
RILEM TC 266-MRP - ROUND-ROBIN RHEOLOGICAL TESTS

RILEM TC 266-MRP: round-robin rheological tests on high
performance mortar and concrete with adapted rheology—a
comprehensive flow curve analysis

Dimitri Feys . Helena Keller . Khadija El Cheikh . Egor Secrieru .

Yannick Vanhove

Received: 17 November 2022 / Accepted: 15 April 2023 / Published online: 5 June 2023

� The Author(s), under exclusive licence to RILEM 2023

Abstract A comprehensive testing program was

carried out to compare the rheological properties of

flowable concrete that can be obtained from different

rheometers. The results obtained from seven rheome-

ters using vane or similar geometries are discussed. A

comprehensive flow curve analysis is undertaken for

further comparison of the various rheometers. Par-

tially, large differences could be observed between the

results obtained from the different rheometers. How-

ever, the device-specific trendlines are shown to have

significant correlations with the overall baseline. Two

potential causes of differences between results are

highlighted: imposition/registration of torque/rota-

tional velocity and discrepancies between the mea-

sured material flow behavior in the device and the

assumed ideal flow pattern. These differences can

stem from a deviation from the perfect concentric

cylinders system and bottom and top effects, in which

the non-homogeneity of the material enhances these

effects. It is shown that these effects are more

dependent on mix design and rheological properties

than on the testing devices. Also, the influence of

extending the measuring procedure on measurement

results is shown to affect the measured rheological

properties of concrete and mortar. Finally, the paper

serves as a comprehensive guide on how to interpret

Chair: Mohammed Sonebi.

Deputy Chair: Dimitri Feys.

TC Members: Sofiane Amziane, Rolands Cepuritis, Chafika

Djelal-Dantec, Khadija El Cheikh, Siamak Fakhryee Nejad,

Shirin Fataei, Dimitri Feys, Markus Greim, Steffen Grünewald,
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the rheological data and key factors that have to be

considered during the analysis.

Keywords Rheology � Flow curve � Yield stress �
Viscosity � Rheometer � Round-Robin test � Flowable
concrete

1 Introduction

1.1 General

A concrete rheometer comparison campaign was

undertaken at the Universite d’Artois, Bethune,

France, in May 2018. It consisted of testing nine

different devices, capable of evaluating at least one of

the following properties: flow curve, structural build-

up or interface characterization. While technically,

this campaign is not a Round-Robin test, the authors

are convinced that the chosen strategy is the best way

to compare different devices. By bringing all rheome-

ters together in one laboratory, and using the same

mortar and concrete mixtures, the influence of mixer

type, mixing energy and environmental conditions is

eliminated when comparing results. In fact, the

laboratory was divided into different workstations,

depending on the owners of each device, so the work

can be considered a Round-Robin test. It just happened

that all devices were in the same location. The devices,

testing and analysis procedures, combined with the

raw data, are presented in [1]. In this contribution, a

detailed analysis of the flow curve measurement

results from different rheometers is presented. The

intention is to deliver guidance to rheologists on how

to interpret the data and which factors have to be

considered in the analysis.

Several concrete rheometer types are currently

available on the market showing different geometries,

signal processing and data evaluation. A number of

testing campaigns employing such rheometers have

been performed in the past in an attempt to discover

the differences between the results obtained by testing

the same material in different devices [2–4]. Besides,

concrete is a complicated material from a rheological

point of view, due to the large range of particle sizes,

time dependency and variety of forces dominating the

behavior [5–9]. Therefore, performing rheological

tests requires careful considerations to ensure that

reliable data can be retrieved. Measurement errors,

caused by ongoing structural breakdown or plug flow,

can alter the outcome of the measurement [10]. Radial

or vertical particle migration and an insufficiently

large sheared zone can invalidate the measurements

[11, 12]. The following section discusses the occur-

rence and consequences of such artefacts.

1.2 Challenges during rheological measurements

Concrete is known to be a thixotropic material due to

flocculation and hydration forming an internal struc-

ture in the cement paste at rest, which can be broken by

shear [13]. To perform a rheological flow curve

measurement on a cement-based material, it is neces-

sary to impose a reference state by shearing. Typically,

the material is pre-sheared at the highest chosen shear

rate of the measurement profile for a sufficiently long

time, followed by the flow curve measurement [14].

