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ABSTRACT 

The doctoral thesis deals with the study of the rheological behavior of the cement 
based systems. The introductory part includes theoretical knowledge about rheology 
and materials of interest (cement, self-compacting concrete, superplasticizers). A 
detailed description of the rheological behavior of the fresh cement based systems 
follows. In addition the hydration of the cement, calorimetry, Vicat test, X-ray 
powder diffractometry and scanning electron microscope are described. The 
experimental part is divided into two parts. First part is concerning the self-
compacting concrete and their matrixes and includes basic characterization, 
rheological measurements and investigation of the static yield stress. Second part is 
regarding the cement pastes, which were tested via several methods with using the 
parallel plate rheometer, Vicat apparatus, isoperibolic and modular calorimeter, X-
ray diffractometer and scanning electron microscope.  

 
 
 

ABSTRAKT  

Disertační práce se zabývá studiem reologického chování materiálů na bázi 
cementu. Úvodní část obsahuje teoretické poznatky týkající se reologie a 
zkoumaných materiálů (cement, samozhutnitelný beton, superplastifikátory). Poté 
následuje detailní popis reologických vlastností čerstvých cementových materiálů. 
Kromě toho je dále uvedena hydratace cementu, kalorimetrie, Vicatův test, 
rentgenová difrakční analýza a elektronová mikroskopie. Experimentální část práce 
je rozdělena do dvou částí. První část se zabývá základní charakterizací, 
reologickým měřením a studiem statické meze toku směsí samozhutnitelných betonů 
a jejich matric. Druhá část se týká cementových past, které byly podrobeny testování 
pomocí reometru, Vicatova přístroje, isoperibolického a modulárního kalorimetru, 
rentgenového difraktometru a elektronového mikroskopu.  
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1  INTRODUCTION 
Since civilization first start to build, the human race has sought materials that 

bind stones into solid formed mass. After the discovery of Portland cement in 1824, 
concrete has become the most commonly used structural material in modern 
civilization. The quality of the concrete structure is of course dependence on the 
quality of each constituent used in the concrete mixture. However, this is not the 
only controlling factor. The quality also depends very much on the rheological 
properties of the fresh concrete during placement into the formwork. 

The rheology of concrete is often characterized by its workability. The 
workability of concrete is a performance index representing how easily it is 
constructed when used in actual structures and is a collective term of general 
performance that includes easiness of being mixed, transportability, void-filling 
ability, compactibility, finishability and resistance against segregation.  

The rheological properties of fresh concrete are related to cement hydration and 
chemical interactions in the cement paste system. In addition, the rheological 
propoerties of concrete are also dependent on the aggregates contained in the 
mixture. But the evolution of the rheological properties at early ages depends almost 
entirely on the cement paste.  

During the course of time, empirical test method of different types and quality 
have been developed and used to give some kind of rheological description of the 
fresh concrete. From basic tests like slump flow up to using the viscometers and 
advanced rheometers, which are very sensitive and give fundamental physical 
quantities. A standart method to estimate the setting time of the cement paste is the 
Vicat test. Although this test is widely used, there is only scarce literature dealing 
with the correlation of the test results with any physical or mechanical properties of 
tested material.  

This thesis is focused on the rheological properties of cement based systems. 
First part is concerning the self-compacting concrete and their matrixes and second 
part is regarding the cement pastes. In addition the cement pastes were studied 
during first hours of hydration via calorimetry, X-ray powder diffractometry and 
scanning electron microscope. 
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2  OBJECTIVES OF THIS THESIS 
This thesis is concerning the rheological properties of cement based systems, 

where the self-compacting concretes, their matrixes and cement pastes are involved. 
The aims of this thesis are following: 

• literature research about rheological properties of the cement based materials 
• investigation of the static yield stress via several methods 
• observation of effects of water to cement ratio and superplasticizer dosage 

on rheological properties of fresh cement materials 
• study of properties of cement paste during first hours of hydration 
 
3  THEORETICAL PART 
3.1 RHEOLOGY 

The rheology is the study of deformation and flow of matter. Rheology, as an 
independent branch of natural sciences, emerged more than 70 years ago. It is 
branch of physics (and physical chemistry) since the most important variables come 
from the field of mechanics. The term ,,rheology” originates from the Greek ,,rheos” 
meaning the river, flowing, streaming. Thus, rheology is literally ,,flow science”. 
However, rheological experiments do not merely reveal information about the flow 
behavior of liquids, but also the deformation behavior of solids. The connection here 
is that a large deformation produced by shear forces cause many materials to flow. 
Ideal viscous (or Newtonian) flow behavior is described formally using Newton’s 
law [1, 2, 3]: 

.

γητ ⋅=  (1) 

where τ is the shear stress, 
.

γ  shear rate and η is called the dynamic viscosity 
[Pa.s], which is qualitavely the property of a material to resist deformation 
increasingly with increasing rate of deformation. According to the acceptance of the 
Newton´s law, the Newtonian and non-Newtonian fluids are distinguished. 

 

3.2 BEHAVIOR OF NON-NEWTONIAN LIQUID 

The relationship between shear stress and shear strain is called the flow curve, 
and can take a variety of forms, as shown in Fig. 1. The simplest form is a straight 
line passing through the origin. This is called Newtonian behaviour, and is a 
characteristic of most simple liquids, such as water, white spirit, petrol, lubricating 
oil, etc., and of many true solutions, e.g. sugar in water. The other forms of flow 
curves in Fig. 1 all intercept the shear stress axis at some positive, non-zero value, 
i.e. flow will only commence when the shear stress exceeds this threshold value, 
which is often called the yield stress. A wide range of equations have been proposed 
to model the various shapes of flow curves found in practice [4]. 
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Fig. 1: Types of flow curves [4] 

 
3.3 RHEOLOGY OF CEMENT BASED SYSTEMS 

Rheology is the logical tool to characterize and describe the flow behavior, 
thickening, workability loss, stability and even compactability of fresh cement based 
particle suspension such as cement paste, mortar and concrete. To apply this tool, 
one has to be able to evaluate and choose material parameters of importance and to 
be able to obtain information about them, for example through testing. A great deal 
of effort has been spent on obtaining accurate and repeatable data on the rheological 
material parameters. Although the same trend and behavior is generally attained by 
different types of devices, the absolute value can however differ somewhat [5]. 

