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Abstract This paper presents the results of an

interlaboratory study of the rheological properties of

cement paste and ultrasound gel as reference sub-

stance. The goal was to quantify the comparability and

reproducibility of measurements of the Bingham

parameters yield stress and plastic viscosity when

measured on one specific paste composition and one

particular ultrasound gel in different laboratories using
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different rheometers and measurement geometries.

The procedures for both in preparing the cement paste

and carrying out the rheological measurements on

cement paste and ultrasound gel were carefully

defined for all of the study’s participants. Different

conversion schemes for comparing the results

obtained with the different measurement setups are

presented here and critically discussed. The procedure

proposed in this paper ensured a reasonable compa-

rability of the results with a coefficient of variation for

the yield stress of 27% and for the plastic viscosity of

24%, despite the individual measurement series’

having been performed in different labs with different

rheometers and measurement geometries.

Keywords Rheometry � Rheology � Interlaboratory
test � Test setup � Testing procedure � Cement paste �
Ultrasound gel

1 Introduction

Control of the rheological properties of cement-based

materials is important in modern concrete technology,

especially with regard to ensuring trouble-free pro-

cessing of concrete at various stages of construction

and, eventually, the high quality of concrete structures.

Thus, it should be given the same priority as that

observed in the attaining of hardened material prop-

erties according to established specifications [1]. In the

last decades, several studies have focused on the

quantification of the fresh material properties of

flowable concrete using highly sophisticated tools

based on scientific, rheological approaches [2–6].

However, measuring and interpreting the flow beha-

viour of cementitious systems is subject to a variety of

pitfalls, for example, due to sedimentation and particle

migration [6]. In addition, the particle size used in

industrial concrete requires powerful rheometers (i.e.

tools with high torque capacity) and large setups that

deviate from established measurement geometries,

often violating approved geometrically boundary

conditions such as gap width [7–9]. Commonly used

measurement geometries are cylinder containers,

often with serrated walls, and cylinder-, paddle- or

vane-shaped rotors [10]. In nearly all cases the shear

plane remains undefined and the shear gradient is

unknown with respect to the gap width. Therefore, the

derivation of specific shear stress or shear rate is not

straightforward [4].

In addition to the rheometer setup, concrete mate-

rials themselves come with a variety of challenges due

to the high geometrical and chemical complexity of

the system [11]. Additionally, the rheological proper-

ties of cementitious systems depend pronouncedly on

their shear history, i.e. on reversible and irreversible

changes in their microstructure and liquid phase

distribution [12]. Furthermore, only seconds after the

addition of water, the instantaneous chemical reactiv-

ity of hydraulic mineral binders leads to changes in the

particle morphology, in the partial dissolution of

cement particles, in the formation of new nanoscale

particles, and to severe alterations in the chemistry of

the liquid phase [10, 13]. Moreover, the presence of

polymers such as superplasticizers and stabilising

agents, which interact with the early hydration prod-

ucts, adds to the complexity [14].

The phenomena mentioned are only a few impor-

tant aspects which cause erroneous measurements and

misinterpretations in rheological experiments. An

extended overview of the available techniques, their

capabilities and limitations can be found in [5, 15].

This multitude of challenges has led to the develop-

ment of a large number of different measurement

setups in the following named geometries, some of

which are employed in current interdisciplinary

research within the Priority Programme SPP 2005

‘‘OPUS FLUIDUM FUTURUM—Rheology of reactive,

multiscale, multiphase construction materials’’,

funded by the German Research Foundation

(Deutsche Forschungsgemeinschaft, DFG).

It is well known that different rheometers and

measurement geometries can deliver device-specific

results. This was previously demonstrated by testing

campaigns held in 2000 [16] and 2018 [17]. The goal

of the present interlaboratory study was to investigate

possibilities of harmonising such results. For this

purpose, measurements with well defined, Newtonian

and non-Newtonian reference substances were carried

out using various rheometers and measurement
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geometries in different laboratories. The investigated

materials consisted of three Newtonian liquids (silicon

oils) and two non-Newtonian liquids (ultrasound gel

and a cement paste of specified composition). This

articles reports the results obtained for the non-

Newtonian liquids only. To investigate reproducibil-

ity, each substance was tested four times. For the

reasons previously mentioned, the measurements

performed on the cement paste were mainly conducted

with relative measurement devices, accompanied by

selected experiments with absolute measuring

devices. Here, a relative device or measurement

geometry is meant when a direct conversion of torque

and rotational speed to shear stress s and shear rate _c
are not readily possible, as the geometry lacks either a

defined shear plane and/or the shear rate distribution in

the material is unknown. In contrast, measurements on

the ultrasound gel were carried out using both the

measurement devices used for cement paste measure-

ments as well as a cone-plate measurement device in

order to derive their rheological properties as accu-

rately as possible. The cone-plate measurement

geometry, in the following termed absolute measure-

ment, exhibits a well defined shear plane and shear rate

distribution in the gap. Each relative measurement

result could thus be referenced to an absolute

measurement result, i.e., cone-plate measurement, of

the same substance, so allowing the derivation of

conversion schemes and thus making a statistic

comparison of the individual results possible.

2 Materials and methods

2.1 Investigated substances and sample

preparation

The substances investigated are two non-Newtonian

fluids—a cement paste and an ultrasound gel. The

ultrasound gel, trade name: ‘‘Ultraschallgel’’; Gello

GmbH, Germany, is a product used in medical

investigations. The cement paste consisted of ordinary

Portland cement CEM I 42.5 R, OPC; HeidelbergCe-

ment, Ennigerloh; see [18], and de-mineralized water.

Both substances were provided by their respective

producers. The ultrasound gel was delivered to the

participants in the interlaboratory test in sealed

containers. The cement pastes were mixed in situ by

the participating laboratories. All laboratories

received cement from the same batch; the storage

temperature for all materials was set at 20 �C. A

detailed characterisation of the cement by the different

laboratories can be found in [18]. Here only the most

important characteristic values are reported. The

density of the dry cement powder was determined to

be 3.12 g/cm3, and the specific surface area is

3600 cm2/g in accordance with the Blaine method.

The particle size distribution, analysed using the laser

scattering method, indicates an average d50-value of

14.8 lm and a d90-value of 44.6 lm. Table 1 presents

the chemical composition of the cement.

