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Abstract: This study aimed to develop a theometer prototype and define a procedure for adjusting
the automated control of the fresh state of concrete. Sixteen batches were produced, and their fresh
behaviour was measured at different testing times by applying the Abrams cone and flow curve test
(FCT) as the rheological protocol. During this test, the yield stress and plastic viscosity of the concretes
were measured in relative units. The rheometer prototype was used to define a new protocol to select
the most suitable rheometer impeller arrangement and optimal FCT configuration. This protocol
considers the torque at the end of the breakdown period, torque reduction during the breakdown
period, segregation, and negative values of the yield stress in relative units. This protocol also enabled
an iterative adjustment procedure, facilitating the use of a rheometer for the automated control of the
homogeneity and behaviour of fresh concrete, as well as real-time decision making.
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1. Introduction

Industrial tests to control fresh concrete performance have been developed since the
1920s and currently remain to continue. However, the development of rigorous and auto-
mated measurements of concrete as a fluid are required, with rheometers and rheology be-
ing the most suitable tools. Since the 1970s, measurements using coaxial cylinders, parallel
plates, and impellers have been developed, achieving a limited theoretical understanding.

However, the presence of large aggregates complicates the characterisation of concrete
rheology. The size of the sheared specimen in a rheometer must be sufficiently large relative
to the aggregate size to obtain a representative measurement of the bulk material [1].

Previous studies have demonstrated that concrete rheometers may be controlled by
the shear stress or shear rate; most concrete rheometers are speed- or shear-rate controlled.

Coaxial rheometers consist of two concentric cylinders, where the inner cylinder
rotates at a set velocity while the outer cylinder remains fixed. The shear stresses created by
the fluid are assessed on the inner cylinder. The distance between both cylinders must be
comparatively small in relation to their diameters to determine the shear stress and shear
rates and the yield stress and plastic viscosity, using the Bingham equation [2]. To prevent
the interaction of the aggregates with the wall of the rheometer, the gap must be at least
three to five times the size of the coarse aggregate. This type of rheometer would not be
appropriate for field use since its dimensions would have to be enlarged in accordance with
the maximum size of the aggregate, making its transport outside the laboratory difficult.

Using coaxial cylinder viscometers for fresh concrete is difficult owing to the necessity
of a large gap between the cylinders. Therefore, Tattersall et al. created a very effective
and useful device in which a helical impeller rotates inside a cylindrical container filled
with fresh concrete [3-5]. This was named the “Two-Point” rheometer. The pressure in the
power unit was measured across a range of speeds in order to calculate the torque on the
rotating impeller. The flow curve can be obtained by assuming that the shear rate and the
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shear stress are directly proportional to the impeller’s rotational velocity and the torque,
respectively [6]. This method permits the analysis of concrete flow at different shear rates;
however, it does not permit the assessment of the viscosity and yield stress in fundamental
units. The “Two-Point” device was modified and computerised by Wallevik and Gjerv [7].

Other apparatus employed to measure the rheology of concrete in fresh state are
BTRHEOM, which uses parallel plates, IBB and ICAR rheometers, which employ an
impeller, and BML and CEMAGREF-IMG, which are coaxial cylinder rheometers [8-10].

In the BML and CEMAGREF-IMG apparatus, one cylinder (outer for BML and inner
for CEMAGREF-IMG) is rotated at various speeds. When the fresh concrete occupies the
space between the inner and outer cylinders, the torque on the inner cylinder is measured.
The amount of the concrete sample is the most noticeable distinction between these two
rheometers, which is only 17 L for the BML, whereas it is 500 L for the CEMAGREFIMG
tests [11].

The BTRHEOM rheometer is a parallel-plate apparatus. A cylindrical container with a
fixed bottom plate is filled with a sample of concrete. The torque on a top plate inserted
into the concrete is measured while it rotates at different speeds [11].

The ICAR, IBB and two-point rheometers have a rotating impeller which is introduced
into fresh concrete in a cylinder-shaped container. The impeller of the two-point rheometer
shows a helical pattern, but the IBB employs an H-shaped impeller. A four-blade vane
is the impeller used in the ICAR device [10]. These are axial rheometers because the
impeller rotates at the centre of the sample container, and the torque produced is recorded
as a function of the rotation velocity.