Rheological studies on cement pastes and concrete have been reviewed in books 
and several articles. The results in the literature show wide variations, many of 
which reflect the large effects of seemingly minor differences in experimental 
technique. Since the cement pastes do not show Newtonian behaviour, methods 
giving only a single parameter are inadequate [6]. 

For example Yaiha and Khayat [7] evaluated the effectiveness of various 
rheological models to estimate yield stress of high-performance cement grouts 
containing supplementary cementitious materials and rheology-modifying 
admixtures. The rheological models considered in the investigation included 
Bingham, Casson, Herschel-Bulkey and De Kee as well as a model propsed by the 
authors. Different estimates of yield stress were obtained when using the different 
models. The Bingham model resulted in higher yield stress estimates than the other 
models, while the Herschel-Bulkey model resulted in the lowest values. 

Numerous researchers have successfully used the Bingham equation for 
characterization of rheological behavior of cement paste [8,9,10]. This model is 
applicable for most of mortars and concrete [11]. The validity of the Bingham 
equation has been verified [12] using different types of rheometers (BML, 
BTRHEOM, CEMAGREF-IMG, IBB, two-point) and different concrete 
compositions in international test at French laboratories. In another work the 
Bingham model and the Herschel-Bulkley model have received wide acceptance for 
characterization of fresh concrete [13].  
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Due to the low yield stress, deviations from the Bingham model can occur, 
causing an apparent negative yield stress when using traditional rotational 
viscometry and resulting in a non-linear relationship between shear stress and shear 
rate. In Belgium and some surrounding countries, the shear thickening effect has 
been discussed and as a result the Bingham model is mostly not applicable in these 
cases [14]. In some cases such observations could be due to the insufficient 
evaluation of the equilibrium torque conditions during viscometer measurement, 
something that is not always reported [15]. Shear thickening is described in the 
literature as an increase in apparent viscosity with increasing shear rate. Two 
possible theories are considered to be applicable on SCC and their shear thickening 
behavior. One is based on the formation of clusters and the other is based on grain 
inertia [16]. 

 
3.3.1 Factors affecting the rheology of cement based system 

Some important factors affecting rheology of cement based system are 
summarized as follows [17, 18, 19, 20]: 

• water-cement ratio 
• chemical composition of cement 
• chemical reactivity of filler 
• particle size distribution, specific gravity, surface texture and geometrical 

shape of particles 
• properties of chemical admixtures 
• hydration time 
• temperature and humidity of place where the paste is prepared and placed 
• initial mixing conditions, such as mixing procedure, mixer type, speed, 

duration and capacity 
• testing procedure such as test duration, measuring elements, geometry of the 

test accessory... 
It has been shown that the most important of the factors listed above are the w/c 

ratio and specific surface. Studies performed on cement pastes of different chemical 
composition indicated this factor bears a less effect on the rheology than w/c or 
fineness of cement [18, 21]. Type of superplasticizer will, however, also influence 
the flow properties of cementitious pastes due to their dependencies in cement 
chemistry, different dispersing mechanisms and retarding effects [22, 23].  

 
3.3.2 Thixotropy of cement based system 

Thixotropy of cementitious materials is quantified by measuring of thixotropic 
loop (Fig. 2). This method is based on the fact, that because of the transient nature of 
thixotropy and the dependency of specific rheological properties on the flow history, 
the stress/shear rate curves measured successively in a viscometer during increasing 
and decreasing sequences of applied shear rates will not superimpose. During the 
increasing shear rate ramp, de-flocculation occurs but not quickly enough to reach 
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the steady state shear stress. The measured stress is thus always higher than what 
would be obtained if steady state was reached. On the other hand, during the 
decreasing shear rate ramp, flocculation occurs but here again not quickly enough 
for steady state to be reached and the measured stress stays lower than steady state. 
The area between the two curves is measured and is considered as representative of 
the work done per unit time and unit volume of the cement material to break some of 
the initially present linkages. It has to be noted that, in the case of a succession of 
shear rate steps, the loop appears only if the duration of the applied shear rate step is 
of course not sufficient for steady state to be reached [24]. 

 
Fig. 2: Example of thixotropic loop obtained with a cement paste submitted successively to increasing and 

decreasing shear rate ramps [24] 

 
3.3.3 Dynamic and static yield stress 

Yield stress is dictated by the structure and strength of the network of cement 
particles interaction [25,26]. Accumulated experimental and numerical evidence 
show that network rupture in particle suspension occurs when its initial structure has 
been sufficiently modified, namely for a critical strain γc [27].  

One common method of obtaining yield stress value is to extrapolate the shear 
stress versus shear rate curve back to the shear stress intercept at zero shear rate. 
Values obtained using this method will be strongly influenced by the rheological 
model and shear range selected to represent the data [28]. 

