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Abstract
[

Concrete, in its fresh state, has flow characteristics that are crucial to its proper launch and densification. These characteristics are usually mea-
sured through empirical testing as the slump test, but this test does not quantify completely the material behavior. Since this material is character-
ized as a Bingham fluid, it is essential the study of its rheological behavior to verify its properties even in fresh state. The use of classical rheology
has been employed by the scientific community to obtain rheological parameters determinants to characterize this material, such as yield stress,
plastic viscosity and evolution of shear stress to shear rate. Thus, this present study aims to determine the rheological behavior of different cement
pastes produced with cement CP Il 40 RS, varying between them the hydration periods (20 and 60 min), the water-cement ratio (0.40, 0.45 and
0.50) and the use or not of additive. Samples were assayed by flow test to determine the rheological parameters showing the effect of the variables
mentioned above in these parameters.

Keywords: rheology, cement paste, viscosity, shear stress.

Resumo
E——

O concreto, em seu estado fresco, possui caracteristicas de fluidez que sdo determinantes para seu correto langamento e adensamento. Estas
caracteristicas sdo geralmente medidas através de ensaios empiricos como o abatimento de tronco de cone, porém este ensaio nao quantifica
totalmente o comportamento do material. Sendo o material caracterizado como fluido binghamiano, é fundamental o estudo de seu comportamen-
to reoldgico para a verificagao de suas propriedades ainda no estado fresco. O uso da reologia classica tem sido empregado pela comunidade
cientifica de forma a obter parametros reoldgicos determinantes na caracterizagéo deste material, tais como a tensdo de escoamento, viscosida-
de plastica e evolugéo da tensdo de cisalhamento com a taxa de cisalhamento. Dessa forma, o presente trabalho tem como objetivo verificar o
comportamento reoldgico de diferentes pastas cimenticias produzidas com o cimento CP Il 40 RS e variando-se entre elas o tempo de hidratagdo
(20 e 60 min), a relagéo agua-cimento (0,40; 0,45 e 0,50) e com e sem incorporagao de aditivo. Amostras foram ensaiadas através de ensaios de
fluxo para determinacéo dos parametros reoldgicos, mostrando o efeito das variaveis acima mencionadas nestes parametros.

Palavras-chave: reologia, pasta de cimento, viscosidade, tensédo de cisalhamento.
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1. Introduction

EE

Itis known that Portland concrete is one of the most used materials
around the world. There are several applications of this material in
different areas of civil construction sector. Basically, concrete can
be defined as a composite material made with hydraulic binder
(Portland Cement), coarse and fine particles (aggregates), water
and air, and can also contain additions and chemical additives to
improve and/or modify some of its properties. The properties of this
composite are directly affected by the properties of its constituents
and the study of those is fundamental to determine the ideal char-
acteristics of the concrete to be used in construction sites.

An appropriate concrete application requires, among other char-
acteristics, good material workability. This characteristic depends
on several factors, such as mixture design, equipment used to
its placement, the finishing method applied, as well as the local
conditions. Concrete needs to have enough cohesion and proper
viscosity to make possible its transportation to the job site without
having to deal with undesired situations, such as segregation of its
constituents, which can affect its quality.

Therefore, concrete is a material that needs special care in all
stages of its application, from the developments of specifications
to its correct placement and complete cure, because many times
this composite has structural function. The Brazilian standard NBR
7212 (ABNT, 1984) limits the time of transportation of concrete
from mixing to its placement to a maximum of 150 minutes. If this
time is exceeded, the concrete could lose workability because of
water evaporation and the setting time due to the hydration pro-
cess of cement particles.