Although there is an apparent relationship between measurements for different
rheometers, the absolute values determined for a specific mix are not the same. The
measurement of the rheological parameters in absolute units is not possible in all rheome-
ters. Rheometers with cone-plate, parallel-plate or concentric cylinders measure rheological
values that are independent of the geometry. However, when measuring concrete rheol-
ogy, due to the aggregate size, these geometries are not possible and relative measuring
geometries must be employed (such us rotational devices). A relative measuring geometry
provides values in relative units (rotational velocity, rps or rad/s, and torque, N m) as
opposed to absolute units (shear rate, rps, and shear stress, Pa). The conversion of rel-
ative units into absolute measurements depends on the geometry of the device, on the
fluid boundary conditions, etc., and sometimes a direct conversion is not possible [12,13].
Brower and Ferraris [11] showed that all the rheometers were found to rank the mixtures
in the same order for both the yield stress and plastic viscosity; the differences in the
absolute values can be attributed to several issues, such as the slip at the interface of the
device wall with the concrete or the confinement of concrete between the moving parts of
the rheometers.

2. Research Objectives

Rheometers can provide the concrete industry with significantly valuable information.
Special concretes, such as self-compacting, 3D-printing concrete or the employment of su-
perplasticizers with high dispersing powder, require more information than that provided
by the common industrial tests used to measure concrete workability, such as the slump
cone or slump flow test. In its fresh state, concrete can be considered a fluid and to fully
understand the concrete flowability, various industrial tests must be developed, such as
the V-funnel, L-box, J-ring, etc. Rheology is the science that aims to know the flow and
deformation of materials by defining their flow curves (relationship between shear stresses
and shear rates). In Bingham fluids (such as most of concretes), the flow curves are defined
by two rheological parameters: yield stress and plastic viscosity. These two rheological
parameters, obtained through a single rheological test, provide information that permits the
complete characterisation of the concrete’s fresh performance as a fluid. Fresh behaviour is
usually controlled based on industrial tests, such as the Abrams cone or the T-funnel test,
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that are highly sensitive to the operator. Moreover, the devices used to carry out these tests
prevent their automatization (the Abrams cone, J-ring, L-box, etc.).

Nowadays, several new concretes or once-off applications require the characterisation
of certain fresh parameters that the traditional industrial test (the Abrams cone) cannot
measure, such as the open time, fluidity variation over time, or viscosity. This is the case
with highly fluid concretes or SCC, which require several industrial tests (slump flow, L-box,
J-ring, etc.) [14,15] that are too time-consuming to be performed on all concrete batches.
The same issue exists in the precast industry with 3D-printing concrete [16], or the use of
concrete with recycled concrete that absorbs free water from the mixture over time, thereby
rapidly changing the fresh behaviour of the concrete [17]. In these recycled concretes, the
duration of the mixing procedure and transportation can significantly affect the free water,
and therefore the fresh behaviour of the concrete [15]. The same can occur when other
by-products are used, such as wood ash, coal bottom ash, and filler from natural stone. The
increased use of highly flowable mixtures for the rapid production of flat elements, such as
floors or slabs, also requires this type of fresh control.

All these situations require a precise assessment of the concrete fluidity at the pro-
duction plant occasionally over time, along with certain other premises. In the current
digital society, modern quality control tests must provide information for the storage and
analysis of concrete performance. Fresh-behaviour control should be fully automated to
minimise operator input and allow decision-making. The employment of rheometers per-
mits the automatization and digitalization of all fresh state measurements. Fresh behaviour,
throughout scientific parameters, can be assessed and data can be evaluated by experts
to take actions (modify mix proportioning, reduce mixing time, etc.) that will improve
concrete performance.

This study aims to promote the use of a rheometer to obtain reliable and automated
information regarding the fresh state of concrete. The use of rheology is demonstrated to
encompass precision, repeatability, speed, and the possibility of controlling the mixtures
over time, thereby helping engineers detect problems during casting and understand the
fresh behaviour of mixtures (as data can be stored automatically). These issues are essential
in several specific concrete applications, such as 3D printing [18], the precast industry [19],
recycled aggregates [20], and visible and ornamental concrete. Furthermore, it can improve
the control of general-purpose concrete plants.

One of the main issues with rheometers is that there are no standard tests that can be
applied to all concrete types. Rheological tests must be adjusted according to the concrete
type, fluidity, aggregate type used, and admixtures.

The main objective of this study is to promote the automation of rheological tests for
the quality control of fresh concrete performance in the concrete industry. Accordingly,
the development and adjustment of a device (rheometer prototype) is presented, which
enables users to modify testing parameters, such as the impeller type, speed range, and
test type. Once the device is developed, it is necessary to create a protocol to select the
correct configuration of the rheometer, such as the impeller type and the most suitable
testing procedure (time-speed profile). Once these issues are defined, all concrete batches
produced can be controlled, and homogeneous quality is guaranteed. This presents an
important step in the promotion of the automatic control of the fresh behaviour of concrete.

