-
rollable. The shear rate throughout a specimen
is uniform as long as the ratio between inner and
outer diameters is close to 1(<1.10) ie. the velo-
city profile across radius remains linear. Samples
can be isolated from the atmosphere to avoid en-
vironmental effects. Disadvantage of coaxial cylin-
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der viscometers includes problems with plug flow
[10], slippage at the walls of cylinders [11,12],
sedimentation (vertical concentration gradient)
[13], centrifugation (horizontal concentration gra-
dient) and end effects [14].

Cone/plate viscometers [7,15,16] have also
been used to measure the rheology of cement pa-
ste. Jones and Taylor [7] used a truncated
cone/plate viscometer but the gap was not repor-
ted. They suggested that the difference between
their results (anti-thixotropic) and results from
coaxial cylinder viscometers (thixotropic) was att-
ributable to the different geometries. In other wo-
rds, the cone/plate viscometer has a constant
shear rate throughout a specimen at a particular
speed of rotation, but the coaxial cylinder visco-
meter had varying shear rate and associated shear
stress.

A plate/plate viscometer has been used to carry
out dynamic tests [17] with constant gap of 1 mm,
and small strain test [2] with constant gap of 2
mm. The plate/plate viscometer has advantages
over cone/plate viscometer because the gap bet-
ween a sensor and a platen is uniformly -much
larger than the size of cement particles although
cone/plate geometries can cause erroneous results
due to particles binding in the small clearance
near the axis. An additional advantage of this type
of viscometer is that inertial effects can be accom-
modated very simply [18]. An important disadva-
ntage of this geometry is that the strain in the
sample is not uniform, but varies linearly from
zero at the center to the maximum at the outer
diameter. This presents difficulties in interpreting
the measurements of non-linear materials.

Although there were advantages of the plate/
plate and cone/plate geometries, they produced
variable results and these have not been analyzed
in detail. To increase the domain of the usage
of plate/plate and cone/plate viscometers, artifacts
are investigated in this paper. In an effort to esta-
blish an experimental technique using these geo-
metries, the following factors were studied: i) the
feasibility of using a truncated cone/plate sensor
in cement paste rheology by considering the tor-
que distribution, ii) problems associated with the
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amount of a sample and related edge effects, iii)
the effect of sensor geometries such as the diame-
ter and the size of gap (these factors were also
related to the amount of a sample), and iv) the
atmospheric condition, especially, the relative hu-
midity around a sample.

2. Experimental Methods

The experimental system [19] was operated
with a viscometer capable of rotational and oscil-
latory control using plate/plate, cone/plate, and
coaxial cylinder sensors; the measurement system
was manufactured by HAAKE (Model RV20, RC20
and CV20N). Rotational experiments were perfor-
med to study the effect of sensor geometry. The
measuring unit consists of two parts; a lower con-
tainer which holds the sample and rotates at a
controlled rate, and a upper sensor which is sta-
tionary and senses the torque to compute the ave-
rage of shear stress. The specifications of various
sensors used are given in Table 1.

A cone/plate sensor produces less ambiguous
information than a plate/plate sensor because the
material is deformed at a constant shear rate. Ho-
wever, because the gap between a sensor and a
platen at the center is very small compared to
the size of particles or flocs, it can not be applied
to the study of cement paste rheology. The spa-
cing between a sensor and a platen should be
at least 10 times greater than the size of the lar-
gest particle [14]. In the case of cement paste,
the gap size should be at least 0.7 mm since the
maximum particle size is about 60~70 um [1].
To avoid this problem in the experiment, the cone
tip at the center was truncated to increase the
gap size to 0.7 mm with the same cone angle as
0.0698rad (see Fig. 2). The influence of a truncated
cone tip on torque is investigated under the assu-
mption that a Newtonian liquid is placed between
a sensor and a platen.

The truncated cone/plate sensor is composed
of platen and cone parts. At a platen part, using
cylindrical coordinates (r, 8, z), the velocity distri-
butions are:



Plate/Plate, Truncated Cone/Plate A5 o] 43t Alslewts $Hsbg EA0 A AL 53 13
Table 1. Specifications of various types of sensor
Sensor plate and plate truncated cone and plate
System PQ20 PQ45 PK30 PK45
Dy, (mm) 45 45 45 45
D; (mm) 19.57 41.74 27.83 41.74
sample volume (cm?) 204, .582 958, 2.737 0.324 111
gap size (mm) 7, 2 7, 2 .7 (non-truncated) .7 (truncated)
6 Then, the torque is obtained as follows:
0.0698ra
H| N R I 4
—ra— o T,,,,,:ftez rdAIan r 2 dr= nouk @)
Ro 0 H 2H

Fig. 2. Dimensions of a truncated cone/plate sensor.
cylindrical coordinate for plate-plate part: r, 9, z
spherical coordinate for cone-plate part: r, 0, ¥
H: gap size(mm)

Ri: inner radius of sensor(mm)
Ro: outer radius of sensor(mm)

V,=0

" H

V.=0 D

The relationship between stress and velocities th-
roughout the sample can be expressed as:

1 oV, n 6V9>

t"z:”<? 0 | oz @

where tq, is equal to Ty by symmetry and p is
a constant viscosity from the assumption of a sa-
mple as Newtonian liquid.

