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ABSTRACT: Rheometers for measuring the properties of fluids are usually calibrated using a standard refer-
ence oil. However, a rheometer used for concrete cannot be calibrated using an oil, because of the unusual ge-
ometry and size. It would be advantageous to have a granular reference material. A material that can simulate
a Bingham fluid, such as cement paste, was developed in this study as a mixture of corn syrup, water, and fine
limestone. This reference material will form the basis of future mortar and concrete reference materials con-
taining fine and coarse aggregates. This paper illustrates the various aspects of the development and shows
data obtained using various geometries of rheometers.
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Introduction
Rheological measurements are often performed using a rotational rheometer. In this type of rhe-
ometer, the tested fluid is sheared between two surfaces, one of which is rotating [1]. The rate of
the rotating surface is usually precisely controlled with a computer, and the torque resulting from

Nomenclature
h ¼ gap or distance between the plates, mm
L ¼ length of the bob, m
n ¼ speed of rotation of the top plate, revolutions (1/s)
Rb ¼ diameter of the bob, m
Rp ¼ radius of shear, mm (17.5mm in our case)
T ¼ torque, N � m
Te ¼ torque at the outer edge, N � m

_c ¼ shear rate
_cR ¼ shear rate at the outer edge (1/s)

lpl ¼ plastic viscosity
s ¼ shear stress, Pa

sB ¼ Bingham yield stress
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the material response is measured. Laboratory rheometers are mainly designed for homogeneous
liquids containing no particles, such as oils. The manufacturers recommend using a standard oil of
known viscosity to verify that the instrument is operating correctly. The kinematic viscosities of
fluids are determined through reference to the water viscosity established by international consen-
sus in 1953 [2], as described in ISO-3666 [3]. In 1954, the National Institute of Standards and
Technology (NIST) [2] conducted a study to compare two instruments, the Bingham viscometer
and the Cannon Master viscometer (both based on capillary flow), that are still used for determin-
ing the viscosity values of standard oils.

Because these standard oils are expensive, however, they cannot be used for the large volumes
employed in concrete rheometers. Some concrete rheometers have used a less expensive oil with a
known viscosity, as measured using a calibrated rheometer. In 2003, a high viscosity polydimethyl-
siloxane fluid (with a NIST-measured viscosity of 29.5 Pa � s6 0.6 Pa � s at 24.4�C6 0.4�C) was
used in concrete rheometers [4] during an international round-robin. It was shown that not all rhe-
ometers were able to measure the oil properties because of their specific shear patterns and slippage
on the shearing surfaces. In the case of fresh concrete, the geometry of the rheometer needs to
allow the distance between the shearing surfaces to be sufficiently large to accommodate aggregates
at least 5mm in diameter. The increase in the gap size leads to generally unknown shear patterns
and test results that cannot be expressed in fundamental units. Therefore, it is almost impossible to
calibrate such large and non-standard rheometers using the traditional method involving oils,
because of the lack of an analytical solution for the shear stress fields between the two shearing
surfaces. Nevertheless, any two concrete rheometers were found to be correlated, and all rheome-
ters ranked the concrete tested in the same order in terms of viscosity and yield stress [5,6].

Ferraris et al. [7] calibrated various rotational rheometer geometries using standard oil and suc-
cessfully determined a correction factor for a small rheometer geometry used for mortar. A refer-
ence material is needed for the calibration of rheometers with complex geometries. A relatively
inexpensive, safe reference material is needed that incorporates aggregates for concrete rheometers.
As concrete and mortars are non-Newtonian, the reference material also should be non-
Newtonian.

One solution would be to develop a granular reference material, similar to concrete, of known
rheological properties. ACI Committee 238 on Workability of Fresh Concrete discussed this issue,
and one of their first ideas was to use an oil of known viscosity and then add particles. The particles
should be spherical to simplify the simulation of the increased viscosity due to an increase in solid
concentration. Moreover, the particle specific gravity should match that of the oil so as to avoid
sedimentation during testing. According to these conditions, hollow plastic spheres would be suita-
ble. Unfortunately, their cost is prohibitive (over $3000 per batch of 20 L). Therefore, the idea was
abandoned, and it was determined that a multiphase approach would be better. Other authors have
investigated granular materials as ideal materials for rheological properties or calibration, such as
carbopol [8] and calcium carbonate [9]. In both cases the pH needs to be adjusted. This paper
explores other solutions for the development of a reference material that would not require pH
adjustment, thus simplifying the mixture.

The multiphase approach consists of developing a paste that can be measured with a conven-
tional rheometer. A mortar is produced by adding sand to the paste, and finally a concrete is
formed through the addition of coarse aggregates. The rheological parameters of mortar and con-
crete would be determined from the paste via a combination of numerical simulations and experi-
mental measurements. The simulation should be able to calculate the viscosity of the suspensions
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(mortar or concrete) from the medium viscosity (cement paste) with various aggregate concentra-
tions, aggregate size distribution, and particle shape. However, a reference material to represent
cement paste does not exist at this time and needs to be developed. This approach will be used to
develop a series of three reference materials: paste (presented in this paper), mortar (this reference
material with fine beads), and concrete (mortar with coarser beads). The last two reference materi-
als will be developed in future years.

