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V. Derevianko, N. Kondratieva, H. Hryshko, M. Sanytsky

Peculiarities of modelling of mineral binders hydration
processes

Problem statement

Currently, levels of development of mineral binders-based construction materials
engineering and production technologies (solutions, concretes, etc.) pose a challenge of
creating models that would allow for the maximum number of initial parameters and
properties of components as well as the mechanism and conditions of hydration
processes.

Currently, most models only allow for the effect of original components. Besides, when
using input parameters, the optimization process becomes complicated due to an
increase in the number of models in connection with using relative properties as
optimality criteria. Moreover, due to the fact that there is no identified ratio of
components hydrated under the solution scheme to those hydrated under the
topochemical scheme in a gypsum system, modelling of the hydration process becomes
more complicated. Thus, to develop the model, we should justify a large number of
assumptions. Besides, selecting the optimality criteria by indirect indicators does not
give us a clear picture of the intended end use of the model. We should also take
account of a scaling level and a relationship between macro-, micro-, and nanoscales of
components.

In this paper, the authors propose to consider the hydration process as a system whose
state changes over time passing macro-micro-nano stages.

Thus, in solving the problems on increasing physical and mechanical properties in
modeling, the main challenge is the creation of a universal model of mechanisms of
hydration processes of mineral binders to determine the initial components and
conditions of interaction thereof.

Research aim
Modeling of hydration processes of mineral binders in the form of a system that
changes over time and undergoes the macro-micro-nano-micro-macro scheme using a
direct model as an example.
Results and discussion
Among gypsum binders, calcium sulfate hemihydrate of a and B modifications and

natural or manufactured anhydrite (CaSO4) with various impurities are most widely
used in construction. Either technical, or natural water containing various salts is used
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as a grouting fluid. The components are characterized by the structure, density, presence
of impurities, and granulometric composition thereof.

The research technology (sequence of operations, transition to the nanolevel) mainly
consists of two stages: modification of binders during manufacturing and hydration
processes [1-5] (Fig. 1).

) " Conditions,
Binder - - process, 4{ End product
mechanism

Fig. 1. Process flow diagram of the research studies.

In the second method, the first step is developing a model of impact of hydration
process conditions and components on the structure of artificial stone and, accordingly,
the properties of the hardened system (Fig. 2) is immediately developed.

y g Condition,
CaS04 +2H-0 . process, | - CaS0.-2H:0
CaSO0:-0,5H-0+1,5H-0 t °C

Fig. 2. Overall structure of modeling of hydration process conditions.

Physical models can be presented using the following scheme (Mchedlov-Petrosian)
(Fig. 3) [6].
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Fig. 3. Structure packing: (a) — CaSO4-2H>0; (b) — CaS04-0,5H>0; (c) — CaSO4 [6-7].
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The presented physical models give us a general idea of the mechanism of hydration of
gypsum binders The scheme for cement binders and composite substances is much
more complicated due to the multi-component mineralogical composition as well as the
time factor having a strong impact.

An important factor is a change in the solution concentration over time and its effect on
the hardened structure of binder during hydration.

We see the process of hydration of mineral binders as a system that changes over time
and undergoes macro—micro—nano—micro—macro stages.

At the macro-micro-nano stage, the structure is partially destroyed to nanoscale
elements, since the destruction of main impurities (5 to 15% or more) in the binders
does not occur [8].

Major differences in the structures that affect the properties of a hardened binder are the
presence of pores and chaotic arrangement of blocks; the structure of blocks and the
strength of the boundary layers at the microlevel; and the structure of crystalline lattice
at the nanolevel.

After gauging with water, binder forms a disperse system characterized by the
distribution of solid particles in liquid. Besides, in this case, it is divided into two parts.
One part remains unchanged and the other part gets destroyed turning into a nanosystem
with further formation of both micro-, macroelements of the end structure.