The yield stress, measured in an undisturbed sample, is the static yield stress. The 
yield stress of a completely broken down sample, often determined from 
extrapolation of the equilibrium flow curve, is the dynamic yield stress. A static 
yield stress may be significantly higher than the dynamic yield stress. The idea of a 
static and dynamic yield stresses can be explained by assuming there are two types 
of structure in a thixotropic materials. One structure is insensitive to shear rate and 
serves to define the dynamic yield stress associated with equilibrium curve. A 
second structure, the weak structure, forms over a certain period of time when the 
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sample is at rest. Combined, the two structures cause a resistance to flow which 
determines the static yield stress [28]. 

 
3.3.4 Yield value and cement based systems 

When discussing the rheology of concrete in its fresh state, the dynamic yield 
stress τ0 (Pa), is normally referred to as the stress needed to make the concrete flow 
or, in other words, describing the concrete resistance to flow. However, since the 
dynamic yield stress is the equilibrium value for a concrete in motion it is probably 
even better to use this value as the limit of concrete flowability, i.e., the stress 
needed to stop the flow rather than the concrete resistance to flow. That is why the 
dynamic yield stress of a SCC in general correlates well to its slump-flow value 
[29]. Instead, a more correct value of the stress needed to make a concrete flow from 
a state of rest is static yield value. This is the stress level necessary to exceed in 
order to break the structure within a concrete at rest and go from elastic via visco-
elastic, visco-plastic to plastic behaviour.  

So, the dynamic yield stress is of interest when considering flow properties and 
planning of formwork filling, pumping etc. The static yield stress and how this 
develops in the concrete at rest, is instead important for issues such as form pressure, 
time between casting of concrete layers, the time a SCC can be left at rest in a skip 
before emptying it etc. [29]. The static yield stress is also important for the stability 
at rest with respect to sinking of aggregate particles. 

 
3.4 VICAT TEST 

A standard method to estimate the setting time of a cement paste is the Vicat test 
described in ČSN EN 196-3. The test consists in the measurement of the penetration 
depth of the steel cylinder needle which falls down under gravity. A needle 
weighing 300 ± 1 g and diameter of 10.00 ± 0.05 mm is lowered on the surface of a 
specimen of fresh cement paste and the penetration depth is recorded [30]. 

Although the Vicat test is widely used technique, there is only scarce literature 
dealing with the correlation of the test results with any physical or mechanical 
properties of the material. The main reason for this probably lies in the fact that, up 
to recently, it was not possible to follow the evolution of a quantifiable physical or 
mechanical property of cement paste during setting. Consequently, this penetration 
test has remained empirical, delivering strictly comparative values. Several authors 
have already proposed some models for prediction the yield stress value and the 
models are listed in following table, where R is the needle rariud and h the depth of 
penetration [31, 32, 33]. 

 
Table 1: Used models for the prediction of the yield stress 

Model 1 Model 2 Model 3 
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4  EXPERIMENTAL PART I 
First part of the experimental part is concerning to the rheological properties of 

the self-compacting concretes and their matrixes. This part was done during 5 
month´s Erasmus stay at the Norwegian University of Science and Technology, 
Department of Structural Engineering. Several tests were performed from the basic 
test to obtain the properties like slump flow, density, air content. Then the 
rheological parameters were measured with using the BML viscometer. For catching 
the static yield stress, the plate test was proposed and successfully done. The static 
yield stress and their change during aging were observed with using the ConTec 
viscometer 4 with very low applied rotational velocities. The inclined plane test, 
other test for finding the static yield stress was carried out during 3 weeks following 
intership. The matrixes of the tested mixture were studied with measurement with 
parallel plate rheometer.   

At the end of the experimental part I the mixtures of SCC produced at a ready-
mix concrete plant were tested. Three mixtures of SCC (filler stabilized, chemically 
stabilized and unstable) were subjected the rheological testing. The mixtures were 
sieving to obtaining mortar and mortars were characterized as well. 

 
4.1 COMPOSITION OF MORTARS I AND II 

Table 2 shows the composition of the mortar that was proportioned with a matrix 
volume fraction of 40 volume %. The materials used are: 

• Cement: Norcem Standard FA, which is Portland cement type CEM II/A-V 
42.5 R contains up to 20 % fly ash with typical Blaine value 450 m2·kg-1 

• Sand: Årdal 0/8 (low filler) 
• Tau: NorStone Tau (rock type: quartz diorite) 
• Superplasticizer (SP): ResconMapei SP-130 - Acrylic polymer with 30% dry 

solid, splitting type admixture, normal dosage = 0.3-1.2% of cement weight 
 

Table 2: Used materials and parameters 

Mixture I Mixture II 
Material 

Weight [kg] kg/m3 Weight [kg] kg/m3 
Cement 17.285 432.1 17.285 432.1 
Water 7.644 226.2 7.863 218.8 

SP 0.110 2.8 0.110 2.8 
Tau 2.273 56.8 2.273 56.8 
Sand 63.771 1594.3 63.551 1588.8 
w/c 0.52 0.50 

SP [%] 0.6 0.6 
*in water content w/c is included water from sand 
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4.2 STATIC YIELD STRESS MEASUREMENTS WITH CONTEC4 
VISCOMETER 

Rheological measurements with the ConTec4 viscometer were performed in 
order to measure time development of torque T at very low, constant, rotational 
speed run in various test sequences. The obtained stress-rotation and then stress-
strain curves were recalculated and the time-dependant development of yield stress 
value and structural build-up was found. Fig. 3 shows a photo of the ConTec 4 
instrument computer and the actual container with 4 mm half-cylinder surface 
roughness and the static core that were used. The gap between the container and the 
cylinder were 9 mm. 