Sample preparation and measurement were carried

out according to a predefined scheme. The temperature

of the samples during the measurements was kept at

20 �C in case active cooling systems were available in

the measuring device; for details see Table 2. Other-

wise, the tests were performed in air-conditioned

rooms. All rheological measurements were repeated

four times at least. The ultrasound gel samples were

measured as delivered, no prior mixing was required.

In preparing the cement paste, the quantities of

1698 g CEM I 42.5 R and 754 g of demineralized

water were mixed, resulting in 1.3 dm3 of suspension

with a volumetric solid fraction of 0.42 and a water-to-

cement ratio of 0.44. The demineralized water and the

cement were tempered to a temperature of 10 �C and

20 �C, respectively, prior to mixing to reach a final

suspension temperature of 20 �C after mixing. The

mixing was performed in a mixer according to

DIN EN 196-1 [19]. The mixing procedure is detailed

in the ‘‘Appendix’’, Table 4.

Table 1 Mean value of the chemical composition measured by XRF [18]

Element CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O TiO2 P2O5 SO3
* SO3

**

Mean value (wt %) 64.2 20.5 5.4 2.5 1.48 0.74 0.22 0.29 0.14 2.5 3.1

Standard deviation (wt %) 0.81 0.14 0.20 0.10 0.09 0.09 0.02 0.02 0.04 0.24 0.25

SO3
* was determined by XRF; SO3

** was analysed by the wet chemistry method [18]
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Table 2 Overview of measuring geometries, corresponding devices, participating labs and temperature control of the instrument

No. Measurement geometry

features

Device
(S) = Searle;

(C) = Couette

Laboratory Temp. control

(Yes/No)

Figure

Parallel-plate (PP):H—gap size; D—diameter of plates

PP-1 H = 1; D = 25 Anton Paar MCR 501 (S) K Yes 9

PP-2 H = 1.25; D = 25 Anton Paar MCR 501 (S) K Yes 9

PP-3 H = 1.8; D = 50 (serrated) Anton Paar MCR 502 (S) G Yes 9

PP-4 H = 1; D = 50 (sandpaper) Anton Paar MCR 502 (S) G Yes 9

PP-5 H = 1; D = 25 TA Instruments ARES-G2 (C) D Yes 9

Cone-plate (CP):a—aperture angle; D—diameter of cone and plate

CP-1 a = 1�; D = 25 TA Instruments ARES-G2 (C) D Yes 10

Coaxial cylinders (CC): Di, Do—diameter of inner and outer cylinders; H—gap size, h—height of sheared material

CC-1 Di = 26.67; Do = 28.92; H = 1.125; h = 40 Anton Paar MCR 501 (S) K Yes 11

CC-2 Di = 35; Do = 38; H = 1.5; h = 52.6 Rheotest RN 4.1 (S) J Yes 11

CC-3 Di = 50.0; Do = 53.7; H = 1.85; h = 75.0 Schleibinger Viskomat NT (C) A No 11

Vane (V)

V-1 4-blade vane, Anton Paar MCR 302 (S) B Yes 12

V-2 6-blade vane, ribbed cell Anton Paar MCR 502 (P2/PP50) (S) I Yes 13

V-3 6-blade vane, ribbed cell Schleibinger Viskomat XL (C) G Yes 14

Paddle (P)

P-1 Building material probe

(paddle shaped rotor), ribbed cell

Thermo Fisher HAAKE MARS II (S) H Yes 15

P-2 Building material probe

(paddle shaped rotor), ribbed cell

Thermo Fisher HAAKE MARS II (S) C Yes 15

P-3 Building material probe

(paddle shaped rotor), ribbed cell

Thermo Fisher HAAKE MARS 60 (S) E Yes 15

P-4 Building material probe

(paddle shaped rotor), ribbed cell

Thermo Fisher HAAKE MARS 60 (S) E Yes 15

P-5 Building material probe

(paddle shaped rotor), ribbed cell

Thermo Fisher HAAKE RS 600 (S) F No 15

P-6 Cement paste probe (2 hollow blades),

smooth cell

Schleibinger Viskomat NT (C) A No 16

P-7 Cement paste probe (2 hollow blades),

smooth cell

Schleibinger Viskomat NT (C) E Yes 16

P-8 Cement paste probe (small) Schleibinger Viskomat NT (C) A No 16

P-9 Mortar probe (fishbone), ribbed cell Schleibinger Viskomat NT (C) A No 17

Other (O)

O-1 Sphere probe, smooth cell Schleibinger Viskomat NT (C) A No 18

O-2 Basket probe, crosshatched cell Schleibinger Viskomat NT (C) A No 19

O-3 Basket probe, crosshatched cell Schleibinger Viskomat NT (C) F No 19

O-4 Double helix probe, ribbed cell Schleibinger Viskomat NT (C) F No 20

O-5 Double helix probe, smooth cell Thermo Fisher HAAKE RS 600 (S) F No 20

92 Page 4 of 26 Materials and Structures (2020) 53:92



The cement suspensions’ temperatures were

recorded and a sedimentation stability test according

to DIN EN ISO 10426-2 was carried out [20]. The

free fluid accumulating on top of the suspension

column was measured. Additionally, the fresh density

of the cement suspension was determined to be

1.92 ± 0.03 g/cm3 for all participating labs. On

completion of these quality checks, the sample was

re-mixed at speed level 1 for 30 s. 15 min after the

addition of water to the dry cement the spread flow of

the cement paste was measured using a Haegermann

cone according to DIN EN 1015-3 [21]. The rheome-

ter measurement was started exactly 15.5 min after

water addition; see Sect. 2.2.2.

The preparation scheme described abovewas limited

to rheometers with a sample volume smaller than

1.3 dm3. For the measuring geometry V-3, the prepa-

ration was adjusted by using a Hobart A200N mixer

preparing 5 dm3 of cement suspension; see Table 2.

Hence, 6531 g of cement were mixed with 2900 g of

demineralized water. No significant differences in

spread flow were observed among the cement pastes

prepared according to these two different schemes.