However, different reference states imposed by alter-

ing initial shear rates may lead to different sets of

rheological properties [15]. Also, if an equilibrium is

not achieved, apparent shear-thickening behavior will

be visible if the flow curve is determined by decreasing

the shear rate or shear stress over time [16].

Plug flow is the indication of a rigid zone with zero

shear rate when performing a rheological measure-

ment in the geometry of a concentric cylinder [17, 18],

especially at low rotational velocities [19]. The plug

flow forms due to the shear rate profile decreasing

from the inner cylinder towards the outer cylinder.

This phenomenon does not occur in parallel plates

geometry. Indeed, as the shear stress decreases with 1/

r2, where r is the radial distance from the central axis

of the rheometer, the shear stress may fall below the

(dynamic) yield stress of the tested cementitious

material in a portion of the flow domain. When plug

flow forms, the plug radius must be taken into account

to recalculate the rheological properties. Otherwise,

one would underestimate yield stress and overestimate

viscosity [10].

Regarding particle migration, it can invalidate the

measurement and is the most difficult artefact to

detect, as the measurement output has no specific

signature behavior [20]. Particle migration can be

induced, for example, by shear or gravity. For

concentric cylinders rheometers, the shear rate

decreases with increasing r, leading to shear-induced

particle migration: particles tend to migrate from the
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inner (high shear rate region) towards the outer

cylinder (low shear rate region), creating a non-

homogeneous fluid [6]. Particle migration cannot be

excluded or prevented due to the shear rate profile.

However, shear-induced particle migration can be

minimized by performing short duration measure-

ments and limiting the maximum particle size [11]. As

particle migration speed is proportional to particle size

squared, concrete is much more susceptible compared

to mortar. Further, gravity-induced particle migration

is unavoidable either. Migration of the particles takes

place once the yield stress is exceeded and the

stabilizing force keeping all particles suspended is

no longer effective [21]. Similarly, as for shear-

induced particle migration, larger particles are more

prone to faster migration (sinking). Thus, limiting the

duration of the measurement is the best option

available. Both phenomena could introduce large

errors to the rheological measurements. As a conse-

quence, in extreme cases, the shear-induced particle

migration could induce a layer depleted of coarse

aggregates near the inner cylinder. This will decrease

the apparent rheological properties and could poten-

tially concentrate all shearing in this layer. It can be

doubted whether the measurement was performed on a

homogeneous cementitious material in that case.

For mixtures with higher thixtotropy, and in

relation, higher viscosity, longer pre-shear periods

are required to achieve the reference state before the

measurement, while mixtures with lower viscosity are

more prone to any migration effect [6, 10]. Low

rotational velocities, high yield stress and low viscos-

ity also increase the chance for plug flow formation

and low thickness of the sheared layer. It is in light of

these phenomena that mixtures with different combi-

nations of yield stress, viscosity, and different aggre-

gate size were evaluated.

The vane geometry is an approximation to the

classical concentric cylinder geometry and is used for

the measurement of non-Newtonian fluids such as

cement-based materials. It has the advantage to

prevent slip between the concrete and the vane.

However, in the case of a low number of blades, the

flow profile could deviate from the concentric cylin-

ders assumption. Furthermore, Wallevik has shown

that pressure effects in a vane geometry may dominate

the measured outcome [22]. Luckily, the pressure

effect is proportional to the viscosity of the system.

2 Research significance

When comparing rheometers, two potential causes

could induce differences between results. The first

cause is the imposition and/or registration of torque

and/or rotational velocity [2]. It is typically related to

the hardware and software of the device, although it

can also be associated with an erroneous calibration

factor. The consequence of this is that all results are

more or less affected in the same way and will be

scaled with a certain factor. This implies that one

rheometer will provide systematically higher or lower

values compared to another if both are working

properly [10]. For this reason, the authors have

decided to compare the general trends of all rheome-

ters to a reference value or baseline.