 

 
Fig. 3: ConTec4 with rotating container and static core 

 
4.3 PLATE TEST 

The plate test is based on the fact that the slight deformation of material under its 
own weight, evaporation and other causes of volumetric change that occur, allow to 
transfer a part of this load to the plate by the mobilization of a shear stress on the 
plate. This shear stress is equal to the maximum value physically acceptable, which 
is the yield stress [34]. It is important to note here that, as opposed to a penetrometer 
test (Vicat needle), the plate is perfectly static. The test set up is shown in Fig. 4 
with both plate with rough surface, container for paste and balance. 

 

 
Fig. 4: Test set up for plate test 
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The shear stress acting on the surface of the plate was calculated from the 
measured apparent mass evolution using the following equation [35]: 

( ) ( )
pS

tMg
t

2

∆=τ  (2) 

where ∆M is the measured variation in the apparent mass of the plate and Sp is the 
immersed surface of the plate. The structuration rate of the tested material is Athix 
[Pa·s-1]. It is the rate of increase in the static yield stress of material in Pa·s-1 and also 
called structural build-up rate. Roussel proposed the classification given in Table 3 
according the author’s own experience and other published results [24].  

 
Table 3: Classification of SCC according to their flocculation rate [24] 

 
 
4.4 PARALLEL PLATE RHEOMETER 

Following the mortar studies a series of matrixes with the same binder 
composition and filler content were made and investigated with a MRC 300 
rheometer produced by Paar Physica with parallel plate measuring system. The 
upper plate had a serrated surface to avoid slippage and the geometry of upper plate 
given by radius was 3 cm. The gap between the plates was set to 1.0 mm. The 
bottom plate was temperature controlled. 

Proportioning of matrixes was varied so as to cover the composition of the 
matrixes in the previously investigated mortar according to the particle-matrix 
model [36]. The matrix phase consists of water, chemical admixtures (SP) and all 
fines, including cement, pozzolanes and aggregate fines, i.e. particles < 0.125 mm. 

All tests were started at time 10 min after water addition (age 10 min). Test I was 
done to obtain basic rheological properties like gel strength, yield stress and plastic 
viscosity. Tests II and III were performed for a detailed study of static yield stress 
and only done for matrix M1, which corresponded to the composition of the matrix 
phase of the mortar (mixture II). 

 
Table 4: Proportioning of matrixes 

Matrix w/c ratio SP [%] Cement [g] Filler* [g]  Tau [g] 

M1 0.5 0.60 216.89 21.24 28.51 
M2 0.4 0.60 243.27 23.82 31.98 
M3 0.5 0.50 216.89 21.24 28.51 

* particle size 0-0.125mm with the same material as used in the sand 
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4.5 INCLINED PLANE TEST 

Inclined plane tests were carried out to determine static yield stress of SCC and 
their mortars [37].  

 
Fig. 5: The inclined plane test with sieved out mortar 

 
The static yield stress was then calculated according to the formula [37]: 

ϕρτ sin0 sgh=  (3) 
where ρ is the density of the sample, g is the gravitational acceleration, hs is the 

thickness of the spread and φ is the angle of inclination of the inclined plane. 
 
4.6 TESTING SCC MIXTURES FROM CONCRETE PLANT 

After initial studies of the mixes that were similar to the first mixes I and II, static 
yield stress was measured on 3 different  SCCs produced at a ready-mix plant and 
tested in a work of Klaartje de Weerdt in the summer of 2011. There the effect of 
stabilization on the surface quality of concrete elements was investigated [38]. 

The fresh concrete was characterized via several tests and some properties like 
density, air content, slump flow, plastic viscosity and yield stress (dynamic and 
static) were determined. The concrete was sieved to obtaining mortar with all 
particles smaller than sieve size 6.3 mm. The sieved mortars were characterized by 
Bingham parameters from flow curves using ConTec4 viscometer and static yield 
stress and density were determined as well.  
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5  RESULTS AND DISCUSSION I 
5.1.1 Yield stress measurement with ConTec4 viscometer 

Fig. 6 show the results of an effort to make a systematical investigation of the 
yield stress build up with regular intervals of stress release by the “shaking” which 
presumably released the stress by a slight (less than 1/100th ) manual rotation. 
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Fig. 6: Torque-time dependence of mixture II at age 32 min on start of measurement 

 
For conversion of torque to shear stress it was used the following relationship 

(4), where r is the radius where the shear stress acts and hi is the height of the 
immersed part of the inner cylinder [2]: 

ihr

T
22π

τ =  (4) 

By alternating the applied rotational speed (0.0015 rps and 0 rps) during 
measurement with the ConTec4 viscometer the torque-time dependency was 
obtained. The maximum values of torque captured were used for calculation of yield 
stress τ0. When the rotation of the outer cylinder was stopped the torque surprisingly 
never reached zero value. The torque is maintained at a constant value when the 
rotation of the outer cylinder is stopped and these values of torques were used for 
calculation of stresses τres, which we called the residual stresses. The explanation for 
the existence of residual stress seems to be some tension between particles which 
still persists in the mixture after stopping rotation and confining the mix between the 
inner and outer cylinder in some kind of state of permanent shear stress. The 
dynamic yield value τdyn was called the stress which was reached after overcoming 
the maximal yield stress. The difference between τ0 and τres was called the mobilized 
stress τmob and was calculated according eq. 5: 

 0mob resτ τ τ= −  (5) 
To reach zero values of torque a light rotational ,,shaking” by hand was applied 

on the outer cylinder of the viscometer. This is seen as the largest peaks in Fig. 6. 
The yield stress value reached directly after shaking is called fully mobilized τfully.  
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Fig. 7: Development of stresses in mixture II (dashed lines show shaking) 

 
From Fig. 7 no clear increase of none of the stresses are seen except for from the 

first (gradual) to the second (sharp) maximum torque values reached in Fig. 6. 
However, between all values subsequent to the first value no clear increase was 
seen. Due to this the calculation procedure was reviewed resulting in a modified 2nd 
procedure of calculation and evaluation of the data. 
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Fig. 8: Calculated dependency for mixture II 

