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Abstract. The presentation of the design in the form of an open, complex, self-organized
system allows analyzing the influence of external influences on the reaction of its individual
elements of the structure and the system as a whole. The freezing-thawing cycles are continuously
selected from the range of external influences. These actions are the most dangerous for changing
the structure of construction composites.

The conducted analysis of climatic conditions in the Odessa region for a period of 13 years
showed that in one year, on average, there are more than 60 temperature transitions through 0°C. In
this regard, for the regions of the South of Ukraine ensuring the frost resistance of construction
composites is relevant, economically justified task.

Currently, there are quite a number of hypotheses explaining the reasons for the decline in the
basic properties of building materials when they are repeatedly frozen and thawed. According to
DSTU B B.2.7-47-96 frost resistance test is normalized to be carried out in chemically aggressive
environments and to take into account the operating scenario.

The work done has made it possible to evaluate the effect of freezing conditions on the
change of their physical-mechanical characteristics and frost resistance of building materials.

The analysis of the experimental results showed that with the increase in the number of cycles
in the samples of cement and mortar, structural changes occur that depend on the conditions of
freezing. This is evidenced by changes in such indicators as: mass, water absorption, speed of
ultrasound, coefficients of damage and depth of carbonation. Structural changes cause changes in
strength, both in samples of cement stone and of cement-sand mortar.

The experimental results obtained suggest that the conditions of influence of negative
temperatures on products and structures play a significant role in their ability to resist frost damage.
Further studies have been developed to reveal the causes of the phenomenon.
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Introduction. Representation of the structure in the form of an open complex self-organized
system allows to analyze the influence of external effects on the reaction of individual elements of
the structure and the system as a whole. Continuously repeating cycles of freezing and thawing are
distinguished from the range of external influences effects. These influences are the most dangerous
for changing the structure of building composites.

Existing methods of the frost resistance assessment of building materials are based on the
assumption that after wetting samples are subjected to complex influence of negative temperatures.
An analysis of the operating conditions of most construction products and structures (enclosing
structures of buildings and constructions of various values, dams, canal lining, pressure and non-
pressure pipes, power lines, etc.) showed that, as a rule, external climatic loads act on them one-
sided or locally. It can be assumed that under these types of influences, the behavior of materials in
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products will significantly differ from their behavior during comprehensive freezing. For a more
objective assessment of frost resistance, the relevant task is to analyze the conditions of the external
influence of negative temperatures on the changing of the physic-mechanical characteristics of
mortars and concrete.

Analysis of recent research. The analysis of climatic conditions in the Odessa region over a
period of 13 years showed that in the autumn-winter season, on average, more than 60 temperature
transitions through 0 °C are observed. Concerning this, for the regions of southern Ukraine,
ensuring the frost resistance of building composites is a relevant, economically viable task.

Most experts refer stresses and strains that occur in pores and capillaries from freezing water
to the main reasons for reducing the frost resistance of concrete, as capillary-porous bodies.

Currently, there is a fairly large number of hypotheses that explain the reasons for the
decreasing of basic properties of building materials during their repeated freezing and thawing. The
analysis of scientific and technical literature allowed to identify the main hypotheses of reducing the
materials frost resistance.

The most common hypothesis was proposed by T.S. Powers. He suggested that frost damage
only occurs when the hydraulic pressure associated with the displacement of fluid from the capillary
exceeds the tensile strength of concrete. The value of the hydraulic pressure depends, first of all, on
the length of the path traveled by the displaced water to the nearest free space for expansion (the
reserve pores). This position was supported by Sheikin A.E., Dobshits L.M., Dvorkin L.I., Stark 1.,
Moskvin V.M., Kapkin M.M., Mazur B.M. and others.

A.M. Podvalniy [1] proposed a model of frost destruction mechanism, based on which the
capillary and shell are considered as a thick-walled pipe with a variable ratio of shell and capillary
radii. When considering a single capillary, the effect of neighboring capillaries is replaced by a
uniformly distributed load on the outer surface of the shell. In addition, the difference in the
coefficients of thermal deformation of the matrix and the aggregate [2-4] reduces frost resistance.