To the technical control of concrete and to verify its workability in
fresh state, a commonly used test is performed, the so called Slump
Test, according to the Brazilian standard NBR NM 67 (ABNT, 1998).
However, some concrete rheological properties, such as viscosity,
shear stress, yield stress, and others cannot be obtained directly
from this test. The use of better controlled equipment such as rhe-
ometers can give more precise information with respect to this fluid.
Rheology is a branch of physics that studies the deformation and
flow of materials, in an attempt to understand the relation among
stress, rate of deformation and time. There is a concern about the
mechanics of deformable bodies that can be in solid, liquid or gas-
eous state (MARTINS, 2004; COSTA, 2006; SCHRAMM, 2006).
The study of rheology, in practice, is applied to materials that show
more complex flow behavior than simple fluids (liquid and gas) or
ideal elastic solids, even though, depending on the conditions in
which the test is performed, the material can demonstrate simple
or complex behavior (CASTRO, 2007).

According to De Larrard et al. (1996), the use of rheometers is
beneficial not only to obtain a large number of parameters but also
to evaluate physical quantities that may be scientific related to dif-
ferent stages of concrete use. Reis (2008) stated that shear stress
is directly related to the results of slump tests. Another parameter
evaluated is the apparent viscosity, which indicates the increment
in stress that needs to be imposed to produce certain rate of de-
formation. In practice, the apparent viscosity is associated to the
material capacity to be placed, pumped, segregated and finished,
and therefore can differentiate a concrete that is workable to the
one that is hard to work, having difficult pumping behavior and pre-
senting surface voids in the structural elements when the formwork
is removed (CASTRO et al., 2011).

When the workability is evaluated considering rheological param-
eters, the concrete production control can be made in a more ac-
curate manner. The rheological assessment can show not only if a
test result is satisfactory but also can identify the factors that can
influence negatively the concrete workability during test (CASTRO,
2007).

To determine the rheological parameters of cement pastes, such
as yield stress, apparent viscosity, and the effects of material con-
solidation associated to the hydration of cement particles, the liter-
ature suggests the use of some tests, such as the flow test, oscilla-
tory tests (time sweep and strain sweep) and Vane tests (SATO et
al., 2012; LISBOA, 2004; CAVALCANTI, 2006; VENANCIO, 2008;
SAAK et al., 2001; BETIOLI et al., 2009). Even though there are
several studies trying to understand the behavior of concrete in its
fresh state, the use of tools and tests based on rotational rheology
are not many.

Concrete in its fresh state can be considered a fluid, and there-
fore, basic principles of rheology can be applied to this material
(METHA, 1986). The main factors that cause concrete incompat-
ibility are the amount of C,A; the type and amount of sulfates in
the cement; water-soluble alkalis (Na+, K+), either from cement
particles or additives; type and design procedure of both materi-
als, such as mineral mixtures; the cement paste temperature and
the water-to-cement ratio. Some researchers related the sensibility
of rheological parameters to the factors above-mentioned (FER-
RARIS, 1996; ZHANG, 2001; CHEN, STRUBLE, ZHANG, 2006).
For the rheological analysis of cement pastes and mortars, some
parameters need to be carefully defined. The time and energy
spent during the mixing process for sample preparation, for exam-
ple, influence significantly the rheological properties of those ma-
terials. Franga, Cardoso and Pileggi (2011 and 2012) mentioned
that the greater the mixing time, the more efficient is the mixing
process due to the high energy involved in the process, produc-
ing therefore a more disperse material (small size of mobile units,
particles or agglomerates), homogeneous, stable and a more fluid
like behavior. The mixing method used to produce cement pastes
should simulate the shearing effects that occurs when concrete is
produced. Bhattacharja and Tang (2000) also reported the use of a
high shearing mixer to prepare cement pastes in order to simulate
the effects of shearing.

Taking into account the need of o broader evaluation of concrete
properties in its fresh state, this study aims at analyzing the rheo-
logical properties of cement pastes by performing flow test using
dynamic shear rheometer as the main testing equipment. Thus,
the rheological properties of pastes produced with different water-
cement ratios, with and without additives, will be analyzed so as to
verify the effects of these constituents on rheological behavior of
cement pastes.