2.2 Rheological measurements

2.2.1 Overview of rheometers and measurement

geometries

In this study two types of rheometer systems, i.e.,

Couette and Searle systems, were employed. In the

first case, the container and sample rotate while the

measuring unit, i.e., the torque sensor, is static. A key

advantage of this setup is that the typically occurring

Taylor vortices in the immediate vicinity of the inner

cylinder/sensor during rotation can be avoided

[22, 23]. Couette systems can be used to determine

the rheological properties of cementitious suspensions

and mortars at high shear rates. At low shear rates or

oscillation measurements the system can have disad-

vantages arising from inertia of the sample and the

container [24]. The effect is aggravated when an

additional water bath, e.g. for temperature control,

contributes to inertia as well. In contrast, for the Searle

system the sample is static whereas the measuring unit

rotates, which may result in Taylor vortices at high

shear rates [22, 23]. However, inertial effects, strongly

reduced in comparison to Couette-type systems, and

measurements at very low shear rates are possible.

Table 2 provides an overview of the rheometers and

the corresponding geometries used by the individual

laboratories. The geometries here are grouped into six

classes: parallel-plate geometries (PP), cone-plate

geometries (CP), coaxial cylinder geometries (CC),

vane geometries (V), paddle geometries (P), and other

geometries (O). Each test is referenced by the label of

the geometry and a consecutive number. Further details

are summarised in ‘‘Appendix’’, Sect. 1.3.

As can be seen from Table 2, not all rheometers in

this study were equipped with a temperature control

unit. The lack of a thermostat possibly resulted in

some slight temperature drift and correspondingly,

possibly in some little change in rheological proper-

ties. However, these deviations were considered

negligible, as the temperature of the cement paste

was carefully controlled during the mixing process;

see Sect. 2.1. Note that the rheological measurements

were nearly always carried out in climatized rooms

and the measurement duration was kept very short;

compare Fig. 1.

2.2.2 Shear profile

A key challenge in this research was ensuring that the

rheometer measurement profile, i.e. the sequence of

defined steps in rotational speed in the rheometer,

could be realized by all participating laboratories,

taking into consideration the pronounced differences

in rheometers, geometries and control interfaces used.

To obtain a suitable testing regime, a rotational

controlled rheometer profile provided by a sequence

of rotational speeds, i.e. rotations per minute, was

used; see Fig. 1 and ‘‘Appendix’’, Table 5.

The start of the measuring job at time t = 0 s

corresponds to a suspension age, the time after water

addition, of 15.5 min. The profile consists of a 30 s rest

period, followed by a steep increase in rotational speed

(1), a steady state phase with constant rotational speed

(2), and a stepwise decrease of rotational speed (3); see

Fig. 1. It is important to note that it would have been

highly desirable to define the measurement profile by a

defined sequence of shear rates instead of rotational

speeds. However, due to the different geometries

employed in this research, all with their own unknown

conversion parameters, a direct comparison or conver-

sion of shear rates to rotational speeds was not possible.

In this research the challenge layed in explaining this.
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2.3 Data selection

Data acquisition during the rheological measurements

was performed according to the specified procedures

and technical possibilities of each laboratory; for

details see ‘‘Appendix’’, Tables 6, 7, 8, 9, 10 and 11.

For the evaluation of the rheological properties of the

investigated substances, the data of the downward

ramp (step 3) was selected for the purpose of

performing a Bingham evaluation; see (3) in Fig. 1.

As the non-Newtonian substances under investigation

exhibited a shear-thinning behaviour, only the steady

state phase of each rotational speed step could be

evaluated. In order to identify in each step the data

points that correspond to the steady state phase, a

sensitivity analysis was performed to determine the

selection range. The duration of one step was 15 s.

Four different approaches were analysed: (i) the data

points of the last second of each step, (ii) the data

points of the last 2 s of each step, (iii) the data points of

the last 3 s of each step and (iv) all data points of each

step lasting 15 s as mentioned above. Using the

corresponding data points, a linear regression of the

torque T (Nm) over rotational speed X (min-1) in the

range of 20–80 min-1 was performed, providing yield

torques T0, i.e., the ordinate-intersect, for the four

approaches. Figure 2 shows the yield torque of the

scenario considered normalized by the yield torque

determined using scenario (i). Both for cement paste

and ultrasound gel, the data showed no significant

differences, whether the steady state phase was

considered to be in the last 1 s, 2 s or 3 s of each

step. However, a difference of up to 40% deviation

could be found when considering the entire length of a

step. Therefore, in the following data evaluation, the

yield torque and plastic viscosity were calculated

using the last 1 s of each rotational speed step, i.e. case

(i).

2.4 Data conversion from relative to absolute

rheological values

The existence of a defined shear plane and known

shear gradient over the measurement gap strongly

facilitates the conversion of torque/rotational speed

measurements into absolute measurement results,

such as dynamic viscosity or yield stress [25].

Conversion schemes for cone-plate, parallel-plate

and coaxial cylinder geometries are briefly outlined

below. Due to the complicated geometrical and fluid

mechanical boundary conditions in geometries differ-

ent from those previously mentioned, a direct conver-

sion is either not possible or requires various

assumptions, and in some cases, a reference to a

Fig. 1 Rotational controlled rheometer profile defined by

relative rotational speed; (1) increase in rotational speed; (2)

maximum rotational speed, (3) stepwise decrease in rotational

speed

Fig. 2 Yield torque T0 for considering the data of the last 1 s

(i), the last 2 s (ii), the last 3 s (iii) and the entire data set (iv) for

each steady rotational speed (steps in Fig. 1) normalized by T0

determined for case (i)
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known model substance. For this reason, the so-called

Affine-Translation approach for arbitrary geometries

was introduced.

2.4.1 Parallel-plate (PP) approach

In general, a parallel-plate geometry consists of a

rotating upper plate and a static bottom plate with the

same axis of symmetry and equal radius R, displaced

by the gap width H; see ‘‘Appendix’’, Fig. 9. In order

to obtain simple shear conditions the relationship

between R and H is usually chosen within 2R/H = 10

to 50 [23]. With increasing gap width, there is a higher

risk of turbulent flow conditions or loss of substance at

the edge due to higher rotational velocities at the same

shear rates. Simple shear is achieved at any radius

r B R, but due to inhomogeneous flow conditions the

shear rate increases towards the outer rim [25]. The

shear rate _c(r) at radius r can directly be calculated

from the rotational speed whereas the local shear stress

s(r) depends on the local shear rate _c(r) and therefore

the radius r; see Eqs. (1) and (2).