Particular attention is paid to the hypothesis, which is based on the direct effect of
crystallizing ice on the walls of pores and capillaries. According to calculations, the ice pressure
during water freezing is about 12 MPa, while concrete tensile strength rarely exceeds 7 MPa, which
leads to concrete destruction. Destruction increases with each cycle of freezing and thawing.

One hypothesis is based on the dependence of the freezing point on pore size. During the
cooling process, water first freezes in large capillaries and pores, while in smaller gel pores it
remains in a liquid state. Since the vapor pressure above water is higher than that above the ice, a
thermodynamic nonequilibrium state arises, which creates a force for moving water from smaller to
larger pores or onto the ice-covered concrete surface.

Wilhelm Pfeffer discovered the effect of osmosis, studying the metabolism and conversion of
energy in plants. This effect found its application in building materials science, which allowed to
propose a hypothesis of pore fluid concentration boundary influence on the frost resistance.

According to [5], in the structure of cement stone and concrete there are technological cracks
(TC) and internal partition surfaces (PS) of various scale levels. When free water freezes in the
volume of pores, capillaries and cracks, ice pressures their walls, which leads to the internal volume
increasing and tensile deformations in the mouth area development.

According to DSTU B V.2.7-47-96, the frost resistance test is normalized to be carried out in
chemically aggressive environments and the operating scenario should be taken into account. In
operating scenarios that are considered by DSTU there are no one-sided environmental impacts.
After analyzing the literature and operating conditions, it was suggested that one-sided (local)
impact is one of the most common types of impacts on the structure.

The analysis of the main reasons for the frost resistance decreasing showed that there is
practically no scientific and technical information on the influence of the freezing conditions of
products (samples) on the ability of a material to perceive the deformations development if the
volume of freezing water increases without destruction. The condition of structure freezing means
the conditions of negative temperatures impacting the product. Two characteristic ways of freezing
the product can be distinguished. The first method is to freeze the entire pre-wetted sample. This
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method has been used for more than a hundred years as a basic method for quantifying frost
resistance of building materials of various types and purposes. The study of operating conditions
made it possible to establish that most products perceive negative temperatures on individual
surfaces (one-sided freezing). Changing the conditions of freezing significantly changes the
formation of the freezing front, which leads to changing the internal heat and mass transfer,
pinching or displacement of the gas component, the occurrence and development of moisture and
temperature deformations, etc. This suggests that a change in the freezing conditions of the samples
(comprehensive or one-sided) should lead to a change in the frost resistance of building materials.
Thus, taking the method of freezing samples into account will allow a more objective assessment of
the frost resistance of the material and the development of appropriate prescription-technological
methods to increase the resistance of materials depending on the type and operating conditions of
the products and structures.

Goal and tasks. The purpose of the work was to determine the effect of various types of
influences of negative temperatures on the structure. The objective of the study was to assess the
effect of comprehensive and one-sided freezing of samples on changes in the physic-mechanical
characteristics and frost resistance of building materials.

Objects and research methods. The objects of study and analysis are beam samples
(40x40x160 mm) made of cement stone (W/C = 0.27) and cement-sand mortar (cement/sand = 1/2
and W/C = 0.5).

Each type of sample was divided into three groups.

The first group (O1) includes samples that were tested in accordance with DSTU B V 2.7-42-97.

The second group (O2) includes samples that were tested under conditions of one-sided
freezing-thawing. Visually, the sample was divided into two halves. One half that was in thermal
insulation (O2+), and the other one was exposed to freeze-thaw cycles (02-), Fig. 1.

The third group (O3) includes samples that were maintained in a normal hardening chamber
with a humidity of 95%.

After every five cycles of freezing and thawing, samples of all three groups were checked for
the following characteristics: mass (Am), water absorption (w), ultrasound transmission rate (v),
damage coefficient (Kg), bending tensile strength (few), strength under compression (fe),
carbonation depth.