A non-Newtonian reference material for cement paste should have the following characteristics:
(1) no particle segregation for the duration of the test; (2) a linear Bingham stress response to shear
rates over a large range (e.g., 1 s� 1 to 50 s�1 [10]); (3) rheological and chemical properties that
remain unchanged over a long period of time (i.e., days or weeks) with no chemical reactions
between the medium and the particles; (4) a yield stress sufficient to avoid the segregation of added
fine and coarse aggregates, so that it can be used to produce a reference material for mortar and
concrete (e.g., Saak et al. [11] suggested a yield stress of over 60 Pa for cement paste); and (5) a re-
versible linear response, implying no structural breakdown or build-up, flocculation, or defloccula-
tion during the test (i.e., no hysteresis in the flow curve [increasing and decreasing shear rate]).

This paper explores some potential reference material candidates for a paste with the required
characteristics (replacement of the cement paste). A proposed reference material will be further
tested via determination of its rheological properties using several geometries. Some shelf life stud-
ies also are presented. Investigations on mortar and concrete, including simulations, will be pre-
sented in future papers.

Background
Rheological measurements typically produce a shear stress–shear rate plot. In cases when the ge-
ometry of the rheometer does not allow a direct calculation of the shear stress and shear rate in
fundamental units, the rotational speeds and the resulting torques are plotted [10].

The viscosity [1] is defined as the ratio of the shear stress to the shear rate at a given shear rate.
For a Newtonian fluid, it is also equal to the slope of the fitted line of the shear stress–shear rate
plot, going through zero, as the relationship is linear. But most granular materials are non-
Newtonian. Their main characteristic is that they exhibit a yield stress, which is the stress needed
to initiate deformation or flow of the material. There are several methods for measuring the yield
stress. The two most common methods are the stress growth method and extrapolation from the
Bingham test method [12,13]. In the case of the stress growth method, a small shear rate is applied
and the induced shear stress is monitored. This stress increases linearly until the sample yields and
starts to flow. Figure 1 shows the various stages of this test.

FIG. 1—Stress growth schematic. Point A is the end of the linear portion (i.e., elastic limit), and it is considered as the static
yield stress point. Point B is the peak stress associated with the dynamic yield stress, and it is taken as an approximation of the
true yield stress because it is easier to determine than point A.
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Most researchers use the method based on the Bingham equation (Eq 1) to determine the plastic
viscosity and the yield stress. This procedure implies that the plastic viscosity is defined as the slope
of the shear stress–shear rate curve and the yield stress is the intercept of the curve at zero shear
rate. This point is generally not measured, so this constitutes an extrapolation (Fig. 2). The Bing-
ham rheological parameters, yield stress, and plastic viscosity characterize the flow curve within a
range of shear rates, as shown in Fig. 2 and Eq 1.

s ¼ sB þ lpl _c (1)

where:
s¼ shear stress,
sB¼Bingham yield stress,
lpl¼ plastic viscosity, and
_c¼ shear rate.
Some preliminary work was done to identify a suitable reference material that fulfilled all the

requirements described in the Introduction. Some candidates examined were fly ash–oil suspen-
sions and slag–water–high range water reducer admixture (HRWRA) combinations [14]. Some
reasonable results were obtained, but these materials did not fulfill all the requirements. For
instance, the slag–water mixture had a tendency to segregate, and the fly ash–oil suspension was
expensive because of the cost of the oil.

In this paper, we describe the development of a suitable material that corresponds to the
criteria mentioned above. The rheological parameters in Eq 1 are calculated using the Bingham
equation.

Materials Tested
The materials tested were fine particles in a Newtonian medium (Table 1). The viscosity of the
each medium was also measured.

FIG. 2—Bingham model and calculation of the plastic viscosity and yield stress.

TABLE 1—Summary of materials used.

Particle Type Medium

Silica fume or quartz Water

Welan gum Water

Limestone Corn syrup and water solution
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Silica Fume and Quartz in Water
The silica fume (SF) had a density of 2550 kg/m3 6 10 kg/m3. The composition, as provided by the
manufacturer, was 93% silica (SiO2) and less than 0.7% each of the following compounds: Al2O3,
Fe2O3, MgO, CaO, Na2O, and K2O. Loss on ignition (LOI) was less than 6%.

The quartz powder had a density of 2670 kg/m3 6 10 kg/m3. The particle size distribution (PSD)
is shown in Fig. 3. The quartz PSD was bimodal.

Welan Gum
Welan gum suspension was prepared by mixing welan gum powder in water with a high shear
blender. The concentration of the welan gum was 3.5% by mass. The water pH was adjusted to 11.
A biocide was also added to prevent this natural product from degrading rapidly (degradation typi-
cally took place within a few days).

