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Abstract This paper presents the results of a round-

robin testing program undertaken by RILEM TC-266-

Measuring Rheological Properties of Cement-Based

Materials in May 2018 at the Université d’Artois in

Bethune, France. Seven types of rheometers were

compared; they consisted of four ICAR rheometers,

Viskomat XL rheometer, eBT-V rheometer, Sliding

Pipe Rheometer (SLIPER), RheoCAD rheometer, and

4SCC rheometer, as well as the plate test. This paper

discusses the results of the evolution of the static yield

stress at rest of three mortar and five concrete mixtures

that were determined using two ICAR rheometers,

Viskomat XL, and eBT-V rheometers, as well as the

plate test. For the measurements carried out with

rheometers, three different structural build-up indices

(i.e., structural build-up rate, critical time, and coupled

effects of initial static yield stress and rate of structural

build-up) were determined. The indices were estab-

lished using: (i) two static yield stress values measured

after 10 and 40 min of rest; and (ii) two static yield

stress values measured after 10 and 40 min of rest plus

the initial dynamic yield stress (no rest and obtained

from the flow curves). The paper discusses the test

results and highlights inaccuracies that could be

encountered in determining the static yield stress.

Test results indicate that the ICAR rheometers and the

selected thixotropic indices can provide similar

results, and that the spread of results obtained from

different rheometers can be considerably reduced

when using three yield stress values to calculate the

RILEM TC 266-MRP: 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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rate of the static yield stress at rest. In order to enhance

the accuracy of measurements, it is recommended to

increase the number of measurements of the yield

stress to at least three points over one hour after

mixing.

Keywords Dynamic yield stress � Concrete �
Mortar � Static yield stress � Thixotropy � Structural

build-up

1 Introduction

Fresh cement-based materials undergo microstructural

changes due to particles flocculation and formation of

early hydration products. This evolution at the

microscale induces a strengthening and a rigidification

of the material that can interfere with the processing of

the fresh material. Such phenomenon, so-called

thixotropic behavior, is often described by the increase

in the static yield stress of the cementitious material

left at rest. Roussel et al. showed in [1, 2] that the rate

of increase of static yield stress with resting time is

almost constant during the dormant period which

depends on the hydration kinetics. Moreover, during

shear solicitation, bond between cement particles can

be broken, leading to the so-called structural break-

down. In this situation, the cementitious material can

partly or totally recover its initial microstructure with

a decrease in yield stress which depends on the

solicitation duration and on the shear rate [3–5]. At

rest, the rate of increase in static yield stress is referred

to as structural build-up rate (Athix) [1, 6]. More

accurate modelling of the static yield stress increase

are developed [7–10], yet the Athix parameter is shown

to enable the modeling of the majority of concrete or

cementitious materials processing methods, including

materials used for additive manufacturing [11, 12]. It

is worth noting that the structural build-up of cemen-

titious materials can be reversible as long as a mixing

system is able to break the flocculated network and the

early hydrate bond [3, 13]. In addition to the rate of

structural build-up (Athix) at early stage of hydration,

which corresponds to the linear portion of the increase

in yield stress with resting time, the static yield stress

after a short period of rest (e.g., 15 min) and the

coupled effect of this value and Athix have been

proposed as structural build-up indices to evaluate

thixotropy [14].

It is worth noting that the chemical activity of the

cement is responsible for the structural build-up.

However, the addition of sand and gravel in the

material can significantly change the strengthening

kinetics and thixotropy [15, 16] and makes the

experimental measurements more difficult, especially

due to the increase in the representative volume of

tested materials [17].

In addition to the structural build-up approach,

thixotropy can be evaluated by the structural break-

down. Lapasin et al. [18] used the drop in shear stress

(si) corresponding to the initial structural condition of

the cement-based material and that following shear

stress decay to achieve equilibrium (se) to evaluate

thixotropy. The test is repeated at different shear rates

(e.g., four shear rate values), and the area between the

initial flow and equilibrium flow curves ‘‘breakdown

area (Ab)’’ can be used to assess thixotropy. The

structural breakdown method determined using four

shear rate values is shown to closely correspond to the

drop in apparent viscosity at a given shear rate, hence

facilitating the testing protocol for mortar and concrete

[5]. It is important to stress that structural build-up at

rest cannot be confused with workability loss, which

defines the global strengthening of the cement-based

materials even under continuous shearing (e.g., in a

concrete mixing truck) [3, 19]. Various workability

test methods can be used to evaluate the rate of

structural build-up at rest when samples are main-

tained at rest [14, 20, 21].

Proper assessment of the structural build-up of the

cementitious materials is crucial for modern concrete

processing to enhance productivity in the concrete

construction market. It is advantageous to increase the

structural build-up with resting time in casting of self-

consolidating concrete (SCC) to reduce lateral pres-

sure exerted on the formwork [8, 22–27]. For high

casting rates, hydrostatic pressure profile can occur;

however, the lateral pressure can significantly

decrease with the reduction of the casting rate and

the increase in concrete thixotropy; the lateral pressure

is closely correlated to the ratio Athix/casting rate. The

increase in structural build-up at rest can also enhance

the stability of the mixture [28, 29]. Structural build-

up is also involved in other processing issues, such as

distinct layer casting [30–32].
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More recently, the structural build-up rate has been

shown to limit the printing rate in the additive

manufacturing process of cementitious materials

[11, 12, 33–35]: the base layer must have sufficient

strength to sustain the weight of subsequent deposited

layers. The modeling of the failure of the base layer

can then be described using the ratio of the structural

build-up rate to the printing rate (i.e., speed of

printing) [35, 36].

