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Investigation of rheo-
mechanical properties of 
cement suspensions activated 
in a hydrodynamic cavitator

Наведено результати рео-механічних властивостей цементних суспензій, активованих  
в гідродинамічному кавітаторі. Відзначено, що зі збільшенням часу кавітаційної обробки від 1 до 
25 хв при швидкості потоку до 66,5 м/с при числі кавітації Х = 0,088, відзначається зростання 
тиску до 3 МПа і температури до 58 °С. Слід зазначити, що зниження кількості портландцемен-
ту від 10 до 14 % дозволяє отримати штучний камінь з міцністю при стисканні 57,3±1,3 МПа.

Ключові слова: гідродинамічний кавітатор, динамічна в’язкість, кавітаційна обробка, міцність 
при стисненні, цементно-водна суспензія.
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1. I ntroduction

According to the data of [1], one of the most impor-
tant stages of concrete formation determining the quality 
of manufactured building products is the preparation of 
concrete mixtures. Any technology that allows to save 
components of concrete mixtures, excluding or simplifying 
any technological operations for their preparation, makes 
it possible to reduce financial costs or at the same costs 
to increase the amount of construction.

At present, along with the chemical modification of 
Portland cement systems by introducing organic and mineral 
additives in them, methods of physical treatment of mixing 
water are being intensively developed [2–4] (Fig.  1). The 
latter is due to the fact that the water present in the 
concrete mix is its most active component [5–7]. For
ming physical and chemical bonds and adsorption contacts, 
water sets the speed and depth of hydration of cement, 
the conditions for the formation and hardening of cement 

stone, the speed at which concrete strength is set, which 
ultimately affect the cost of building structures [6, 7].

In turn, it is known that the activity of water de-
pends on its energy state and various physical impacts 
on water, which intensify the processes taking place with 
its participation [8, 9].

In particular, magnetic, electromagnetic or acoustic 
treatment of water leads to a change in its ionic com-
position, the value of the hydrogen ion activity index, 
viscosity, surface tension and specific electric conducti
vity [10–13].

At the same time, water acquires a high chemical and 
hydration activity, which results in the possibility of directed 
regulation of technological properties of cement systems 
that are closed with its use. Therefore, it is important 
to study the activated cement-water suspension with the 
calculated amount of Portland cement for rheo-mechanical 
properties, both of the suspensions and of the artificial 
stone based on them.
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Fig. 1. Methods of activation of mixing water [7]. More modern varieties of physical influences are highlighted in green [8–10]
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2. �T he object of research  
and its technological audit

The object of research is cement slurries activated in 
a hydrodynamic cavitator.

For research in this paper used:
–	 drinking water (DSTU 7525:2014);
–	 Portland cement of the mark ПЦ І-500-Н (DSTU 

B V.2.7-46:2010), ground to a specific surface of 3550 cm2/g 
(according to Blaine), containing clinker minerals, mass. %:  
C3S – 61.2; b-C2S – 15.18; C3А – 6.45; C4АF – 11.8;

–	 Dniprovsky sand with a grain size unit Ms = 1.47, 
an average density of 1420  kg/m3, a void of 42  %, a true 
density of 2.63 g/cm3, a clay content of 1.6  %.

Total balance on the sieve No.  063 – 4.5  % by weight. 
The quality of the sand corresponds to the requirements 
of DSTU B V.2.7-32-95, DSTU B V.2.7-43-96 to the small 
aggregate for heavy concrete.

The properties of activated water in conditions of hydro
dynamic influences and cement mixtures on their basis have 
been studied separately. However, there is no data on the 
influence of the cavitation parameters on the properties 
of cement slurries and concrete on their basis.

Positive from the use of cavitation effects is the reduc
tion of the dynamic viscosity of cement slurries, the estab-
lishment of optimal mixing speed and increased strength 
properties of the binding agent.

The negative moment in applying cavitation effects is 
increasing the abrasive wear of the cavitator homogenizer, 
as well as the lifetime of the activated cement-water slurry.

3. T he aim and objectives of research

The aim of research is investigation of the parameters 
of cavitation treatment for the rheo-mechanical properties 
of cement suspensions.

To achieve this aim, the following tasks are solved:
1.	 To perform cavitation treatment of water and es-

tablish the optimum time of cavitation effect on changes 
in pH of water and strength of cement stone.

2.	 To determine the minimum viscosity and the optimum 
rate of its achievement in the cement slurry activated in 
the hydrodynamic cavitator.

3.	 To determine the strength properties of cement-sand 
mixtures obtained on the basis of an activated cement-
water suspension.