_c rð Þ ¼ x � r

H
¼ 2 � p � n � r

H
ð1Þ

T ¼
Z

r � s rð Þ � dA ¼
ZR

0

2 � p � r2 � s rð Þ � dr ð2Þ

where _c is the shear rate (s-1),x is the angular velocity

(rad/s), H is the gap width (m), n = X/60 is the

rotational speed (s-1), s is the shear stress (Pa), T is the

torque (Nm), A is the contact area of the plate (m2),

R is the outer radius of the plate (m).

To convert rotational speed and torque into the

representative bulk, i.e. non-positional, r-dependent,

rheological parameters, i.e. shear rate and shear

stress, there are different approaches to solve the

issue of radius-dependent shear conditions in a

parallel-plate geometry. An exact solution for shear

rate and shear stress is obtained for a Newtonian

flow law s(r) = g � _c(r) while using the shear rate

instead of the radius r = _c� H/x [25]; see Eq. (3).

T ¼
ZR

0

2 � p � r2 � x � r � g
H

dr ¼ p � x � g � R4

2 � H
ð3Þ

Since both shear rate and shear stress are known at

the edge of the plate, the radius r = R can be chosen for

the evaluation [26]; see Eq. (4).

r ¼ R;x ¼ _c � H

R
and g ¼ s

_c
! T ¼ p � _c � H � s � R4

R � 2 � H � _c
! s Rð Þ ¼ 2 � T

p � R3

ð4Þ

where g is the dynamic viscosity (Pa�s).
In principle this is possible for other substances and

flow laws as well, but in the case of unknown, non-

Newtonian fluids, inhomogeneous flow conditions

must be considered. According to [25, 26], this can be

done by correcting the shear stress at the edge of the

plates using the Weissenberg-Rabinowitsch equation

(Eq. 5).

s Rð Þ ¼ 2 � T

p � R3
� 3

4
þ 1

4
� d lnðTÞ
d lnð _cÞ

� �
! d ln Tð Þ

¼ dT

T
;

1

d lnð _cÞ ¼
_c

d _c
! x

dx
! s Rð Þ

¼ T

2 � p � R3
� 3þ x

T
� dT

dx

� �
ð5Þ

This equation can be adjusted with respect to dT/

dx, allowing to insert data from a plot of T(x) from
multiple measurement curves [25]. Finally, for every

angular velocityx a corrected shear rate _c(r) and shear
stress s(r) can be computed.

A more convenient approach is the use of the

Newtonian flow law (s(r) = g � _c(r)) in combination

with a representative shear rate for the parallel-plate

geometry. The method generalizes a measurement for

a distinct radius so that a pair of shear rate and shear

stress values can be calculated at this position without

further correction [27]. Mezger proposes a radius of

r = 2/3�R as appropriate in order to obtain an effective

average shear rate _c, since it is the radius-dependent,

volume-weighted average of the parallel-plate geom-

etry [23]. Nevertheless, in the case of non-Newtonian

materials it was shown that a more suitable represen-

tative radius is r = 3/4�R; see Eq. (6).
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r ¼ 3

4
R ! x ¼ 4 � _c � H

3 � R
and g ¼ s

_c
! T

¼ 4 � p � _c � H � s � R4

3 � R � 2 � H � _c ¼ 2 � p � s � R3

3
! s

3

4
R

� �

¼ 3 � T

2 � p � R3

ð6Þ

The reason is that the error made for fluids

following the Ostwald-/de Waele Power Law s\ _cn

with n\ 1.4 is minimized to approximately 2%

[15, 26]. Nevertheless, this approach is based on

empirical correlations and is not applicable for every

fluid.

Wall slip of a non-Newtonian fluid can be corrected

by quantification of the slip velocity measured at a

minimum of two different gap widths H [28]. In the

case of cement-based suspensions, the rheological

properties scatter in successive experiments due to the

aforementioned factors [29], which makes it very

difficult to quantify the slip velocity. Hence, parallel-

plates with a rough surface (sandblasted or serrated)

are applied to minimize wall slip [30]. However, with

increasing roughness, the discrepancy between the

true gap and the gap calibrated at the zero gap

determination increases [31, 32]. Hence, an effective

gap (Heff) can be determined by calibrating the gap

with a Newtonian fluid [33].

2.4.2 Cone-plate (CP) approach

In a cone-plate geometry, one plate is exchanged for a

cone with a flattened tip and an angle a\4�; see

‘‘Appendix’’, Sect. 1.3, Fig. 10 [23]. Since the radial

velocity and the gap width both change with the radius

r, the shear rate is constant over r and so has to be the

shear stress; see Eq. (7) and (8). The only assumptions

necessary are tan a � a and a constant contact area A.

Both assumptions are valid for small values of a.

_c rð Þ ¼ x � r

h rð Þ ¼
x � r

r � tan a � x
a

ð7Þ

T ¼
Z

r � s � dA ¼ 2 � p � s
ZR

0

r2dr ! s ¼ 3T

2p � R3

ð8Þ

with h(r) as gap width (m).

Because of the fixed, narrow gap size, particles can

mechanically block the system, which renders the

application of the cone-plate system as very restricted

for cementitious suspensions.

2.4.3 Reiner–Riwlin (RR) approach for wide gap

coaxial measurement geometries

The non-Newtonian flow behaviour of cement paste is

commonly approximated by the Bingham constitutive

model; see Eq. (9).

s ¼ s0 þ l _c
_c ¼ 0

�
sj j � s0
sj j\s0

ð9Þ

where s0 is the yield stress.

The Reiner–Riwlin equation has been used to

calculate the Bingham model parameters, plastic

viscosity and yield stress, in wide gap coaxial cylinder

geometries [34, 35]. The Reiner-Riwlin equation is

valid for both Couette and Searle rheometer setups.

Two different sorts of material flow within the gap are

possible [8, 36]:

(a) When the entire material in the annulus flows,

the Reiner–Riwlin equation can be expressed by

Eq. (10) [8, 35].

x ¼ T

4phl
1

R2
1

� 1

R2
2

� �
� s0

l
ln

R2

R1

� �
ð10Þ

(b) When the material exhibits a yield stress, the

shear stress in the annulus may not be sufficient

to shear the entire material, resulting in plug

flow near the outer cylinders walls; compare

Fig. 3. The plug flow radius is a function of

torque, yield stress, and height of the inner

cylinder or vane probe. In order to use the

Reiner-Riwlin equation in the case of partially

sheared flow, the plug flow radius must be

calculated by Eq. (11) [8, 9, 35].