1 — part of the sample that was
undergone to freeze-thaw cycles;
2 — part of the sample, which
was maintained in the positive

s temperature range;

A 3 —thermal insulation 5mm

thick;

4 — temperature sensor;

5 — styrofoam ;

6 — medical cotton wool;

7 — freezer.
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100

/\ — N\

Fig. 1. Example of sample preparation for one-sided freeze-thaw tests

The results of the study. With comprehensive freezing, a kind of «freezing front» is formed,
which contributes to the displacement of free water into the deep layers of the material. Since building
materials on an inorganic binder are represented as capillary-porous medium, the formation of an
integral freezing front is associated with processes and phenomena that occur in individual pores and
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capillaries. The soil freezing hypotheses were proposed and analyzed by professor Sumgin M.I. in the
1930s [6] when studying the processes of soil freezing in permafrost areas. He considered the soil
model as a kind of dispersed system, the properties of which depend on the nature and level of
interactions of individual particles of the dispersed phase with each other and with the dispersion
medium (water). When water freezes in the pore space of this kind system, the volume increasing of
system water is proportional to the volume change of free water. Thus, the portion of the disperse
system that has been exposed to negative temperature, increases in volume, which causes the transfer
of part of the volumetric deformations to other layers of the system. Analyzing the mechanism of this
process, it is logical to conclude that as a result of a one-sided volume increase, uniform pressure
arises, which leads to the fact that the freezing part of the system, like a piston, presses on the deep
layers, forcing some of the free water deep into the system.

Historically, such a mechanism of water displacement was accepted as the main one when
describing the processes occurring in a separate capillary. This is the basis for the hypothesis of
reducing the frost resistance of building materials, and the formulation and technological measures
are being developed to create the so-called reserve porosity for water flow displaced when it freezes
in capillaries volume. If taking a similar mechanism of internal heat and mass transfer as a basis,
then under the conditions of comprehensive freezing, a significant amount of water will be
concentrated in the deep zones of the samples (products), forming the «core» of the material
supersaturated with moisture. With complete freezing, the pressure that occurs with a water volume
increase should lead to the destruction of the sample (product) from the inside. For the entire period
of observation of building products and structures behavior and when studying frost resistance on
individual samples, the explosive nature of the destruction was not described by the method «from
inside to outside». As a rule, the destruction of samples during comprehensive and periodic freezing
and thawing occurs from the surface layers to the deep layers of the material. The cause of
destruction can be the gradients of volumetric deformations in the sample during its freezing and
thawing, as well as a complex of mechanisms occurring in different-sized pores and capillaries
taking into account different coefficients of thermal deformations of individual components.

Under conditions of one-sided freezing, part of the sample (product) is almost always in the zone
of positive temperatures. Therefore, periodic freezing-thawing undergoes a part of the material located
in the zone of influence of negative temperature. It was shown in [7, 8] that when water freezes in
capillaries, their volume increases, which leads to additional saturation with moisture. This suggests
that with one-sided freezing, significant mass transfer should not occur. When the temperature
decreases to negative values, two multidirectional processes occur: a decrease in the volume of the
solid component of the material with a simultaneous increase in the volume of the sample due to an
increase in the volume of water when it freezes in the pores and capillaries of the material.

Alternating volumetric deformations of the material, arising due to periodic changes in
temperature and ice pressure, lead to structure changing, which, in turn, changes the physic-mechanical
properties of cement stone and concrete, which are in the zones of negative temperatures. Experimental
studies have shown that with increasing the number of cycles, the water absorption of O1 samples from
cement stone increases by 24% (from 13.5% to 16.7%), and O2 increases by 20% (from 13.5% to
16.2%) , while control samples reduced water absorption by 4.3% (from 14% to 13.4%).

The water absorption of mortar samples remains almost unchanged during the first 20 cycles
of one-sided and comprehensive freezing and thawing. A subsequent increase in the number of
cycles leads to decrease in water absorption to 18% with one-sided freezing and up to 25.4% with
comprehensive freezing. A decrease in water absorption with an increase in the number of cycles
can be associated with crystallization of salt in the capillary-porous space of mortar samples.

The change in water absorption with repeated changes in temperature indicates a change in
the pore structure, which is indirectly confirmed by the results on an increase in the speed of
ultrasound with an increase in cycles. Structural transformations are confirmed by the results on the
effect of freezing conditions on the depth of carbonization — with comprehensive freezing, the
carbonization depth is more than twice higher than the carbonization depth of samples that were
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subjected to one-sided freezing. By changing the damage factors, we can quantitatively assess the
effect of freezing conditions on the change in the structure of cement stone and mortar. The
experiments showed that with increasing in the number of cycles increases the value of K. In this
case, the damage to the samples upon comprehensive freezing and thawing is on average 22%
higher than the damage to the samples due to one-sided impact of negative temperature. It can be
concluded that a change in the freezing conditions inevitably affects an appropriate change in the
structure of the samples. In it’s turn, a change in structure leads to a change in the strength
characteristics of cement stone and mortar.