3. Variables to Be Adjusted

The developed prototype is a device based on a commercial model using a cylindrical
container with an impeller. Therefore, parameters will be measured in relative units that
cannot be directly compared with the results obtained using other devices. To obtain the
fundamental rheological parameters (yield stress and plastic viscosity), a posterior analysis
that considers the device and impeller geometry is necessary. However, this is not required
to suitably characterise fresh behaviour, as measuring the relative parameters is sufficient
for controlling fluidity and its changes over time. The fundamental parameters can be
obtained with post-processing analysis, if necessary.
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3.1. Device Characteristics

The device was designed for on-site use, with a variable range of concrete typologies,
and thus, a powerful and robust engine is required to produce a sufficient torque. However,
to make it portable, it must be compact and low weight, and should include a simple and
reliable control system that provides direct results and validates the quality of the mixes.

The engine selected drives the impeller from 0 to 6.54 rad/s (70 Hz), generating a
sufficient torque, which is measured with a torque cell ranging between 0 to 17.5 Nm. The
parameters were selected so that the rheometer can be used for a wide range of concretes
(from fluid to dry consistencies) and to be portable and easily used. Therefore, a lightweight
motor was selected that permits a wide range of speeds, and a load cell was chosen that
can obtain a wide range of torques.

Selecting the impeller is one of the most important issues when conducting a rheologi-
cal test using this type of rtheometer. The impeller is responsible for creating the optimal
flow conditions to determine the rheological parameters. In this study, the following two
impellers with different geometries were tested, one of which was similar to the impeller of
a mixer and the other consisting of polygonal blades:

e  The polygonal impeller, Impeller A, is 150 mm in diameter and 120 mm in height
(Figure 1). It consists of four polygonal-shaped blades that reduce the surface and
prevent high friction when the concrete is highly consistent.

e  The propeller impeller, Impeller B, is 150 mm in diameter and 106 mm in height
(Figure 2). This impeller incorporates inclined blades, which permit higher testing
speeds.

Figure 1. Polygonal Impeller A.

Figure 2. Polygonal Impeller B.

The geometry of the container was defined by considering the geometry of the im-
pellers (Figures 3 and 4), the typical aggregate size in concrete, and the gap between the
impeller and edges of the container, which should be within three to five times the maxi-
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mum aggregate size [10]. The cylindrical container used in this study had a diameter of
250 mm and a height of 300 mm, leaving lateral gaps of 50 mm and 60 mm at the bottom.
With this geometry, the maximum aggregate size was 20 mm and the minimum aggregate
size was 10 mm. Furthermore, the container can be easily changed if concretes with other
aggregate sizes are to be monitored.

Figure 4. Complete device IL

3.2. Testing Profiles

The flow curve test (FCT) was selected as the rheological test for adjustment, which
has been widely used in previous studies and provides the most important parameters for
the fresh state performance of concrete [21]. It was adjusted to be easily automated for use
as a control test for concrete fluidity.

This FCT is defined by a pre-established pre-shear period (breakdown period), where
the maximum speed is maintained constant. Subsequently, the speed decreases to zero
within a fixed time, that is, using a descending ramp. The torque was measured at seven
fixed speeds of the descending ramp (Figure 5). The goal of the pre-shear period is to
reduce the impact of thixotropy and provide a consistent shear history [22]. A flow curve
can be adjusted based on the seven measured speed—torque points, and the dynamic yield
stress and viscosity are calculated in relative units. The flow curve of most concretes can
be linearly adjusted (Bingham model) or less frequently, with a power function (Herschel-
Bulkley) [23]. However, this last model should be avoided in concrete mixes because it
makes it difficult to obtain the rheological parameters [24]. The relative dynamic yield
stress is the torque at the intersection of the curve with the vertical axis, and the relative
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plastic viscosity is the slope of the flow curve (Figure 6). In this study, a short period of 5
s and a long period of 90 s were used for the test. Two maximum speeds were analysed
(rotational speeds of 10 and 30 rpm).

Breakdown

Descending
ramp

Speed

Time

Figure 5. Parameters of the FCT.

relative plastic

viscosity

Torque

relative dynamic
yield stress

Speed

Figure 6. Bingham model.