The second cause is based on the different geome-

tries of the devices and thus different flow behaviors

during the measurement, compared to the assumed,

theoretically perfect flow pattern. These differences

can be induced due to a deviation from the perfect

concentric cylinders system and bottom and top

effects, in which the non-homogeneity of the material

enhances these effects.

This paper reports a general comparison of flow

curves obtained by means of the rheometers used in

the round-robin campaign, a detailed analysis of

deviations caused by mix designs or rheological

properties, and the indication that extending the

measuring procedure duration can have important

consequences.

3 Materials

In total, eight mixtures were evaluated for flow curves,

consisting of three self-consolidating (self-compact-

ing) concrete (SCC) mixtures, C1 to C3, two flowable

concrete mixtures designed for foundation construc-

tion, C4 and C5, and three flowable mortar mixtures

M1–M3. All concrete mixtures contained a combina-

tion of crushed and natural sands and a crushed coarse

aggregate with a nominal maximum aggregate size

(NMS) of 12 mm, except for concrete 3 that had a

NMS of 20 mm. The mortar mixtures had a NMS of

4 mm. The mix designs were adjusted to obtain

different ranges of yield stress and viscosity values [1].

Due to the risk of extensive plug flow, potentially

invalidating measurements, no conventional vibrated
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concrete mixtures were evaluated. Table 1 summa-

rizes the results of slump flow and V-Funnel flow time.

The main induced changes between the studied mix

designs are as follows:

• C1 was a standard SCC mixture with an initial

slump flow of 600 mm and a V-funnel flow time of

22 s.

• C2 was based on the same mix design as C1, but

more dispersing admixture was added, leading to

an increase in initial slump flow to 705 mm, and a

decrease in V-funnel flow time down to 5 s.

• C3 was an adjusted SCC mix design, with a lower

water content targeting a higher viscosity. Its initial

slump flow was 545 mm, and the V-funnel flow

time could not be measured.

• C4 is a completely different mix design for

foundations, made with a lower paste content

compared to C1. It has an initial slump flow of

610 mm and a V-funnel flow time of 19 s.

• C5 is an adjustment of C4 by adding more viscosity

enhancing agent making the mixture more cohe-

sive. It has an initial slump flow of 403 mm and

V-funnel flow time could not be evaluated.

• M1 is a standard mortar from the ready-mix

company, displaying an initial slump flow of

735 mm using the standard concrete cone and a

V-funnel flow time of 3.1 s.

• M2 was an adjusted version of M1, making the

mixture more cohesive by adding more viscosity

enhancing agent. It showed an initial slump flow of

660 mm and a V-funnel flow time of 4.4 s.

• M3 was an adjustment of M1, increasing further

the amount of viscosity enhancing agent and

decreasing the dosage of dispersant. As a result, a

slump flow of 565 mm and V-funnel flow time of

3.3 s were measured.

4 Methods

Nine different devices were employed for the flow

curve determination and analysis. These are four

ICAR rheometers, the Viskomat XL, the eBT-V, the

RheoCAD and the ConTec 4SCC rheometer. The

ICAR devices and the RheoCAD were equipped with

four-blade geometry. On the other side the Viskomat

XL and eBT-V were equipped with a six-blade vane

geometry. In both cases, the measuring geometries

replicate concentric cylinder configurations. The

RheoCAD also had a helical inner cylinder, which

was used alternatingly with the vane geometry. The

4SCC rheometer either had a mixer-type inner cylin-

der or a Tattersall Mk-II-inspired version. Details on

the rheometers, their operating procedures and the

geometries can be found in [1].

To determine the flow curves, a pre-shear and

stepwise decreasing rotational velocity profile was

imposed. For concrete, the pre-shear duration was

20 s, for mortar, it was extended to 30 s. Each

stepwise profile consisted of eight steps of 5 s from

maximum to minimum applied rotational velocity,

except for the 4SCC rheometer, which only allows six

steps and a pre-shear procedure. For the ICAR

rheometers, the maximum rotational velocity was

0.5 rps and the minimumwas 0.025 rps. Reference [1]

describes the procedure followed to ensure the same

shear rate for the other rheometers by adjusting the

rotational velocities, in an attempt to impose the same

reference state in each rheometer. However, for the

4SCC rheometer and the helix in the RheoCAD, no

fundamental units could be calculated. Rotational

velocities in the 4SCC rheometer were kept the same

as for the ICAR, while for the helix, the same

rotational velocity profile as for the vane geometry

in the RheoCAD was imposed. It should be noted that

for ICAR 4, a slightly different testing profile was

imposed: the pre-shear was extended to 60 s, and each

step had a duration of 10 s. The results for ICAR 4 will

be discussed separately in this paper.

