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Abstract. The carried-out research provides insight into the internal bonds energy in material
as the basis of its durability, deformability, integrity and resistance to different factors
(combined effects of external loadings and (or) environment), into the limits of technical
possibilities, durability and physical reality of the process of concrete deterioration, which
allows designing reliable and cost-effective ferroconcrete constructions for different purposes.

1. Introduction
Durability is a key indicator of concrete quality, which determines reliability and cost-effectiveness of
concrete and ferroconcrete products, constructions and structures.

This research [1...3] has shown that durability is an integral characteristic of concrete, which
assesses the material as a whole, from generation of a solid body to destruction resistance. The
existing definition of concrete durability as an ability to resist destruction or irreversible deformation
from external forces effect or internal stresses and environment is not correct and does not explain the
essence of this phenomenon. The durability of concrete is not an ability of material to resist
destruction; this is an ability it gets due to durability. In fact, durability is the main characteristic of
concrete, which is defined by value of stable inner bonds between components and its structure, which
provide the integrity of material, its identity to itself and ability to resist destruction or irreversible
deformation by the effect of different factors (external forces and (or) environment). In fact, the actual
durability of concrete is an integral value of inner bonds energy in material with concrete structure.
Thereby, durability of concrete can be measured not only in MPa, but also fn\@hioh is, in the
authors’ opinion, more correct, because the essence of this feature is more precisely reflected.
Concrete with ideal structure has to reach theoretical durability, which is significantly higher than the
real one. In accordance with this research, the bond energy between atoms of chemical elements in
concrete can be measured by elastic modulus, which in fact is the stress, which arises in a single
section of material at relative dislocation of atoms or molecules from their optimal position, which
equals one, if the Hooke's law is not broken and the sample is not destroyed. So, elastic modulus can
be used for calculation of theoretical durability of concrete. According to different researches, the
theoretical durability of different materials is 5 — 20 % of their elastic modulus and on average
amounts to 10 %. With that in mind, the value of theoretical durability of concrete, for example, of
concrete grade B60, is on average 4000 MPa {)/aand actually it is 77 MPa (J/@nwith a
durability variation coefficient of 13.5 %. The difference is substantial and connected with
considerable defects and differences of concrete structure on microlevels and macrolevels, which can

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY 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


http://creativecommons.org/licenses/by/3.0

MEACS 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 327 (2018) 042127 doi:10.1088/1757-899X/327/4/042127

be assessed by relation of the theoretical dutpltdi the real one. The higher is this ratio, theren
imperfect the structure of the material is.

2. Durability asan aobjective general quantitative value of the existence of different forms of
substance

The value of durability is assessed by ultimatergjth. The ultimate strength of concrete is defimgd
the load and the specific mode of its applicatiorwhich the value of micro destructions in material
becomes critical, after which spontaneous separaticcamples into parts begins, each of which has
certain durability. The critical value of microdesgttions in concrete is assessed by the value df,wo
which is needed for destruction of material of waitume @ ,» [1]. On the basis of this definition, the
ultimate strength depends on load application métes means, that depending on modes with which
examples are tested, one and the same concrethagandifferent values of ultimate strength. To
eliminate uncertainty and set the single ultimatergth for all, which is used for practical purpss
(design of constructions, comparative evaluatiorifferent concretes and so on), the test mode of
concrete samples is regulated by GOST 10180, imrdanoce with which the standard ultimate
strength of concrete with rate of load applicatiof...0.6 MPa/s is determined.

With the raise of load application rate, the ultienatrength also rises, and with reducing it — slow
down and reaches the long-term strength of conciéte limit of technical capabilities of concrete
can be also assessed by value of per-unit wagk ,«which has to be expended for reaching the
critical value of microdestructions in materialteafwhich the spontaneous separation of samples to
individual parts begins, each of which has defidiieability. The value of &,» can be calculated by
the formula:

4, :j:RdS
0

The analysis of experimental data of many scieng$tows that with changing of test mode of
samples, the durability and the breaking straimealf concrete also change, but in such a way, that
with acceptable errorAg» is a constant value for a certain type and migavfcrete and type of load
on condition of no strengthening in time, and ieslmot depend on samples test mode. It meanstthat a
any load application modes on certain concrete kmnthey are destroyed only when they reach the
maximum value 4&,». Another type of non-strengthening concrete afc#jz composition, other
things being equal, will have its own limit of tedbal capabilities, which will grow with its
strengthening [1].

