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Abstract. For the formation of a mixture of a given workability of the optimal conditions for
the hydration of the binder, it is necessary to use concrete mixtures with a high moisture
content. However, in order to optimize the properties of concrete, to obtain ultimate strength, it
is necessary to remove excess mixing water. The physical and mechanical properties of
concrete will be in direct proportion to the amount of residual mixing water [1, 2]. If the
concrete mixture is compacted by squeezing out a certain amount of free water, then the
strength of concrete will be in inverse functional dependence on the residual W/C, since it is
this that determines the porosity of cement stone and concrete. Therefore, in order to obtain
concrete of extremely high strength and density, the pre-laid mixture must be additionally
compacted under conditions of maximum concrete dehydration. With complete mold tightness,
the mixture is compacted only due to a slight decrease in the volume of entrained air, i.e. the
effect of vibro-shock-peristaltic compaction will be insignificant. This effect will increase with
an increase in the water permeability of the mold walls, since in the presence of filtration holes,
free water under the action of the difference in pressure inside the mold and outside it will
begin to move towards the filtration holes [3].

1. Introductions
The process of squeezing the liquid and gaseous phase out of the molded material is the main process
of structure formation of concrete properties. The reason for the removal of liquid and gas from
concrete is the pressure drop across the wall thickness of the pipe being formed towards the perforated
surface of the formwork [1-3]. Removal of liquid and gaseous media of a concrete mixture is an
exfiltration process, i.e. removal of liquid and gaseous fluids from the material into the environment [4
– 6].
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
1

IPICSE 2020

IOP Publishing

IOP Conf. Series: Materials Science and Engineering

1030 (2021) 012021

doi:10.1088/1757-899X/1030/1/012021

The main role in the formation of a particularly dense concrete structure is played by the process of
concrete dewatering. Squeezing out excess mixing water from the concrete mixture under the applied
normal pressure is a filtration process [7-11]. An important role in it is played by the difference in the
chemical potentials of the interacting phases and various gradients that arise in the system depending
on the type of energy source under the influence of which free water moves. The movement of free
water under the influence of the moisture gradient occurs towards less moistened pores until the
moisture is completely equalized [12 – 17].
Therefore, in order to remove free mixing water from the concrete mixture under the action of
pressure, it is necessary to perform work (energy consumption) to overcome the bond forces of water
with cement particles and to move it in the system [23]. Naturally, the main task of studying the
transfer of excess mixing water from a concrete mixture is to determine the dependence of the
parameters of the vibro-shock-peristaltic effect and the filtration rate on various technological
parameters and the magnitude of the normal pressure.
2. Methods
The efficiency of compaction of a concrete mixture by vibro-shock-peristaltic pressing depends on its
composition, on the filtration capacity of the walls of the forms, inside which the compaction is carried
out, as well as the level of the compaction mode. As a result of the analysis of modern technologies, it
was found that physical modification is possible by removing excess mixing water added to the
concrete mixture to give it the necessary fluidity and workability.
In the process of removing excess water and entrained air, the cement particles will begin to
approach each other, which, in turn, will lead to the convergence of the grains of coarse and fine
aggregates. The normal pressure transferred to the water and causing it to be removed will facilitate
the approach of the particles until the external pressure is completely absorbed by the dispersed phase.
Removing free water during the consolidation process increases the use of the potential properties
of the cement to increase the density, water resistance and strength of the concrete. Currently, in the
technology of complex elements, several methods are known for dewatering a concrete mixture:
centrifugation, pressing, evacuation, vibrocompression, etc. One of the most effective should be
considered the method of vibro-shock-peristaltic pressing, since this can create the necessary
conditions for maximum dehydration of the concrete mixture and concrete.
3. Results and discussion
For a quantitative description of the volumes of the squeezed liquid, we use the classical laws of
filtration, taking into account the experimental data on the gas content of the liquid with air bubbles.
Let us assume that the porosity of the concrete mixture is equal to the volume of liquid, in relation to
the volume of all concrete is equal to
𝑚ж = 𝐴 ∙ 𝑚б (1)
where 𝑚ж − is the porosity of the medium, equal to the volume of the liquid-gas phase;
𝐴 − coefficient characterizing the degree of saturation of concrete with the liquid phase;
𝑚б − mass of concrete mix.
Since the liquid contains a gas phase, part of the pore volume is occupied by atmospheric air.
Therefore, the ratio of the volume. occupied by air, to the entire volume of concrete mixture is equal
𝑚в = (1 − А) ∙ 𝑚б (2)
Here 𝑚в plays the role of air-related porosity. Let us denote by 𝜗в the rate of extraction of air and
excess mixing water from the concrete mixture. Then the projections of the air velocity on the walls of
the conical filtration hole are determined by [7, 8]
С
𝜕р
С
𝜕р
С
∂р
𝜗вх = − в ∙ ; 𝜗ву = − в ∙ ; 𝜗в𝑧 = − в ∙ ; (3)
𝜇в