The nanosystem state at any time interval is characterized by the distribution of

nanoparticles ¢(X,,7) and surrounding medium W(Z,7) according to the parameters of
particles X; and medium & [9]. Therefore, the model should provide for a relationship
between the patterns of the environment properties and the distribution of nanoparticles,
1.e., the relationship between functions ¢ and W over time.

Changing the initial state of the environment depending on the macrostate of the
original components and the nanocarrier-to-macrosystem ratio (Fig. 4).

: - Solution ]
Binder - Nanocarriers

- Microsystem }__ End structure |

Fig. 4. System state diagram.

The rate of hydration of mineral binders is determined by the rate of solubility and
crystallization.

The sequence of hydration of mineral binders under the solution scheme can be
conditionally expressed as follows. At the beginning, the dissolution occurs followed by
the formation of a saturated solution, then crystallization nuclei and blocks are formed.
After that, the blocks fuse together, scaffolds are formed, and finally, voids are filled.
According to suggestions made by A.A. Pashchenko, V.P. Serbin and E.A.
Starchevskaya [5], a key factor for strength is a hardening spatial structure that is
formed in two stages: the first stage is the formation of a scaffold and the second stage
is the scaffold overgrowth or empty space filling.

Thus, we can change the space and the shape and size of crystals by changing the
solubility and crystallization conditions.

If the structure of either a hardened binder or materials based thereon is used as an
endpoint criterion (output factor), the key parameters should be identified. These
parameters can include spatial scaffold, shape of blocks, and crystal morphology.
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The key factor for defining these parameters are solutions of a specific concentration,
the presence of a solid interface (crystallization nuclei), gauging fluid
(water+surfactant), temperature, pressure, and mechanism of transition of calcium
sulfate hemihydrate to dihydrate.

According to a number of analyses of structures performed by many researchers, the
spatial structure is affected by the initial number of crystallization nuclei and
particularly by solid surface area values. These factors have a major impact on the
formation of a robust scaffold, because in this case, the intergrowth of blocks occurs in
empty space and no additional internal stresses occur. By adjusting both the solid
surface value and the number of crystallization nuclei, the highest strength spatial
scaffold can be achieved.

The number of crystallization nuclei can be expressed as a solid surface area.

It can be assumed that final setting time corresponds to the time of certain formation of
a spatial scaffold.

Summarizing this analysis, we would like to combine all the three states as follows:
"components — solution — system hardening". According to the conventional scheme,
the hardened system is considered as a system with certain characteristics: strength,
density, porosity, etc. According to our model, the hardened system should have a
certain structure with specific properties. Characteristics in terms of solution: solid
surface, concentration, hydration mechanism, gauging fluid.

Therefore, changing the intergrowth conditions by adding various additives to a
hardening system can affect the shape, size, and number of crystals and, consequently,
the formation of a spatial structure to obtain a product with specific properties [10].

Conclusions

According to the proposed model, the transition of macro- and microsystems to a
nanosystem with the formation of a dispersed medium can be represented as a surface
that consists of nanoparticles in a multidimensional phase space, where the coordinates
of the points are the same as the coordinates of the nanoparticles. The surface is the
interface between structural elements to which atoms and molecules are attached and a
dispersed medium consisting of particular elements, nano-, micro-, and macroparticles.
The interaction driving force is a difference in energies of the medium and a degree of
saturation of the solution.

If the entire hydration process is topochemical, the subsequent formation of new blocks
and a scaffold does not result in the formation of a robust structure. The structure
formation rate will depend on the particle size distribution and intraparticle diffusion
rate.

According to the analysis of structures, the robust spatial structure that leads to the
formation of a robust scaffold is affected by solid surface area values and the initial
number of crystallization nuclei. Due to the fact that the blocks intergrowth occurs in
empty space, no additional internal stresses take place that would result in the softening
of a structure that has not yet been formed. By adjusting both the solid surface value and
the number of crystallization nuclei, the highest strength spatial scaffold can be
achieved.
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