Table 1 Outcomes of the initial slump flow and V-funnel flow

time for the mixtures under investigation

Mixture Slump flow (MM) V-Funnel flow time (S)

Concrete (C1) 600 22.0

Concrete (C2) 705 5.0

Concrete (C3) 545 –*

Concrete (C4) 610 19.0

Concrete (C5) 405 –*

Mortar (M1) 735 3.1

Mortar (M2) 600 4.4

Mortar (M3) 565 3.3

*None measurable
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To ensure that the results are not influenced by

measurement artefacts, the following steps were

performed during execution and analysis:

• Determination or verification of zero torque value

when the rheometer is empty

• Verification of equilibrium or extreme fluctuations

of each step

• Determination of yield stress and plastic viscosity

with the Reiner-Riwlin equations

• Correction of the rheological properties when a

plug flow occurs

• Verification of the thickness of the sheared

zone.

For the 4SCC rheometer which did not allow a

transformation to fundamental units with the Reiner-

Riwlin equation due to the complexity of the geom-

etry, the first two steps were performed, and the values

were reported in relative units as the intercept with the

torque axis: G (in A), and the slope of the line: H (in

A/rps). Similarly, the results for the RheoCAD with

helix impeller are presented in relative units, G and H,

in Nm and Nms, respectively.

For each mixture, three flow curves were deter-

mined: the first just after delivery of the concrete, at

the reference time t = 0 min. The second and third

curves were measured at 50 min and 80 min after the

first flow curve, respectively.

5 Outcomes and discussion

5.1 Baseline determination

To be able to compare the general trends in yield stress

and viscosity between the different rheometers, a

baseline or reference value was established. As most

likely none of the rheometers delivered the exact

rheological properties, and as there was no method for

the team to determine which rheometer was ‘‘closest’’

to the real values, comparing all devices to one

reference device was excluded. Instead, the authors

decided to calculate a weighted average value for each

test, based on six rheometers: three ICAR rheometers,

as the ICAR 4 which followed a different procedure

was excluded, the Viskomat XL, the eBT-V and the

RheoCAD with vane configuration. The weighted

average was based on:

• Number of successful data points for each

rheometer

• Number of successful measurements for each test

(mixture and time)

• Correlation coefficient of the linear regression

between the rheometer values and the baseline

• Removal of outliers.

The determination of the baseline started with all

valid tests from the rheometer analyses, without giving

an interpretation to the values. Values which did not

seem to follow the trend were included in the analysis

to remain as impartial as possible. The detailed

approach is listed below:

• For each rheometer, the number of valid tests in

that device was used as a weighing factor. For the

initial step, these values were between 16 for the

RheoCAD Vane (RheoCAD-V) and 24 for ICAR 2

and the Viskomat XL. It is worth mentioning that

the weighing factors for yield stress and viscosity

were considered separately; these factors were

identical in the first step.

• Based on the weighing factors, the first set of

average values of yield stress and viscosity, for

each mixture and each time, 24 in total, were

determined.

• The values of each rheometer were plotted against

the weighted average to determine the best-fitting

linear trendline. Besides, each of the 24 tests had a

weighing factor as well, corresponding to the

number of rheometers which successfully obtained

a value for that test. Initially, these numbers were 4,

5 or 6.