Corn Syrup and Limestone Powder
Two types of corn syrup and three types of limestone were used. Two corn syrups were obtained
from two sources and were characterized for water content and sugar composition. The water con-
tent was determined using a volumetric Karl Fischer Titration with a 50/50 mixture of methanol/
formamide as the solvent. The chemical composition of the sugar was determined via ion
chromatography.

• Corn syrup 1 (CS-US) was, according to the manufacturer, pure corn syrup with no additives. Its
density measured at NIST was 1427 kg/m3 6 5 kg/m3, its water content was 18.6%6 0.2% by
mass, and the chemical composition was 100% glucose.

• Corn syrup 2 (CS-J) was, according to the manufacturer, a 75.4% aqueous solution of pure corn
syrup with pH 4.48. Its density as measured at NIST was 1387 kg/m3 6 5 kg/m3. The water con-
tent as measured at NIST was 24%6 0.2% by mass fraction, similar to the amount declared by
the manufacturer. The chemical composition was 43% glucose and 57% fructose by mass
fraction.

Three limestone powders were obtained from two sources in the United States and Japan.

• L-US (United States) is also referred to by the manufacturer as micro-limestone flour.
• L-J (Japan) is also referred to by the manufacturer as limestone flour.
• L-JFine (Japan) is sold by the manufacturer as a powder composed of smaller particles than L-J.

FIG. 3—Particle size distributions of the quartz and the silica fume measured via laser diffraction in isopropanol.
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The limestone powders were analyzed to determine mineralogical, chemical, and physical differ-
ences. Table 2 and Fig. 4 show some physical properties and the PSDs, respectively.

The PSD was measured using either water or isopropanol as the suspension media. It should be
noted that there is little difference, and the particles are assumed to be well dispersed in either me-
dium. The difference of the maximum particle size between L-J and L-US is due to the difference
in production. The L-US is sieved with a #325 sieve (45 lm opening), whereas the L-J is sieved
with a #100 sieve (150 lm opening).

Based on the results in Table 2 and Fig. 4, the main differences among the limestone from the
United States and the two from Japan are the following:

• The L-J has a bi-modal distribution of particle sizes.
• The L-US and L-JFine both have a narrow distribution, but clearly L-JFine is finer than L-US. The

surface area of L-JFine is 14% larger than that of L-US. This is further shown by the difference in
the median particle sizes (d50), which were 5 lm for L-JFine and 15lm for L-US.

These differences would play a major role in determining the rheological properties, especially
the degree to which the fine particles increase viscosity and yield stress [13–15]. An explanation for
this is that the greater concentration of fine particles increases the number of contacts between the
particles, creating more friction.

TABLE 2—Properties of the limestone used.

Material

L-US L-J L-Jfine

Density, kg/m3 27556 5 27506 5 28006 5

BET surface, m2/g 1.566 0.04 1.176 0.02 1.786 0.02

Phases, %

Calcite 756 2.6 94.16 0.1 96.66 0.7

Dolomite 206 2.1 4.76 0.1 1.46 0.1

Quartz 0.86 0.7 0.46 0.1 0.26 0.1

Tremolite 26 0.8

Talc 0.86 0.2

Chlorite 0.76 0.7 0.46 0.1 0.56 0.1

FIG. 4—Particle size distribution of the limestone particles measured via laser diffraction in isopropanol and in water.
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Mineralogical analysis via x-ray powder diffraction is based upon replicate bulk analyses, and
the analysis of a 10% hydrochloric acid extraction of the carbonate phases to concentrate the insol-
uble residue was performed on the three limestones. The insoluble residue is typically composed of
quartz, clays, and other minerals unaffected by the dissolution process. The residue is pipetted onto
a glass slide to facilitate identification of the clay minerals, and the slide is analyzed after three
treatments: heating to 110�C to collapse any expandable clays, saturation in a 50% ethylene glycol
solution to expand the basal spacing of any expandable clays, and heating to 550�C to collapse the
layers completely and decompose specific clay minerals. The most reliable numbers are those of
the carbonates and quartz. Insoluble residues amounted to about 2.5% for L-US and about 1% for
L-J and L-JFine. These were a bit difficult to assess, as the mass of the residue was so small. The res-
idue also appeared deliquescent, confounding the insoluble residue analysis.

L-US differed in that it had substantially more dolomite, as well as a slightly greater amount of
insoluble residue. This residue comprised tremolite, quartz, talc, a chlorite/smectite inter-stratified
clay, and an illite/mica. The presence of talc and tremolite is not uncommon in limestones exposed
to some metamorphic processes. Scanning electron microscopy (SEM) pictures at various magnifi-
cations are shown in Fig. 5.

