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application of modified concrete on their base with specified properties are 
examined. 
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Formation of properties and conditions for achievement and maintenance of required 
project level of strength and operational indexes of concrete and reinforced concrete 
structures are takes place at the stage of material selection and design of the concrete 
mix. Structure of the material, its formation and the possibility of control of the struc-
ture occupy a highly important place in the chain of interplay between composition 
and properties (Fig. 1).  

At the stages of life cycle from material to the design structure control requirements 
are reduced to the solution of many technological, technical and other problems, re-
vealing the aggregate and impact of key parameters on the formation and directional 
control of parameters and properties of the structure (Fig. 2). 

 

 

Fig. 1. The interplay of composition, technology, structure, and properties of material 
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Fig. 2. The interplay of life cycle stages from material to design  
and structure control requirements at this stages 

 

Control of concrete structure is carried out at all levels: binder agent — cement stone — 
aggregates — additives — water, as well as at the phase interface, components, and 
in the contact zone. Generalizing classification and systematization of directions and 
mechanisms of control of material structure, cement composites, and concrete based 
on them is shown in Fig. 3.  

 

 

Fig. 3. Directions and mechanisms of control of cement composites structure 

 

When analyzing the generalization proposed it is important to assess the most signifi-
cant and effective ways of controlling the structure of cement composites and con-
crete composites based on them. 
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Numerous studies have confirmed the crucial effect of porosity, its formation and 
development on the potentials of controlling the structure of cement to achieve the 
required properties. Maintenance of the achieved level of strength is provided by the 
formation and development of such a structure of cement stone, when the positive 
structure formation neutralizes the destructive processes and prevails over them. 
The presence of degradation processes in the process of hardening of cement com-
posites, their significance is accepted by many researchers, but there is no single 
explanation for the mechanism of destruction and its role in the formation and de-
velopment of the structure. 

Destruction is, by definition, a disintegration or failure of the normal structure of the 
material under temperatures, oxygen, moisture, carbon dioxide, and the internal 
stresses. As a result of degradation technological properties of the material change, 
and it becomes unsuitable for practical use. To maintain the achieved level of 
strength of cement stone (CS) with established and evolving structure it is necessary 
to provide ability to system self-healing. The theoretical significance and practical 
importance of self-healing is to reveal its need and relevance for structure formation 
of cement composites, conditions for this process, achieving and maintaining the re-
quired level of strength and operational properties of concrete, products and designs 
based on them. 

Ability of cement system to self-healing is noted by many researchers. In some works 
the process of self-healing is regarded as a special case of crack self-packing 
(B. F. Goryunov, N. Mikashvili, G. P. Verbetsky). 

Self-healing is, by definition, cracks overgrowing in concrete with crystals of  
Ca(OH)2 and CaCO3, accompanied by partial or complete restoration of design strength 
(G. P. Verbetsky). Self-healing of microcracks and the gradual strengthening of the 
structure depends on the parameters of concrete loading at an early age, when the ce-
ment is capable to enter into chemical interaction with water during the test 
(Yu. M. Bazhenov). One of the ways of intensification of structure is early loading me-
thod (A. V. Satalkin). Self-healing involves the ability of concrete to operate in a 
cracked state (K. A. Maltsev), as well as the level of tensile stress, which provides pos-
sibility of penetration of water molecules in the space between the crystals (F. M. Li). 
In the pores filled with water in the process of structure formation both the growth of 
crystals from solution, and their dissolution are observed (L. G. Shpynova, etc.). 

Data on hydraulic concrete (G. P. Verbetsky) gives an indication of possibility and 
ability of diffusion of calcium hydroxide to carry the treating agent through the pore 
space of structure of cement stone. 

When evaluating the cement system capability to self-healing, it should be taken into 
account that in the structure of cement stone average size of gel pore is 4 nm, which 
is only 1.7—4 times larger than the size of the molecules of the hydrated phases 
(V. S. Danyushevsky, K. A. Jabarov), i. e., there are favorable conditions for the 
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processes of hydration and structure formation. Colmatation of pore space of crystal-
line aggregate surrounding the particles of clinker is practically ruled out [1] without 
a manifestation or with minimal manifestation of structure breaking effect. 