The experiments showed that for samples from a cement-sand mortar the strength f. after 20
cycles of comprehensive freezing decreased almost twice, and by 18% under one-sided impact of
negative temperatures, Fig. 2, a. The decrease in fg strength for mortar samples, after 20 cycles,
under comprehensive freezing conditions was 28%, while the change in freezing conditions led to a
decrease in fe by 10% in half of the O2 + sample and by 7% in O2-, Fig. 2, b.

With an increase in the number of cycles to 40, the overall picture of the effect of freezing
conditions on the change in the strength characteristics of samples from a cement-sand mortar is
preserved, Fig. 2, a, b.
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Fig. 2. The effect of freezing conditions on the change in the mechanical characteristics
of cement-sand mortar: a — fou; b — fex

Also, this picture is preserved on samples of cement stone after 20 cycles of freezing and
thawing. The strength of the f. for comprehensive impact has more than halved and is reduced by
44% with one-sided freezing. For comprehensive freezing, the strength fe decreased by 43% and by
26% under one-sided exposure to negative temperatures in half O2+ and by 37% in O2-, Fig.3, a, b.

Studies have shown a significant effect of freezing conditions on the change in the physic-
mechanical properties of cement stone and cement-sand mortar. It can be assumed that one-sided
freezing creates more favorable situations in the samples that can relax part of the dangerous
deformations that occur when water freezes in the pore volume of the material.
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Fig. 3. The influence of freezing conditions on the change in the mechanical characteristics of
cement stone (after 20 exposure cycles): a — feu; b — fex

An analysis of the experimental results showed that with an increase in the number of cycles
in samples of cement stone and mortar, structural changes occur that depend on the conditions of
freezing impact. This is evidenced by a change in such indicators as: mass, water absorption,
ultrasound transmission speed, damage factors and carbonization depth. Structural changes cause
changes in the strength characteristics both in samples of cement stone and in cement-sand mortar.

Conclusions. The work done made it possible to evaluate the effect of comprehensive and
one-sided freezing of samples on the change in the physic-mechanical characteristics and frost
resistance of building materials.

Experimental studies have shown that with one-sided freezing, the change in mass,
carbonization depth, damage coefficients, and physical and mechanical characteristics is less
intense compared to the comprehensive impacts of negative temperatures.

The obtained experimental results suggest that the conditions of the effect of negative
temperatures on products and structures play a significant role in their ability to resist frost damage. To
reveal the causes of the manifestation of the discovered phenomenon, further research programs have
been developed.
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AHortania. [lomanHs KOHCTPYKIII y BUIJISAI BIAKPUTOI CKIAAHOI CHCTEMH, IO
CaMOOPTaHI3y€eThCs, JA03BOJISIE MPOAHATI3yBaTH BIUIMB 30BHINIHIX BIUIMBIB Ha PEAKII0 OKPEMHX
€JIEMEHTIB ii CTPYKTypU Ta CHCTEMHU B IJIOMYy. 3 TaMMHU 30BHIIIHIX BIUIMBIB BUAUICHI IUKIU
3aMOpOKYBaHHA Ta BIJTalOBaHHS, MO0 Oe3mepepBHO MNOBTOPIOIOThCA. Lli 1uKIM € HaWOiIbII
HeOe3MeYHUMU /TS 3MIHH CTPYKTYPH OyAiBeTbHIX KOMITO3UTIB.

[IpoBenenuii anani3 kiIiMaTHYHUX YMOB B Ozechkiit o0macTi 3a nepiof 13 pokiB mokasas, 1110
3a OJMH DIK, B CEpeHbOMY, crocTepiraerbcs Outbiie 60 mepexoniB Temmneparypu uepes 0°C. ¥V
3B'SI3KY 3 1uM, ans perioHiB IliBaHa VYkpainu 3a0e3nedeHHss MOPO3OCTIMKOCTI OyAiBEIbHUX
KOMIIO3UTIB € aKTyaJIbHUM, EKOHOMIYHO BHITPABIAHUM 3aBJIaHHSIM.