FIG. 5—L-US SEM pictures at various magnifications as indicated by scale bars in the pictures.
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L-J and L-JFine had greater amounts of calcite and less insoluble residue, which comprised pri-
marily quartz and chlorite. L-J and L-JFine differ from each other in the content of dolomite, and
L-JFine might have slightly more insoluble residue. SEM pictures at various magnifications are
shown in Figs. 6 and 7 for L-J and L-JFine, respectively. The SEM images are given to show the
morphological differences among the various limestones.

Experimental Setup
All preliminary tests were performed using a rotational rheometer equipped with a parallel plate
geometry. The plates were 35mm in diameter and were serrated [7,14,16] to avoid slippage
[17,18]. The gap between the two plates was 0.4mm for the development phase of the program.
Then, other gaps were used to determine the effect of the gap on the results.

To homogenize the material prior to the measurement of the rheological parameters via the Bing-
ham method, a shear rate of 0.1 s�1 was applied first for 200 s, and after a rest of 30 s the shear rate
was increased from 0.1 s�1 to 50 s�1 and then decreased back to 0.1 s�1. The induced shear stresses
were measured, corresponding to 15 levels of shear rates on the up curve and 20 levels on the down
curve. Each measured point was recorded after the shear stress reached equilibrium or after 30 s,
whichever occurred first. The descending data were linearly fit (Fig. 2), and the slope and intercept

FIG. 6—L-J SEM pictures at various magnifications as indicated by scale bars in the pictures.
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were calculated. This maximum shear rate value was selected to be high enough to match that in con-
crete placement [19]. Saak et al. [11] state that the shear rate during placement is about 40 s�1.

Two other geometries, coaxial and vane, were used to verify that the material developed was
suitable for other rheometers as well. The coaxial rheometers had the following two different
dimensions:

• Coaxial A: a gap of 2.5mm, a cup diameter of 43mm, and a bob diameter of 38mm. The length
of the bob was 55mm (Fig. 8). The coaxial A bob was made of stainless steel, and the surfaces
were smooth.

• Coaxial B [20]: a gap of 4.9mm, a cup diameter of 43mm, and an overall bob diameter of
33.2mm. The length of the bob was 69.4mm (Fig. 8). The bob was made of plastic covered with
waterproof sand paper grit 100 for the serrated version and covered in electrical tape for the
smooth-surface version. The diameter of the bob was measured with the covers.

The coaxial B bob was fabricated at NIST [20], and the coaxial A bob was purchased with the
rheometer. The same container was used for both bobs (diameter¼ 43mm).

The vane geometry had the following dimensions: container of 43mm (same as used for the
coaxial), vane diameter of 22mm, and vane length of 16mm. The vane was a simple cross with
four blades.

FIG. 7—L-JFine SEM pictures at various magnifications as indicated by scale bars in the pictures.
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Results and Discussion
As stated in the Introduction, a non-Newtonian rheological reference material for cement paste
should have five characteristics. Therefore, as the first test, all proposed mixtures were analyzed to
determine whether their shear stress–shear rate curves were linear, and the segregation was moni-
tored through visual observation of the material at rest in a closed container.

Test results for the mixture of welan gum and water are shown in Fig. 9. The flow curve meas-
ured was not linear over the range of shear rates tested. Also, welan gum requires a biocide to keep
the mixture from deteriorating over time. Handling biocide in large quantities, such as that needed

FIG. 8—Coaxial bobs.

FIG. 9—Curve of shear stress versus shear rate for welan gum in water.
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for a concrete rheometer, and disposing of it safely are issues that, at this point, are not resolved.
Therefore, this candidate is not viable as a reference material for cement paste.

The second mixture examined was SF in water (the SF/water mass ratio was 0.66). A small dos-
age (0.2% by mass of SF) of polyacrylate-type HRWRA was added to ensure good dispersion. A
typical result is shown in Fig. 10. It can be observed that there was a large hysteresis, and also that
the down curve was not linear.

A better result was obtained when quartz powder was added to the SF and water mixture
according to the following proportions: quartz/SF¼ 8, water/solid¼ 0.45 by mass. This yielded a
46% volume concentration of solid particles. Figure 11 shows a typical result obtained. The hyster-
esis disappeared, but the flow curve still was not linear over the range of tested shear rates. There-
fore, this candidate was discarded as well.

The last mixture examined was prepared with corn syrup, water, and limestone powder. As
there were three types of limestone and two types of corn syrup, several trials were conducted to
determine the optimum composition using these two criteria.

• L-US and CS-US were mixed at several limestone volume concentrations. Another variable was
the amount of water used to dilute the corn syrup (CS-US) in order to avoid having the required
torque exceed the capacity of the rheometer.

• L-J and CS-J were mixed at several limestone concentrations by volume. This mixture could be
measured by the rheometer without the addition of water, because it already contained sufficient
water.

FIG. 10—Flow curve of silica fume–water mixture. There is a large hysteresis, and the down curve is not linear.