The determination of the structural build-up rate is

based on the measurement of the static yield stress of

the material and its variation with resting time. This

can be done on different samples using invasive tests

[20, 37], such as the portable vane test or undisturbed

slump flow test (for SCC), or non-invasive tests, such

as the plate test that allows continuous assessment of

the static yield stress on the same test sample [38].

Other types of non-destructive tests, such as ultrasonic

measurement can be employed to assess the increase

in static yield stress [39]. More recently, the single

sample strategy, which consists of carrying the test on

the same sample, has been shown to provide results

that are similar to the multiple sample approach of

testing undisturbed samples [40–43]. For example,

when evaluating the increase rate of static yield stress

at rest of fresh cement paste and mortar by performing

vane test measurements at 20-min intervals during

80 min, Ivanova and Mechtcherine [40, 41] showed

that the difference of results between a multiple-batch

procedure and a single-batch approach can be limited

to approximately 10%. The former approach consists

in reaching the critical strain to minimize the break-

down effect and limit the effect of the tests on the

built-up microstructure of the tested material.

Despite the numerous attempts in assessing the

static yield stress of cement-based materials, there is a

need to recommend a testing procedure to evaluate the

structural build-up of cement-based materials, espe-

cially at the mortar and concrete scales. To advance

toward a standardized procedure, it is necessary to

evaluate measurement variability for the different test

methods and estimate measurement reliability when

the same test is determined using multiple instruments.

The aim of the study is to assess the structural build-

up rate at rest of concrete and mortar mixtures using

data obtained during the TC 266-MRP Round Robin

Test. The testing program involved the comparison of

several rheological testing equipment, including those

used to assess dynamic and static yield stresses,

interfacial rheometry, and workability tests. Measur-

ing static yield stress, which is reported in this paper,

involved the use of two ICAR rheometers, Viskomat

XL rheometer, eBT-V rheometer, RheoCAD rheome-

ter, and the plate test. The static yield stress of three

mortar mixtures and five concrete mixtures was

determined. The investigation during the Round Robin

Test on static yield stress had three major objectives:

(1) Evaluate the structural build-up indices to

capture the stiffening effect and compare mea-

surements that can be obtained from different

devices;

(2) Determine the accuracy of determining thixo-

tropy indices using two and three data points;

(3) Provide guidance and recommendations to

evaluate the structural build-up of mortar and

concrete.

2 Physical background on yield stress

measurements

2.1 Static and dynamic yield stress

With resting time, the increasing shear stress neces-

sary to make the material flow, which is related to the

state of structuration of cement particles assembly, is

called static yield stress, s0,s. Static yield stress is

significantly higher than the dynamic yield stress, s0,d,
which is related to the non-structured cementitious

material network. It is important to note that the static

yield stress of a material not subjected to a resting time

can be considered to be equal to the dynamic yield

stress. Reflecting the non-structured cement particles

suspension [2].

When considering the rheological behavior of

cementitious materials, it is important to distinguish

between the steady state and transient/time-dependent

properties [6]. The steady-state rheological behavior

of cementitious materials corresponds to the rheolog-

ical behavior of the materials at the unstructured state

(i.e., the state of non-flocculated cement particles:

assembly with no nucleation points). As shown in [17],

those properties are measured after adequate pre-

shearing of the materials to completely disperse any

flocculated cement grains and reduce friction in the

granular skeleton on the mortar and concrete scales

[16, 44–46].
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On the contrary, at rest or at a very low strain rate,

the cement particles network can build-up, and

internal friction between aggregate particles for mor-

tar and concrete is amplified [16]. Such structural

build-up is commonly known as thixotropic behavior

of cementitious materials induced by flocculation

(during few minutes), cement particles nucleation at

the contact point (during dozens of minutes), as well as

internal friction of the granular skeleton (sand and

coarse aggregate). This build-up of the microstructure

is reversible at the plastic state when the mixing and

processing can induce sufficient shear rate to prevent/

reverse the restructuring of the system [3, 13]. The

breakage of bond among cement particles and friction

among aggregate particles is referred to as structural

breakdown. It is important to note that part of the static

yield stress increase due to thixotropic behavior

corresponds to the reversible part of the increase of

shear stress that is captured by comparing structural

build-up and breakdown.