Figure 7 summarises the rheological tests performed as well as the nomenclature. The
testing time is referred to as the time since water—cement contact.

Speed Pre-shear  Impeller Testing
(rom) period (s)  Prototype time (min)
10/, /5| |A]_ 101
30 90 B 15|

20
FCT 30

Flow curve test

Figure 7. Nomenclature of the rheological tests.

4. Concrete Mix and Mixing Procedure

To adjust the parameters of the rheological tests and select the best impeller, a concrete
mix was designed, and its fresh behaviour was controlled using the prototype.

The concrete mix was designed using ordinary Portland cement without CEM 1 52.5 R.
A modified polycarboxylate ether-based high-range water reducer admixture with a specific
gravity of 1.05 g/cm? was incorporated to achieve a high concrete fluidity (slump values
of approximately 19 cm). Fine limestone sand with a 04 mm nominal size and a coarse
granitic fraction with a nominal size of 4-11 mm were used as aggregates.

Table 1 presents the basic properties of these aggregates.
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Table 1. Basic properties of aggregates.

Property Fine Aggregate Coarse Aggregate

Fineness modulus 4.19 7.16
Fines percentage (%) 1141 0.63
Density (t/m3) 2.67 2.61
Water absorption (%) 1.15 0.78
Flakiness index (%) - 9.91
Los Angeles coefficient (%) - 37

Sand equivalent (%) 74 -

Shape Crushed Crushed

All mixes were prepared with a cement content of 450 kg and water-to-cement ratio of
0.40. Details of the mix proportions are listed in Table 2.

Table 2. Concrete mix (1 m?).

Property Quantity
Cement (kg) 450.00
Water (kg) 180.00
Fine aggregate (kg) 1012.70
Coarse aggregate (kg) 826.27
Superplasticiser/cement (%) 1.55

Considering the mixing protocol, the aggregates (fine and coarse) were first mixed for
30 s for homogeneity. This was followed by adding more water (calculated to compensate
for the aggregate absorption capacity of up to 80%) and mixing it with the aggregates
for another 30 s. The cement was incorporated and mixed with the aggregates for 60 s.
Subsequently, water was added. This cement-water contact time point was considered as
the reference age (t = 0) for performing all the fresh concrete tests [25]. After 1 min of mixing,
the superplasticiser was introduced, the concrete was mixed for a further two minutes,
then let to rest for one minute before being mixed once more for a further minute. Lastly,
several buckets were filled with the concrete, and the rheometer container was filled too.
After that, the concrete was allowed to rest until it was ready for testing.

Batches of 60 L were produced with the same mix composition in the same mixer under
laboratory conditions (20 °C). All batches were controlled using rheological and industrial
tests at different times, using the time of the cement-water contact as the initiation reference.
The tests were conducted using the slump test (Abrams cone-UNE-EN 12350-2:2020 [26])
and flow curve test (FCT), and were performed at each of the following testing ages: 10,
15, 20, and 30 min. In addition, three 100 x 100 x 100 mm cubes were cast to control
the compressive strength at 28 days following UNE-EN 12390-3:2020 [27]. The slump
and compressive strength results were used to control the homogeneity of the different
batches produced.

After each testing time, the concrete used for the slump test was reintroduced into the
mixer, and the vane of the rheometer was extracted, leaving the material in the rheometer.
The mixture was remixed for 15 s in the mixer three minutes before the following testing
times (15, 20, and 30 min) to re-homogenise the mixture; the concrete in the rheometer
containers was also simultaneously re-homogenised using a shovel for the same duration.

5. Results
5.1. Compressive Strength and Slump

The slump test and compressive strength at 28 days were measured for each of
the 16 batches to analyse the concrete fresh and hardened behaviour during production
(Table 3). The slump was tested at different times from the water-to-cement contact, namely
at 10, 15, 20, and 30 min. In all the mixes, two 100 mm cubes were produced to measure
compressive strength.
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Table 3. Compressive strength and slump test results.
Compressive Strength (MPa) Slump Test (cm)
28 Days 10 min 15 min 20 min 30 min
Mean 77.27 19.57 19.00 19.04 18.79
Std.dev 6.21 1.29 1.02 1.64 217

A highly fluid concrete with high strength, which is typically used for high-end
applications in the concrete industry, was used for the test in this study. The compressive
strength of the concrete was well above 70 MPa with a consistency that can be classified as
a liquid [26] without reaching self-compactability. The information obtained by a simple
slump test is limited, the results of which can be correlated with the yield stress of the
mixture; however, it does not provide any information regarding the viscosity of the
mixture [28]. This is a significant drawback, and in many cases, it is insufficient [29].