 
In the plot of stress versus age of mixture dependence (Fig. 8) a linear regression 

was applied on the linear parts of the curves. This means those parts of the curves 
when the rotation was applied and torque (stress) suddenly peaked reaching 
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maximum values (the static yield stress). The slopes of these lines represent the rate 
of increase of stress at the moment of start of rotation (reaching the yield value). 
These values are proportional to the shear modulus G and are called B [Pa/s]. G can 
be obtained by dividing B with the rate of shear (0.0015 s-1). This development of G 
modulus is shown in Fig. 9 together with the clear increase of the G the modulus 
which was reached immediately after shaking. The increasing trend of G modulus 
can be found between values which were achieved between the shaking except for 
the first part of the measurement that means before first shaking. Development of G 
modulus is shown in Fig. 9, where an obvious increase of the G modulus before first 
and after second shaking can be deduced.  

0

20

40

60

80

100

120

140

5500 6000 6500 7000 7500 8000 8500 9000

age of mixture [sec]

G
 [
k
P
a]

 
Fig. 9: Development of G modulus of mixture II (dashed lines show shaking) 

 
5.2 PLATE TEST 

The result from the plate test gives the time-dependency of yield stress. The 
structuration rate Athix was obtained from linear regression. These gave the values 
0.021 Pa/s for the mixture I and 0.014 Pa/s for the mixture II. Clearly this method 
gives very low increase of yield stress values compared to the viscometer values. 
It should be noted that the plate test we used was mainly developed for cement 
paste. Possibly the roughness of the sandpaper on the plate, which was 
approximately 0.2 mm, did not reflect the same yield as the rougher surface of the 
core of the viscometer which has larger knifes. According to the Roussel`s 
classification (Table 3) the tested mixtures belongs to non-thixotropic SCC. 

 
5.3 CONCLUSIONS FOR STATIC YIELD STRESS MEASUREMENTS 

An investigation on the time-dependant development of yield stress in two 
similar self-compacting mortars using slowly rotating ConTec4 viscometer and a 
newly developed plate test was made. The results from the ConTech4 revealed that 
both the static yield stress and structuration rate depend on the confinement 
conditions. A much higher static yield stress was obtained with a residual stress in 
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the confined mortar in the viscometer gap compared to yield stress developing in 
unconfined state at start or after a release of the residual stress by a shaking 
movement of the viscometer. 

Finally, a more detailed analysis based on data filtration of negative rotation 
values showed structuration rate of similar magnitude and also allowed to evaluate 
the shear modulus G which also showed a very clear increase with time.  

 
5.4 PARALLEL PLATE RHEOMETER 

The results obtained during the test I are summarized in Table 5. Graphic 
representation of the time development of G moduli with linear regression is shown 
on Fig. 10.  

Table 5: Obtained results from test I for all matrixes 

Test description Age [min]  M1 M2 M3 
- 11.5 Gel strength 2.1 34.9 3.8 

Static yield stress 1.5 25.2 3.4 
shear rate 0.01 s-1 18.0 

G modulus 10.7 282.4 28.9 
Static yield stress - - 4.3 

shear rate 0.001 s-1 20.5 
G modulus 10.2 248.2 33.5 

Static yield stress 1.2 23.4 2.8 
shear rate 0.01 s-1 25.0 

G modulus 6.3 237.3 18.7 
Plastic viscosity 0.12 0.61 0.17 

flow curve-up 27.5 
Yield stress 1.5 19.1 3.4 

Plastic viscosity 0.12 0.52 0.16 
flow curve-down 29.5 

Yield stress 1.5 22.6 4.2 
 

y = 0,3938x - 325,64

R2 = 0,9905
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Fig. 10: Development of G modulus during aging of matrix M1 
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5.4.1 Conclusion parallel plate rheometer 

Measurement with parallel plate rheometer was used for the study of rheological 
properties of matrixes. At first the gel strength was determined for all matrixes and 
took the value from 2.1 Pa to 34.9 Pa. Flow curves of tested matrixes were evaluated 
using Bingham model and plastic viscosity range from 0.12 to 0.52 Pa.s and yield 
stress from 1.5 to 22 Pa. One can say that all these rheological parameters are much 
more influenced by w/c ratio than SP dosage. 

The static yield stress of the matrices was very shear history dependant and 
varied very little over time for test I and was very similar to dynamic yield stress. 
One reason was the unclear maxima of the constant shear rate tests at 0.01 and 
0.001 s-1 so that the gel strength test with increasing deformation at exponential 
stress increase seems better. Shear modulus G seems to give an even safer measure 
of the structural build-up with clear linear increase of G over time with R2 = 0.99. 
Then the behaviour of matrixes was studied under constant shear rate and from 
linear part of obtained curves G moduli were evaluated. G modulus is strongly 
influenced by magnitude of shear rate which is used for testing. In case of lower 
shear rate (0.001 s-1) the resulting G moduli will have higher value (24 – 4548 Pa) 
than moduli obtained in test with higher shear rate (0.01 s-1) (G increased from 10 to 
1076 Pa). That is true for yield stress as well.  

If the results from matrix’s test are compared to the results from mortar tests, the 
plastic viscosity of mortar is 25.7 Pa.s and matrix more than hundred times lower 
0.12 Pa.s. Yield stress of mortar was determined on 14.2 Pa and matrix ten times 
lower 1.5 Pa. The structuration rate Athix for mortar was determined on 0.163 Pa.s 
for first part of measurement and 0.90 Pa.s for second part. Much lower value of the 
structuration rate was found for matrixes, only 0.005 Pa.s.  