4. �R esearch of existing solutions  
of the problem

As shown by the analysis of literature sources [13–18], 
the physical activation of water, including hydrodynamic, 
leads to the formation of hydrated electrons:

H2O→H·+OH·;

H·+H·→H2;

H·+OH·→H2O;

OH·+OH·→H2O2;

OH·+H2→H2O+H·;

H·+OH–→e–
aq+H2O;

e–
aq+H+→H·;

e–
aq+O2→O–

2,

contributing to an increase in its pH and, as a conse-
quence, its activity in the case of use as a mixing fluid 
for cement systems.

Known methods of increasing the activity of cements 
include mechanochemical, the essence of which is increase 
in the specific surface area of materials with a simultaneous  
increase in surface energy, which provides an increase in 
the reactivity of the cement binder. The disadvantages of 
the dry method of activating cement include:

–	 treatment time, reaching up to several hours,
–	 high energy intensity of equipment and its low pro-
ductivity,
–	 short terms and complexity of storage of activated 
cement [19].
More effective is cavitation treatment of cement-water 

suspension in thermodynamic or hydrodynamic dispersing 
activators (cavitators) integrated into the technological 
process of preparation of concrete mixtures [20].

The principle of operation of cavitation plants is cre-
ation of effects of hydrodynamic and acoustic cavitation 
in a liquid medium passing through the working parts of 
the unit, when the resulting ultrasonic acoustic vibrations 
disperse and activate the material particles. The intensive 
influence on the cement-water suspension of micro-impacts, 
cavitation ruptures, stretching and ultrasonic vibration leads 
to its heating, grinding of the particles of the dispersed 
phase and the formation of stable activated suspensions.

According to the data of [21], the activation treat-
ment of Portland cement by activating the cement binder 
in hydrodynamic dispersants contributes not only to an 
increase in the strength of the cement stone by a factor 
of 2, but also improves the homogeneity of the cement-
water suspension.

However, in the above studies there are no data on the 
effect of cavitation treatment of cement-water suspensions 
on the pH change and their viscosity. This shortcoming 
will be partially disclosed in this paper.

5. M ethods of research

Activation of mixing water and water-cement suspensions 
is carried out in a hydrodynamic cavitator  (Fig.  2)  [15, 
22–26], the constructive scheme of which is shown in Fig. 3.

Fig. 2. Hydrodynamic cavitator: 1 – control panel; 2 – motor-reducer;  
3 – reactor; 4 – screw pump; 5 – homogenizer
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Fig. 3. Constructive scheme of the cavitator:  
1 – inlet pipeline; 2 – oscillator – cavitator: Dcr = 35 mm; β = 20°; 
D = 4dcr; lcr = 0.6...2dcr ; 3 – output pipeline; cr – the critical section

Calculation of the cavitation number with the defini-
tion of cavitation treatment is carried out according to 
the formula:

χ
rν

=
−( )2

2

P PS , 	 (1)

where Р – pressure of the flow, Pa; Ps – saturated vapor 
pressure, Pa; r – density of water and cement-water sus-
pension, kg/m3; v – flow velocity at the nozzle inlet, m/s.

The processes of dispersion and amorphization of the 
structure of the solid phase of the cement slurry are deter-
mined by the acoustic emission method  [27–29]  (Fig.  4).

1 

2 

Fig. 4. Equipment for fixing and digital recording of noise arising  
in the cavitator homogenizer: 1 – broadband piezoceramic acoustic sensor;  

2 – notebook with Spectrogram 16 software

Digital audio recording of noise arising during cavita-
tion treatment of mixing water and cement slurry is car-
ried out in WAV format of the Spectrogram program  16.

A continuous spectrum of acoustic noise carries infor-
mation about physical phenomena that occur in the flow 
of fluid passing through the cavitator [28]. With increas-
ing hydrodynamic pressure, a more intensive collapse of 
cavitation bubbles occurs, contributing to an increase in 
the noise intensity. Spectrograms record bursts of noise 
characterizing the dispersion of cement particles in the 
suspension flow.

The linear dependence of the flow velocity on noise 
is described by the dependence:

v = 0.015N +1.7,	 (2)

where

N = 10 lg(I/I0),

where I0 = 10–12  W/m2 – the power of the sound wave 
through a unit of surface relative to the input level.

The intensity of the sound resulting from the collapse 
of cavitation bubbles is described by the dependence:

I
p
rv

=
D 0

2

2
, 	 (3)

where Dp0 – the amplitude of the sound wave expressed 
in the number of decibels N; v – the velocity of the sound 
wave that propagates in the cement slurry; r – the density 
of the cement slurry.