Rplug ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

T

2phs0

r
ð11Þ

Finally, the Reiner-Riwlin equation is reformu-

lated, taking into account the plug flow radius

[8, 34, 35]; see Eq. (12).

x ¼ T

4phlp

1

R2
1

� 1

R2
plug

 !
� s0
lp

ln
Rplug

R1

� �
ð12Þ
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As presented in Fig. 3a, the rheologically tested

material can show inhomogeneous flow behaviour,

especially near the edges of vane blades [36, 37].

Moreover, the case of partially sheared flow, i.e., plug

flow, in a wide-gap coaxial rheometer and material

flow behaviour near the vane geometry from magnetic

resonance imaging (MRI) technique are both demon-

strated in [36]. However, the inner radius is usually

approximated as a full cylinder radius, and a correc-

tion factor is introduced with respect to the different

material flow behaviour [36].

According to [37] about 95% of total torque is

applied to the lateral surface in the case of the vane-in-

cup setup. However, the non-linear torque contribu-

tion of different vertical segments of the vane probe

has to be respected in addition [37].

In order to calculate the Binghammodel parameters

(yield stress and plastic viscosity) by means of the

Reiner-Riwlin equation in the case of plug flow, an

iterative nonlinear optimisation technique was used

with the help of a solver software [35, 38].

2.4.4 Affine-translation (AT) approach for arbitrary

geometries

The previously specified conversion schemes are

limited to measurement geometries with very specific

geometric boundary conditions, which are only ful-

filled by a small number of test setups in this study. In

order to enable a comparison of all the investigated

measuring geometries, a geometry-independent,

assumption-free method is needed. Therefore the so-

called Affine-Translation approach is proposed, which

consists of referencing torque T (Nm) over rotational

speed X (min-1) values determined for a yield stress

fluid, here ultrasound gel, using any arbitrary mea-

surement geometry for measurements on the same

substance using a cone-plate geometry, thus providing

absolute rheological properties.

In this approach, both the measurement results T(X)
using the arbitrary geometry and s _cð Þ using the cone-

plate geometry are subjected to a linear fit in the

rotational speed range of X between 20 to 80 min-1

and 21 to 84 s-1, respectively. This delivers a yield

torque T0U and slope SU of the substance ultrasound

gel (U) in the arbitrary geometry and the correspond-

ing yield stress s0,U and plastic viscosity lU in the

cone-plate geometry. The approach now is reduced to

finding conversion factors with which to scale the

absolute axes torque T and rotational speed X of the

arbitrary geometry as to yield a line with identical

yield stress s0 and plastic viscosity l as determined in

the cone-plate setup.

The relations between these parameters are sum-

marised according to [24]; see Eqss. (13) and (14).

Arheo ¼
s0;U
T0;U

ð13Þ

Mrheo ¼
_c
X
� 60
2p

¼ SU

lU

Arheo

60

2p
ð14Þ

The conversion factors Arheo and Mrheo, determined

using ultrasound gel, were calculated on this basis for

every single measurement geometry and are given in

Table 3. As can be seen, the values differ significantly

from geometry to geometry, reflecting the pronounced

differences in absolute torque values measured with

the arbitrary geometries despite identical substances.

In the next step, the Arheo and Mrheo factors are

applied to the Bingham parameters, yield torque T0;C

and slope SC, obtained on cement paste with the

corresponding measurement geometry using Eq. (15)

and (16) to obtain the absolute yield stress s0,AT,C and

plastic viscosity lAT,C of the cement paste. Here the

index AT indicates that the data conversion was

carried out using the Affine-Translation approach.

s0;AT;C ¼ Arheo � T0;C ð15Þ

lAT;C ¼ Arheo

Mrheo

� SC � 60
2p

ð16Þ

The authors are well aware that the procedure

presented lacks physical background and is highly

dependent on the rheological similarity between the

cement paste used and the reference substance,

ultrasound gel. Thus, caution must be given when

applying the factors A and M to cement paste

measurements with significantly deviating rheological

properties. Further research is currently being carried

out on the extended applicability of this approach.

3 Results and discussion

The key goal of this research was the investigation of

the comparability of rheological measurements using

different kinds of rheometers and measurement
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geometries performed at different institutions. In order

to ensure that the rheological properties of the

reference substance, ultrasound gel, were identical

for all participating institutions—despite prior

homogenisation—small amounts of the sample were

extracted from the batch of each participating institu-

tion and measured in one lab with one defined

instrument and geometry, the cone-plate setup CP-1;

see Table 2. In total 12 samples were investigated with

the shear profile depicted in Fig. 1 in order to obtain

reference values. The data handling was performed as

described in Sect. 2.3.

The resulting flow curve is detailed in Fig. 4 in a

boxplot layout, showing the mean value and confi-

dence intervals of the shear stress for each shear rate

step. A Bingham-fit in the range between 21 and

84 s-1 correlating to rotational speeds of between 20

and 80 min-1 was applied, yielding the reference

yield stress of ultrasound gel s0;U = 141.33 Pa ± 3.93

Pa and a reference plastic viscosity of

lU = 1.46 Pa�s ± 0.08 Pa�s. These values served as

a basis for calculating the Arheo- and Mrheo-factors; see

Sect. 2.4.4.

In contrast to the cone-plate measurements per-

formed on ultrasound gel, the results obtained using

other setups are highly dependent on the measurement

geometry employed. Hence, all devices detailed in

Table 2 were used for investigations of ultrasound gel.

The results depicted in Fig. 5 show a high spread with

respect of their torque values, despite quasi-identical

properties of the substance investigated; compare

Fig. 4. Thus, a direct comparison between these

relative values is not possible. Identical to the data

of the cone-plate measurement in Fig. 4, the flow

curves obtained in Fig. 5 were evaluated by linear

regression in determining the yield torque (T0,U) and

slope (SU). The respective results are listed in Table 3.