𝜕х

𝜇в

𝜕у

𝜇в

∂z

where Св − is the coefficient of permeability of the concrete mixture by air;
𝜇в − air viscosity.
By analogous equations we express the projections of the speed of extraction of excess mixing water:
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𝜗ив𝑧 = −

Свр
𝜇вр

∙

∂р
;
∂z

(4)

where Свр − is the coefficient of permeability of the concrete mixture to water (aqueous solution) *;
𝜇вр − the viscosity of the aqueous solution of the mixture.
In addition to the above equations, we also use the equation of continuity of the fluid flow through the
capillary channel directed to the filtration hole. For an elementary column of concrete mixture with a
volume of dx ∙ dy ∙ dz, the mass of the flowing liquid during time dt is:
−[

𝜕(р ∙𝜗 )
𝜕(рж ∙𝜗ж𝑥 )
𝜕(р ∙𝜗 )
+ ж𝜕𝑦 ж𝑦 + ж𝜕𝑧 ж𝑧 ] ∙
𝜕𝑥

𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡 (5)

Due to the fact that the mass of the liquid changes due to the change in saturation A, the increment 𝑚ж
during the time dt is equal to:
𝜕𝑚
𝜕𝐴
− рж ∙ 𝜕𝑡ж ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡 = − рж ∙ 𝑚 ∙ 𝜕𝑡 ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡 (6)
Equating equations (5) and (6), after reduction, we obtain the continuity equation for the flow of
squeezed fluid
𝜕𝜗ж𝑥
𝜕𝑥

+

𝜕𝜗ж𝑦
𝜕𝑦

+

𝜕𝜗ж𝑧
𝜕𝑧

𝜕А

+ 𝑚 𝜕𝑡 = 0 (7)

* Note: when determining the permeability or viscosity of an aqueous solution of a concrete mixture,
it is necessary to take into account the clinker minerals of cement dissolved in water.
In the case of steady filtration, this equation will be simplified:
𝜕𝜗ж𝑥
𝜕𝑥

+

𝜕𝜗ж𝑦
𝜕𝑦

+

𝜕𝜗ж𝑧
𝜕𝑧

= 0 (8)