Another important condition for self-healing is the availability of the required reserve 
of unhydrated clinker (Yu. M. Bazhenov, V. V. Babkov, etc.), use of cements of 
coarse grinding (V. I. Kalashnikov, I. Shtark) or sufficient number of such fractions 
in polydisperse cement binder agent. 

The mechanism of self-healing of cement systems, conditions, significance and eval-
uation of its occurrence are of interest. In connection with the stated above it is ne-
cessary to develop a set of structural-technological and analytical techniques provid-
ing production and rational use of modified concretes with enhanced strength and 
performance properties on the basis of structure control. 

Scientific novelty of this paper lies in the development of scientific and applied foun-
dations of structure control on application of modified concrete. 

This objective is accomplished by solving following problems: 

- systematization of ways and mechanisms of controlling the structure of cement 
composites, evaluation of their effectiveness over the contribution of formation 
of strength and durability of modified cement concrete; 

- justification of the mechanism of destruction and the state of hardening cement 
stone, which is mated with the problem of maintenance of the achieved level of 
strength and durability of cement concrete; 

- analytical evaluation of the ability of cement systems to structure formation 
and self-healing; 

- development of compositions, methods, techniques for directional control of 
structure and production of concrete with enhanced strength and operational 
properties; 

- evaluation of efficiency of known concepts and development of ways of con-
trol of application of cement composites, modified concrete based on them 
with enhanced strength and operational properties. 

Formation, consolidation and maintenance of the required level of strength and 
operational properties of cement composites depends on many factors, which 
makes itself evident at different stages of structure formation. Among many fac-
tors indicators characterizing the ability and possibility of cement systems to self-
healing are differentiated. 

To determine the spreadable life of the hardening cement systems and ability of self-
healing the availability of clinker reserve is particularly important, as well as its ac-
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cessibility, location and transit through the pore space to the places of defect struc-
tures to feed the processes of crystallization and recrystallization. 

Cement system ability to self-healing and the neutralization of shrink and recrystalli-
zation defects is mentioned by many authors. 

The manifestation of the destruction of cement systems, due to physical-mechanical 
and chemical aspects of structure formation and hardening at different stages, can 
lead to significant drop in strength and indicators of operational properties of cement 
composites and concretes based on them. To provide the conditions for attaining and 
maintenance of the achieved level of strength it is necessary to determine the possi-
bility and availability of recharge through water-saline solution of pore fluid of ions  
Ca2 +, coming from unhydrated grains of initial binder agent to the places of forma-
tion and opening of microcracks, as well as through the pore structure for formation 
of new crystalline hydrates and growth of formed ones. 

Attainment and maintenance of the strength of hardening cement system occur pro-
vided reserves of clinker. Reserves of clinker are present as unhydrated particles 
which are separated by certain distance. They create recharge zones through the pore 
structure, which must overlap (Fig. 4a). 

 

 

Fig. 4. Diagram of phases of dissolution and structure formation  
at early (а) and late (b, c, d) stages of hardening:  

1 — unhydrated particles of binding agent; 2 — hydratable particles with reduction  
in make-up radius; 3 — sites of cement stones without make-up;  

4 — sites with defects forming in the sires without make-up 

 

With the availability of certain vapor-air or air-humidity conditions the conditions for 
permanent self-healing of hardening structures are created. Hydrates and crystallites 
of forming cement system are slightly soluble and water-insoluble salts with calcium 
hydroxide liberating during hydrolysis of cement polyminerals. As a result of irregu-
larity emission of calcium ions, fluctuations in its density there is a gradient of its mi-
gration through the pore fluid in the process of crystallization and recrystallization of 
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new formations from areas with high basicity to areas with low basicity. The 
processes of liquid migration are catalyzed by continuously available electrophoresis 
effect which arises because of different charges of surfaces of initial polyminerals 
and originating hydrates and crystallites, as well as because of heating oа the liquid 
phase, changes in concentration [2]. Density fluctuations and fluid velocity depends 
on the voltage difference, the value of surface charges at all stages of hardening 
(L. B. Svyatovskaya, etc.) and capillary cross-flows. 