After a short period of rest (e.g., 20 min), the static

yield stress can evolve linearly with resting time [4, 5],

although more elaborate models can offer a more

accurate description of the time evolution of the static

yield stress when the rate of increase in static yield

stress is no longer linear. For example, a double

timescale model can be used to differentiate the

nucleation and flocculation mechanisms [9, 10, 47],

and an exponential model can be relevant when in

systems with accelerated structural build-up [7]. The

linear model of static yield stress increase can be

expressed as follows (Eq. 1):

s0;sðtÞ ¼ s0;sð0Þ þ Athixt ð1Þ

where t is the resting time. The static yield stress is

commonly measured using the so-called stress growth

procedure [37, 48, 49]. This method uses vane or

coaxial cylinders geometry and consists in applying a

constant and sufficiently low shear rate (values

reported in the literature vary between 5 9 10–4 and

10–2 s-1, depending on the cementitious materials) to

make the viscous effects negligible. It is important to

note that the applied strain must be sufficient to

actually yield the material, as pointed out by Nerella

et al. [43]. When the torque peak, Tpeak, is recorded

(sufficient strain reached), as shown in Fig. 1, the yield

stress can be computed from a simple stress balance on

the sheared surface (Eq. 2):

s0;s ¼
Tpeak

2pr2 hþ i r
3

� � ð2Þ

where i is an integer value, which can be 0, 1, or 2

depending on the shearing conditions at the top and

bottom sides of the shear vane or cylinder, and r and h

are the radius and height of the sheared surface,

respectively. For instance, if the cementitious material

is sheared above and under the rotating tool, ‘‘i’’ would

be equal to 2 (immersed tool). For a slender vane or

cylinder, ‘‘i’’ can be taken as 0.

Stress growth tests should be performed on undis-

turbed samples left at rest during the targeted duration.

Fig. 1 Example of stress growth test results. The shear strain of the x-axis is the product of the testing time by the constant shear rate
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However, recent studies have shown that the stress

growth procedure can be carried out on the same

sample without considerably altering the measured

yield stress (around 10% variation of shear stress from

values determined on undisturbed samples) [40]. Such

methods using a single sample, if less accurate, can be

used to save materials and testing time [40, 43, 50].

Other methods can be used to determine static yield

stress, such as linear increasing stress sweep [51] and

material creep recovery test [52–54].

2.2 Structural build-up or thixotropy indices

from yield stress evolution

Several thixotropic indices can be used to determine the

degree of structural build-up at rest. In addition to the

rate of structural build-up at rest (Athix), the character-

istic time (tc) corresponding to the ratio between the

initial yield stress and the structural build-up rate (Athix)

is equal to the time required to double the initial yield

stress value. Also, the product of the structural build-up

rate with the static yield stress value after a relatively

short resting period (e.g., 15 min) has been shown to be

efficient to account for the combined effect of initial

structural build-up at rest (i.e., reflecting initial floccu-

lation) and the rate of structural build-up at rest over an

extended rest period [60].

3 Methodology

3.1 Materials and devices

This work is part of the round-robin test carried out by

RILEM TC 266-MRP at the Université d’Artois in

Bethune, France in May 2018. It follows 2000’s first

international benchmark on rheological measurements

carried out on mortar and concrete at Nantes [55] and

Cleveland [56]. However, almost 20 years later,

concrete types have evolved following further devel-

opment in admixture design in order to make more

flowable concrete, including SCC for which structural

build-up plays a more important role [15].

Five concrete and three mortar mixtures were

evaluated in the round-robin testing campaign. The

details of the mixture proportioning as well as the

results of the empirical tests are provided in [17]. All

mixtures were produced by a commercial ready-mix

plant. Once the concrete trucks arrived at the

laboratory, the workability was verified, and adjust-

ments by means of chemical admixtures were per-

formed, if necessary.

The various devices employed during the round-

robin testing campaign and for the evaluation of the

structural build-up at rest are described in [17]. Five

different rheometers with similar geometries and

sample volumes and the plate test were used in the

round-robin testing program to describe the structural

build-up rate. Specific details of these devices are as

follows:

• Two four-bladed vane ICAR rheometers with a

vane radius of 63.5 mm and height of 127 mm

were used for the structural build-up measurements

[57]. The rheometers are denoted ICAR 1 and

ICAR 2. Using two identical devices allows the

evaluation of measurement variations using the

same commercial device.

• Couette-type Viskomat XL equipped with a six-

bladed vane with a vane radius of 34.5 mm and

height of 69 mm.

• The eBT-V rheometer having a six-bladed vane

with a vane radius of 51.5 mm and height of

103 mm.

• Rheocad rheometer with a four-bladed vane with

vane radius of 60 mm and height of 250 mm.

The rheometers were used to perform static yield

stress measurements in addition to flow curve mea-

surements provided in [58]. The precise testing

protocol provided for flow curve determination is

provided in [17, 58]; the test consisted of pre-shearing

the material and imposing a stepwise decreasing

rotational velocity profile. Each stepwise profile

consisted of eight rotational velocity steps with 5-s

duration each. the Reiner-Riwlin equations were used

for the transformation of the bulk torque-rotational

velocity to shear-stress data [44].