• Based on each trendline for each rheometer and

parameter, i.e. yield stress and viscosity, the

relative difference, delta relative Dr, between a

specific rheometer value and the fitted general

trendline was determined. For example, a rheome-

ter delivered for a certain test a yield stress value of

80 Pa. The weighted average of the yield stress for

that specific test was 50 Pa, and the yield stress

trendline had an intercept of 10 Pa and a slope of

1.5 for that specific rheometer. As such, the fitted

yield stress value with the trendline is 85 Pa from

(10 ? 1.5•50) and the relative difference Dr-

= - 0.1 (from - 5/50). For all Dr’s of a rheome-

ter, for yield stress and viscosity values separately,

the standard deviation was calculated, and the
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outliers, based on a 90% confidence interval,

assuming a normal distribution, were determined.

These outliers were removed in the next iteration.

• After removal of the outliers, the standard devia-

tion of the Dr was recalculated and used as an

additional weighing factor for the next iteration

step. This is reasoned by the fact that the weighing

factor for the rheometers with small Dr decreased

more with each iteration as more results were

removed as outliers, compared to the rheometers

with a larger range of Dr values.

With the outliers removed, the entire iteration was

repeated, adjusting the weight factors every time. New

trendlines were determined, Dr were re-evaluated, and

new outliers were found and removed. After three

additional iteration steps, no more outliers were

determined, and the weighted average was adjusted a

final time. These are the baseline values used for the

comparison of the rheometers. Table 2 shows the

baseline values for the evaluated mixtures and at

different testing times. Based on the slump flow

Table 2 Calculated

baseline values for the

investigated mixtures

Yield stress (Pa) Plastic viscosity (Pa s)

Concrete (C1)–0 min 67 23

Concrete (C1)–50 min 50 20

Concrete (C1)–80 min 57 25

Concrete (C2)–0 min 46 11

Concrete (C2)–50 min 45 13

Concrete (C2)–80 min 48 18

Concrete (C3)–0 min 51 63

Concrete (C3)–50 min 44 73

Concrete (C3)–80 min 48 90

Concrete (C4)–0 min 71 19

Concrete (C4)–50 min 65 16

Concrete (C4)–80 min 65 28

Concrete (C5)–0 min 125 18

Concrete (C5)–50 min 128 23

Concrete (C5)–80 min 117 24

Mortar (M1)–0 min 23 13

Mortar (M1)–50 min 21 15

Mortar (M1)–80 min 22 15

Mortar (M2)–0 min 28 16

Mortar (M2)–50 min 26 22

Mortar (M2)–80 min 27 22

Mortar (M3)–0 min 124 8

Mortar (M3)–50 min 120 11

Mortar (M3)–80 min 94 12

Fig. 1 Comparison between the yield stress values of each

rheometer and the calculated baseline. (Color figure online)
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measurements, mixtures C2 with 705 mm and M1

with 735 mm, are the most flowable mixtures among

the tested concretes and mortars, respectively. This is

in line with the values shown in Table 2, as the lowest

values of yield stress are observed for these mixtures

compared to other concrete or mortar mixtures. This

comparison is a quick verification of the followed

procedure.

5.2 General correlations between rheometers

and baseline

Figures 1 and 2 show the comparison of the yield

stress and viscosity, respectively, obtained from the

six employed rheometers with the calculated baseline.

The figures include all points that were considered to

be outliers for the baseline calculation.

The measurement results varied for each rheome-

ter. While the viscosity results are showing very good

correlation coefficients greater than 0.95, the results of

the yield stress varied showing correlation coefficients

in the range of 0.83–0.92, cf. Figs. 1 and 2.

Comparing the intercept points and the slopes of

each fitted linear curve, the information about the

over- or underestimation of the measured values

compared to the baseline can be observed, cf. Fig. 3.

All six rheometers used in this testing program showed

similar variations compared to the baseline. The

closest fitting can be observed for the ICAR 2 and

RheoCAD in case of yield stress as well as the

Viskomat XL in case of viscosity. The largest

estimation could be found for ICAR 1 in case of yield

stress and ICAR 2 in case of plastic viscosity. It can be

hypothesized that the deviation in the results is

primarily dependent on the calibration/registration of

the torque and rotational velocity. The purpose of the

figures is to provide a general overview of the

estimation of yield stress and plastic viscosity. These

figures cannot be used to judge the accuracy of the

individual rheometers.