By inserting Eq. (1) into Eq. (2), Eq. (2) is:

0]

H
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At a cone part, using spherical coordinates (r, 6,
¢), the velocity distributions are:

V,=0
VQZO
oz
V¢: %)
Z
where z=r tanf at 0<6<y,
Z,=r1 tany, at 6=y,

Because v, is very small in this sensor as 4°
(=0.0698 rad), z=r0, z,=ry, Then,

©®

Vo=rm
Yo

The relationship between stress and velocities
in spherical coordinates is expressed by:

sinf  d / V, )+ 1 0V,

r 0 \sin@/ rsind 6¢> 2

Too = P(

where t, is equal to T, by symmetry, and sind—0
as a constant, then Eq. (7) can be rearranged:
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Table 2. Torque distribution between cone and plate parts

H (mm) R; (mm) small diameter (19.57 mm) large diameter (41.74 mm)
Top/T (%) Tep/T (%) T/ T (%) Top/T (%)
0.175 2.50 0.80 99.20 0.25 99.75
0.35 501 3.53 96.47 1.04 98.96
0.7 10.02 30.8 69.20 8.50 91.50
®
Tep =M ® !
The torque is obtained as follows: Lst 2nd 3rd
loading loading loading
Ro 2 ; 1 2nd 3rd
Tep= f toe rdA=2n f % r-tj—? rdr= nggﬂ *—R?) rest fost test
)
From Egs. (4) and (9), the total torque is: 0 120 240 360 480 600 720
Time(seconds)
T=Ty;+ T (10)  Fig. 3. Step function in shear rate experiment.

The distribution of torque between the horizon-
tal platen and the slanting cone parts of the sen-
sor is shown in Table 2 as a function of the dia-
meter of the plate and, therefore, the correspon-
ding distance between a truncated platen and a
lower platen at the center. A large diameter sen-
sor shows less change in torque distribution com-
pared to that of a small diameter sensor. Interfe-
rences must be considered because a large diame-
ter sensor has only a small spacing between it
and the wall that bounds the specimen container.
The results in Table 2 suggest that for Newtonian
liquid, the truncated cone/plate sensor with large
diameter can be considered as a non-truncated
cone/plate sensor with an error in the range of
8.5% for torque.

A Type I portland cement was used to prepare
cement paste. The ratio of water:cement by mass
was fixed at 0.4. A paste was mixed by hand for
90 seconds; then, it was transferred into the lower
container. When a specimen was placed between
a sensor and a lower container an ideal boundary
would be a frictionless vertical edge. Unfortuna-
tely, cement paste falls down due to its own wei-
ght and it will partially flow out from the gap
between sensor and platen. If there is an extra
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amount of sample it will impinge on the wall of
lower container. The influence of a redundant sa-
mple is an important experimental variable in this
study. An interrupted shear rate experiment is
used, and consists of three measurement stages
of 120 seconds under a constant shear rate of
0.5 s™! interplaced with three rest stages of 120
seconds as shown in Fig. 3. Experiments are per-
formed to explore the effect of artifacts on struc-
tural rebuild-up as well as on structural break-
down of a cement paste.

3. Experimental Design and Results

3.1. Effect of the Amount of a Sample on
the Shear Stress Distribution

The plate/plate sensor with a diameter of 19.57
mm was used to contain various amounts of a
sample. A dimensionless diameter was defined as
the ratio of the diameter of a specimen divided
by the diameter of a upper sensor after finishing
the experiment i.e. it means the extra amount of
sample. Six kinds of sample amounts were used,
each defined as a dimensionless diameter by the
1, 1.158, 1.368, 1.579, 1.895, and 2.21. Fig. 4 shows
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Fig. 4. Shear stress vs. time for different amount
of sample.

the relationship between shear stress and time
for two samples with dimensionless diameters of
1 and 2.21. The amount of a sample affected yield
and end stresses during either deformation or
rest periods. Here, the yield stress is defined as
the peak stress occurring as soon as the experi-
ment begins, and the end stress is defined as the
stress at the end of deformation or rest periods.
The influence of sample amounts may be effecti-
vely analyzed by investigating the yield and end
stresses because the yield stress represents the
state of an undamaged structure at the deforma-
tion period or the state of a recovered structure
at the rest period, and end stress represents the
effect of a shear rate at deformation period and
the effect of a stationary state at rest period.
There is no mechanical reason why the amount
of a sample should influence the measured resu-
1ts. The build up of structure as a result of chemi-
cal reactions should not be affected either by the
amount of a sample. However the exposed surface
of a sample is a function of the amount of a sam-
ple, and the possibility that surface drying causes
artifacts may be explained. This shows that the
evaporation from the surface of a sample can af-
fect the inside structure of a sample.