The plate test method was also used to determine

the variations of the structural build-up over time. The

plate test consists of measuring the mass variation with

time of a rough plate or cylinder suspended in a freshly

mixed cement paste [59], mortar [38, 59–61] and even

concrete [25]. The mass variation allows to compute

the evolution of the static yield stress of cement-based

materials with time using a simple force balance

equation, as detailed in [17]. Such a test is similar to

the moving plate test [62], the Lombardi plate

cohesion test [63], and the inclined plate test even, if
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this last test does not provide a continuous measure-

ment of static yield stress [64].

It is important to note that only the variation of

static yield stress was computed using the plate test

device because of uncertainty on the initial value. In

this case, the structural build-up was computed using

Eq. (3):

Athix ¼
gDðDmplateðtÞÞ
SplateDtrest

ð3Þ

where g is the gravity acceleration, Dmplate is the

recorded mass variation, Splate is the plate surface area

immersed in the mortar sample, and Dtrest is the resting

time of the sample.

For the round-robin test, the tool was submerged in

a mortar or concrete sample cast into a 1.5-m high and

200-mm diameter column; the test necessitates a

sample of 45 L. A ribbed steel rebar with a diameter of

15 mm and a length of 130 mm was selected for

concrete testing, and a screw with a diameter of

14 mm and a length of 80 mm was employed for the

mortar samples. This enabled the adjustment of the

roughness of the submerged tool to the particle size of

the aggregate of the test sample.

3.2 Measuring procedures and data analysis

3.2.1 Measuring sequence and test procedure

Five wheelbarrows were sampled from ready-mix

trucks for rheological and workability testing. For

each mixture, the test started (t = 0 min) when the

concrete was secured from the concrete truck mixer.

Flow curve measurement was conducted with each

rheometer. At 5 min, the plate test was started. After

10 min, a static yield stress measurement was carried

out with each rheometer. The concrete sample was

kept in the rheometer buckets at rest for another

30 min. Considering the single batch approach, a

second static yield stress measurement was carried out

after a resting time of 40 min. Figure 2 summarizes

this sequence of measurements that combines the

variations of static yield stress estimated with the plate

test and the two static yield stress values measured

after resting times of 10 and 40 min. The initial

dynamic yield stress derived from the flow curve is

considered equivalent to the initial static yield stress of

an undisturbed sample (i.e., without any resting time).

The dynamic yield stress is measured after a decreas-

ing shear rate ramp that is considered to completely

break the reversible bonds between cement grains

[13]. The stress value obtained at the minimal shear

rate tested during the flow curve measurement is

similar to the value computed from the flow curve

analysis and is obtained at a similar strain rate. An

additional flow curve analysis was carried after

50 min and was shown to provide similar dynamic

yield stress values than analysis carried out after the

initial ones. This observation supports the ability of

the flow curve protocol to reset the microstructure of

the tested materials and to provide the initial static

yield stress value.

Before each measuring sequence, a calibration step

for measurement of static yield stress at rest (carried

out without a physical sample) was performed using

the following procedure:

• Plot variations in torque (T) as a function of time at

constant low rotational velocity of 0.025 rps (N) to

check whether the data have been properly

recorded from the raw data file for each test

sample.

• Average all raw data during the measurement time

at constant rotational velocity.

• Verify whether the torque remains constant (or if

peak value of T is attained). Report oscillation of

the data or any large variations in T vs. N values.

• Report the average torque (in Nm) and average

rotational velocity (in rps). This value can help to

correct the data collected in a measuring sequence

to take into account any offset in the torque.

3.2.2 Analysis of static yield stress measurements

Using rheometers, the static yield stress measurements

were performed with the stress growth protocol, as

presented in Sect. 2.1. The rotational velocity of the

tool was 0.025 rps for ICARs, 0.027 rps for Viskomat

XL and 0.034 rps for eBT-V that was applied for 60 s

to have sufficient strain to shear the sample. Then, the

rotational velocity (N) and torque (T) were plotted as a

function of time to verify whether the data had been

recorded properly from the raw data file. All torque

values were corrected by the initial torque value

obtained from the calibration step (Tcorr: corrected

torque values). The static yield stress was computed

using Eq. (2) considering that i = 0 (in order to make
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it consistent with the dynamic yield stress determina-

tion using the Reiner-Riwlin approach [44]), which

can be written as:

s0;s ¼ Tcorr�max= 2 pR2
i h ð4Þ

As discussed later, all curves were examined to

check if they present the expected profile (as shown in

Fig. 1), and that no measuring artifact has occurred.

For the plate test, the plate was immersed in the

testing material at t = 5 min. The length of the

immersed part of the plate was measured to compute

Vplate and Splate. The measurement was stopped at

45 min. Equation (4) was used to compute the evolu-

tion of static yield stress with time.

3.2.3 Structural build-up indices

Three structural build-up indices were determined

from the various test methods, as follows:

• The structural build-up rate, Athix.

• The critical time to double the initial yield stress

value, tc = s0,s0/Athix (time when s0,s (tc) = 2s0,s0

introduced in Eq. (4).

• The coupled effect of static yield stress at 10 min

of rest and Athix. This index is equal to

C = s0,s10.Athix.