FIG. 11—Flow curve of water–silica fume–quartz mixture, measured with a parallel plate rheometer with a 1mm gap. The
curve is not linear below 20 s�1. The error bars are calculated from three repeat tests (i.e., 1 standard deviation).
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The optimum mixture should have a linear flow curve and high reproducibility, should exhibit
an adequate yield stress, and should not exhibit hysteresis in the flow curve. The extent of hystere-
sis (unit: Pa/s) was defined as the area between the up and down curves of shear stress versus shear
rate and is shown in Figs. 12 and 13. Although the down curves of the flow curves of all mixtures
were linear, there were significant differences in the hysteresis and yield stress. It could be con-
ceived that the linearity of the down curve should be enough, but for a reference material it was
considered preferable to avoid a wide difference between the up and down curves or reduced thix-
otropy. The hysteresis of the mixtures L-US/CS-US were, with two exceptions, below 700 Pa/s [Fig.
12(a)], whereas the values for the L-J/CS-J mixture were above 1000 Pa/s, and in some cases even
as high as 14|700 Pa/s (Fig. 13). It is noted that the particle size distributions of the two types of
limestone were very different, which might explain this large discrepancy.

The yield stress was almost zero for most of the L-J/CS-J mixtures, whereas it was above 30 Pa
for all L-US/CS-US mixtures. Segregation and random particle interlocking during the measure-
ment are two potential causes of scatter in the experimental results. The particle concentration
should be just right, as too low a concentration would increase the risk of segregation, especially
when aggregates are added to form mortar or concrete, but too high a particle concentration would
lead to flow problems due to particle interlocking. The yield stress necessary in order to avoid

FIG. 12—Comparison of the L-US/CS-US suspension: (a) corn syrup solution in water by mass at constant limestone concen-
tration; (b) limestone volume concentration at constant solution of corn syrup and water. The legend is the same for both
graphs. The error bars are calculated from three repeat tests (i.e., 1 standard deviation).

FIG. 13—Comparison of hysteresis and yield stress for all mixtures prepared with L-J and CS-J at various L-J volume
concentrations.
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segregation depends on the density and size of the particles in the mixture. Saak et al. [11] have
shown experimentally that a yield stress of over 60 Pa can prevent the sedimentation of aggregates.

It can be stated that the mixture with less than 45% L-US volume concentration exhibited an
adequate yield stress with a low uncertainty and a small hysteresis (Fig. 12). However, the yield
stress of the mixture with a greater than 45% L-US volume concentration had greater uncertainty.
Therefore, the best composition of the mixture is a 76% CS-US aqueous solution and 45% L-US
volume concentration.

The influence of mixing methods was also examined to determine the optimum procedure.
Figure 14 and Table 3 show the results obtained with 45% L-US by volume concentration and
70% CS-US aqueous solution. Whether the mixture was mixed by hand or with a high-speed
blender, the flow curves of the mixture were linear, and there was almost no hysteresis in the two
flow curves. This result is very encouraging, as it seems that the linearity and the hysteresis do not
depend on the mixing method. However, the values of yield stress and viscosity do depend on the
mixing method. In this study, all subsequent mixtures were prepared using the high-speed blender
described in the newly approved ASTM C1738 [21].

In the rest of this paper, effects of various factors on the rheological properties are discussed,
including pre-mixing duration before the rheological test, mixture degradation versus time at dif-
ferent temperatures, and different types of limestone and corn syrup.

The two mixture proportions used were the following:

• A: L-US 48% by volume solid concentration, CS-US solution 72% by mass
• B: L-US 45% by volume solid concentration, CS-US solution 76% by mass

FIG. 14—Flow curves of mixture B mixed by hand and by high shear blender. The error bars are calculated from three repeat
tests (i.e., 1 standard deviation).

TABLE 3—Bingham parameters obtained from Fig. 14.

Hand Mixing Mixed by High Shear Blender

Plastic viscosity, Pa � s 14.36 0.8 7.76 0.7

Yield stress, Pa 83.76 1.4 47.56 1.6

Note: All the data are the average of three test results. The uncertainty represents the standard deviation of the three
measurements.
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After the initial high shear mixing with the blender, the mixtures needed to be remixed using a
homogenizer before the measurements, unless the measurements were done immediately after
mixing. Figures 15 and 16 show the test results after re-mixing for different durations using a vane
mixer. The tests were conducted directly after mixing with the high-speed blender for 30 s, 60 s, or
120 s. The mixture was left undisturbed for 2 h between mixing cycles to erase any influence of the
previous mixing. It was observed that for mixture B, a pre-mixing of 60 s could minimize the mea-
surement uncertainty of the yield stress and plastic viscosity, whereas 120 s was needed for mixture
A. All calculations were based only on the down curves.

Next, the type of corn syrup and limestone powder was considered. Figure 17 and Table 4 show
the results obtained with the three types of limestone and two types of corn syrup at a 45% by vol-
ume concentration of limestone. The use of CS-J significantly increased the hysteresis relative to
the CS-US. The only explanation available at this point is that the type of sugar plays a role, but we
have no evidence or reference. CS-US is pure glucose, whereas CS-J is a mixture of glucose and
fructose. The combination of L-J and CS-US gives a yield stress that is too low. Therefore, there are
two mixtures that could be used as reference materials: L-USþCS-US and L-JFineþCS-US.