The dispersion of the results was low, with acceptable standard deviation, which is
expectable in mixtures produced under controlled conditions. The typical issues that may
have produced biases were controlled by producing everything in the same mixer with
the same initial humidity of the aggregates and obtaining a sufficient precision for the
weight control of the materials. Therefore, the 16 mixes used were concluded to present
similar behaviour, both in terms of strength and slump, and permitted the comparison of
the rheology results between the different batches.

5.2. Rheological Measurement Adjustment
5.2.1. Selection of the Pre-Shear Period

The figures demonstrate that the pre-shear time cannot be shortened to 5 s, and that
90 s is required for the complete breakdown of the mixture. Figure 8 shows that, regardless
of the impeller type or the velocity value, with a pre-shear period of 90 s, the torque reaches
the equilibrium at the end of the breakdown time, that is, it remains constant overtime
at the end of the constant speed period. However, when the pre-shear period is 5 s, the
equilibrium is not reached (torque goes on decreasing at the end of the constant speed
period).

10x90-A + 10X90-B —Speed 10x5-A 10X5-B ---Speed
Breakd iod
35 reakcown pere 10 35 g Breakdown period 10
30 E
8 30 8
€2 T E® ] £
220 6 2 Z | 6 g
[} [J] ' N
5 15 4 g E‘ = ", Non-constant tor \\‘ 4 @
o Q ) ! que \ Q
=10 Constant torque " =10 3 n
2
5 2 5
0 0 0 0
0 50 100 150 0 10 20 30 40 50
Time (s) Time (s)
= 30x90-A +30X90-B —Speed * 30x5-A + 30x5-B ---Speed
35 Breakdown period 35 35 a 35
30 30 30 ',...T:‘ Breakdown period 30
ngS 25 € '525 ,,"' o Nonjgbhg\tanttorque 25 =
Z20 208 Z20 i & 20 2
] s, LN
§'15 . A‘m“ Constant torque 15 § 5'15 i ot Au‘ 15 E
o e, I e WOV o / ‘e, Q.
=10 e rarena., . e T 10 » =10 See, fea 10 »
T 000%000%000 0000, N See, faa,
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0 s 0 0 st 0
0 50 100 150 0 10 20 30 40 50
Time (s) Time (s)

Figure 8. Time-torque evolution.
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Figure 9 presents the flow curves 15 min after the addition of water to the mixer. The
two parameters that varied were the velocity, which was 10 or 30 rpm, and the pre-shear
period, which was established at 5 or 90 s.

@ 30x90-A 4 30x90-B e 30x5-A 4 30x5-B 10x90-A 10x90-B 10x5-A 10x5-B
18 90s 90s  ----- 55 ----- 5s 18 90s 90s Ss 5s
14 14
1 e R2=0.995 10
z 8 R?=0.990 & 8
86 8 6
4 4 R?=0.997
2 2 R2=0.988
0 0
0 5 10 15 20 25 30 35 0 2 4 6 8 10 12

Speed (rpm)

Speed (rpm)

Figure 9. Flow curves at 15 min.

When a 90 s breakdown period was used, for both velocities and both types of im-
pellers, the Bingham model (solid line) provided a good flow curve adjustment with R?
around 0.99 (Figure 9). However, with the 5 s breakdown period, the flow curves (dotted
line) present a non-linear behaviour that suggests shear thickening performance and would
require the use of the Hershel-Bulkley model. As was seen in Figure 8, for the 5 s break-
down period, the torque values are not constant, which indicates that the non-linearity of
the curve that is due to thixotropy has not been eliminated, and that the testing protocol is
not suitable as it may lead to erroneous conclusions [30,31].

The study of the torque reduction as a function of the duration of the breakdown period
(Figure 10) indicates that these reductions are always lower in tests with a breakdown
period of 5 s. In this case, the differences between the types of impeller and speed applied
were small. The reductions were greater with a breakdown period of 90 s, and those
achieved in the 10 x 90 test with impeller B were particularly noteworthy. The low torque
reduction values indicate that the mixture did not break down effectively.

100 -+-30x90-A  -+30x90-B

90 10x90-A 10x90-B
80 -@-30x5-A -4-30x5-B
10x5-A 10x5-B

Torque reduction (%)
= NWw B v [ ]
o o o o o o O o
| (

5 10 15 20 25 30 35
Time (min)

Figure 10. Torque reduction.