For Athix, the three thixotropic indices were com-

puted using two different datasets. The first one

considered the actual static yield stress measurements

carried out after 10 and 40 min of rest. In this case, the

structural build-up rate, Athix(10–40 min), can be

expressed as (Eq. 5):

Athixð10�40minÞ ¼ ðs0;s40 � s0;s10Þ=30 Pa=minð Þ ð5Þ

The second approach involved estimating Athix(0-

40 min) based on the best linear interpolation of the

static yield stress evolution using three values: rest

times of 0 min (corresponding to the dynamic yield

stress) in addition to the 10- and 40-min static yield

stress values. Note that in this study, the static yield

stress evolution over 40 min is considered to be linear

given the thixotropic level of the tested mortar and

concrete mixtures. The tc and the coupled effect

thixotropic indices were determined using Athix values

computed using the second approach of data treatment

involving three data points, which provided more

reliable results, as discussed below.

4 Results and discussion

4.1 Static yield stress

The static yield stress was determined at the maximum

torque, which was not clearly obtained in some

mixtures. Figure 3 shows the stress growth diagrams

of the concrete C2 at 10 min and mortar M2

determined at 40 and 10 min, respectively, that were

tested using the Viscomat XL and ICAR1 rheometers,

respectively. Indeed, the stress growth diagram

showed more fluctuation in measurements for the

concrete mixtures (Fig. 3a and b) in comparison to the

Fig. 2 Summary of static yield stress measuring sequences of the various devices
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mortar mixtures (Fig. 3c and d). The fluctuation was

more pronounced for the concrete sample with coarse

aggregate. The significant fluctuation of torque can be

observed due to their sensitivity to flow induced

segregation related to the larger particle size and

relatively low yield stress/viscosity value.

The first value recorded by the RheoCAD was the

maximum one, indicating that shearing of the material

had already occurred prior to the first measurement.

This can lead to an underestimation of the static yield

stress when the initial maximum torque value is used

for data interpretation. This was the case of the C1

mixture shown in Fig. 3e; the real value of static yield

stress cannot be computed from the data contrarily to

the C2 mixture in Fig. 3f where the peak torque was

clearly attained during the stress growth test.

The static yield stress was calculated using Eq. 4

that assumes that the material is sheared following a

cylindrical surface described by the height vertical

rotation of the edge of the vane device. This means that

the contribution of the lower surface formed under-

neath the vane cylindrical body is not considered in the

yield stress calculation. Moreover, the greater the

number of blades used in each rheometer, the more

this assumption can be valid. This induces a certain

discrepancy for the rheometers with four blades and

can explain the higher values of torque obtained with

the 4-blade vane tools (ICAR rheometer) compared to

the 6-blade vane devices (Viscomat XL and eBT-V

rheometers). For example, for the concrete 5, the static

yield stress values were 75% on the average higher for

the 4-blade vane rheometers than for the 6-blade ones.

4.2 Athix thixotropic index

In order to compare the data obtained from the round-

robin test, the Athix values are plotted versus average

values of Athix for each of the investigated mixtures.

The average results were computed using values

obtained with the different rheometers for the same

mixture. The methodology of baseline value

computation used in [17] was not been chosen here

because of the lower numbers of data points available

for each mixture: in the present case, each rheometer

has the same weight. The data were analysed using

Athix derived from the two static yield stress measure-

ments carried out after 10 and 40 min (Fig. 4a) and

also from the three measurements: two static yield

stress measurements carried out after 10 and 40 min

and the dynamic yield stress value at 0 min (Fig. 4b).

The results for concrete and mortar mixtures

showed a relatively large spread (Fig. 4a) with the

two-value computation that is reduced when using the

three-point analysis for to determine Athix (Fig. 4b).

In Fig. 5, the linear fit parameters are found to be in the

range of 1.49 for the ICAR1 to 0.63 for the eBT-V. It

can be also noted that the R2 coefficient for the plate

test was equal 0.16, which reflects a poor correlation

with other measurements. This can be attributed to the

fact that the measurement was carried out at the top of

a high column sample (more than 1 m) that is sensitive

to bleeding and surface settlement.

The measurements of yield stress obtained from the

mortar mixtures only are shown in Fig. 5a and b.

Compared to the Athix(10-40 min) values with the linear

fit coefficients ranging from 0.45 to 1.27, the compu-

tation of the Athix(0-40 min) values allows a noticeable

reduction in the dispersion of structural build-up data

with a closer linear fit coefficient of 0.86 to 1.20.

The various fitting parameters reported in Figs. 4,

5, 6 are summarized in Table 1. This reflects the need

to increase the number of static yield stress measure-

ments at different resting times to improve the

accuracy of the Athix evaluation, as reported in the

literature where typically four data points are used to

determine Athix [12, 22, 25, 37].

It is interesting to distinguish measurements carried

out on mortar and concrete using the 2- and 3-points

computational approaches shown in Fig. 5a and b,

respectively, and Fig. 6a and b, respectively. For both

types of material, using the three values to determine

yield stress can reduce data dispersion. For the mortar

mixtures, the linear fit coefficients ranged between 0.45

and 1.27 with the two yield stress values measured at 10

and 40 min; these values were 0.86 to 1.2 when the

dynamic yield stress was considered in the data analysis.