FIG. 15—Influence of pre-mixing. The mixture used was B (L-USþCS-US), with a 2 h rest between the measurements. A 60 s
pre-mixing period led to the smallest variability in the yield stress and the least plastic viscosity; R2 was 0.99 for all the curves.
The error bars are calculated from three repeat tests (i.e., 1 standard deviation).

FIG. 16—Influence of pre-mixing after 24 h. The mixture used was A (L-USþCS-US), with a 2 h rest between the measure-
ments. A 120 s pre-mixing period led to the least uncertainty. The error bars are calculated from three repeat tests (i.e., 1 stand-
ard deviation).
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Once the mixtures have been selected, it is also important to ensure that there is no deteriora-
tion of the material. Both mixtures were examined in regard to deterioration with time and temper-
ature, as well as the repeatability of the rheological measurements. The mixtures were prepared,
and half of them were stored at 23�C, while the other half were stored at 6�C. The rheological pa-
rameters of the mixtures were then measured after different elapsed times at 23�C. Care was taken
for the mixture stored at 6�C to wait for the mixture to reach 23�C before testing it. Figure 18
shows the results obtained. The values of the mixtures did not significantly change for 10 days. The
uncertainty for the mixture of L-USþCS-US was below 0.4 Pa � s for the viscosity, independent of
the temperature, but the yield stress uncertainty was greater at 23�C (4 Pa to 7 Pa) than at 6�C
(3 Pa to 4 Pa). In contrast, the errors obtained for the mixture of L-JFineþCS-US were larger at
both temperatures. The yield stress error reached about 10 Pa. These error values are comparable
with the values obtained from repeats with fresh mixtures. Therefore, it seems that the combination
of L-USþCS-US is best suited for use as a reference material.

FIG. 17—Flow curves of the various limestone and corn syrup pastes, all at 45% limestone concentration by volume.

TABLE 4—Rheological parameters of the mixtures with the various limestones and corn syrups, all at 45% limestone concen-
tration by volume (see Fig. 17).

Material Plastic Viscosity, Pa � s Yield Stress, Pa Hysteresis Area, Pa/s Comments

L-USþCS-US 7.46 0.4 626 2 298 Small hysteresis

Adequate yield stress

L-USþCS-J 10.46 0.5 276 1 952 Moderate hysteresis

Too-small yield stress

L-JþCS-US 3.66 0.1 146 1 324 Too-small yield stress

L-JþCS-J 3.46 0.2 0.36 0.1 5408 High hysteresis

Too-small yield stress

L-JfineþCS-US 216 1 626 5 204 Small hysteresis

Adequate yield stress

L-JfineþCS-J 446 3 626 6 5091 High hysteresis
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It is not clear why the rheological properties of yield stress and viscosity increased after 10 days.
The following are some potential reasons:

• Slow dissolution of the limestone by the corn syrup solution (the corn syrup solution pH was
about 3 to 4). This dissolution would change the composition of the liquid phase and decrease the
particle size of the limestone, thus changing the viscosity of the mixture.

• Slow water absorption in the pores of the limestone would effectively increase the particle concen-
tration by decreasing the volume of water between the particles.

Further studies would be needed to determine the true reasons for this behavior.
Table 5 shows a summary of the evaluation of the various materials. It is clear that the only via-

ble reference material would be the mixture of corn syrup with limestone and water, as it fulfills all
the requirements.

FIG. 18—Evolution of the rheological properties with time: (a),(b) mixture L-USþCS-US (from Table 4); (c),(d) mixture of
L-J-fine and CS-US (Table 4).

TABLE 5—Summary of the evaluation of the materials.

Material 1: Segregation
2: Linear
Bingham

3: Chemically
Stable

4: Yield
Stress High 5: Hysteresis

Required answers NO YES YES YES NO

Silica fumeþ quartzþwater NO NO YES N/A YES

Welan gumþwater NO NO YES with biocide N/A NO

Corn syrup1 limestone1water NO YES YES for 10 days YES NO
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Tests With Other Rheometer Geometries
Calibration Verification Using Standard Oil
The goal of this work was to develop a reference material that can be used to calibrate rheometers
with different geometries. Therefore, we used our optimized mixture in three types of rheometers,
as described in the section “Experimental Setup” (i.e., parallel plate, coaxial [two types], and vane).