5.5 RESULTS FOR THE MIXTURES FROM THE CONCRETE PLANT 
Filler stabilized and chemically stabilized mixtures had similar plastic viscosity. 

Concerning static yield stress value, the filler stabilized mixture had higher yield 
stress. In the case of the unstable mixture, visible segregation was observed and 
therefore rheological properties of this mixture are less valid.  

Static yield stresses of concrete determined by inclined plane test were always 
higher than dynamic yield stress and this measurement is more suitable for mortar 
than for concrete, because the determination of the angle of inclination is more 
difficult in case of concrete. For concrete movement of coarse aggregate can occur 
at first (before the mixture starts to flow). So the inclined plane test is strongly 
dependent on the stability of the mixture. Thus visual observation when conducting 
the test rather than the yield stress value itself is possibly an indication of stability. 
Another factor is the volume of the sample. In this test it was used only small 
sample volumes (dimensions of cylinder is 62 mm in diameter and 120 mm in height 
which gives 362 ml) and sampling is tricky and difficult to make representative due 
to small volume in case of SCC (the worst sampling was in case of unstable SCC). 
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So there is some limitation for samples which are suitable for using the plane test 
(stability, rheological properties.…).  

Testing of mortars gave surprising value of yield stresses and plastic viscosities, 
because these values were higher than in case of unstable and chemically stabilized 
concrete. The static yield stresses determined in the inclined plane test correspond to 
the increasing values of yield stresses evaluated from torque-time dependency in the 
ConTec4 viscometer. 

According to the structuration rate all tested mortars were thixotropic mixtures. 
The structuration rate in all cases increased and the maximum values were found for 
unstable mixture, apparently because of unstability. The B and G modulus was 
highest in case of chemically stabilized mixture.   

Yield stress was higher under confined conditions compared to under non-
confined conditions. The rate of increase of static yield stress over time, however, is 
quite similar as observed from two series of tests made with almost a half year in 
between. 

6  EXPERIMENTAL PART II 
Second part of experimental measurement was concerning on the properties of the 

cement pastes from two types of the cement with different w/c and SP dosage. The 
rheological measurements were done with using the parallel plate rheometer. The 
cement pastes were tested via Vicat test too to observe the depth of penetration with 
connection to the w/c. The heat evolution was studied with using isotermal 
calorimeter and with modular microcalorimeter. The phase composition was studied 
with using in-situ XRD analysis. The partly hydrated samples of the cement were 
prepared and tested with using the scanning electron microscopy and XRD analysis. 

6.1 USED MATERIALS AND PREPARING OF CEMENT PASTES 
 Ordinary Portland cements type I was used along with liquid superplasticizer 

Glenium Ace 40 (polycarboxylate ether polymers) and destilled water. Two cements 
were used, cement Mokrá 52.5 N and Ladce 42.5 N. 

The mixing of cement samples (based on ČSN EN 196-3) were still same that 
means the same mix method, same mixer and same amount of cement (500 g) were 
used. In all cases, the cement powder was added to the preweighed quantity of water 
and mixing was conducted at room ambient temperature. The reason for this is in 
influence of mix design on rheological properties of fresh cement paste as shown for 
example in work of researches from Northwestern University in USA [39]. 

6.2 RHEOLOGICAL MEASUREMENT 
The rheological properties were investigated using a TA Instruments parallel-

plate rheometer AR G2 with 25 mm diameter steel plate. The temperature was kept 
constant at 25 °C by a Pelltier plate system.  
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The first rheological measurement was taken at 20 min after the first contact 
between cement and water. Subsequently, a new cement paste sample from the same 
mixture was tested every 20 minutes up to one hour. 

6.3 VICAT TEST 
In this work, the procedure was modified by using the same Vicat device while 

the cement paste was prepared without attempting to achieve normal consistency. 
The reason being, the Vicat test is used here to measure the penetration depth of 
cement pastes and not to determine the standard setting time.  

The tested pastes varied in w/c, in case of the cement Mokrá 52.5 N was interval 
of w/c 0.272 – 0.300 and for the cement Ladce 42.5 N was 0.236 – 0.254 (the w/c 
increased in 0.004 in comparison with previous one). Total 15 different 
compositions were used and every composition was measured 3 times, which gives 
in total 45 tested samples. 

6.4 DENSITY OF THE PASTES 
The densities of pastes were determined via pycnometric method which consisted 

of measurement of mass of pastes in the vessel which were compared with mass of 
the vessel with water, which density is well known. The composition of the tested 
pastes were same as in case of the paste measured via Vicat test, because the value 
of density is necessary for the models predicting the yield stress from the depth of 
the penetration. Every sample was tested 3 times.  

6.5 X-RAY POWDER DIFFRACTOMETRY (XRD) ANALYSIS 
The XRD analysis is a useful tool for determine crystalline phase in inorganic 

materials. The method of in-situ XRD analysis is a workable tool for a standard 
investigation of the early hydration of ordinary Portland cement. The diffraction 
patterns were recorded by a diffractometer Empyrean (PANalytical).  

6.5.1 In-situ XRD analysis 
For the in-situ XRD analysis the cement pastes were prepared in same way like 

in previous cases and then the pastes were filled into the sample holder. The surface 
of the paste was smoothed and then covered by Kapton film. The first measurement 
of the sample was carried out at age 5 min. 
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7  RESULTS AND DISCUSSION II 
7.1 RHEOLOGICAL MEASUREMENT 

It was observed and proved, that the rheology of cement pastes changes during 
the induction period, when reactivity of the system is low. According to the literary 
knowledge the rheological changes are due to the agglomeration of the particles 
[40]. Several rheological parameters were evaluated and their dependence on 
composition (w/c and SP dosage) and type of the cement as well.  