For quantitative and qualitative assessment of this ability we have proposed the fol-
lowing definition of the term “self-healing capacity”. Self-healing capacity is the 
number, distribution, fluctuation, dispersion of unhydrated particles of the binding 
agent, as well as the ability to deliver phase-forming agents from the site of dissolu-
tion to the sites of crystallization and recrystallization at at certain stages of structure 
formation, mature and late hardening. 

Hardened structure of cement stone can be represented by the system of clusters with 
inclusions of unhydrated grains of binding agents of different dispersion, with differ-
ent fluctuation, distribution by particle sizes and the distance between them. As the 
hardening and hydration take place, the number of unhydrated particles (sources of 
self-healing) is reduced, and the distance between them increases (see Fig. 4b). Ac-
cordingly, ability of the system to self-healing using recharge through interpore space 
of Ca2+ ions to sites of defects and recrystallization is reduced. Cement matrix is 
formed with a system of pores (gel, intermediate, capillary ones, and macropores). As 
calcium hydroxide is consumed and recharge of calcium ions through interpore liquid 
is reduced, recrystallization of calcium hydrosilicates from highly basic into low ba-
sic ones is seen. This is accompanied by consolidation of interpore space due to an 
increase in the hydrated phases volume, transformation of the pore space with the qu-
alitative and quantitative change in pore rank. As binding agent particles dissolve at 
the stages of deep hydration and radii of the potential recharge and the size of par-
ticles reduce, sites of cement stones without recharge are formed, which are likely to 
form defects and develop destructive processes (see Fig. 4). 

Evaluation of the distance between unhydrated particles and the size of their external 
surface at a certain stage of structure formation and hardening is the most important 
to provide the recharge by dissolving ions Ca2+. These factors directly depend on the 
granulometric composition of the initial binding agent, water-binding agent relation-
ships, and the depth of hydration. 

Use of the capabilities of laser granulometry significantly accelerated the develop-
ment of studies of the kinetics of hydration and structure formation of binding agents, 
including cement systems. It was proposed to use the results of the study of binding 
agents dispersion using laser granulometry to evaluate the ability of cement systems 
to self-healing. The technique is based on the application developed and tested ma-
thematical tool which allows to calculate the parameters of hydratable and hardening 
structure of cement systems at different stages of hydration using the experimentally 
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obtained data on the actual distribution of cement particles. Hydrating and hardening 
cement system is presented as geometrically ordered globular model with a cubic 
packing of spherical particles of binding agent. 

The following key parameters are calculated for different cements: the degree of sys-
tem hydration at discrete depth of hydration of the cement particles (Fig. 5), the aver-
age diameter of unhydrated particles and the average distance between them (Table 1). 

 

 

Fig. 5. Distribution of sizes of cement particles ПЦ 500 (а) and ПЦ 400 (б) Д0  
produced by Co Ltd “Сода” by the results of laser granulometry and calculated degree  

of hydration under total dissolution of cement particle of appropriate size  
and depth of hydration equal to average radius of the particles 

 

After obtaining the degree of hydration θ = 0.8—0.85 rate of cement stone water-
curing slows down sharply, peaks. 

It was established by the results of our experimental and analytical researches of 4 
cements that at late stages (θ>0.8), the distance between the unhydrated particles 
(1—3 diameters of the particles). The results of calculation confirmed quantitatively 
that potential of self-healing and structure formation are different for different ce-
ments under almost equal values of the degree of hydration (Table 1). 

The approach developed can be recommended for use for the estimation of parame-
ters of structure formation of cement systems. 

Researches conducted by the authors have established the availability of the 
processes of reduction in the achieved level of strength of cement composites and 
concrete based on them. 