B nanmii yac icHye AOCUTH BeNMKAa KUIBKICTh TiMOTE3, IO MOSCHIOIOTh NPUYMHU 3HUKEHHS
OCHOBHHMX BJIACTMBOCTEH OyniBEIbHMX MartepialliB MmpH X 0OaraTopa3oBOMy 3aMOpOKYBaHHI Ta
BinraBanHi. 3rigHo JICTY b B.2.7-47-96 BunpoOyBaHHS Ha MOPO3OCTIHKICTb HOPMYETHCA
IIPOBOAMTH B XIMIYHO arpeCUBHUX CEPEIOBHILAX 1 BPaXOBYBATH CIIEHAPiN eKCIUTyaTallii.

Pe3ynbraTé eKcriepuMeHTaIbHUX JAHUX JTAJTH MOYKITUBICTD OLIHUTH BIUTHB YMOB 3aMOPOKYBaHHS
Ha 3MiHY ()i3UKO-MEXaHIYHHUX XapaKTEePUCTUK 1 MOPO30CTIHKOCTI Oy/iBENbHIX MaTepiaiB.

AHani3 eKCliepuMEHTAIbHUX PE3YyJIbTaTiB MMOKa3aB, 110 31 30LIbIIEHHSAM KUIBKOCTI IUKIIB Y
3pa3kax 3 IIEMEHTHOIO KaMEHIO 1 PO3UMHY, B1AOYBalOTbCA CTPYKTYPHI 3MIHH, K1 3aJ€XaTh Bij
YMOB BIUIMBY 3aMOpoXyBaHHA. IIpo 1me CBiAUMTH 3MiHa TakuUX MOKAa3HMKIB SK: MacHy,
BOJIOTIOTJIMHEHHS, IIBUJIKOCTI TMPOXO/DKEHHS YJIbTPa3BYKy, KOe(ILI€HTIB TMOIMIKOPKEHOCTI Ta
rOuHN  KapOoHizamii. CTpPYKTypHI 3MIHM BUKIMKalOTh 3MIHM MIIHOCTI, SIK B 3pa3kax 3
LIEMEHTHOI'0 KaMeHIO, TaK 1 3 IIEeMEHTHO-TIIIAHOTO PO3YHHY.

OTpumaHi eKCliepUMEHTANbHI pe3ysIbTaTH JAaloTh MiJICTABY 3pOOUTH BHCHOBOK, IO YMOBH
BIUIMBY HEraTUBHUX TEMIIEpAaTyp Ha BUPOOW 1 KOHCTPYKIIi TparoTh ICTOTHY pOJib B iX 3AaTHOCTI
YHHUTH OMip MOpPO3HOMY pyHHYBaHHIO. J[IsI PO3KPUTTS NMPUYUH NPOSBY BUSBIEHOTO (heHOMeHa
PO3po06IIeH] IporpaMu MOJANBIITUX JOCIiIKEHb.

KuarouoBi cjoBa: BiIacTUBOCTI Marepialy, JOKaJbHE 3aMOpPOKYBaHHS 1 BiJITaBaHHS,
CTPYKTYpHI 3MIHH.
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AHHOTaNUA. [IpencraBnenue KOHCTPYKLIUU B BUJIC OTKPBITOM, CIIOKHOM,
CaMOOPTraHU3YIOMIEHCS CUCTEMBI MTO3BOJISICT MIPOAHAIM3UPOBATH BIIMSIHUE BHEITHUX BO3CHCTBUI Ha
pPEaKIMIO OTIEIBHBIX JJIEMEHTOB €€ CTPYKTYphl W CHUCTeMBbl B 1eaoM. C raMMmbl BHEITHUX
BO3JICHCTBUI BBIICIICHBI HEMTPEPHIBHO MTOBTOPSIFONTUECS IUKIIBI 3aMOPAKUBAHUS M OTTaUuBaHUSA. DTH
LUKJIBI SIBJISIFOTCS] HAMOOJIee OMACHBIMHU VISl U3BMEHEHHSI CTPYKTYPBI CTPOUTEIBHBIX KOMIIO3UTOB.