The values of torque over rotational speed in the

cement paste measurements are shown in Fig. 6 and

confirm a strong dependency of the torque on the

measurement geometry. The standard deviations vary

Fig. 3 a Top view of a coaxial vane-in-cup system in the case of plug flow; b CFD simulation of material flow at the middle heigt of

vane geometry (horizontal section) for a Newtonian fluid (silicone oil AK 5000); taken from [37]

Fig. 4 Flow curve shown as boxplot layout of the reference

measurements on ultrasound gel using a cone-plate measure-

ment device (CP-1, see Tab. 2). All samples are evaluated using

a Bingham-fit in the indicated range to obtain reference yield

stress s0;U and reference plastic viscosity lU
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as well, in dependence on the geometry. Analogous to

the ultrasound gel measurements, a linear fit of the

curves was performed in order to determine the yield

torque (T0,C) and slope (SC) for each setup; see

Table 3.

Deviations in T(X) curves are not only caused by

employing different measurement geometries but also

by deviations in the properties of the paste resulting

from slight differences in the pastes’ preparation.

These differences were quantified using the spread

flow test; see Sect. 2.1. The results are detailed in

Table 3 and show a coefficient of variation of approx.

4.5%, however with various outliers as defined by a

deviation from the spread flow mean value of 20 mm,

corresponding to values below 180 mm and above

220 mm of spread flow without shock.

As can be seen from the results shown in Fig. 7,

using the conversion schemes introduced in Sect. 2.4,

reasonable comparability between the rheological data

obtained with different measurement geometries can

be obtained. Using the Affine-Translation approach

(AT), a mean yield stress s0;AT;C;mean = 40.00 Pa ±

10.97 Pa and a plastic viscosity lAT,C,mean-

= 0.50 Pa�s ± 0.12 Pa�s were determined. The

cement paste investigated thus shows significantly

lower yield stress and plastic viscosity than the

reference ultrasound gel. Thus, it can be expected that

the AT-conversion performed with this ultrasound gel

gives a rather good representation of very stiff pastes.

Lower values for the yield stress are obtained for

the same paste when using the Reiner–Riwlin (RR)

conversion

scheme (s0;RR;C;mean = 34.76 Pa ± 8.28 Pa). The par-

allel-plate measurements yield similar results as the

RR-conversion (s0;PP;C;mean = 31.27 Pa ± 1.86 Pa).

As can be seen from Table 3 and Fig. 7, these schemes

however are limited to a small number of measure-

ment geometries.

The parallel-plate (PP) and all coaxial cylinder

(CC) geometries show similar results for yield stress,

regardless of the conversion scheme. This indicates

strongly that the Affine-Translation approach—de-

spite its lack of physical background—is suitable for

carrying out such conversions. When further compar-

ing the PP- and CC-results with the data of tests using

paddles or other geometries, a significantly lower yield

stress can be detected for the PP- and CC-results. It is

yet unclear which of the two groups gives a more

accurate representation of material behaviour. How-

ever, light is shed on this question when comparing the

obtained yield stress data, with the yield stress

calculated from the paste spread flow s0;SL following

an approach first proposed by Murata et al. [40] and

revised by Roussel et al. [39]; see Eq. (17).

s0;SL ¼ 225 � q � g � V2

128 � p2 � R5
ð17Þ

Fig. 5 Torque T over rotational speed X values determined in

investigations on ultrasound gel for the different measuring

setups. Standard deviations for all measurements are given

Fig. 6 Torque T over rotational speed X values determined in

investigations on cement paste for the different measuring

setups. Standard deviations for all measurements are given
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with q as the specific weight of the paste (kg/m3), g as

the acceleration of gravity (m/s2), V as the volume of

the paste (here: 0.000344 m3) (m3) and R as the radius

of the spread flow without shock (m).

The results of this calculation are also given in

Table 3 and show a mean yield stress of

s0;SL;C;mean = 41.51 Pa ± 9.05 Pa, which compares

very well to the mean results of the AT-scheme.

Figure 8 shows a direct comparison of the yield

stresses measured and converted from rheometer

measurements normalized by the spread flow yield

stresses.

Whereas the mean value of the rheometer measure-

ments converted using the AT-scheme and the spread

flow yield stresses compare very well, the data is still

subject to pronounced scatter. Here it must be kept in

mind that in the rheometermeasurements, thedownward

ramp—and thus a highly sheared paste—is evaluated for

the yield stress; see Fig. 1, step 3. Consequently, the

yield stresses of rheometermeasurements should lead to

lower values than for the spread flow yield stresses, as in

the latter a less sheared paste is tested. Assuming that

Eq. (17) provides an accurate estimate of the yield stress

for less shearedpaste, due to a lowapplied shear stress by

gravitational force and less structural breakdown, it

would be reasonable to assume that the yield stress of the

highly sheared paste is lower than the mean value for

sSL;C given above. This comparison, however,

neglects the fact that the conversion shown in

Eq. (17) is subject to various limitations. First, during

the spread flow test, not the entire volume of the cone

is discharged, but significant amounts stick to the

metal cone, eventually leading to lower spread flow

values. Second, and even more telling, neither cement

paste nor ultrasound gel exhibits ideal Bingham flow

behaviour. Whereas the Bingham model assumes no

deformation whatsoever for s\ s0, Figs. 4 and 5

clearly indicate that this simplification is not true. The

behaviour for low shear rates, however, in the opinion

of the authors, is highly relevant to the spread flow test.

From Fig. 4 it can be seen that flow already starts for

stresses as low as a factor of 2.5 of the Bingham yield

stress. This indicates that the Bingham yield stress

measured in the rheometer should be significantly

higher than the yield stress determined in the spread

flow measurements. With this background, rheometer

measurements shown in Fig. 7 (left), which underes-

timate the yield stress extracted from the spread flow

data, must be viewed with caution. Further, the shear

rates in the different rheometers differ significantly

depending on the applied geometry, which is currently

not considered. This aspect will be investigated in a

future paper. Finally it must be considered that the

model proposed by Roussel (Eq. 17) is valid only for

spread flow values of[ 200 mm, whereas all results

considered in this research are partially lower in the

range between 180 and 220 mm [39, 41].