Fig. 2 Comparison between the viscosity values of each

rheometer and the calculated baseline. (Color figure online)

Fig. 3 Comparison of the intercept point and slope of the curves for the rheological parameters yield stress a and viscosity b related to

their weighted average value (red line). (Color figure online)
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As an example, three different values for the yield

stress and the viscosity were taken to represent typical

low, medium and high values. Based on the data

observed, the rheological values for each rheometer

were calculated backwards, cf. Fig. 3. The relative

differences Dr in % and the absolute differences Da in

[Pa] or [Pa�s] are shown in Fig. 4.

For the yield stress, the largest relative difference

Dr could be observed for the rheometers ICAR 1 for

medium and high values and Viskomat XL for low

values both in the range of 40%. Compared to this, the

best matches could be found for ICAR 3 and eBT-V

for low yield stress values. The rheometers ICAR 1

and ICAR 2 provide for all ranges a larger estimation

and the rheometers eBT-V, Viskomat XL and

RheoCAD a smaller estimation of the yield stress

values.

The situation is changing when investigating vis-

cosity. The largest relative differences of about 50%

could be found for ICAR 2 and eBT-V at low values

and about 20% for ICAR 2 at high values as well as for

RheoCAD at medium and high values. The best

matches could be observed for ICAR 1 at low viscosity

value, ICAR 2 and eBT-V at medium viscosity value

and for Viskomat XL for medium and high viscosity

values. While the RheoCAD rheometer is showing

under-estimation for all viscosity ranges, the mea-

surement results from the rheometers ICAR, eBT-V

and Viskomat XL seem to be more affected by the

viscosity range.

No significant differences when using a six-bladed

vane compared to four-bladed vane could be observed

in this round-robin test.

Figure 5 shows adequate correlations for the

rheometers which cannot deliver fundamental units,

Fig. 4 Relative Dr (left) and absolute Da (right) difference between the fitted trendline and the baseline for yield stress (top) and

viscosity (bottom)
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with a limited number of test results. The correlation

coefficients 0.73 and 0.72 for the RheoCAD with

helix, respectively, are still considered adequate. The

4SCC rheometer shows a larger spread in data for the

mixer system, and the Mk-II impeller seems to solicit

lower relative values of the load cell, which could

explain the lower correlation coefficients.

5.3 Investigation of scatter and sensitivity

of results to mix designs

In this section, the scatter around the best-fitting lines

is discussed. In this regard, for each measurement, the

deviation between the data point and the best fitting

line is determined. The outliers as determined from the

baseline determination, i. e. three for yield stress and

two for viscosity, were removed. Figure 6 shows the D
yield stress and D viscosity for all tests and rheometers

used, respectively. The output is a scatter for up to

40 Pa for yield stress and 15 Pa�s for viscosity.
To compare the sensitivity of the measurement to a

certain rheometer or a certain mix design, the standard

deviation of D yield stress and D viscosity was

calculated for each rheometer, and separately, for

each test. As the average D value is zero for each

rheometer (since comparing the rheometer with itself)

but not for each mixture. The larger the standard

deviation, the larger the scatter for that rheometer. A

similar approach was followed for each test and

mixture, although the averages are not zero. However,

Fig. 5 Comparing of the intercept of the torque-rotational

velocity relationship with the torque axis G in [N•m] for the

RheoCAD-Helix with helix geometry and [A] for the 4SCC

rheometer with the baseline yield stress values (left) and

comparing the slope of torque-rotational velocity relationship

between H in [Nm•s] for the RheoCAD-Helix and [A•s] for the
4SCC rheometer with the baseline viscosity values (right)

Fig. 6 Scatter around the best fitting line for yield stress (left) and viscosity (right) for each rheometer
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it should be noted that the standard deviations for each

test were larger than the averages.

Tables 3 and 4 show the standard deviations for

each rheometer and each mix design, respectively. The

reported values for the mix designs are the average for

the three executed tests. The larger the standard

deviation (Stdev), the larger the scatter, the more

difficult it is for a rheometer to accurately determine

the rheological properties of a specific mixture.

The ICAR 1 device shows the largest scatter, cf.