Assuming that durability is an integral value ohén bond energy in solid body, it means that
durability is an objective general quantitative swra of existence of different forms of substance.
The state of substance is measured by amount gfyenehich binds components into a single whole,
and by the strength of this binding. If, for exampthe value of bond energy of basic minerals of
cement stone 3CaOSji0O 2Ca0SiQ, 3CaOALO; 4CaOAlOs;Fe,0; and 3CaOAI0:6H,0 is
respectively equal to 5239.2; 4139.3; 6246.6; &ldnd 12062.4 kJ/mole, it is a solid state of
material. If the bond energy between molecule®is.80 kJ/mole, it is a liquid state of materialthHé
bond energy between molecules is 8...16 kJ/mols, it gasiform state. The bond strength between
elementary patrticles in solid body is 3 orders mgmeas compared to the bond value between
molecules in gasiform state. So, if between atomshemical elements the correct level of bond
strength is not reached, the formation of solidié®ds not possible. That is why durability is @ot
criterion of solid body formation. If there is dbikty — then all the elementary particles, conéairin
material, are bound by durable chemical and phisgieghanical connections into a whole, a solid
body with all its properties. If there is no duldpj so there are no connections between elemgntar
particles and there is no solid body.

3. Durability asareliablecriterion of the destruction degree of material structure and its
residual potential capabilities
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With acquiring integrity and durability, concretetg ability to resist different destructive factors
which try to destroy bonds between elementary gipléis, and the internal energy between them,
which determines its durability, prevents it. Caterand cement stone are considered as extremely
defective spatial systems, consisting of a largewarhof chemical elements compounds, dissimilar by
nature, properties and sizes, bound inside anddagtwthemselves by unequal chemical and physical-
mechanical bonds. But the main role belongs to atedrbonds, because concrete is a waterproof and
strengthening in time material, which is possibldyowith the prevalence of chemical bonds. In
accordance with strength of materials science rettés, if to any solid body a uniaxial vertical
compressive load is applied, there are no anysdse material in horizontal direction, so it @ n
taken into account that the structure of mategabonds to external loads and resists to them. In
contrast to that, O.Y. Berg, Y.V. Zaycev and otbgientists on the basis their researches asséihtha
this case there are horizontal tensile stressesriorete, which are the reason of its destructiothe
authors’ opinion, the tensile stresses, perperaidal the uniaxial vertical compressive load cannot
appear in material because in this direction tlaeeeno any tensile stresses in the given examplke. T
carried-out researches show that in reality evergths somehow different, if one takes into
consideration how the complicated physical structfrmaterial resists to loading, and which are the
bases and patterns of this resistance. If a systemt affected by load, it is in equilibrium stafes
soon as under the effect of external forces thectiral elements of system move from their energy-
effective location, an internal volumetric stresstdte of contraction or expansion arises with the
action of compressive or tensile stresses, thahisdequate reaction of resistance to external load
appears in the material structure instantly. Theréie structure of a solid body like concrete alsva
actively resists to external loads. Regardlessheffact if there is one-axle, two-axle or threeesaxl
load, a volumetric stressed state of contractioexpansion as a result of interaction between atésne

of the structure always arises in it [1]. High s&es are concentrated in defective or weakened9lac
of concrete with the increase of load level. Thegch such values, with which the bonds between
elementary participles are broken, the materiaictiral integrity is damaged, and the microcracks
appear. The place of the first microcrack and thsridution of microcracks on material are
determined by probabilistic laws. Where microcraelpear, the stresses decrease and relocate to
different, less loaded structural elements, whiitmdates the appearance of microcracks on nearby
sites and so on, that is with appearance and m®gE microcracks, the stressed state in concrete
structure changes dynamically. With the risingazd and the time of its effect, the amount andssize
of microcracks also increase; some of them merdfe @ach other and, as a result, the whole volume
of samples is divided by combined microcracks imteakly connected between each other
microvolumes, which weakens their load resistaridee carried-out experiments, in which cubes
10x10x10 cm, made of mortar of composition 1:1 S Qiy mass, W/C = 0.4), in the as-formed state
were cut in two or three parts, confirm it. Afteaartiening in laboratory conditions within 20 daysyt
were tested in such not integral state, that i) aiitificial vertical heightwise cracks, for comagsion