Fig. 7 Comparison of calculated yield stress s0 and plastic

viscosities l for measurements on cement paste using different

measurement geometries and rheometers in different labs after

data conversion using the different conversion schemes outlined

in Sect. 2.4. Conversion results calculated using the Affine-

Translation approach are designated with AT, Reiner-Riwlin

approach results with RR and parallel-plate results with PP. The

variations in the results are caused by the different geometries,

devices, calculation approaches, and cement paste properties

used. The horizontal lines and the coloured areas indicate mean

value and standard deviation determined by the Affine-

Translation results only
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In this context the results of the plastic viscosity l
need also be considered. The mean plastic viscosity

converted using the AT-scheme was lAT,C,mean-

= 0.50 Pa�s ± 0.12 Pa�s, compared to the values of

0.66 Pa�s ± 0.26 Pa�s for the RR-scheme. No clear

distinction between the groups mentioned previously

can be made. The variance over the entire dataset of

plastic viscosities is strongly influenced by the results

measured with geometries V-1.RR, P-1.AT and

O-3.AT. The increased value of P-1.AT (both yield

stress and plastic viscosity) can be explained by the

low spread flow of the investigated cement paste. No

conclusive explanation could be found for the other

two values. The assumptions for PP-5 are caused by an

insufficient steady state condition and thus, further

estimations of minimum T0,C and maximum SC are

performed.

4 Summary and conclusions

Measuring the rheological properties of fresh cement

suspensions is highly complex, primarily due to the

broad particle-size distribution, high solid phase

content, formation of slippage layers, sedimentation,

and shear-induced particle migration. Therefore,

instead of the usual measuring geometries employed

in modern rheometers such as cone-plate, parallel-

plate or coaxial cylinder geometries, often geometries

with profiled or serrated shear plane, but also and even

more common, without defined a shear plane are used,

such as vane rotors or paddles. The goal of the

interlaboratory study presented was to give insight

into whether measurements performed on quasi-iden-

tical substances, using different rheometers, geome-

tries and operators can yield comparable results.

Special focus was hereby given to conversion

schemes, which allow for calculating rheological

values such as Bingham yield stress and plastic

viscosity from rheometer torque and rotational speed

values. Based on the obtained results the following

conclusions can be drawn:

• The preparation scheme for cement paste

employed in this research demonstrated very good

reproducibility with a coefficient of variation of

4.5%, as determined using the spread flow test

without shock, over all 12 participating

laboratories.

• The flow curves obtained on cement paste for high

shear rates or rotational speeds indicated, indepen-

dent of the applied measuring geometry, Bingham-

like material behaviour characterised by a yield

stress and plastic viscosity. For low shear rates,

however, a pronounced non-linearity in the results

was observed, which clearly shows that the true

yield stress of the paste is expected to be signif-

icantly below the corresponding value provided by

the Bingham extrapolation.

• Due to the great variety of measurement geome-

tries, a direct comparison of measurement results

expressed in torque over rotational speed is not

possible. Conversion of the data to absolute

rheological units is possible using conversion

schemes, which either require certain geometrical

boundary conditions to be fulfilled and assumption

on the flow behaviour to be made, as in the parallel-

plate and Reiner-Riwlin approaches, or involve a

comparison of the measurement results to a

reference substance, here ultrasound gel, with

similar rheological properties by the Affine-Trans-

lation approach. It could be shown that all three

conversion schemes yield close results when

applied to the identical dataset. In this context

ultrasound gel has proved to be a valuable refer-

ence substance, as the flow behaviour is very

Fig. 8 Yield stress determined in rheometer measurements and

converted using the AT-, RR- and PP-schemes normalized by

the yield stress calculated using Eq. (17) from corresponding

spread flow data
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similar to that of the cement paste under exami-

nation, also showing pronounced non-linearities in

the flow curve for low shear rates.

• With regard to the various measurement geome-

tries, significant differences were observed, with a

coefficient of variation over all measurements and

conversion schemes of 27% for Bingham yield

stress and 24% for plastic viscosity.

• Comparison to yield stress calculated based on

spread flow data using an analytical approach

shows that in general, rheological measurement

using a rheometer seems to underestimate the yield

stress from spread flow data by approx. 6%,

however, with results ranging from 50% underes-

timation to approx. 60% overestimation. Here it

must be kept in mind that the spread flow

conversion to yield stress is likely to underestimate

yield stress gained by rheometer measurements at

very low shear rates.

Summarizing the results, it can be stated that by the

application of conversion schemes, rheological mea-

surement results on cement paste performed with

different measurement geometries and rheometers can

be compared with each other in a quantitative manner.

Despite this conversion, deviations in the results could

be observed, which amount to deviations of

approx. ± 27% for Bingham yield stress and ± 24%

for Bingham plastic viscosity. The comparison with

yield stress values calculated from spread flow mea-

surements using an analytical approach indicates that

rheometer measurements either under- or overesti-

mate the yield stress depending on the measurement

geometry. This must be considered when performing

rheological measurements. In contrast, the repro-

ducibility of the rheological measurement for each

measurement geometry is much higher, with a mean

coefficient of variation of 4.2% ± 3.5% for determi-

nation of Bingham yield stress and 8.7% ± 6.7% for

determination of Bingham viscosity.

The above-given values for the reproducibility of

rheological measurements and the underlying defini-

tion of reproducibility deviates from the definition of

repeatability r and reproducibility R given by ISO

5725-2 [45]. The main reason for that is in this

research, a large number of different measurement

devices was employed. According to ISO 5725-2

every single device would qualify as a standard

method. By including different devices and

measurement geometries in the study and employing

a mathematical/analytical scheme to convert mea-

surement data to rheological units such as yield stress

and viscosity, an additional component of bias result-

ing from this conversion process must be included. As

was shown in this paper, the quantification of such

additional source of bias—and thus the specification

of repeatability and reproducibility values in accor-

dance with ISO 5725—remains a challenging task.
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Appendix

1.1 Cement paste mixing procedure

All cement pastes were prepared at every participating

institution using a mixer according to DIN EN 196-1

(Table 4).
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1.2 Measurement profile

The measuring profile consisted of 16 elements with

either constant rotational speed (elements 3 to 16) or

linearly increasing rotational speed (element 2)

(Table 5).

1.3 Details of measuring devices and geometries

See Tables 6, 7, 8, 9, 10, and 11.