PH changes before and after cavitation treatment of 
water and cement suspensions are carried out on the EZODO 
PL-700AL multifunction laboratory instrument  (Taiwan), 
combining the functions of a pH meter/ORP meter/Ox-
imeter/Conductometer/Salinometer/Thermometer.

The rheological properties of the cement slurries are de-
termined using a Brookfield viscometer RV DV2T (USA), 
spindle No.  4  (Fig.  5).

Fig. 5. Brookfield viscometer RV DV2T

Physical and mechanical tests of Portland cement фre 
carried out in accordance with GOST B.2.7-185: 2009, 
DSTU B V.2.7-187:2009, DSTU B V.2.7-188:2009, which 
covered the definitions of normal density of cement paste, 
setting time, tensile strength compression and bending of 
cement stone.

6. R esearch results

Activation of water is carried out in a static-type hyd
rodynamic cavitator  (Fig.  2). The water is subjected to 
cavitation for 25  minutes and the controlled parameters 
are fixed at the intervals specified by the experiment. The 
results of measurements are given in Table  1.

With an interval of 5  minutes, the activated water is 
poured into a container, which is subsequently used to 
form cement-sand samples (Table 2).

It can be seen from the spectrogram (Fig. 6, a) that at 
the end of the first minute of cavitation treatment of the 
mixing water at a pressure of 0.5  MPa, a burst of noise 
at a frequency of 23  kHz is recorded characterizing the 
beginning of the process of dispersing impurities in water 
and breaking the Van der Waals bonds. With an increase 
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in the time of cavitation treatment from 1 to 25  minutes 
at a flow rate of 66.5  m/s and a cavitation number of 
X = 0.088, pressure increases to 3  MPa and a temperature 
of up to 58  °C. Spectrograms (Fig.  6,  b) show bursts of 
noise amplitudes at frequencies of 500  Hz, 1 and 4  kHz, 
which characterize the avalanche increase in the products 
of water thermolysis with a simultaneous increase in the 
pH of water to 8.25  (Fig.  7).

Table 1
Controlled water activation parameters

Duration of 
cavitation treat-

ment, min

Pressure at the 
inlet to the cavi-
tator P1, MPa

Temperature at the 
outlet from the flow 

chamber of the 
cavitator T1, °С

Temperature 
in the reactor 

T 2, °С

1 0.5 22 21

4 1.1 25 23

6 1.3 29 26

10 1.4 33 30

13 1.5 40 36

15 1.8 42 37

20 2.1 45 40

23 2.2 50 44

24 2.5 52 45

25 3 58 50

The calculated energy, which is released as a result 
of the collapse of cavitation bubbles,  (Es = 1046.29⋅10–6J) 
under the above modes of cavitation influences can break 
the O-H bond  (Es = 71.63⋅10–20J) [16, 24, 30–32].

The observed increase in the pH of water, regardless 
of the sources of physical effects, is confirmed by the data 
of [14–17]. From the data of Table 2 it is shown that the 
time of cavitation treatment of water affects the physical 
and mechanical properties of cement-sand mixtures, namely:

–	 the value of NDD increases by 1  %;
–	 there is an increase in the mobility of the mix-
ture  (cone flow) in 1.13...1.21  times in comparison 
with the control composition;
–	 the start time of the setting is within the experi-
mental error;
–	 in the early periods of hardening, a slight decrease 
in the strength characteristics of cement-sand mix-
tures on activated water is observed compared with 
the control composition;
–	 at the brand age the strength values are higher by 
1.11…1.14  times compared to the brand strength of 
the control sample.
Taking into account the positive tendency of growth 

of brand strength of cement on activated water, further 
studies are aimed at activating water-cement suspensions, 
including up to 10  % of cement in the suspension. The 
results of the studies are given in Table  3.

a

b

Fig. 6. Spectrogram of acoustic noise: a – first; b – at the end of the cavitation treatment of water: amplitude swings – 1 (min), 2 (max)
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Table 2

Test results of cement-sand mixtures on activated  
water (W/C  = 0.5 = const)