2. Objectives
——

The present study aims at verifying the rheological behavior differ-
ent cement pastes produced by mixing water and Portland cement,
with and without additives, so as to assess the influence of these
constituents on the study rheological parameters (yield stress, ap-
parent viscosity, rheological profile of the material and effects of
this material associated to cement hydration).

The composition of these pastes used different water-cement ra-
tios (0.40; 0.45 and 0.50), with and without additives. Also, the
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Figure 1 - Granulometric curve of portland cement CP Il 40 RS

EEmEEmmE | T T T T T T T T T T
975/ sympatec
95.0

925
90.0
875
85.0
825
80.0
775
75.0
725
700
67.5
65.0
625
60.0
57.5
55.0
525
50.0
475
450
425
40.0
375
350
325
300
275
250
225
200
17.5
15.0
125
100

75

5.0

25

Cumulative distribution Q3/ %

00 A | . 1 . T N B I T |
06 08 10 2 4 8 8 0

L L
20 40 60 80 100 200

particle size / pm

pastes were tested at different hydration times (20 and 60 min.) in
order to allow verifying the effect of cement hydration on rheologi-
cal properties of the study cement pastes.

3. Materials and methods
E——

3.1 Materials

In order to be carried out, this study used CP Ill 40 RS cement,
classified as blast furnace Portland, resistant to sulfates as per
Standard NBR 5735 (Brazilian Association of Technical Standards
—ABNT, 1991). For the granulometric classification of the material,
we used a laser diffraction granulometer (model Sympatec®) with
lenses able to read between 1.8 to 350 mm. Figure 1 shows the
granulometric distribution curve obtained for the study cement.
The additive incorporated into the study cement pastes was GLE-
NIUM® 51 (by BASF S. A.), which is as polycarboxylate ether su-
perplasticizer. The water used in this study was taken directly from
the water concessionaire’s local network.

3.2 Composition and preparation of cement pastes

This study analyzed samples of cement pastes with three differ-
ent water/cement (w/c) ratios, with and without additives. Table 1

presents the w/c ratio values and the amount of additive for each
sample used in the flow test.

3.2.1 Mixing procedures

Since there is no standard procedure for mixing cement pastes
to be used in rheological property determination using a dynamic
shear rheometer, this study adopted the procedure for mixing ce-
ment pastes provided by standard NBR 13276 (ABNT, 2005), which

Table 1 - W/c ratios and amount
of additive in the pastes analyzed

Cement paste w/c ratio Additive
Paste 1 0.40 -
Paste 2 0.45 -
Paste 3 0.50 -
Paste 4 0.40 0.2%
Paste 5 0.45 02%
Paste 6 0.50 02%

024
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Table 2 - Process of mixing materials

Procedure Initial time (s) Final time (s)
Putting cement 0 30
and water together
Mixer use 30 60
Cleaning and wait 60 120
Mixer use 120 150

concerns preparation of mix and mortar consistency index for set-
tling and coating walls and ceilings. The mixes were determined
on an electronic digital scale with 0.01g accuracy. A mechanical
mixer was employed to ensure homogenization of the sample.

In compliance with NBR 13276 (ABNT, 2005), first the amount
of water and cement were separately weighed with 1.0g ap-
proximation. Then, water was added to the specific portion of
cement corresponding to the w/c under study for a continuous
period of 30 seconds. After putting the materials together, they
were blended in the mixer for 30 seconds, then the machine was
turned off. The mixer was cleaned, we waited for 60 seconds
and, finally, it was turned on again and material was mixed for
another 30 seconds so as to obtain a homogeneous paste. In
pastes composed also by the additive, it was added to the paste
after mixing as mentioned above. The new mix was homoge-
nized using a spatula for 30 seconds. Table 2 shows the stages
for preparing the cement pastes.