Table 3. At the other end are the devices ICAR 3 and

the RheoCAD with the smallest deviation. One of the

reasons why ICAR 1 shows larger standard deviation

values can be traced back to its technical feature to

provide systematically larger values. Dividing the D
yield stress values by the slope of the rheometer curve

vs. baseline results in adjusted Stdev on D yield stress

between 10.1 and 16.0 Pa, cf. Fig. 1. In case of the D
viscosity parameter values, the adjusted Stdev varies

between 3.5 and 4.8 Pa•s, and at the same time alters

the order of the rheometers, cf. Fig. 2.

Furthermore, when comparing the range of values

in Table 3 with the range of values in Table 4, it can be

seen that the scatter is rather dependent on the mix

design than on the employed rheometer. It can thus be

concluded that, in general, all rheometers which

deliver values in fundamental units are affected with

the same percentage error throughout the tests. It is

thus clear that the scatter on the rheological measure-

ments is primarily induced by the mix design and/or

the rheological properties than the rheometers them-

selves, at least for the devices evaluated.

Figures 7 and 8 summarise the standard deviations

of D yield stress and D viscosity, for each test

separately as a function of the rheological properties.

One could argue that the scatter on the yield stress

increases with increasing yield stress and decreases

with increasing viscosity values; cf. Fig. 7 left and

right. However, especially when not considering test 1

for concrete 1 with a standard deviation of 31 Pa, it

seems that C1, C2 and C3 show lower values

compared to C4 and C5. Furthermore, the mortars

show a lower scatter compared to C4 and C5.

Figure 7 bottom shows the standard deviation of D
yield stress as a function of the ratio of yield stress-to-

viscosity. The larger this ratio, the larger the chance

for plug flow, and if it occurs, the larger the extent of

the plug flow. Smaller flow domains can lead to lower

Table 3 Standard deviation on D yield stress and D viscosity for each rheometer. The first set of values mentioned are the Stdev of

the D values. The second set of values are the first values divided by the slope of the lines from Fig. 3

Device Stdev D yield stress (Pa) Stdev D viscosity (Pa s)

ICAR 1—VANE 20.4/13.6 4.9/4.1

ICAR 2—VANE 12.2/11.3 4.6/3.5

ICAR 3—VANE 10.9/12.2 3.0/3.8

EBT-V 12.2/14.7 3.5/4.5

VISKOMAT XL 15.2/16.0 5.1/4.7

RHEOCAD—VANE 9.7/10.1 3.4/4.8

Table 4 Averaged standard

deviation on D yield stress

and D viscosity for each

mixture

Device Stdev Dyield Stress (Pa) Stdev D viscosity (Pa s)

Concrete (C1) 17.7 4.1

Concrete (C2) 7.5 3.0

Concrete (C3) 11.4 9.3

Concrete (C4) 18.7 5.0

Concrete (C5) 20.7 1.3

Mortar (M1) 7.2 2.1

Mortar (M2) 5.4 2.0

Mortar (M3) 13.9 2.4
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Fig. 7 Standard deviation ofD yield stress as a function of yield stress (left), viscosity (right), or yield stress-to-viscosity ratio (bottom)

separated for each test

Fig. 8 Standard deviation of D viscosity as a function of viscosity (left) or yield stress (right), separated for each test
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homogeneity, which could render the experiment less

reliable. The yield stress-to-viscosity ratio explains

thus the larger scatter on M3, compared to other

mortar mixtures. It could to some extent also explain

the difference between C1–C3 on the one hand, and

C4–C5 on the other. However, when comparing C2

and C4, those two mixtures show very similar yield

stress-to-viscosity ratio. On the other side, C4 shows

about double the scatter compared to C2. The differ-

ence between C4–C5 and the other mixtures should

thus have a second cause since they have a larger

coarse aggregate volume compared to the other

concrete mixtures. As such, increasing coarse aggre-

gate content, which induces additional friction and/or

non-homogeneities, is expected to be an important

factor affecting the accuracy of yield stress measure-

ments. Therefore, the presence of plug flow and coarse

aggregate content might hinder a reliable measure-

ment of the rheological properties of conventional

concrete.