7.2 VICAT TEST 
The normal consistency was determined on w/c 0.252 and 0.288 in case of the 

cement Ladce 42.5 N and Mokrá 52.5 N respectively. The measured depths of 
penetration are used in the models for prediction the yield stress. If we compare the 
predicted results (yield stress obtained from the depth of penetration in Vicat test) 
with measured results the dependency on Fig. 11 is obtained. The predicted values 
lies in the middle between the static and dynamic yield stresses. This fact should 
come from the principle of testing with Vicat needle, where the conditions are 
between static and dynamic. We can not say, that the testing is static, because the 
needle fall down under the gravity as mentioned in theoretical part and is not 
absolutely dynamic as well, because the test involves very low velocities. 
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Fig. 11: Predicted and measured values of the yield stresses 
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7.3 IN-SITU XRD ANALYSIS 

The diffraction lines display in Fig. 12 reflect the changes in the phase 
composition of the cement paste during first 20 hours of hydration. The 3D scheme 
was created by adding measured diffractograms, whereas every 5 minutes was 
measured another one. 

 
Fig. 12: 3D scheme of the cement paste from the cement Mokrá 52.5 N 

 
The cement hydration starts directly after first contact cement with water. Within 

the first 30 minutes a part of C3A and gypsum is dissolved rapidly resulting in a 
strong increase of ettringite content. The degrease of amount of gypsum can be seen 
as reducing of the peaks evaluated in position 11.6 °2θ  and 20.7 °2θ. The 
decreasing amount of gypsum is connected with creating the ettringite, which was 
detected in position  9 °2θ, 15.8 °2θ and 22.9 °2θ. The amount of gypsum slowly 
decreased (due the reaction with C3A) and totally disappears at age around 9 hours. 
Last hours of this process is influenced by the rival reaction of C3S. The amount of 
C3S (in position 30 °2θ) decreases dramatically at the moment of creating 
portlandite as a new phase in the system. This starts at time approximately 2.5 hours 
after first contact cement with water.  



 23 

8  SUMMARY AND FINAL REMARKS 
Cement is a complex material and its hydration possibly provides additional 

complexity. Indeed, as yet no single method exist which completely determines all 
chemical reactions taking place in a cement structure from mixing and onward. 
Therefore several complementary techniques must be used. 

In this work the cement based systems were studied. First part of this thesis, deals 
with theoretical knowledge about rheology and materials of interest. The 
experimental part is divided into two parts.  

First part is concerning to the rheological properties of the self-compacting 
concretes (SCC) and their matrixes and was performed at Norwegian University of 
Science and Technology, Department of Structural Engineering in Trondheim. The 
idea was to investigate static yield stress via several tests. Prepared mixtures I and II 
were characterized by means of basic tests to obtain the density, slum-flow value 
and air content too. These properties were in very good agreement with the 
rheological parameters obtained from measurement with BML viscometer. The time 
development of the responses on the very slow deformation was performed with 
using the ConTec4 viscometer with applied rotation velocity 0.0015 rps. These types 
of tests gave huge amount of data, which were evaluated for obtaining static, 
dynamic, residual and mobilizes stresses. Two ways of evaluation were suggested: 
first one, where the torgue-time dependence was divided into several steps and 
second, where the every measured point was recalculated into value of stress. First 
way gave the valeus of stresses, which in case of the residual stresses showed 
slightly increasing tendency. In case of the static yield stresses the values were more 
affected by shaking with outer cylinder. The structuration rate, evaluated as the 
change of the static yield stress durig aging, range from 0.06 to 0.15 Pa/s and from 
0.16 Pa/s to 0.09 Pa/s in case of mixture I and II respectively. This indicate a slow 
structural build-up of mixture. According to Roussel´s classification both mixtures 
belonged to thixotropic SCC. Second way of evaluation gave stress-time 
dependency and the G modulus was evaluted from the linear parts of curves. Same 
as in casse of the static yield stresses the G modulus was strongly affected by 
shaking and showed slightly increasing tendency during aging of mixture. The 
different kinds of peaks were observed during testing of mixtures, the gradual type 
and sharp type. Apparently the gradual type happened when the test start from an 
unconfined state immediately after pouring, whereas the steep rose and clear break 
were seen after start from rest in a more confined state. It seams, that time at rest in 
the container is the factor affecting the features of the detected peak.  

An investigation on the time-dependant development of yield stress in two 
similar self-compacting mortars using slowly rotating ConTec4 viscometer and a 
newly developed plate test was made. The results from the ConTec4 viscometer 
revealed that both the static yield stress and structuration rate depend on the 
confinement conditions. A much higher static yield stress was obtained with a 
residual stress in the confined mortar in the viscometer gap compared to yield stress 
developing in unconfined state at start or after a release of the residual stress by a 
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shaking movement of the viscometer. A more detailed analysis based on data 
filtration of negative rotation values showed structuration rate of similar magnitude 
and also allowed to evaluate the shear modulus G which also showed a very clear 
increase with time. The measurements with the plate test showed much lower 
absolute values of yield and lower structural build-up rate (the structuration rate took 
values 0.02 Pa/s and 0.01 Pa/s in case of mixture I and II respectively). Possibly the 
roughness of the sandpaper on the plate did not reflect the same yield value as the 
rougher surface of the core of the viscometer, which has larger knifes and also the 
deformation conditions around the plate and the viscometer core varied.  