The short pre-shear period of 5 s may be apparently insufficient to ensure the complete
breakdown of the mixture. Therefore, the flow curve for these tests may be incorrectly
measured, as the first pairs of torque speed included part of the remaining thixotropy
of the concrete and incorrectly indicated an apparent non-linear behaviour [31]. This
was confirmed by the shape of the flow curves (Figure 8), which were clearly non-linear.
In these cases, the equilibrium of the torque at each rotational speed step in the flow
curve measurement should be verified. When the pre-shear period was 90 s, a complete
breakdown of the sample was achieved, and all the flow curves presented the behaviour of
a Bingham linear model.

Based on this result, the FCT using the pre-shear period of 5 s should be disregarded.
This indicates that the total time of the FCT adds up to 120 s, where 90 s correspond to the
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pre-shear period and 30 s correspond to the testing of the descending ramp. This is not an
excessive time for testing, although it presents a drawback that should be considered.

5.2.2. Selection of Speed and Impeller

We first analysed the torque at the end of the pre-shear period to select the speed. If
this torque was too low, a limiting effect related to the measurement range would exist,
which may be too small, making it impossible to adjust the linear flow curve and provide
precise slope values. The torque results at the end of the pre-shear period are shown in
Figure 11. A speed of 30 rpm provided the highest values, where the impeller type was not
a significant parameter. The values obtained at a speed of 10 rpm were lower than those
obtained at 30 rpm, where impeller A provided higher values than impeller B.

=
o

-+-30x90-A
-+30x90-B

10x90-A
10x90-B

Torque after breakdown time (Nm)
o - N w S w1 (<)) ~N o [t

5 10 15 20 25 30 35
Time (min)

Figure 11. Torque at the end of the pre-shear period.

Although a speed of 30 rpm appears to be the best option, using high velocities presents
certain segregation risks. If the speed is too high and the mixing energy is excessive, part
of the volume mix may not move, leading to segregation. This also produces imprecise
values for the yield stress and plastic viscosity.

A visual inspection was performed after each rheological test for both impellers, A
and B, and for all the testing times. It is important to ensure the absence of heterogeneous
areas after the shear tests of the concrete. These can manifest as the separation of the coarse
fraction or, more likely, as the segregation of the liquid paste on top of the mix.

Segregation was detected during the FCT with impeller A, which combined a higher
velocity of 30 rpm and the longest pre-shear period of 90 s. As shown in Figure 12, the
coarse aggregate and mortar are separated, which is analogous to the inner cylinder of
a coaxial cylinder rheometer [10]. There was no sign of segregation under the slower
velocity of 10 rpm and with the longer pre-shear time of 90 s. None of the other parameter
combinations produced any segregation. For impeller B, there was no sign of segregation
in any of the tests.

A

e

Figure 12. (Left): visual observation of FCT-30 x 90-A-30. (Right): visual observation of FCT-10 x
90-A-30.
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According to this result, the speed of 30 rpm combined with impeller A must be
disregarded.

Finally, the flow curves and relative parameters obtained were used to select the best
procedure. The values of the relative yield stress and relative plastic viscosity can be obtained
from the flow curve as a relative parameter related to the yield stress and plastic viscosity.

Figure 13 presents the flow curves of the different tests with a pre-shear period of 90 s.
The flow curves at both speeds, 10 rpm and 30 rpm, tend to be clearly linear and present
a similar slope. Regarding the impellers, according to the values of the torque after the
pre-shear period, the differences between impellers A and B were insignificant when the
speed was high (30 rpm). However, when the speed was 10 rpm, the differences were more
notable, where the flow curve of impeller A was always above that of impeller B.
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Figure 13. Flow curves of the mixes.

Using the flow curves shown in Figure 13, the values of the relative yield stress and
relative viscosity were obtained, as shown in Figure 14.
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Figure 14. Relative yield stress and relative plastic viscosity.

The analysis of the viscosity results confirms the segregation in test 30 x 90 with
impeller A. In this case, the relative viscosity over time demonstrates a decreasing trend
from 15 min onwards, while it increases in all the other tests, indicating that the concrete
becomes more viscous over time. The segregation detected by visual inspection is responsi-
ble for this behaviour. The test procedure of 30 x 90 with impeller A should be disregarded.
According to the viscosity values, all other tests appear to be suitable and can accurately
predict a slight increase in the concrete viscosity over time.
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The relative yield stress results were always negative when impeller B was used. Note,
this concrete was highly fluid, thus a low yield stress was expected. However, negative
values are inconsistent with the physical indication of the yield stress, implying that this
impeller is not sufficiently sensitive to analyse this type of fluid concrete. Considering these
results, impeller A appears to be more appropriate for this concrete, which has a higher
shaft surface. However, impeller B can be useful for concretes with less fluidity, providing
the rheometer with a wider range of possibilities. In addition, impeller A can be suitable
for concretes with a higher fluidity, including SCC.