Now we will compose the air balance equation, assuming the process is isothermal, as a result of
which the air density at the applied pressure is:
𝜌в = 𝑎 ∙ 𝑝 (9)
In addition, we take into account the part of the air dissolved in the volume of the liquid, which is
proportional to the pressure:
𝑀 = 𝑠 ∙ 𝑝 (10)
where a and s – are constants.
𝑝 − pressure.
Let us compose the continuity equation for the air flow similar to the continuity equation for liquid (7)
𝑝в ∙ 𝜗в𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡 = 𝑎 ∙ 𝑝 ∙ 𝜗в𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡 (11)
It is also necessary to take into account that part of the air dissolved in the squeezed water moves with
a speed 𝜗ив
This air mass, according to (10), is equal to:
𝑠 ∙ 𝑝 ∙ 𝜗ив𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡
Thus, the mass of the squeezed water-air mixture is equal to:
𝜕
𝜕
− { [(𝑎 ∙ 𝜗в𝑥 + 𝑠 ∙ 𝜗ив𝑥 ) ∙ 𝜌] +
[(𝑎 ∙ 𝜗в𝑦 + 𝑠 ∙ 𝜗ив𝑦 ) ∙ 𝜌] +
𝜕𝑥
𝜕𝑦
𝜕
+ 𝜕𝑧 [(𝑎 ∙ 𝜗в𝑧 + 𝑠 ∙ 𝜗ив𝑧 ) ∙ 𝜌]} ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 ∙ 𝑑𝑡 (12)
The mass of air contained in the selected elementary volume of the concrete mixture is composed of
two parts. Part of the air is dissolved in water A ∙ m ∙ dx ∙ dy ∙ dz and is equal according to (10) s ∙ ρ ∙
A ∙ m ∙ dx ∙ dy ∙ dz
The other part of the air in the water in the form of bubbles is determined by the expression
𝑝в ∙ 𝑚в ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 = 𝑎 ∙ 𝑝(1 − 𝐴) ∙ 𝑚 ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 (13)
where 𝑝в and 𝑚в are determined from (2) and (9).
The total mass of air in the allocated volume of the concrete mixture
[𝑠 ∙ 𝑝 ∙ 𝐴 ∙ 𝑚 + 𝑎 ∙ 𝑝 ∙ (1 − 𝐴) ∙ 𝑚] ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑡 (14)
in time dt will receive an increment
𝜕
− [𝑠 ∙ 𝑝 ∙ 𝐴 ∙ 𝑚 + 𝑎 ∙ 𝑝 ∙ (1 − 𝐴) ∙ 𝑚] ∙ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑡 (15)
𝜕𝑡
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Equating expression (15) to the volume of the squeezed air mass, we obtain, after reduction, the
following air balance equation
𝜕
𝜕
[(𝑎 ∙ 𝜗в𝑥 + 𝑠 ∙ 𝜗ив𝑥 ) ∙ 𝜌] +
[(𝑎 ∙ 𝜗в𝑦 + 𝑠 ∙ 𝜗ив𝑦 ) ∙ 𝜌] +
𝜕𝑥
𝜕𝑦
𝜕
𝜕
+ 𝜕𝑧 [(𝑎 ∙ 𝜗в𝑧 + 𝑠 ∙ 𝜗ив𝑧 ) ∙ 𝜌] + 𝜕𝑡 [𝑠 ∙ 𝑝 ∙ 𝐴 ∙ 𝑚 + 𝑎 ∙ 𝑝(1 − 𝐴) ∙ 𝑚] = 0 (16)
Obviously, for the case of steady filtration, this equation takes the form:
𝜕
𝜕
[(𝑎 ∙ 𝜗в𝑥 + 𝑠 ∙ 𝜗ив𝑥 ) ∙ 𝜌] +
[(𝑎 ∙ 𝜗в𝑦 + 𝑠 ∙ 𝜗ив𝑦 ) ∙ 𝜌] +
𝜕𝑥
𝜕𝑦
𝜕
+ 𝜕𝑧 [(𝑎 ∙ 𝜗в𝑧 + 𝑠 ∙ 𝜗ив𝑧 ) ∙ 𝜌] = 0 (17)
Thus, six equations were obtained for the extraction of the water-air mixture from the concrete being
compacted.
These equations characterize the unsteady mode of extraction of the liquid-gas phase.
Let us extend the obtained dependences to the case of steady filtration of a carbonated liquid. Let us
transform the obtained equations, following the conclusions of S A Khristianovich [9, 22].
Comparing equations (3) and (4), we express the speed of air movement through the speed of water
extraction:
Св ∙𝜇вр

𝜗в𝑥 = 𝜇

в ∙Свр

Св ∙𝜇вр

∙ 𝜗ив𝑥 ; 𝜗в𝑦 = 𝜇

в ∙Свр

Св ∙𝜇вр

∙ 𝜗ив𝑦 ; 𝜗в𝑧 = 𝜇

в ∙Свр

∙ 𝜗ив𝑧 (18)

Then, using equations (17) and (18), we express the projections of the air velocity through the
projection of the rates of water extraction:
С ∙𝜇
С ∙𝜇
𝜕
𝜕
[(𝑎 ∙ в вр ∙ 𝜗ив𝑥 + 𝑠 ∙ 𝜗ив𝑥 ) ∙ 𝑝] + [(𝑎 ∙ в вр ∙ 𝜗ив𝑦 + 𝑠 ∙ 𝜗ив𝑦 ) ∙ 𝑝] +
𝜕𝑥
𝜇 ∙С
𝜕𝑦
𝜇 ∙С
в