by standard methods with test samples (solid cubliés) results of tests showed, that the duralmlity
cubes, divided by artificial cracks into two ordhrparts, is lower than the durability of test skasp

by 18...30 and 26...50% respectively. This means fradricrete examples are disconnected by solid
vertical cracks into two or three parts, they oagigt external load in such condition, but on tihel
their ultimate strength falls by 18...50% dependimgtioe moment of cutting samples into parts. As
the research has shown, in concrete with hetesmgen structure on micro- and macro-levels,
stresses in the section, perpendicular to the titreof external compressive, for example, one-axle
load, for obvious reasons are allocated irregularly some parts they are bigger, in other pamgio
This difference can be significant, especially watibstantial difference between physical-mechanical
properties of materials in nearby areas (for exagganite aggregate — cement stone, crystal and ge
components of cement stone and so on). In accoedaitb statements of mechanics of materials,
with such scheme of load the shearing failure issfile. So, in the loaded heterogeneous concrete
structure all preconditions are created for shgasiness appearance in large amount of microvolumes
and for the development of microcracks in this pléoterface) and - by shearing mechanism - in all
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levels of structure, which is confirmed by expenmp, 3]. Under the action of one-axle compressive
load on concrete along with the expanding the cmmable compression is observed because
compressive stresses are many times larger thaexpanding ones, so it results in the volume
contraction of samples. Concrete is also a capif@rous body, and therefore the material is
compacted due to collapsing of pores and capilagtosing of cracks and discontinuities, concrete
creep and so on. For these reasons with the ircrfasompressive load, the reduction of volume of,
for example, the cement stone until the destruatiosamples is observed [4]. Concrete acts singilarl
until a certain level of load, when material reach®e maximum density and minimum volume, after
which the decompaction and increase of volume f®lodbserved. It can be assumed that with one-axle
tensile load, the pattern would be different. Wi further increase of load, microdestructionsagro
by the above-mentioned laws, interact with eacleroth volume of concrete and form a general
destructive process, which goes with certain spaed,as a result of which, the elements of stractur
are formed, into which the material is finally dieid. As soon as the volume of microdestructions
reaches the critical value the concrete disintegratto separate parts.

With the constant continuous load acting on corcagid in the process of non-elastic deformation,
the sizes and volumes of the appeared microcraxkedses. If the acting load does not exceed the
long-term strength of concrete, the volume of ndesiructions in material does not reach its ctitica
volume and the destructive process gradually erifishe load exceeds the long-term strength of
concrete, then in the process of long deformatiom volume of microdestructions in material after a
certain period of time reaches its critical voluarel the material is destroyed. The higher is thelle
of load, the smaller time is needed to reach thenemt of concrete destruction. The external load,
under which the volume of microdestructions in cete after the long required period of time reaches
its critical volume, is called the long-term strémgf the concrete. The long-term strength of the
concrete depends on many factors, including iterdedbility. Thus, for a polymer-concrete, which
has the increased long deformability, the ultimatg resistance equals (0.5...0.6),Rp (depending
on the type of binder) and for cement concrete \eitver deformability - (0.75...0.85) Riipie [1]-

From Griffiths to the present time, the destructiwecess has been assessed by the total critical
length of microcracks, after reaching which corerdivides into parts [3]. But every crack in the
moment of its formation has length, width and heigthese parameters in equal measure influence
the material destruction. Therefore the volumedgstructive process cannot be assessed only by the
length of microcracks, because even with one-axtereal compressive load on concrete, internal
volumetric stressed state of expansion arises, hwimftuences the genesis of microcracks in three
directions - length, thickness, depth, and volumegéneral. Therefore it is more reliable and
reasonable to assess process of concrete destrutyo the volume of microcracks or
microdestructions, which can be characterized lBcifip work, needed for destruction of material
«Ap»,

For real concrete the process of its destructiovolametric and temporary, it is not instant, but
developing in time with certain speed. Therebyjsasonfirmed by the tests, with the increase of
uniformity, durability and with the lowering of th@mount of defects in the concrete structure, the
lower and upper limits of microcracks formation rie&se, so the duration of destructive process is
reduced. From theoretical point of view for coneretith ideal structure and homogeneity, the
destructive process should be also volumetric,ittant, that is the destruction of samples should
occur with the reaching of theoretical durabilitgtiantly in the whole volume.