After all the mixing process, the samples were kept in air-tight
containers until the tests were carried. This was not to lose hu-
midity to the ambient. Before each test, the paste was mixed
again in the following way: 30 seconds using mixer, 15 seconds
using spatula, and 30 seconds using the mixer again, so as to
keep homogeneity.

Figure 2 - Slope from 0 to 100s -1 in 2 minutes
and to 0 again in 2 more minutes
(Betioli et al., 2009)
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3.3 Flow test

Through flow-test, we can obtain shear stress at a particular shear
rate. The test consists in applying an increasing shear rate with
acceleration from 0 to 100 s™ in 2 minutes, flowed by deceleration
to 0 in another 2 minutes, as shown in Figure 2.

From the variation of these parameters, one can trace the rheo-
logical profile of materials, and determine important rheological
properties such as apparent viscosity (h, ), yield stress (s;) and
hysteresis area (AH, Portuguese acronym). Apparent viscosity of
cement pastes was evaluated at the maximum shear rate applied,
which was 100 s in this study. Yield stress was approximate by
extrapolating the shear stress curve and shear rate, until 0 s™'.
Another parameter analyzed with flow test results was hysteresis
area (AH). This area is formed by acceleration and deceleration
curves in the shear stress vs. shear rate graph (OLIVEIRA et al.,
2000; BETIOLI et al., 2012), and it indicates that the level of sys-
tem structuring/destructuring.

Shear cycles were carried out at pre-defined times within the ce-
ment dormancy induction interval, which shows less heat release
(KIRCHHEIM, 2008). In this interval, the cement hydration reac-
tions are considered controlled, which allows us to consider the
conservation of mass at the moment of testing. Silva (2001) de-
termined an induction period between 20 and 110 minutes from the
intersection of the horizontal section with two lines: The line traced
in the pre-induction period and the extrapolation of acceleration
regression line, as shown in Figure 3.

Thus, the cement pastes were tested at two different cement hy-
dration times (20 and 60 min) within the material induction interval,
so as to analyze the effects of cement hydration on rheological
properties of cement pastes.

In order to carry out the flow tests, we used a dynamic shear
rheometer. The geometry chosen for flow test was parallel-plate
geometry, which has 40 mm diameter and 1Tmm spacing. For

Figure 3 - Heat release rate during 6
hydration hours. The interval of induction
period takes place between 20
and 110, approximately (Silva, 2001)
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each study paste, three samples were tested. For making the
shear stress vs shear rate; and viscosity vs shear rate graphs,
we employed the arithmetic mean of the sample values. In the
analysis of graphs, we verified the effects of water-cement ratio,
additive addition, cement and hydration of rheological behavior.
In order to avoid water evaporation and keep the sample tem-
perature at 25° C during the test, a protective device (Peltier
plate) was used. A textured sticker was applied to the surface
of each plate so as to prevent the sample from slipping, as seen
in Figure 4.

4. Results and discussion

EE

Figures 5 and 6 show shear stress and apparent viscosity referring
to shear rate for cement pastes (with and without additive) for each
hydration time (20 and 60 min) analyzed in this study.

One can see that the study cement pastes need an initial shear
stress (c0) to start yielding. After overcoming this yield stress,
the pastes showed non-linear behavior, which shows a behavior
tendency of a Herschel-Bulkley fluid, also known as generalized
Bingham.

By analyzing the hysteresis areas between the acceleration and
deceleration curves of the shear stress vs. shear rate graph, one
can see that at 20 minutes of hydration, this area is virtually null.
This can indicate the dispersion status of samples. Not so signifi-
cant hysteresis areas little show that the mixing process adopted
was enough to obtain a homogeneous sample, with total break-
down of agglomerates. On the other hand, at 60 minutes, there
is a trend of restructuring of these agglomerates and, therefore,
breakdown takes place during imposed shear cycles.

The action of additive is seen through the levels of shear stress
in the samples. According to Oliveira et al. (2003 apud FRANCA,
CARDOSO and PILEGGI, 2012), the required levels of stress for

mixing concrete are reduced when using additives, because they
allow better dispersion of particles.