In the case of concrete, a similar trend was

observed, but the Athix values were more dispersed

with linear fit coefficients of 0.72 to 1.69 with the

2-point computational approach and 0.73 to 1.48 for

bFig. 3 (a) Stress growth diagram for Concrete C2 at 10 min

with Viscomat XL, (b) stress growth diagram for Concrete C2 at

10 min with ICAR 1, (c) stress growth diagram for Mortar M2 at

40 min with Viscomat XL, (d) stress growth diagram for Mortar

M2 at 10 min with ICAR1, (e) stress growth diagram for

Concrete C1 at 10 min with RheoCAD, and (f) Stress growth

diagram for Concrete C2 at 10 min with RheoCAD
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the 3-point approach. For the mortar testing, R2 values

of 0.93–1.00 were obtained with the 3-point compu-

tational approach compared to values ranging from

0.19 to 0.97 for the concrete (note that the minimal

value of 0.19 was obtained for the plate test).

Measuring concrete rheological properties is shown

to be more difficult than measuring mortar rheological

properties because of the greater levels of granular

friction effect and shear-induced particle migration.

The ability of the plate test to accurately measure the

structuration rate of concrete can be hindered by

bleeding (modified water to cement ratio where the

plate is immersed) or wall slip (if the plate roughness is

not adapted top to the gravel size) at the interface

between plate and concrete sample.

Comparing the different rheometers, it is interest-

ing to note that the ranking between the values of Athix

obtained by each rheometer (which can be studied

using the slope of each regression line), is the same as

the one obtained for the dynamic yield stress obtained

in [17]. It seems that the initial calibration of the torque

sensor plays a major role in the measured Athix value

and that it can explain the discrepancy between values.

Fig. 4 Measured Athix obtained with (a) static yield stress

measurements at 10 and 40 min (two values) in function of the

average Athix values computed for each tested material, and

(b) static yield stress measurements at 10 and 40 min and

dynamic yield stress measurements (three values) in function of

the average Athix values computed for each tested material.

Linear fits of the measurements are plotted for each rheometer
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4.3 tc thixotropic index

In order to compare all data obtained from the round-

robin test campaign, computed tc values are plotted

versus the average values of tc for each tested material.

The average values were computed using the results

obtained with the different rheometers for the same

mixture. The data were analysed using tc that was

derived from the static yield stress measurements

carried out at 10 and 40 min (Fig. 7a) and the dynamic

yield stress value (Fig. 7b). It can be noted that the

plate tests cannot be used in this case because the

initial yield stress was not measured using the plate

test device. Moreover, one has to keep in mind that

results between two and three points are different

because they are computed using the 10-min static

yield stress for the two points computation and the

dynamic yield stress, which is assumed to be the initial

static yield stress for the three points computation.

In Fig. 7a, it can be seen that all tc values are

dispersed around the computed average values for

each mixture. The comparison of the linear fit

Fig. 5 Measured Athix obtained with (a) static yield stress

measurements at 10 and 40 min (two values) vs. average Athix

values for each mortar, and (b) static yield stress measurements

at 10 and 40 min and dynamic yield stress (three values) vs.

average Athix values for each mortar
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parameter shows that the ICAR 1 rheometer provided

the shortest tc (coefficient equal to 0.35), and the eBT-

V rheometer provided the highest tc (coefficient equal

to 1.8). The ranking of rheometers is opposite to the

one obtained with Athix. Other devices provided values

that are close to the average line (0.83 for the

Viskomat XL rheometer and 0.97 for the ICAR 2

rheometer). It can be also noted that the R2 for the

ICAR 1 rheometer was 0.62, which reflects a poor

correlation with other measurements.

The comparison of Fig. 7a and b shows that the

computation of the tc values determined using the

three yield stress values, instead of two values, reduces

noticeably the dispersion of the measured critical time.

As a result, the critical time is shorter for the 3-point

computation method. Using a 2-point computational

approach leads to a linear fit coefficient ranging from

0.35 to 1.8, while the 3-point approach reduces this

range to 0.89 and 1.14. Moreover, the R2 coefficient

for each rheometer is increased when using the three

yield stress values, as summarized in Table 1. There-

fore, it is important to increase the number of static

yield stress measurements at different resting times to

improve the accuracy of the tc evaluation.

Moreover, comparing Athix results with the tc
analysis, it can be seen that the dispersion of the

Fig. 6 Measured Athix obtained with (a) static yield stress

measurements at 10 and 40 min (two values) vs. average Athix

values computed for each concrete, and (b) static yield stress

measurements at 10 and 40 min and dynamic yield stress (three

values) vs. average Athix values computed for each concrete
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structural build-up index is reduced when using tc
because of the observed decreased range linear fit

coefficients obtained with the critical time. This can be

explained by the fact that the computation of the

critical time requires to divide Athix by the first yield

stress values, which allows to delete the differences in

the torque sensor calibration between rheometers.

During the whole round-robin experimental cam-

paign, it was observed that ICAR1 quasi-systemati-

cally provides a higher yield stress value than the other

rheometers that can be attributed to a slightly different

sensitivity. The computation of the critical time

deletes the calibration and differences (shapes of the

device, computation of the yield stress, etc.) between

the rheometers and reduces the dispersion between test

results.