1.4 Geometrical dimensions of measuring devices

employed

Parallel-plate geometries (PP-1 to PP-5)

The PP geometry consists of two parallel plates

aligned on the same axis of symmetry. The flow field is

known and therefore absolute; comparable measure-

ments even with different geometries are possible. In

this research only plates with diameters of 25 mm and

50 mmwere used. To avoid wall-slip the plates can be

roughened, e.g. with sandpaper or serrated. Both

proved to work, but absolute measurements are

accordingly no longer possible because of the dis-

turbed flow field. Typically, these systems are only

Table 5 Rheometer measuring elements

Element Rotational speed (min-1) Duration (s) Description

1 0.0 30 Pause

2 0.1 – 80.0 15 Linearly increasing rotational speed

3 80.0 15 Constant rotational speed for elements 3 to 16

4 70.0 15

5 60.0 15

6 50.0 15

7 40.0 15

8 30.0 15

9 20.0 15

10 10.0 15

11 8.0 15

12 6.0 15

13 4.0 15

14 2.0 15

15 1.0 15

16 0.1 15

Table 4 Mixing procedure for the preparation of cement paste

Process Mixing intensity (rotational speed of mixer paddle) Duration (s)

Dry homogenization of raw material Level 1 (140 min-1) 60

Addition of water and mixing Level 1 (140 min-1) 15

Mixing at lower speed (Level 1) Level 1 (140 min-1) 45

Pause (manual return of caking material) - 90

Mixing at higher speed (Level 2) Level 2 (285 min-1) 60

Pause (manual return of caking material) - 30

Mixing at higher speed (Level 2) Level 2 (285 min-1) 120
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used with rotational rheometers. The geometries used

in this paper followed the definitions of DIN 53019-1

[42] (Fig. 9).

Cone-plate geometry (CP-1)

The CP geometry is similar to the PP geometry, but the

upper plate is replaced with a cone. The angle a is

commonly below 2� for analytical reasons. The angle
facilitates the data evaluation because of a homoge-

neous shear rate in the gap. On the other hand, it is not

possible to prevent or correct wall slip due to the fixed,

very small gap. In addition, only suspensions with

particle sizes up to approximately one micron can be

investigated. Typically, these systems are only used

with rotational rheometers. The geometries used in

this paper followed the definitions of DIN 53019-1

[42] (Fig. 10).

Coaxial cylinder geometry (CC-1 to CC-3)

Coaxial cylinder or concentric cylinder cells consist of

an outer and an inner cylinder with the same symmetry

axis (Fig. 11) and are described in the standards DIN
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Fig. 10 Cone-plate geometry [CP-1]

Fig. 9 Parallel-plate geometry [PP-1 to PP-5]
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Fig. 11 Coaxial cylinder geometry [CC-1 to CC-3]

Fig. 12 Vane geometry [V-1; units in (mm)]
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EN ISO 3219 [43] and DIN 53019-1 [42]. CC

geometries can be divided into small gap and wide

gap. Small gap CC geometries show a simpler flow

field, comparable to a PP-system. Both systems can be

described analytically and thus provide absolute

values so long as some assumptions such as a

completely sheared gap are met. For wide-gap

systems, it is possible to correct wall slip or prevent

it using serrated or rough walls. CC geometries are

used with rheometers and concrete viscosimeters. The

geometries used in this paper followed the definitions

of the DIN 53019-1 [42].

Vane geometry (V-1 to V-3)

Vane geometries are very similar to the CC geometry,

but the inner cylinder is replaced by a vane (Fig. 12).

This is extremely useful for heterogeneous materials

that yield or slip, thus disturbing the material to a

lesser degree while lowering the measurement system,

i.e. the rotor, into the substance. Unfortunately, the

shear field in such geometries is undefined and no

absolute measurement is possible. Information on

shear rate and shear stress can be obtained using

different analogies and corrections. To prevent slip-

page at the outer cylinder, it is often equipped with

Fig. 13 Vane geometry [V-2; units in (mm)]

Fig. 14 Vane geometry [V-3; units in (mm)]
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lamellas (Figs. 13 and 14). The number of blades on a

vane geometry is not defined. In this paper, vane

geometries with 4 and 6 straight blades were used.

Paddle geometries (P-1 to P-9)

Paddle geometries are very similar to the vane

geometries, but the blades are replaced by arbitrarily

shaped paddles. The paddles were developed to meet

special requirements, i.e. prevention of sedimentation,

wall slippage and bleeding, while investigating

cementitious suspensions and can be used with

classical rotational rheometers. Since the flow field

is very complex, the evaluation in respect of shear rate

and shear stress is only possible using reference

substances, as in the AT-approach. In this paper three

different paddle geometries were used. The building

materials cell (Fig. 15) is essentially a two-blade vane

without the middle part and with slightly bent edges to

tackle slip more efficiently. The second geometry, as

in Fig. 16, is similar, but the edges are closer to the

outer wall generating a different flow field without the

Fig. 15 Vane geometries [P-1 to P-5; units in (mm)]

Fig. 16 Paddle geometry [P-6 to P-8; units in (mm)]
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necessity of slip inhibition at the wall. The third

geometry consists of 4 curved rods symmetrically

arranged (Fig. 17). It is designed to investigate

cementitious suspensions in the mortar range.

Other measurement geometries (O-1)

The sphere probe is similar to a paddle geometry

where the paddle is replaced by a sphere. The biggest

difference is the missing middle axis since the sphere

is mounted on an arm above the material and then

rotated around the ‘‘imaginary’’ middle axis. Such

systems are only used with concrete viscometers

(Fig. 18).

Other measurements geometries (O-2 and O-3)

The basket cell is a coaxial, double-gap measuring

system with a defined shear area. The measuring

system consists of a beaker with an annular gap and a

scaffolding structure of the measuring cell. Therefore,

there is no adhesion problem in the shear area. The

system is typically used with concrete viscometers

(Fig. 19).

Fig. 17 Paddle geometry [P-9; units in (mm)]

Fig. 18 Other geometry [O-1; units in (mm)]

Fig. 19 Other geometries [O-2 and O-3; units in (mm)]
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Other measurements geometries (O-4 and O-5)

The double helical spiral was used in NIST Technical

Note 1946 [44]. The geometry was produced by laser

sintering and is made of stainless steel. The great

advantage of this configuration is the mixing of the

suspension due to the complex flow field (Fig. 20).
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