All the rheometers of various geometries, with the exclusion of the vane, should provide results in
fundamental units, as the shear stress and shear rate can be calculated from the torque and rotational
speed [22]. Nevertheless, it is essential to verify this assumption by using a standard oil. The oil used
was Cannon S80005 (poly(1-butene) 100%) with a nominal viscosity of 29.4Pa � s at 23�C, as calculated
from interpolation between the data provided by the manufacturer. All data obtained using this oil are
shown in Fig. 19. Rheometer geometries of parallel plates with smooth and serrated surfaces were used,
although only the serrated surface could be used with granular materials to avoid slippage [23]. Also, a
rheometer geometry of a cone and plate with a diameter of 25mm was used with oil for calibration.

The serrated parallel plate (PP in Fig. 19) results measured at different gaps (0.4mm, 0.6mm,
0.8mm, and 1.0mm) were corrected as outlined by Ferraris et al. [7]. This correction consists of
modifying the gap by 0.27mm to account for the zero error introduced by the plate roughness
[24,25]. The smooth parallel plates (PP-S in Fig. 19) also needed a gap correction, but of only
0.022mm [7] for each of the measured gaps (0.4mm, 0.6mm, 0.8mm, and 1.0mm) to account for
the zero error in the gap.

The coaxial shear stress is calculated from the torque measured using the following formula [26]:

s ¼ T
2pLR2

b

(2)

where:
T¼ torque, N � m,
L¼ length of the bob, m, and
Rb¼ diameter of the bob, m.

FIG. 19—Measurements using a standard oil with a nominal viscosity of 29.4 Pa � s. PP, parallel plate with serrated plates;
PP-S, parallel plate with a smooth surface. See text for more details.

5Commercial equipment, instruments, and materials mentioned in this paper are identified in order to foster understand-
ing. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Tech-
nology (NIST), nor does it imply that the materials or equipment identified are necessarily the best available for the
purpose.
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From the results shown in Fig. 19, the average viscosity of the standard oil was determined to be
29.9 Pa � s6 1.4 Pa � s, with a 2% error relative to the nominal viscosity of the standard oil used
(29.4 Pa � s). This is an acceptable uncertainty. As all the curves in Fig. 19 are overlapping, we can
deduct that there is no slippage [7,23].

Results Using the Proposed Reference Material
All the measurements performed to develop the reference material were done using a serrated par-
allel plate rheometer at a fixed gap of 0.4mm. The gap was selected because it is about the average
distance between aggregates in a concrete [27]. It should be noted that the material will not stay
between the plates if the gap is larger than 1mm, and a gap smaller than 0.4mm will result in jam-
ming of the particles [27].

The reference material should provide the same stress-rate curve for all the rheometer geome-
tries providing results in fundamental units. The cone-and-plate setup is the only geometry that
cannot be used, as the gap between the truncated cone and the plate is too small to avoid jamming
of the limestone particles.

Figure 20 and Table 6 show the results of tests using a new batch of the mixture to ensure that it
was fresh and appropriately mixed. Therefore, these data are different from those reported earlier,
as the data obtained previously were the results of several attempts to obtain mixtures with Bing-
ham properties. These results were obtained using the developed technique and should reflect the

FIG. 20—Rheological measurements of L-USþCS-US (45% limestone by volume/76% corn syrup aqueous solution by mass)
with a parallel plate (Newtonian approximation) at various gaps and with the two coaxial rheometers. Only the down curves
are shown for clarity.

TABLE 6—Yield stress and plastic viscosity calculated for various rheometer geometries. The parallel plates used the Newto-
nian approximation.

Geometry Viscosity, Pa � s Yield Stress, Pa Hysteresis, Pa/s

PP 0.4mm 7.86 0.7 45.56 2.0 126 2

PP 0.6mm 8.36 1.0 45.76 3.1 486 41

PP 0.8mm 9.46 0.4 49.56 1.0 486 38

PP 1.0mm 8.86 1.0 46.76 4.7 186 21

Coaxial A 9.26 0.3 41.96 0.4 22 (one measurement)

Coaxial B, serrated 7.96 0.1 38.36 0.8 346 48

Coaxial B, smooth 9.26 0.1 40.36 0.4 536 5
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correct reference material properties. An extensive experimental design has been developed to
determine the true uncertainty and repeatability of the results [28]. The first observation is that all
curves are within the error (5% to 10%, as shown below) of the measurement [28].

The data were processed in the same way as described above while using oil (Fig. 20, and with
the non-Newtonian correction for the parallel plate in Fig. 21).