In order to further analyse the data, it is interesting

to distinguish measurements carried out on mortar

mixtures using the 2- and 3-points computations, as

reported in Table 1, and for the concrete mixtures for

the 2- and 3-points computations. It can be seen that

for both mortar and concrete, using three yield stress

values helps to reduce the dispersion of the measure-

ments. For the mortar mixtures, the linear fit coeffi-

cients ranged between 0.48 and 1.78 with two yield

stress values measured at 10 and 40 min; such

coefficients were 0.82 to 1.28 when the dynamic yield

stress values were considered. For the concrete, the

same trend was observed, but the tc values were more

dispersed, as shown by the linear fit coefficients (0.72

to 1.69 using the 2-points computation and 0.65 to 1.26

when the 3-point computation was considered). It is

also worth noting that mortar mixtures exhibited

higher R2 values (between 0.68 and 0.97 with the

3-point computation approach). Contrarily, the R2

coefficient obtained for concrete were lower (between

0.38 and 0.92 for the rotational rheometer). This

clearly shows that measuring concrete rheological

properties is more difficult than that for the mortar

Table 1 Slope of computed structural build-up indices vs. average values for concrete and mortar

3 points computation–0, 10 and 40 min ICAR 1 ICAR 2 Plate Test Viskomat XL eBT-V

Slope R2 Slope R2 Slope R2 Slope R2 Slope R2

Athix All 1.36 0.84 1.16 0.9 0.83 0.12 0.8 0.69 0.8 0.96

Mortar 0.92 1 1.09 0.98 1.2 0.93 0.88 0.97 0.86 0.96

Concrete 1.47 0.89 1.18 0.86 0.73 0.19 0.75 0.52 0.79 0.96

tc All 0.89 0.27 0.98 0.83 0.99 0.81 1.14 0.65

Mortar 1.28 0.97 0.95 0.68 0.82 0.76 0.95 0.95

Concrete 0.65 0.38 1 0.92 1.15 0.9 1.26 0.7

tc.Athix All 1.24 0.82 1.11 0.91 0.62 0.8 0.91 0.69

Mortar 0.75 0.98 0.95 0.97 0.74 0.99 1.56 0.98

Concrete 1.34 0.84 1.15 0.86 0.58 1 0.77 0.84

2 points computation–10 and 40 min ICAR 1 ICAR 2 Plate Test Viskomat XL eBT-V

Slope R2 Slope R2 Slope R2 Slope R2 Slope R2

Athix All 1.49 0.74 1.08 0.8 0.83 0.12 0.97 0.57 0.63 0.63

Mortar 1.08 0.98 1.26 0.98 0.93 0.67 1.27 1 0.45 0.97

Concrete 1.69 0.76 0.93 0.67 0.79 0.03 0.75 0.34 0.72 0.64

tc All 0.35 -1.62 0.97 0.59 0.83 0.9 1.8 0.88

Mortar 0.62 0.42 0.76 0.03 0.48 0.09 1.71 0.16

Concrete 0.26 0.87 1.01 0.47 0.89 0.95 1.83 0.92

tc.Athix All 1.36 0.71 1.16 0.93 0.78 0.7 0.69 0.9

Mortar 0.95 1 1.15 1 1.1 1 0.8 1

Concrete 1.52 0.65 1.17 0.88 0.57 1 0.64 0.84
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mixtures because of the granular friction effect and the

shear-induced particle migration.

It is interesting to note that the ranking between tc
values obtained for each rheometer compared using

the slopes of the different regression lines is different

than for Athix. Comparing Figs. 4, 5, 6, 7, it is shown

that the ranking of the rheometers completely changes

between Athix and tc. Indeed, the ratio used in the

computation of tc deletes the effect of the initial

calibration of the torque sensor of the rheometer and

deletes the calibration-induced ranking. The various

fitting parameters reported in Figs. 7 and computed

from data are summarized in Table 1.

4.4 s0,s10.Athix thixotropic index

In order to compare all data obtained from the round-

robin test campaign, the coupled-effect index values

were plotted versus the average values of the coupled-

effect index for each tested material. The average

values were computed using test results obtained with

the different rheometers for the same mixture. Data

were analyzed using the coupled-effect index derived

from the static yield stress measurements carried out

after 10 and 40 min (Fig. 8a) and from the static yield

stress measurements carried out after 10 and 40 min

and the dynamic yield stress value (Fig. 8b). Again,

the plate test was not considered because the initial

Fig. 7 Measured tc obtained with (a) static yield stress

measurements at 10 and 40 min (two values) vs. average tc
values computed for each tested material, and (b) static yield

stress measurements at 10 and 40 min and dynamic yield stress

(three values) in vs. average tc values computed for each tested

material
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yield stress was not measured using the plate test

device.

In Fig. 8a, it can be seen that all coupled-effect

index values were dispersed around the computed

average values for each mixture. The comparison of the

linear fit parameter shows that the ICAR 1 rheometer

provided the highest coupled-effect index (coefficient

equal to 1.36), and the eBT-V rheometer provided the

lowest coupled-effect index (coefficient equal to 0.69).