Edge effect comes from a small gap between
a sensor and the wall of a bottom container if
a large diameter sensor is used. The truncated
cone/plate sensor with a diameter of 41.74 mm
was used to contain various amounts of sample.
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Fig. 5. Shear stress vs. time for various amount of
sample.

The edge height at the wall of a bottom container
is defined as the height of a squeezed sample
by a upper sensor due to a redundant sample
compared to the volume between a upper sensor
and a bottom platen. Edge heights were varied
to be the 0, 1, 3, 4, and 7mm by controlling the
amount of a sample. Fig. 5 shows the relationship
between shear stress and time for two kinds of
edge heights. The increase of the yield and end
stresses with increasing an edge height is purely
accredited to the effect of edge height because
the evaporation of a sample is already precluded
by a large diameter sensor. The end stress mea-
sured in the rest period is small compared with
the yield and end stresses measured during defo-
rmation period. This means that cement paste is
prevented from drying when using a large diame-
ter sensor. From the comparison of the results
between small and large diameter sensors, the
artifact due to drying at a small diameter sensor
is greater than that of a large diameter sensor.

3.2. Effects of Diameter and Gap Size of Sen-
sor on the Shear Stress Distribution

Even though the sensor dimensions such as
diameter and gap size, are related to the amount
of a sample as discussed in the previous section,
experiments which preclude the influence of a re-
dundant sample are performed to investigate the
following: (i) the effect of a gap size holding the
same diameter, (ii) the effect of a diameter hol-
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Fig. 7. Effect of diameter of sensor under same gap
size (gap size=0.7 mm, small diameter: PQ
20, and large diameter: PK45).

ding the same gap size.

In case (i), as shown in Fig. 6, there are not
many differences between results regardless of
gap size during the 1lst deformation and rest pe-
riods, but after these periods, the lower the gap
size, the higher the shear stress is. It does not
mean that this is an intrinsic behavior of cement
paste. However, it may come from the different
degrees of drying of the sample due to different
quantities of a sample used. In case (ii), the beha-
vior of a sample is similar at initial stage regard-
less of diameters of a sensor as shown in Fig. 7.
At later stage, however, the smaller the diameter
of a sensor, the higher the shear stress is. These
differences are related to the large surface-to-vo-
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Fig. 8. Weight loss of cement paste exposed to air
(RH=40%).

lume ratio of a sample exposed to the atmosphere
for a small diameter sensor. In the case of a trun-
cated cone/plate sensor, the structure breakdown
curve is smooth compared with that of a plate/
plate sensor. This may be because the former has
a constant shear rate across its radius, but the
latter has a variable shear rate. The influence of
a sensor geometry on the shear stress becomes
large with decreasing gap size or sensor diameter.

3.3. Effect of Relative Humidity

All of the above experiments were performed
with a sample partly exposed to air. Fig. 8 shows
the weight loss ratio of a sample exposed to air
(RH=40%). The weight of a sample was measu-
red every 3 minutes using an accurate balance
with four digits and was divided by an initial sam-
ple weight. Experiments were repeated three ti-
mes to check reproducibility. There was about 0.7
% weight loss in 12 minutes. A new water:cement
ratio after 12 minutes may be calculated as 0.3976
because the water is evaporated as much as 0.7%
of the initial sample weight. There is little change
in the water:cement ratio between the beginning
and the ending of the experiment. As already ar-
3ued, drying may influence the results even
though only the part of a sample is exposed. This
can be avoided by preventing a sample from dry-
ing using a wetted cup, in which wetted sponge
or paper is pasted as shown in Fig. 9. Fig. 10
shows the drying effect on the sample which is
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Fig. 10. Effect of environmental condition around of
sample on shear stress.

deformed under both a plate/plate sensor (PQ20
in Table 1) and a truncated cone/plate sensor (PK
45 in Table 1) with the same gap size (0.7 mm).
When the relative humidity around a sensor is
40%, the sensor with a small diameter had larger
influence on.drying of a sample than the sensor
of a large diameter. Because of the relatively short
period, the idea that evaporation could influence
the results was not obvious. However, when a we-
tted cup was used, the results of the two types
of sensors became much closer and they were

reproducible. Even during the short duration dry- .

ing causes substantial stiffening of at least part
of a specimen. This is an effect that is not accoun-

ted for in.the literature and, apparently, it must

be controlled if accurate measurements of rheo-
logy of cement paste are to be made.

Ay

A 17

4. Conclusions

A truncated cone/plate sensor, that was made
by increasing the gap between cone tip and bot-
tom platen, had advantages over plate/plate sen-
sors. Most of the sample deformed uniformly and
the binding effect caused by particles trapped at
the cone tip was eliminated. Both the diameter
of a sensor and the gap size between a sensor
and a bottom platen were varied to study the ef-
fect of a sensor geometry. Artifacts due to the
evaporation of a water from a sample have been
correlated to various sensor geometries. When the
evaporation from a sample is prevented, the rheo-
logical characteristics of cement paste can be
measured with a repfoducibility not possible in
the past. This is a new and important considera-
tion when measuring the rheology of cement pa-
ste.
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