Cement particles after milling are irregular in shape, and separate sections give an idea 
of their possible mineralogical composition [2]. There are few data on the influence of 
different fractions of binding agent on the properties of cement composites.  
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Table 1 

Calculated parameters of hydrate cement system at different depth of hydration 
with actual distribution of cement particles by the results of laser granulometry 
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0.0 0.00 0.00 0.00 0.00 
34.08 
0.00 

53.62 
0.00 

48.66 
0.00 

22.60 
0.00 

2.5 0.38 0.28 0.31 0.46 
36.32 
4.15 

54.91 
3.25 

50.79 
3.83 

25.16 
4.25 

7.5 0.66 0.53 0.57 0.75 35.62 
12.83 

53.52 
12.08 

50.07 
12.87 

24.01 
12.06 

15.0 0.83 0.72 0.75 0.88 37.17 
26.79 

54.61 
25.00 

51.59 
26.33 

24.15 
22.77 

25.0 0.92 0.84 0.86 0.97 38.88 
47.12 

56.65 
42.51 

53.86 
44.71 

23.70 
47.23 

35.0 0.96 0.90 0.91 0.99 
41.64 
71.31 

59.39 
61.80 

57.19 
65.46 

24.58 
77.45 

45.0 0.97 0.93 0.94 0.99<θ<1.00 
43.26 
95.50 

59.96 
80.33 

58.35 
85.72 

25.56 
116.49 

55.0 0.98 0.96 0.96 0.99<θ<1.00 
43.85 
121.52 

58.39 
97.61 

57.39 
104.83 

26.63 
174.25 

65.0 0.99 0.97 0.98 0.99<θ<1.00 44.66 
146.18 

56.51 
116.32 

55.59 
125.07 

27.90 
237.25 

75.0 0.99 0.98 0.98 0.99<θ<1.00 46.35 
183.89 

55.17 
137.98 

54.57 
147.10 

30.83 
284.79 

85.0 0.99<θ<1.00 0.99 0.99 0.99<θ<1.00 49.77 
226.81 

54.63 
166.16 

54.48 
178.29 

37.50 
442.43 

95.0 0.99<θ<1.00 0.99 0.99 0.99<θ<1.00 55.00 
307.38 

55.00 
206.32 

55.00 
232.62 

55.00 
752.18 

 

Notes on the table:  The values of parameters at the stages of deep hydration:  

 - 0.8<θ≤0.9;  - 0.9<θ<0.95;  - 0.95≤θ<0.99. 
 

To evaluate the effect of fractional composition of cement, the contribution of certain 
fractions and their combinations (thin and large) fractions, corresponding to their actual 
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content in the polydisperse cement, the experiments was carried out to study their con-
tribution to the strength of cement under different conditions of hardening (Fig. 6). 

Cement of small fraction (up to 50 micrometers) increase the early strength, both in 
monofraction up to age of 3—7 days, and in combination with a large fraction of 
80—100 m (Fig. 6), which is confirmed by studies of binding agent of low water 
demand. 

 

 

Fig. 6. Dependences of relative compression strength of cube-shaped samples 2х2х2 cm  
of normal conditions (а) and water conditions (б) of hardening made of cement stone  

at water-cement correlation 0,3 , concrete ПЦ 500 Д0 (Co Ltd “Сода”), of different fractions  
in reference to control composition of polydisperse cement 

 

Cement stone made of medium grounding cement (50—63 microns) has a stable ten-
dency to the late gain in strength, which has a good agreement with the results of 
S. A. Artamonov, V. I. Kalashnikov, I. Stark, etc. 

To evaluate the influence of fractions and combinations of fractions of cement to the 
gain in strength and kinetics of changes in the achieved level of strength, which indi-
rectly characterizes the ability of the cement system with aggregate to self-healing, 
experiments were conducted on cement-sand solution with different ratios of ce-
ment : sand (Fig. 7). The experimental results revealed a difference in the effect of 
certain fractions of cement and their combinations on the kinetics of changes in the 
strength of the samples. Studies with the CS and the cement-sand solution with the 
use of various cement factions in the context of evaluation of the capacity for self-
healing have different purposes. For CC the potential of self-healing is evaluated un-
der static packing of particles and different ratios of cement : sand in relation to sepa-
ration of the particle package under changing fluctuations of binding agent grain. 