Figure 6 shows that for all the pastes, apparent viscosity obtained
from the relationship between shear stress and shear rate de-
creased as shear rate increased, which shows the thixotropic na-
ture of this material. In pastes that received additives, the addition
effects on rheological behavior were evident, such as decrease in
apparent viscosity, as seen in Figure 6 compared to pastes without
additive (Figure 5). When adding this material, the pastes became
more fluid and more susceptible to excessive deformation if sub-
mitted to shear stress. This makes measuring shear stress values
more difficult using the equipment adopted in this study.

Tables 3 and 4 show the apparent viscosity and yield stress values
obtained at 20 and 60 minutes of hydration, respectively.

It is seen that pastes without additive and wi/c ratio 0.40, 0.45 and
0.5 increased, respectively, of 4, 9 and 7 times their yield stress at
hydration age of 60 minutes compared to age 20 minutes. The in-
crease in hydration time made pastes show a more agglomerated
structure because of the process of hydrating cement particles.
Therefore, more stress is required to start paste yielding. This phe-
nomenon is reflected on the increase of yield stress. As expected,
the pastes without additive showed higher yield strength compared
to pastes with additive, which was also reflected on apparent vis-
cosity of the study pastes. Addition of polycarboxylate platicizing
admixtures causes cement particles to disperse, increasing flow, a
phenomenon known as electrical repulsion. Thus, pastes with ad-
ditives become more fluid, which results in significant reduction of
yield stress and apparent viscosity values compared to pastes with
the same water-cement ratio.

Figure 7 shows the correlation between yield stress and water-
cement obtained in this study.

We can see the trend of correlation between the parameters ana-
lyzed using exponential function, both for pastes with and without
additive. Coefficients of determination (R?) of 0.99 and 0.96 for

Figure 4 - Geometry of parallel plates with and peltier and textured adhesive

Peltier plate

Textured sticker
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Figure 5 - Shear stress vs. shear rate in cement pastes: (a) without
additive and (b) with additive, tested at hydration times 20 and 60 minutes.
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Table 3 - Rheological properties of cement

Table 4 - Rheological propetrties of cement
pastes after hydration of 20 min

pastes after hydration of 60 min

Moo O
(Pa.s) (Pa.s)

7/

Without With Without With

additive additive additive additive
0.4 3.2 0.29 143 8.5
0.45 1.2 0.1 47 2.48
0.5 0.48 0.02 15 0.2

N
(Pa.s)
Without With
additive additive
0.4 6.3 0,87
0.45 4 0.2
0.5 0.8 0.1

6, - Acceleration

(Pa.s)
Without With
additive additive

576 27
441 8
100 3
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pastes without and with additives, respectively, show strong nega-
tive correlation between yield stress and water-cement ratio. The
use of this type of correlation, based on analysis of rheological pa-
rameters can lead to measuring workability in a more scientific way.

5. Conclusions

EE

In order to better understand the influence of important variable in
dosing cement mixes (w/c ratio, cement hydration, and use of chemi-
cal admixtures) on cement-based materials, we adopted rheological
tests. The rheological behavior of cement pastes is complex because
many factors interfere in their properties, such as type of cement and
its reactive nature, water-cement ratio used, presence of additives,
and mixing conditions (speed, length, confinement), among others.
The flow test is an effective tool to determine rheological proper-

ties of cement pastes in laboratory, because it is possible to induce
samples to a high shearing magnitude. This resulted in different
values of rheological properties (apparent viscosity and yield stress).
Apparent viscosity showed to be higher in pastes with lower water-
cement ratio among the samples without additive. The pastes us-
ing additive showed apparent viscosity with little variation.

Yield stress for pastes without additives increased significantly with
hydration age.

This study shows the need of further investigations on rheological
characterization of cement pastes due to the large range of prod-
ucts that can be used to produce them.
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