For the parallel plate geometries, a more detailed analysis needs to be performed [29]. The shear
rate was calculated as follows for the parallel plates:

_cR ¼
Rp

h
� 2p � n (3)

where:
_cR¼ shear rate at the outer edge, 1/s,
Rp¼ radius of shear, mm (17.5mm in our case),
h¼ gap or distance between the plates, mm, and
n¼ speed of rotation of the top plate, revolutions, 1/s.
The shear stress calculation from the torque is [28]

s ¼ Te

2 � p � R3
p

3þ d lnTe

d ln _cR

� �
(4)

where:
s¼ shear stress, Pa,
Te¼ torque at the outer edge, N � m,
Rp¼ radius of shear, mm (17.5mm in our case), and
_cR¼ shear rate at the outer edge, 1/s.
For Newtonian liquids, the factor d lnTe=d ln _cR is equal to 1. In our case, with a non-

Newtonian material, it was found that it varies with the shear rate (Fig. 21). If the shear rate is
above 5 s�1, then the value is 0.86 0.1, and it decreases to 0.2 for shear rates below 5 s�1. The vis-
cosities were calculated using both methods with an error of less than 3%, whereas the yield stress
error was more significant (up to 20%) (see Tables 6 and 7 for non-Newtonian results). Table 8
shows the average Bingham parameters for either only parallel plates or all the geometries

FIG. 21—Rheological measurements of L-USþCS-US (45% limestone by volume/76% corn syrup aqueous solution by mass)
with a parallel plate at various gaps using the non-Newtonian correction. Only the down curves are shown for clarity.
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considered for both Newtonian and non-Newtonian calculations. Note that the viscosity is within
the measurement uncertainty whether the Newtonian or non-Newtonian approximation is used
for the calculation for the parallel plates. The greater difference between the two calculations can
be seen from the yield stress. Obviously, as the major difference is due to the parallel plate calcula-
tion, the uncertainty is reduced overall if a non-Newtonian calculation is used. In the development
of a reference material, the calculation method needs to be determined; a non-Newtonian approxi-
mation is likely adequate.

In Table 6, the hysteresis area is also shown, and is very low, as expected. The high standard
deviation appears because the hysteresis varies from 0 to a value below 100 for the same mixture
and geometry.

The scatter between the values (Table 6) obtained with the various geometries is acceptable. To
develop the reference value, an extensive statistical study of the variation should be explored [28].

Measurements were performed with a vane rheometer; the data are shown in Fig. 22. The only
analytical solution of a vane is for static yield stress [30], and not for a full Bingham equation.
Therefore, the slope and intercept, proportional to the yield stress and plastic viscosity, are not
expressed in fundamental units and were found to be as follows:

• Yield stress value: 0.66 0.2N �m (coefficient of variation of 38%). This large variation is probably
due to the very low yield stress measured.

• Viscosity value: 0.3546 0.001N � m � s (coefficient of variation of 0.2%).

No fundamental units can be used for the vane rheometer, as the shear rate and shear stress are
not known because of the geometry. Correction factors were calculated using the data obtained
with known geometries (Table 8) and are as follows:

• Yield stress: 65 (non-Newtonian)
• Viscosity: 24.0 (non-Newtonian)

Modeling of the flow in a vane rheometer is under way at NIST in order to validate this
calibration.

TABLE 7—Yield stress and plastic viscosity calculated for various gaps of parallel plates using a non-Newtonian
approximation.

Geometry Viscosity, Pa � s Yield Stress, Pa

PP 0.4mm 7.66 0.7 37.06 0.9

PP 0.6mm 8.16 1.0 37.26 0.6

PP 0.8mm 9.16 0.4 40.46 0.3

PP 1.0mm 8.46 1.0 36.36 0.6

TABLE 8—Yield stress and plastic viscosity averages calculated using the Newtonian and non-Newtonian approximations for
all geometries.

Viscosity, Pa � s Yield Stress, Pa

Geometry Newtonian Non-Newtonian Newtonian Non-Newtonian

PP all gaps 8.36 0.6 8.66 0.7 476 2 386 2

PP all gaps and all coaxial 8.76 0.7 8.56 0.7 446 4 396 2
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Conclusions
In this study, a reference material for paste was developed. The materials selected were a mixture of
corn syrup, water, and limestone powder. The best composition of the mixture was a 76% CS-US
aqueous solution and 45% L-US volume concentration. The mixture has the characteristics of a
Bingham fluid, is low-cost, and is deterioration resistant for up to 10 days, especially if stored at
6�C while not in use. The Bingham values were approximated here, but a full statistical analysis
will be required to have the reference values. The effect of the mixing method on the test results of
the Bingham constants was discussed. It was found that appropriate pre-mixing is necessary in
order to reduce the experimental error in the shear stress–shear rate curve. However, for producing
this kind of reference material, the corn syrup and the characteristics of the limestone powder
must be carefully selected. Properties of the limestone that were examined included PSD and sur-
face area as determined by BET theory, and some mineralogy and particle morphology. A more
detailed characterization is needed in order for one to fully understand the essential characteristics
of a limestone and be able to specify one for selection. Tests such as powder flowability or tribo-
electrification [31] could be considered. It was determined that it is essential that the corn syrup be
pure glucose rather than a mixture of glucose and fructose.

Using this mixture, many tests should be performed to determine the reproducibility. NIST will
pursue this research to develop a standard reference material for cement paste. Then, scale-up to
mortar and concrete via the addition of sand and coarse aggregates must be studied. Simulation
models would need to be considered to establish the reference rheological properties of mortar and
concrete reference materials, as no calibrated rheometer exists for these materials.
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