As it is known, the shape and sizes of samples beaat influence on concrete durability and type
of concrete destruction. The smaller samples sheatgr strength, and prisms — smaller strength than
cubes. At the same time, prism strength shows dinerete strength in constructions more reliably,
because the bearing friction of a sample with pdases is excluded, and in fact, a prism is a
construction, closer by shape to piles and columfsat is why prism strength is used in calculation
of concrete and reinforced concrete products. Butewesearching concrete durability as a material,
it is more correct to use standard cubes, becaudest with prisms not only concrete durability
without influence of bearing friction, but also te#ength of constructions with certain shapes and
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sizes is determined. The destruction of structofesn occurs on one plane. So, the shape and kize o
prisms have influence on results of durability dmieation and on the character of material
destruction, which is not desirable. Additionaliigrability and homogeneity of concrete, the mode of
load application and other factors also have imitgeon the character of samples destruction. In the
carried-out experiments for testing standard cdacsamples with durability about 150 MPa with
standard method, they always disintegrated at thestruction into many parts of medium size. In
view of the above, one cannot agree with conclssibiat the destruction of concrete samples ends
with formation of one main crack. This variant @spible under certain conditions, but manifestdfits
mostly at constructions destruction. Another chi@raof destruction is observed during the test of
standard cubes without and with bearing frictispezially made of high-strength concretes. S it i
more correct to talk about formation of severahgigant cracks on concrete cubes, which divide
samples into parts, or, even better, about théuirasurface. Since destruction always happensen t
weakest places, the fracture surface outlines tipdmsees and divides material into elements of
structure with less presence of defects and greamgth.

As it is noted above, the concrete integrity, sd#atity, ability to resist destruction from thefesdt
of different destructive factors is achieved bydtgability. If concrete has sufficiently high igl
value of inner bonds energy, stable in given coolt, low-defect dense structure, it will succekbgfu
resist any effects, which is confirmed by the reseaf scientists [2, 6, 7, 8]. It is experimenyall
found that in comparable conditions between W/@Gstfresistance, corrosion resistance and concrete
durability a similar dependence exists — with tbevdring of W/C, the concrete durability and
resistance in conditions of freeze effect, corresnedium and other factors increase. So, duralofity
concrete is a criterion of assessment of the sfatencrete and reinforced concrete structureschvhi
work in different conditions: alternate moisteniagd drying, freezing, defrosting, effect of coruesi
medium. It is the only reliable and direct critenghich allows judging about the degree of material
structure destruction and its residual potentipbtdities.

4. Conclusion

Concrete operates in different conditions, whictehsignificant influence on it. In normal conditgn
the concrete durability grows, and in corrosive medit becomes lower. The normal environment is
such conditions, which are good for material sttieeging. In this case, one may talk about concrete
durability. The corrosive medium is such conditiomfiich destroy concrete. In this case, one may
talk about frost resistance or corrosion resistaria®ncrete, but its state is estimated by changin
durability. That approach, in the authors’ viewcantradictory and incorrect. In all cases, letalk
about concrete durability, but work in differentnditions: in normal, chloride, alkaline, carbonic,
magnesium medium and so on. So it is more coredtlk about concrete durability in normal
conditions, about its durability in conditions @aswater, frost or corrosive medium. The assessment
criteria of concrete state with complex effect bmfi external and internal factors can be a certain
standardized durability, which ensures the gradeooicrete with corresponding durability variation
coefficient, which should be rigorously followed afi cases. Whatever factors effect on concrete at
the same time (load of different type and moderasive medium, frost, radiation and so on), corcret
durability in constructions must not be lower thhe standardized one up to the end of designed
useful life, which can be effectively provided. erh the useful life period of buildings and
constructions will rise to few hundred years.

Thereby, the actual durability of concrete is theegral value of inner bonds energy in material
with real structure; it is a criterion of formatiand assessment of concrete condition, basis of its
ability to resist any destructive factors; it definpatterns of destruction and technical abilités
material, particularly its longevity.
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