The ranking of rheometers was the same as the one

obtained with the Athix. Other devices provided values

that are close to the average line (0.78 for the Viskomat

XL rheometer and 1.16 for the ICAR 2 rheometer) with

R2 values ranging between 0.7 and 0.93.

The comparison of Fig. 8a and b shows that the

computation of values with three yield stress values

instead of two values allowed to noticeably reduce the

dispersion of the measured critical time. Using a the

two-point computation approach led to a linear fit

coefficient ranging from 0.69 to 1.36, while the three-

point approach reduced this range between 0.62 to

1.24. The R2 coefficient for each rheometer was almost

the same when using the three yield stress values.

Fig. 8 Measured coupled effect indices obtained with (a) static

yield stress measurements at 10 and 40 min (two values) vs.

average coupled effect indices computed for each tested

material, and (b) static yield stress measurements at 10 and

40 min and dynamic yield stress (three values) vs. average

coupled effect index values computed for each tested material
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It is interesting to distinguish measurement carried

out on mortar for the 2- and 3-point computations and

on concrete for the 2 and 3-pointscomputations by

analysing the data presented in Table 1. Contrary to

the previous analysis, it can be seen that for both types

of material (i.e., mortar and concrete), using three

values of yield stress does not help to reduce the

dispersion of the measurements. For the mortar

mixtures, the linear fit coefficients ranged between

0.8 and 1.15 with the yield stress values measured at

10 and 40 min, and these values varied from 0.74 to

1.56 when the dynamic yield stress value was

considered. For the concrete, the trend was the same,

but the coupled-effect index values were more

dispersed, as shown by the linear fit coefficients

(0.57–1.52 using the 2-point computational approach

and 0.58–1.34 using the 3-point computational

approach). It is also worth noting that the mortars

provided higher R2 values close to 1 (between 0.97 and

0.99 with the 3-point computational approach) com-

pared to those of 0.65 and 0.88 for the concrete

mixtures tested with the rotational rheometers. The

various fitting parameters reported in Figs. 8 and

computed from data are summarized in Table 1.

4.5 Discussions on data analysis

The data analysis of the experimental results shows

that the three tested structural build-up indices can

provide similar information. The dispersion around

the various average values of the indices was quite

similar, even if the critical time tc noticeably showed

closer values between the various rheometers, as

discussed in Sect. 4.3. The fact that this index allows

to discard the difference in torque sensor calibration

between rheometers can be a real advantage to

compare values obtained from different rheometers.

It is interesting to note that the increase in the

number of yield stress values (here from two to three

data points) to determine the various indices can

reduce the dispersion between the various indices.

Therefore, the use of only two measurement values of

static yield stress is not sufficient to secure accurate

determination of the structural build-up of mortar and

concrete.

In comparison with the round-robin testing cam-

paign, the use of the single batch approach appears to

be a promising solution to obtain more yield stress

values. This single-batch approach validated at the

mortar scale [42] should be verified for concrete

mixtures in further work.

5 Conclusions

The benchmark used to analyse the three thixotropy

indices of the three mortar and five concrete mixtures

designed with different yield stress and viscosity

levels that were investigated in this study led to the

following conclusions:

• The three thixotropy indices (yield stress variation

with time, characteristic time, coupled effect)

indicated the same thixotropic trend for the mortars

and concretes, whether with the static method

(plate test) or with the rheometric tests (ICAR,

Viscomat XL, and eBT-V rheometers).

• The index values showed a good correlation for

mortar mixtures. The thixotropy indices were, on

the contrary, much more dispersed for the concrete

mixtures.

• The quality of the correlations increased drasti-

cally as soon as the number of yield stress values

used in the analysis increased from two to three

measuring points, except for the coupled effect

indices.

• The static plate test method and rheometric meth-

ods can be adapted to evaluate the structural build-

up of mortar mixtures so long that the static yield

stress obtained with the stress growth method can

be accurately measured immediately after the

application of shear rate. Data sampling should

be of the order of 1/100 of a second to ensure

adequate capturing of peak torque values during

shear growth testing.

• The plate test should be carried out carefully

ensuring that the materials at the top of the tested

samples (where the bar is placed) is not subjected

to bleeding, and that the material does not slip at

the plate interface.

• It is recommended to increase the number of yield

stress values to at least four points over one hour

after mixing to determine more accurately the

various thixotropy indices. For example, t0,

t0 ? 5, t0 ? 15, t0 ? 30, and t0 ? 50 min. The

measurement points must be selected in the linear

range of static yield stress growth; shorter testing

duration should be selected though in highly
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thixotropic mixtures when an exponential variation

in static yield stress takes place at later ages.

• In order to reduce the dispersion of the thixotropy

indices of concrete, the use of larger diameter

rheometer containers is recommended to be more

consistent with the maximum size of the coarse

aggregate in the sheared material. This point

should be the matter of a future work or bench-

mark. The use of a single batch approach appears to

be a promising solution.
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