вр

С ∙𝜇
𝜕
+ 𝜕𝑧 [(𝑎 ∙ 𝜇в ∙Свр
в вр

в

вр

∙ 𝜗ив𝑧 + 𝑠 ∙ 𝜗ив𝑧 ) ∙ 𝑝] = 0 (19)

Let us assume that the ratio of the permeability coefficients Св and Свр, which are functions of water
saturation of the threshold space, is also a function of their ratio
𝐺 = Ср⁄Свр
Introducing these designations into the last equation, and then dividing this equation by 𝑎 = 𝜇вр ⁄𝜇в
and, denoting 𝛼 = 𝑠 ∙ 𝜇в ⁄𝑎 ∙ 𝜇вр in it, we get:
𝜕
[(𝛼
𝜕𝑥

𝜕

𝜕

∙ 𝑝 + 𝐺 ∙ 𝑝)∙ 𝜗ив𝑥 ] + 𝜕𝑦 [(𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝)∙ 𝜗ив𝑦 ] + 𝜕𝑧 [(𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝)∙ 𝜗ив𝑧 ] = 0 (20)

We rewrite the equation as
𝜕
𝜕𝜗ив𝑥
𝜕
𝜗ив𝑥 ∙ 𝜕𝑥 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) + (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙ 𝜕𝑥
+ 𝜗ив𝑦 ∙ 𝜕𝑦 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) +
+(𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙
or

𝜕𝜗ив𝑦
𝜕𝑦

𝜕

+ 𝜗ив𝑧 ∙ 𝜕𝑧 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) + (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙

𝜕

𝜕

𝜕𝜗ив𝑧
𝜕𝑧

= 0 (21)

𝜕

𝜗ив𝑥 ∙ 𝜕𝑥 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) + 𝜗ив𝑦 ∙ 𝜕𝑦 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) + 𝜗ив𝑧 ∙ 𝜕𝑧 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) +
𝜕𝜗ив𝑥
𝜕𝑥

+(𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙ (

+

𝜕𝜗ив𝑦
𝜕𝑦

+

𝜕𝜗ив𝑧
)
𝜕𝑧

= 0 (22)

Using equation (8), we come to the conclusion that the three term in parentheses is equal to zero, then
𝜕
𝜕
𝜕
∙ 𝜕𝑥 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) + 𝜗ив𝑦 ∙ 𝜕𝑦 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) + 𝜗ив𝑧 ∙ 𝜕𝑧 (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) = 0 (23)
From the course of hydrodynamics, the differential equations of fluid flow lines are known:
𝜕𝑥 ⁄𝜗𝑥 = 𝜕𝑦⁄𝜗𝑦 = 𝜕𝑧⁄𝜗𝑧
Therefore, in equation (23), the components of the water extraction speed 𝜗ив𝑥 , 𝜗ив𝑦 , 𝜗ив𝑧 can be
replaced with proportional quantities dx, dy, and dz. Then we get
𝜕
𝜕
(𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙ 𝑑𝑥 + (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙ 𝑑𝑦 + (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) ∙ 𝑑𝑧 = 0 (24)
𝜕𝑦
𝜕𝑧
In this equation, the differential of the function (𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝) in the direction of the streamline is
zero. Therefore, along the current line
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𝛼 ∙ 𝑝 + 𝐺 ∙ 𝑝 = 𝑝(𝑎 + 𝐺) = 𝑐𝑜𝑛𝑠𝑡 = 𝜀 (25)
From a physical point of view, the parameter ε is the conditional peristaltic peristaltic pressure at
which the permeability of the hyperelastic concrete mixture by air Св and water (aqueous solution) Свр
are equal to each other (Св /Свр= 1).
This parameter was found according to the experimental data of the study of the permeability of a
hypersolid concrete mixture (Fig. 1).
Change in the permeability of a hypersolid concrete mixture by air and liquid phase