Considering the foregoing and disregarding the tests with impeller B, as well as the
30 x 90 test with impeller A, 10 x 90-A would be the selected configuration for the FCT in
this type of concrete, as it produces coherent values for the relative yield stress and relative
plastic viscosity.

6. Device Validation

This section presents a comparison between the adjusted rheometer and a commercial
rheometer to validate the results and the protocol with the adjusted device. Two additional
mixes were produced and tested using the selected FCT protocol (10 x 90). The test was
simultaneously performed on two rheometers by using identical test processes. Once the
test was performed, it was processed by applying the Bingham model in relative units. The
flow curves obtained are shown in Figure 15.
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Figure 15. Validation flow curves in relative units.

The two rheometers used in this study had varying characteristics considering the
dimensions, type of container, and impeller geometry. However, when the flow curves were
analysed under different times and for a selected test, although no apparent coincidence in
the values was observed, the trends were coincident. Parallelism was observed between
the two devices in this test, with the rheometer developed in this study presenting the
highest values of the points on the curve. Moreover, they fit the Bingham model with a
significantly high R2 value. Table 4 lists the rheological parameters in the relative units
obtained from the flow curves in Figure 15.
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Table 4. Rheological parameters in relative units.

Test Time (min) 10 15 20 30
Yield value (Nm) 0.79 0.66 0.40 0.38
Developed (A) Viscosity value (Nm min) 0.33 0.36 0.40 0.44
Yield value (Nm) 0.38 0.31 0.15 0.13
Contrast (C) Viscosity value (Nm min) 0.26 0.27 0.28 0.30

Figure 16 presents the evolution of both rheological parameters (yield and viscosity
values) over time and confirms that both rheometers predict the same behavioural trends,
with higher values for the rheometer developed in this study.
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Figure 16. Yield value and viscosity value.

Figure 17 presents the relationship between the values of the viscosity obtained with
each rheometer (commercial-C and prototype with vane A) and, accordingly, the same
relationship has been drawn using the values of the yield. A linear relationship can be
observed in both parameters, indicating that the prototype can measure the yield stress and
viscosity as sufficiently as a commercial device, and can also accurately detect the changes
in the fresh behaviour of a concrete mix.
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Figure 17. Relationship between the viscosity and yield values.

7. Rheometer Test Adjustment
7.1. Adjusment Flow Chart

To make the rheological control of the behaviour of concrete in a fresh state more
widespread and replace traditional industrial tests, a campaign of tests is required to enable
the adjustment of the testing profiles and the configuration of the device (blade, container,
load cell).

In this study, a procedure to adjust the rheological test that will be used in the auto-
mated control of the fresh behaviour of concrete was developed. In this case, two types of
impellers were considered, named A and B, with substantially different geometries, and
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one rheological test (FCT), in which the pre-shear period and speed must be adjusted. The
FCT was selected as the most suitable procedure for automated control because it provides
information regarding the plastic viscosity and yield stress.

Figure 18 presents the protocol suggested for adjusting the rheological procedure.
The first step is to select one impeller (any impeller may be selected first) along with a
high rotational speed and short pre-shear period. With this configuration, an FCT can be
conducted (FCTO in the flow chart) to verify that this speed provides a maximum torque
near, but lower than, the maximum value permitted by the torque cell. If the torque is
excessively low or high, the speed must be increased or decreased, respectively.

SPeed Preshear Impeller
(rpm) x (ss - ()

change
impeller

increase
speed

T SR FCTo pre-shear ;

lim

FCT,
\—D Torque reduction >50% K—————

PN
J7 Reduce speed

| Visual Segregation I—[>Yes

No |

Adjust FC A 1
Y5<0 D Yes

Figure 18. Adjustment flow chart.

Once the high initial speed is selected, the torque reduction in the FCT) is analysed;
if it is lower than 50%, a longer pre-shear period is suggested (limited to 90 s to avoid a
test that is too long). In this case, another loop of the procedure starts with a new FCT
to verify the new pre-shearing period (FCT; in the flow chart). If the pre-shear period is
longer than 90 s, the impeller should be changed, and the adjustment procedure should be
started again with the new impeller (FCTj).