Activation 
time, min

NDD, 
%

Cone 
flow, 
mm

Start of 
setting, 

min

Rсs/Rcf, MPa, depending on the 
hardening time, days

2 7 28

0 28 120 111 20.5/2.7 38.51/4.8 51.4/5.2

5 29 140 95 19.8/2.7 35.0/4.8 58.8/5.6

10 29 145 113 19.4/2.9 35.0/4.9 58.4/5.3

15 29 145 108 19.7/2.7 34.1/4.7 56.3/5.4

20 29 135 114 19.4/3.0 34.1/4.8 55.3/5.5

25 29 145 110 20.0/2.9 36.3/4.9 54.4/5.5

Table 3

Controlled parameters of activation of water-cement suspensions

Duration of 
cavitation treat-

ment, min

Pressure at the 
inlet to the cavita-

tor P, MPa

Temperature at the 
outlet from the flow 

chamber T1, °С

Temperature 
in the reactor 

T 2, °С

5 0.55 26 23

10 0.63 32 28

15 0.65 35 32

As can be seen from the data in Table  3, an increase 
in the time of cavitation treatment helps to increase the 
pressure and temperature at the outlet of the slurry from 
the flow chamber. This indicates the passage of more in-
tensive dispersing processes in the frequency range of 
700–800  Hz and mass-transfer processes in the frequency 
range 1.9–3.5  kHz  (Fig.  8), aimed both at reducing the 
size of Portland cement particles and on the formation 
of primary crystallization structures. The beginning of 
amorphization of clinker minerals is fixed at a frequency 
of the order of 17  kHz for 5 and 10  min of cavitation 
treatment  (Fig.  8,  a,  b). It is impossible to judge the 
development of this process due to the limited frequency 
of the computer’s sound card.

Cavitation treatment of water-cement suspension for 
more than 15  minutes  (Fig.  8,  c) is not practical, since its 
temperature rises, as a result of which the rate of crystal-
lization increases and slurry thickens. This is confirmed 
by rheological studies  (Fig.  9).

As can be seen from Fig.  9, the non-activated water-
cement slurry refers to pseudo-plastic fluids, i. e., reduces 
its viscosity from 451.000  cP to 1279  cP while increa
sing the spindle rotation speed from 0.1 to 75  min–1. The 
water-cement suspension activated for 10 minutes refers 
to the dilatant liquids, i.  e., increases its viscosity from 
160 to 273.5  cP with an increase in the spindle rotation 
speed from 50 to 200  min–1.

In general, the studied cement-water suspension refers to 
thixotropic liquids and, when applied externally, for example 
vibration, becomes a viscous-fluid state [33]. However, the 
removal of a complete rheological pattern is difficult due 
to the intensive sedimentation of the solid phase (cement 
particles) in the liquid phase of the suspension.

Elimination of this disadvantage is possible due to the 
introduction of stabilizer additives, for example starch esters.

Table 4 shows the results of physical and mechanical 
tests of cement-sand mixtures obtained on the basis of 
a 10  % cement-water suspension activated for 11  min. 
Unlike the traditional scheme of preparation of cement-
sand mixtures, the approach is based on the following:

–	 first, the missing amount of cement is added taking 
into account the one that is already in the activated 
cement-water suspension;
–	 secondly, they followed the path of reducing the 
amount of cement in the investigated system. Formula-
tions of mixtures: No.  1 – W – 247.5  ml; C – 0.45  kg; 
S  – 1.35  kg; No.  2 – W – 242  ml; C – 0.44  kg; 
S – 1.35  kg; No.  3 – W – 236.5  ml; C  – 0.43  kg; 
S – 1.35  kg.
From the obtained test results follows: the water con- 

sumption of the mixtures has increased insignificantly 
(by 0.5  %), the cone flow has increased considerably by 
1.33...1.38  times compared with the unactivated system. 
In 1.14  imes in comparison with the activated water of 
mixing.
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Fig. 7. Change in water pH depending on the time of energy impacts and the type of devices:  
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Fig. 9. Change in viscosity of 10 % cement-water suspension, depending on the rotational speed of the spindle:  
a – without cavitation treatment; b – after cavitation treatment; c – rheological flow curves
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Table 4

The results of tests of cement-sand mixtures on an activated 10 %  
cement-water suspension (W/C = 0.55 = const)

Cement 
consump-
tion, kg

Cone 
flow, 
mm

Start of 
setting, 

min

NDD , 
%

Rсs/Rcf, MPa, depending on the 
hardening time, days

2 7 28

0.45 160 105 29.5 20.1/2.4 32.0/4.5 58.5/6.9

0.44 165 115 29.5 20.6/2.5 33.3/4.6 57.3/6.7

0.43 160 103 29.5 19.8/2.3 34.8/4.7 56.0/6.5

The compressive strength on the 28th day of hardening 
increased 1.14 times as compared to the unactivated cement 
system and remained at the strength level of astringents 
obtained on the activated water of mixing. It should be 
noted that reducing the amount of Portland cement from 
10 to 14  % makes it possible to obtain an artificial stone 
with a compressive strength of 57.3 ± 1.3  MPa.