[IpoBeneHHbIl aHamM3 KIUMaTHUECKUX ycioBUM B Opecckoil obmactu 3a mepuon 13 met
MoKa3aJl, YTO 3a OJIMH OCEHHE-3MMHHUI CEe30H, B cpeaHeMm, Habmromaercs Oosee 60 mepexoaoB
temneparypsl depe3 0°C. B cBsa3u ¢ stum, ans peruoHoB IOra VYikpauHbel oOecrnedeHue
MOPO30CTOHKOCTH CTPOUTEIBHBIX KOMIIO3UTOB SIBJIICTCS aKTyaJbHOM, SKOHOMUYECKH OINPaBIaHHOMN
3a7a4ei.

B Hacrosiiiee BpeMst CyIiecTBYeT JOCTaTOYHO OOJIBIIOE KOJIMYECTBO THIOTE3, OOBSICHIIONIUX
MIPUYMHBI CHIDKCHHSI OCHOBHBIX CBOMCTB CTPOUTEIBHBIX MaTEPHAJIOB IMPH HMX MHOTOKPATHOM
3amopakuBanuu u ortauBanuu. CormacHo JICTY b B.2.7-47-96, ucnisiTanusi HA MOPO30CTOMKOCTh
HOPMHUPYETCS TPOBOAWTh B XHUMHUYECKH AarpecCHUBHBIX CpeJaX M YYHUTHIBATh CIEHapUi
JKCIUTyaTaluu.

Pe3ynbpTathl 9KCHEpUMEHTANBHBIX JaHHBIX [O3BOJWIM OLIGHUTh BJIMSHHE YCIOBUUI
3aMOpaXMBaHMUS Ha U3MEHEHUE (PUBMKO-MEXAHHMUYECKUX XapaKTEPUCTUK U MOPO30CTOUKOCTH
CTPOUTEIbHBIX MaTEPUAIIOB.

AHaIu3 KCIEPUMEHTATBHBIX PE3YJIbTAaTOB MOKA3al, YTO C YBEITUUECHUEM KOJIMYECTBA IIMKJIOB
B 0o0paslax M3 IEMEHTHOTO KaMHs M pacTBOpa MPOUCXOAST CTPYKTYPHBIE U3MEHEHUs, KOTOpbIe
3aBUCAT OT YCJIOBHM BO3JEUCTBHS 3amopaxuBaHus. OO0 3TOM CBUIETEIHCTBYET U3MEHEHUE TaKHX
MoKa3aTeNel Kak: mMacca, BOJOIMOTIIONIEHHE, CKOPOCTh MPOXOXKIEHUS YIbTpa3Byka, KO3 UIIUEeHT
MOBPEXKICHHOCTH M TIyOmHa KapOoHu3auuu. CTPYKTYpHbIE W3MEHEHHS BBI3BIBAIOT W3MEHEHUS
MIPOYHOCTH KaK B 00pasiiax u3 IEMEHTHOTO KaMHs, TaK M U3 IIEeMEHTHO-TIECYaHOT0 PacTBoOpa.

[TonmyuyeHHbIE JKCIIEPUMEHTATIBHBIE PE3YJIBTAThl JAI0T OCHOBAHHME CJIeNIaTh BBIBOJ, UTO
YCIIOBUSI BO3JECUCTBUS OTPULATENIBHBIX TEMIEPAaTyp Ha WU3JAEIUs M KOHCTPYKUUU WIPAIOT
CYIIECTBEHHYIO POJb B HX CIOCOOHOCTH CONPOTUBIATHCS MOPO3HOMY paspymieHuro. s
pPacKphITUSl TPUYMH TPOSIBICHUS OOHApYKEHHOro ()eHOMEeHa pa3paboTaHbl MPOTPAMMBbI
TATbHEUIIINX UCCIICTIOBAHMH.

KuroueBble cjioBa: CBOWCTBa MaTepuasia, JIOKAJIbHOE 3aMOpakKMBaHUE M OTTAMBAaHUE,
CTPYKTYPHBIC M3MEHEHUS.
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