When the torque reduction exceeds 50%, segregation must be visually checked. In
the event of segregation, the following must be applied: reduced speed, repeated FCT1
to verify the torque reduction, and readjustment of the breakdown period if necessary. If
segregation is not detected, the Bingham model can be used to define the flow curve of
the concrete. Using this equation, the yield stress can be calculated to confirm that no
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negative values are obtained. If the yield stress is negative, the speed must be reduced,
and FCT1 must be repeated again to verify the torque reduction and segregation (although
segregation would not be expected at a lower speed).

Once the yield stress is positive, the viscosity can be obtained, and the adjustment
procedure is complete. As a result of the developed campaign, the impeller, rotational
speed, and breakdown period for the flow curve test were adjusted. Using this protocol,
concrete can be used with automated control.

7.2. Advantages and Disadvantages

The use of a rheometer to obtain absolute measurements allowing users to compare the
results with other devices is complex. Therefore, the use of these devices in relative units
were proposed to simplify the process, although it limits the possibility for comparison.
Furthermore, the relative parameters provide information regarding concrete workability
and allow the comparison of different concretes when the same device is used. If necessary,
the absolute parameters (yield stress and plastic viscosity) can be obtained with a post-
process analysis.

The need to adjust the rheological tests in advance is also a disadvantage. In addition
to adjusting the concrete mix and statistically obtaining the compressive strength during
previous tests, it would also be necessary to adjust the rheological tests following the flow
chart provided in this study. Once they are fitted, the relative rheometer can evaluate the
behaviour of concrete mixes in the fresh state, resulting in both a faster and automated
production.

Another aspect that can be easily captured with a rheometer is the tendency of the
mixtures to segregate. If the concrete exhibits this issue, the rheometer produces odd results
that would trigger corrective steps. This type of device also provides information regarding
homogeneity and can detect the defects in certain batches during concrete production.

The automation provided by this device is also a powerful tool. First, its use eliminates
the need for operator intervention (most industrial tests are operator sensitive). Second,
the information can be automatically stored, and it is possible to create databases that can
be analysed in a post-process step to obtain rheography [32], or the relationships between
the mixing parameters or raw material properties, and the rheological parameters. This
can help engineers learn about concrete behaviour in concrete plants and enable faster and
better adjustments of concrete mixes.

The use of a theometer would imply a decrease in the labour costs owing to the
reduction in the manual testing of concrete. At this point, the cost of advanced industrial
testing is needed for novel concretes, such as spread and T500, J-Ring, V-funnel, and L-Box,
which must be performed when self-compacting concrete is being used. However, when
the rheometer device is included in the production chain, it can be used to ensure a 100%
automatic control of the concrete.

The time required for rheological testing differs depending on the adjustment. In the
flow chart proposed in this study, the time required to breakdown the mixture and reach
a shear stress plateau was limited to 90 s. Thus, the total time to develop the FCT would
always be less than 120 s.

Although not covered in this study, the rheometer can be adjusted as an indicator for
mixed thixotropy. This requires specific tests and a post-process analysis of the measured
results [33].

8. Conclusions

This study aims to develop a rheometer prototype and to define a procedure to adjust
its configuration and the testing protocols to enable the automated control of the concrete
fresh state. This was developed using a highly flowable concrete mix that was characterised
at various testing times (ranging from 10 to 30 min from the water-to-cement contact).

The rheometer prototype designed works in relative units. This, although it limits
its comparability with other devices, simplifies the process. It was also concluded that,
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the most suitable rheological test is the FCT, as it provides information regarding both
the yield stress and plastic viscosity of the concrete. Taking these two issues into account,
the rheometer prototype was compared to a commercial rheometer, concluding that it is
equally efficient in capturing the trends of fresh concrete behaviour.

A flow chart was designed that suggests an iterative protocol that enables industrial
users to select the FCT profile (breakdown period and rotational speed) and impeller-
type with a reduced number of iterations. This protocol considers the torque at the end
of the breakdown period, torque reduction during the breakdown period, possibility of
segregation, and possible negative values of the yield stress in relative units.

Finally, it can be concluded that a new calibrated device has been developed and a flow
chart has been designed suggesting a protocol to adjust the procedure for the assessment of
the fresh state behaviour of concrete automatically, thereby requiring minimal operator input.
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