The following common regularity should be noted: the strength of cement-sand mortar 
made of combinations of fractions of cement produced by Co Ltd “Сода” ПЦ 500 Д0: 
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fine (50 microns), medium (50—63 microns), a mixture of fine fractions of up to 
50 microns (85 %) + 80—100 microns (15 %), at ratio cement : sand = 1:5 has a 
greater tendency to reduction in the achieved level of strength beginning with the age 
of 120 days and further against the standard composition of 1:5 and 1:7 made of po-
lydisperse cement, which may indicate the dissolution of fine fractions, reduction in 
the radius of the recharge, reduction in the potential of self-healing. This leads to a 
drop in strength, defects and destruction, as it was described above (Fig. 7). To de-
termine the degree of hydration of cement stone samples of water conditions of har-
dening apparatus for calculation was developed, and experimentally-gravimetric me-
thod was tested. Numerous experiments showed good convergence of the results with 
indicators obtained with the use of well-known method. 

 

 

Fig. 7. Dependences of relative compression strength of cube-shaped samples 2х2х2 cm  
of normal conditions of hardening in time made of cement-sand mortar  

with different cement correlation and sand of cement ПЦ 500 Д0 (Co Ltd “Сода”)  
of polydisperse cement (a), of cement of fraction less than 50 microns (b),  

of fraction 50—63 microns (c) and of cement with content of fractions 0—50 microns 85 %  
by mass, fractions 80—100 microns 15 % by mass in reference to control cement-sand mortar  

with ratio cement : sand = 1:3 of polydisperse cement with water-cement correlation 0.3 
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It is known that directed formation of the required level of strength and durability of ce-
ment composites and concretes based on them, is indissolubly related to the formation, 
organization of the structure of the pore space and pore distribution. Available results of 
studies on the strength-porosity relationship classify pore ranks variously. To evaluate 
the contribution of certain pore ranks to the formation of the properties of cement stone 
the classification proposed by Danyushevsky-Dzhabarovy, was adopted but with the di-
vision of the rank of capillary pores on the microcapillary ones with diameter up to 
100 nm (0.1 micron) and macrocapillary pores with diameter of more than 100 nm. 

This distribution is justified by the nature of their formation, the presence of typical 
prevailing peaks of diameter and, finally, the pore state and content of interstitial flu-
id in them. Pores with diameters up to 100 nm are almost always filled with liquid. 

Multirank model of cement stone [1] with developed mathematical apparatus for cal-
culation of parameters for such structures is known. It was revealed that the increase 
in the strength of the porous material may be carried out using one of three following 
ways or their combination: 

- decline in total porosity, 
- decrease in the number of pores (levelling of pore size), 
- equalization of local relative densities. 

We proposed to recalculate experimental results on porosity subject to multirank 
structure and assess changes in porosity (Fig. 8) and to evaluate the contribution of 
each rank using the method of superpositions and developed model (Fig. 8, 9) on 
nonporous matrix of cement stone weakened by the appropriate rank from the gel one 
to the macro one. It was made to evaluate the changes in porosity and to determine its 
influence on cement stone strength. 

The dependence of porosity and local porosity for an ideal three-dimensional model 
with close packing of spherical pores was calculated and interpreted (see Fig. 9). Us-
ing the proposed model for the relationship “porosity-local porosity-stress concentra-
tion” potentials of the effect of separate rank on the formation and capabilities of con-
trol of cement stone strength were calculated.  

The calculations revealed the objectivity of this approach in terms of kinetics of 
structure formation (Fig. 10), because intermediate and microcapillary porosities 
should decrease in time due to the fact that they contain phase forming liquid; forma-
tion and growth of secondary and primary crystallites take place in them, as well as 
recrystallization. Macrocapillary porosity will decline due to the growth of crystalline 
hydrates in the pores of microcapillary and intermediate rank. 

The classical model with the decisions of A. S. Kosmodamiansky (Fig. 11) [3] was 
taken as a model to assess the relationship “local porosity — the stress concentra-
tions” adopted. 
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Fig. 8. Proposed multirank structure of cement stone over pore type  
to evaluate pore influence on strength formation:  

НЦ — unhydrated cement particles; ГЦК — cement stone gel without gel pores;  
Пг — pores of gel; Пк — capillary pores; Пм — macropores 

 

 

Fig. 9. Dependence of porosity and local porosity for the model  
with normal distribution of spherical pores 