For viscosity, as can be seen in Fig. 8, these

theories do not apply to the obtained results. There

seems to be a strong correlation between the scatter on

viscosity and the viscosity itself, and no correlation

with either yield stress or aggregate content. It also

seems that the mortars show approximately the same

scatter as the concrete mixtures.

5.4 Effect of extended measuring duration

The testing procedure for ICAR 4 consisted of a

significantly longer pre-shear period, i.e. 60 s instead

of 20 s for concrete mixtures or 30 s for mortar, and

the duration of the measuring steps was doubled as

well. As mentioned in the introduction, shear-induced

particle migration is an event which needs time to

manifest, but the measuring duration may be suffi-

ciently long to see its effect. If shear-induced particle

migration would have the same effect on mortar as on

concrete, the results for ICAR 4 would just show a

lower slope compared to the baseline. However, if the

measurement is sufficiently short to prevent significant

particle migration of sand particles but too long to

prevent it for coarse aggregates, a distinctively

different result should be seen for mortar and concrete.

Figure 9 shows the relationships between the

rheometer values for ICAR 3 and ICAR 4, as a

function of the baseline values, for viscosity. In

contrast to Figs. 1 and 2, the results of concrete and

mortar are plotted separately. The relationships

between mortar and concrete for ICAR 3 show similar

slopes of the lines. The trendline for concrete is

slightly above the trendline for mortars. For ICAR 4

though, there is a significant difference between the

mortar and concrete results. Mortar viscosity values

measured with ICAR 4 are in the same range as for

ICAR 3. However, concrete viscosity values for ICAR

4 are substantially lower than for ICAR 3. Further-

more, the slope of the trendline for concrete measured

with ICAR 4 is half of the mortar trendline with the

same rheometer. These results indicate that significant

particle migration may have happened during the

extended procedure with ICAR 4. The results do not,

however, exclude that it was not observed with ICAR

3, but the effect, if present, would be less extensive.

The yield stress results did not show a significant

influence.

6 Conclusions

A comprehensive testing campaign of mortar and

concrete mixtures was conducted in May 2018 at the

Universite d’Artois in Bethune, France to compare the

rheological properties of different commercially

available mortar and concrete rheometers. A part of

Fig. 9 Viscosity of ICAR 3 and ICAR 4 as a function of the

baseline value, with the data split for concrete andmortar plotted

separately
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this testing campaign was dedicated to comparing the

flow curve results. The selected rheometers that

delivered data in fundamental units were the ICAR

rheometer (four devices were used), the eBT-V,

Viskomat XL and the RheoCAD with vane

configuration.

With multiple weight factors, based on the number

of tests executed for each rheometer, for each mixture

testing time and the spread on the data, combined with

an outlier analysis, a baseline value was established to

compare the different rheometers.

Comparing the trendlines of the separate rheome-

ters with the baseline reveals approximately a factor 2

spread on the readings of yield stress and viscosity.

Partially, large differences could be observed. Even

using the rheometers of the same type does not

guarantee that the results will be comparable. How-

ever, the device-specific trendlines have strong corre-

lations (R2 C 0.83 for yield stress and C 0.95 for

viscosity) with the overall baseline. Large differences

can be observed, but all trendlines have significant

correlations with the baseline. Differences could be

attributed to imprecisions in registering torque or

velocity, or in calibration.

An analysis was also performed on the spread of the

data along the trendline. This spread indicates that the

tested rheometers’ sensitivity is approximately con-

stant amongst all employed devices. The results also

indicate that more spread in sensitivity can be found

for different mix designs than for the rheometers. The

spread for yield stress is related to the presence of plug

flow and an increase in coarse aggregate content,

making the measurement more susceptible to errors.

For viscosity, the larger the viscosity, the larger the

potential error. Based on this analysis the measure-

ment of fundamental rheological units is more reliable

for flowable mixtures.

In addition, the effect of an extended measuring

procedure was shown from two rheometers of the

same type. Results on viscosity indicate a significant

difference in the relationship between this rheometer’s

results for concrete and mortar when comparing to the

baseline. These results indicate that significant shear-

induced particle migration may have occurred in the

concrete, reducing the viscosity for the longer

measurement.
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