Figure 1.
Свр − coefficient of permeability of concrete mix with water (water solution);
Св − coefficient of permeability of concrete mix to air;
𝜀 − is the conditional pressure characterizing the equalization of the air and liquid permeability of the
concrete mixture.
The experimental data obtained make it possible to determine the volumes of the water-air phase
squeezed out at a given pressure, as well as to find the conditional pressure ε, which is characteristic of
equalizing the gas and liquid permeability of the concrete mixture.
These data also make it possible to construct a function H depending on the relative pressure 𝑝 = 𝑝⁄𝜀
From dependence (25) we obtain
𝑝
1
=𝑝=
𝜀
𝛼+𝐺
The resulting dimensionless value 𝑝 = 𝑝⁄𝜀 will be called the coefficient of peristaltic shock pressure
causing the extraction of the water-air phase from the concrete mixture.
Then, in equations (4), we replace the pressure 𝑝 by 𝑝 and obtain
𝜗ив𝑥 = −

Свр

𝜇вр

∙𝜀∙

𝜕𝑝͞͞
;
𝜕𝑥

𝜗ив𝑦 = −

Свр

𝜇вр

∙𝜀∙

𝜕𝑝͞͞
;
𝜕𝑦

𝜗ив𝑧 = −

Свр

𝜇вр

∙𝜀∙

𝜕𝑝͞͞
;
𝜕𝑧

(26)

Introducing the function Н, which represents the integral sum of the dimensionless pressure 𝑝 and the
permeability of the concrete mixture squeezed out with an aqueous solution, in the range from 0 to the
final value 𝑝 . Then the function
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𝑝͞͞

𝐻 = ∫ Свр ∙ 𝑑𝑝
0

Therefore, instead of Eq. (26), we have
𝜀 𝜕𝐻
𝜀 𝜕𝐻
𝜗ив𝑥 = − 𝜇 ∙ 𝜕𝑥 ; 𝜗ив𝑦 = − 𝜇 ∙ 𝜕𝑦 ;
вр

вр

𝜀

𝜕𝐻

𝜗ив𝑧 = − 𝜇 ∙ 𝜕𝑧 (27)
вр

We found this function H from the experimental curve of the relationship between Свр and 𝑝.
Since the ratio 𝑥 ⁄𝑚вр in equations (27) can be taken constant, we come to an important conclusion.
The equations for the extraction of the water-air phase are similar to the equations for the filtration of
an incompressible liquid.
Then, substituting equation (27) into the continuity equation, we obtain that the function H satisfies
the Laplace equation:
𝜕2 𝐻
𝜕𝑥 2

𝜕2 𝐻

𝜕2 𝐻

+ 𝜕𝑦2 + 𝜕𝑧2 = 0 (28)

Thus, we have reduced the problem of squeezing the water-air phase to the problem of filtration of a
homogeneous incompressible liquid. This conclusion is important in the sense that the methodology
for solving problems of filtration of a homogeneous incompressible fluid has now been developed in
sufficient detail.
The use of the obtained dependencies is possible with the experimental determination of the
permeability coefficients of the hypersolid concrete mixture.
Figure 2a shows the curves of changes in the integral permeability coefficients C of the concrete
mixture and sand [10, 18, 19].
In Fig. 2b on the abscissa, expressed as a percentage, the saturation of the pores with the liquid and the
saturation with the water-air mixture, on the ordinate - the ratio Св⁄С and Свр⁄С, where С − is the
integral coefficient of permeability of the compacted concrete
In the case of a decrease in the initial W / C of the concrete mixture, when the liquid occupies a small
part of the pores (the value of A is small), the ratio Св⁄С → 1, and the ratio Свр → 0. In real concrete
mixtures (W / C = 0.35 ... 0.50), the ratio Свр⁄С increases rapidly, remaining a linear function of A.
Curves of changes in the permeability of a concrete mixture depending on the degree of saturation
of its liquid-air phase

Figure 2.
a - integral permeability; b - partial permeability of concrete.
1 - concrete mix; 2 - fine-grained sand.
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4. Conclusions
1. Analysis of experimental data leads to the conclusion that the braking effect of water on air is much
less than the braking effect of air on water. However, under conditions of peristaltic peristaltic
compaction, almost complete removal of the gas phase of concrete occurs.
2. Equations were obtained on the regularities of the movement of the water-air phase depending on
the applied pressures and parameters of the permeability of the concrete mixture and the filtration
holes of the mold.
3. It has been proved that a quantitative description of the process of squeezing the water-air phase can
be made using the classical laws of filtration, taking into account the degree of gas contamination of
the liquid with air bubbles and the final intermittent mode of squeezing water.
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