7. S WOT analysis of research results

Strengths. The positive effect of cavitation treatment 
on both the activation of water of mixing and on the 
activation of cement-water suspensions is noted. It is noted 
that at 10  minutes of cavitation treatment at pressures 
of 0.63–1.4  MPa:

–	 pH of the medium increases (pH+7.56);
–	 the dynamic viscosity of suspensions decreases in 
10.38 times;
–	 the brand strength of the studied binding composi-
tions increases in 1.14...1.38  times.
Weaknesses. The negative effect of the object of research 

on its internal factors is manifested in the retardation of 
the kinetics of the set of strength in the early stages of 
hardening on days 2 and 7.

Opportunities. Opportunities for further research will be 
directed at studying the processes of structure formation of 
activated cement-water suspensions, improving the design 
of the cavitator and the mixing chamber for increasing 
the flow rates, enhancing physical effects.

The introduction of the research facility into produc-
tion will facilitate the production of more homogeneous 
concrete mixtures and quality products based on them.

Threats. The external field, as well as the limited frequency 
of the sound card of the computer, can affect the object 
of research, which will be taken into account in further 
research. The proposed way to activate binders relates to 
nanotechnology and will initially be costly for the construc-
tion industry. However, the payback of this technology will 
begin to appear in 1.5 years from the introduction.

In the world there is a sufficient variety of cavitation 
devices, but the investigated one belongs to the category 
of supercavitational mixers, in which physicochemical pro-
cesses are carried out in the cavitation cavity, but not in 
the near-wall regions typical for simpler cavitator designs.

8. C onclusions

1.	 After cavitation treatment of mixing water at a 
pressure of 0.5  MPa, a burst of noise at a frequency of 
23  kHz is recorded characterizing the beginning of the 
process of dispersion of impurities in water and the break-
down of Van der Waals bonds. With an increase in the 
time of cavitation treatment from 1 to 25  minutes at  

a flow rate of up to 66.5  m/s with a cavitation number 
of X = 0.088, there is a pressure increase of up to 3  MPa 
and a temperature of up to 58  °C. The fixed bursts of 
noise amplitudes at frequencies of 500  Hz, 1 and 4  kHz, 
characterize the avalanche-like increase in the products 
of water thermolysis with a simultaneous increase in its 
pH to 8.25. Brand strength of cement stone is 1.14 times 
higher than the strength of the control composition.

The increase in pressure and temperature in the cement-
water suspension contributes to the intensification of the 
process of dispersion of cement particles in the frequency 
range 700–800  Hz and the passage of intensive mass-
exchange processes in the frequency range 1.9–3.5  kHz, 
which promote the formation of primary crystallization 
structures. The beginning of amorphization of clinker mi
nerals is fixed at a frequency of the order of 17  kHz for 
5 and 10  min of cavitation treatment. It is impossible to 
judge the development of this process due to the limited 
frequency of the computer’s sound card.

2.	 It is found that the non-activated water-cement suspen-
sion refers to pseudoplastic fluids, i.  e., reduces its viscosity 
from 451.000 cP to 1279 cP when the spindle rotation speed 
is increased from 0.1 to 75 min–1. The water-cement suspen-
sion activated for 10  minutes refers to the dilatant liquids, 
i.  e., increases its viscosity from 160 to 273.5  cP with an 
increase in the spindle rotation speed from 50 to 200 min–1.

3.	 It is shown that cavitation treatment of cement-
water suspensions promotes an increase in brand strength 
of 1.14  times in comparison with an unactivated cement 
system and remained at the strength level of astringents 
obtained on activated water by mixing. It should be noted 
that reducing the amount of Portland cement from 10 to 
14  % makes it possible to obtain an artificial stone with 
a compressive strength of 57.3 ± 1.3  MPa.
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Исследование рео-механических свойств цементных 
суспензий, активированных в гидродинамическом 
кавитаторе

Приведены результаты рео-механических свойств цементных 
суспензий, активированных в гидродинамическом кавитаторе. 
Отмечено, что с увеличением времени кавитационной обра-
ботки от 1 до 25  мин при скорости потока до 66,5  м/с при 
числе кавитации Х = 0,088, отмечается рост давления до 3 МПа  
и  температуры до 58 °С. Следует отметить, что снижение ко-
личества портландцемента от 10 до 14  % позволяет получить 
искусственный камень с прочностью при сжатии 57,3 ± 1,3 МПа.

Ключевые слова: гидродинамический кавитатор, динамиче-
ская вязкость, кавитационная обработка, прочность при сжатии, 
цементно-водная суспензия.
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