Following the mortar studies a series of matrixes with same binder composition 
and filler content were investigated with using parallel plate rheometer. 
Proportioning of matrixes was varied so as to cover the composition of mixture II 
according to the particle-matrix model. For evaluating the rheological parameters 
the Bingham model was used. One can say that all rheological parameters are much 
more influenced by w/c than SP dosage. The static yield stress of the matrixes was 
very shear history dependant and varied only little over time for test I and was 
similar to the dynamic yield stress. The behaviour of martixes was studied under 
constant shear rate to obtain G modulus. G modulus is strongly influenced by 
magnitude of shear rate which is used for testing and lower shear rate gives higher 
values of G modulus. That is true for yield stress as well. Comparing the results 
concerning the matrixes and mortars, the plastic viscosity and yield stress of matrix 
was more than hundred times and ten times lower respectively. Much lower value of 
the structuration rate was found for matrix, only 0.005 Pa·s-1.   

The inclined plane test, other test for finding static yield stress was carried out 
too. Some limitation factor for mixture was observed during testing, the testing 
sample should have proper rheological properties for this type of test, especially 
dynamic yield stress. That was the reason for testing mortar with higher SP dosage 
compare to the previous mixtures. It should be pointed out, that the plate test same 
as the inclined plane test were done for the first time in mentioned institution. 
Obtained values of structuration rate (0.13 Pa/s and 0.29 Pa/s for mortar with 1.0 % 
SP and 0.8 % SP respectively) confirmed the fact, that SP dosage influences the 
hydration and creating the new structures in the system. The influence of SP dosage 
on hydration was studied in second part of this thesis with using calorimetry and 
XRD analysis.  

After studies of mortars and matrixes the static yield stress was measured on 3 
different SCCs produced at a ready-mix plant. The rheological testing was a part of 
the study of the effect of stabilization on surface quality of concrete elements, which 
included casting of full scale wall elements. Three mixtures of SCC (filler stabilized, 
chemically stabilized and unstable) were subjected the rheological testing. The 
concrete was sieved to obtaining mortar with all particles smaller than sieve size 6.3 
mm. The sieved mortars were characterized by Bingham parameters from flow 
curves using ConTec4 viscometer and static yield stress was determined as well. 
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Filler stabilized and chemically stabilized mixtures had similar plastic viscosity. 
Concerning static yield stress value, the filler stabilized mixture had higher yield 
stress. In the case of the unstable mixture, visible segregation was observed and 
therefore rheological properties of this mixture are less valid. 

Testing of mortars gave surprising value of yield stresses and plastic viscosities, 
because these values were higher than in case of unstable and chemically stabilized 
concrete.  

Static yield stresses of concrete determined by inclined plane test were always 
higher than dynamic yield stress and this measurement is more suitable for mortar 
than for concrete, because the determination of the angle of inclination is more 
difficult in case of concrete. The movement of coarse aggregate can occur first 
before the mixture starts to flow. So the inclined plane test is strongly dependent on 
the stability of the mixture. Thus visual observation when conducting the test rather 
than the yield stress value itself is possibly an indication of stability. Another factor 
is the volume of the sample. In this test it was used only small sample volumes and 
sampling is tricky and difficult to make representative. So there is some limitation 
for samples which are suitable for using the plane test (stability, rheological 
properties.…). 

Static yield stresses of concretes were always higher than dynamic as it was 
expected and correspond to the increasing values of yield stresses evaluated from 
torque-time dependency in the ConTec4 viscometer. 

According to the structuration rate all tested mortars were thixotropic mixtures. 
The structuration rate in all cases increased and the maximum values were found for 
unstable mixture, apparently because of unstability. The G modulus was highest in 
case of chemically stabilized mixture.   

Yield stress was higher under confined conditions compared to under non-
confined conditions. The rate of increase of static yield stress over time, however, is 
quite similar as observed from two series of tests made with almost a half year in 
between. 

Second part of the experimental part is concerning the rheological properties of 
the cement pastes from two types of the cement (Mokrá 52.5 N and Ladce 42.5 N) 
with different w/c and SP dosage. The characterization of the rheological properties 
was performed with using the parallel plate rheometer, whereas several parameters 
were obtained. In all cases the effect of w/c and SP dosage played important role. 
Basically the increasing w/c and SP dosage led to decreasing the rheological 
parameters. The cement pastes were tested via Vicat test too to observe the depth of 
penetration with connection to the w/c. The three models from literature for 
prediction the yield stress were used. For applying one of them the densities of 
samples should be measured. The predicted values of yield stress were connected 
with the obtained values from rheological testing, where the static and dynamic 
yield stresses were evaluated. The predicted values lie between the static and 
dynamic yield stresses, which is in very good agreement with origin of Vicat test.  
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The heat evolution was studied with using isoperibolic calorimeter for observing 
first 25 hours of hydration of cement pastes. The first stage of hydration was studied 
with modular microcalorimeter. The results showed that effect of w/c led to 
decreasing maximal temperature (especially in case of the samples from the cement 
Mokrá 52.5 N) and SP dosage extended the dormant period.   

The phase composition was studied with using in-situ XRD analysis for 20 hours 
of hydration. According to the obtained results, one can say, that during rheological 
maesurement there are not crucial changes in creating structure, only creation of 
ettringite start practically immediately after first contact cement with water. With 
this process is connected the decrease of tricalcium aluminate and gypsum in the 
system.  

The partly hydrated samples of the cement were prepared for testing phase 
composition and microstructure. The XRD analysis gives basic information about 
phase content and confirmed the formation of ettringite, which starts immediately 
after the water is added to the cement. According to the SEM pictures there are no 
significant changes in the microstructure during 60 minutes of hydration.  

The rheological behavior and properties of fresh cement based systems play 
important role in whole concrete industry and shouldn´t be marginalized. This thesis 
gives useful information about crucial properties and possibilities how to quantify or 
compare individual test results.  
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