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FATIGUE DESTRUCTION OF ASPHALT CONCRETE PAVEMENT.
2. THERMODYNAMICS

Abstract. In this paper the fatigue destruction regularity of asphalt concrete pavement, determined before, has
been proved by observance of the identified criteria for thermodynamics of irreversible processes — universal Glens-
dorf-Prigozhin criterion and principle of minimum for production of the entropy of Yu.L. Klimontovich. Values of
production of the entropy under impact of vehicle load of various volumes have been calculated from values of
stresses and strains in asphalt concrete pavement of the highway. Stresses and strains have been determined with the
use of solution of A.K. Privarnikov for multilayer elastic half-space, on the surface of which the vertical static load
has been applied and uniformly distributed along the area of a circle. To calculate the stresses and strains the five-
layer pavement structure has been taken, which included two asphalt concrete layers.

Key words: asphalt concrete pavement, fatigue destruction, production of the entropy, Glensdorf-Prigozhin
criterion, Klimontovich principle.

1. Introduction. Principle of staging of fatigue destruction for the asphalt concrete pavement was
formulated in the author’s work [1], devoted to the analysis of the fatigue destruction of the asphalt
concrete pavement for the highway, based on actual materials, obtained on the sections of the operational
highways. Then, similar to the known phenomena of self-organization in thermodynamics of irreversible
processes and dynamics of non-linear systems (synergetics) — Bernar’s effect and division of biological
cell, it was suggested to consider the parts of asphalt concrete pavement as the specific dissipative
structures, occurred in critical conditions, and a new regularity was formulated for the staging fatigue
destruction of the asphalt concrete pavement. This regularity was explained based on the newly proposed
scheme of bifurcation with the use of the results for experimental determination of the single, cyclic, long-
time and residual strength of the asphalt concrete.

In this paper the determined regularity of staging fatigue destruction of the asphalt concrete pavement
has been proved by observance of the criteria for thermodynamics of irreversible processes namely by
universal Glensdorf-Prigozhin criterion and Klimontovich principle.

2. Stress and strain behavior.

2.1. Pavement structure. To perform calculation of the stresses and strains, occurring under impact of
the estimated vehicle load with further determination of strain and dissipation energies the following
pavement structure has been adopted, which is one of the most typical for the highways of high technical
categories in Kazakhstan:

1* layer: fine-grained dense asphalt concrete, thickness h; = 5 cm;

2" layer: coarse-grained porous asphalt concrete, h, = 10 cm;

3" layer: crushed stone and sand mix, treated with cement (8%) in the plant, h; = 20 cm;

4™ Jayer: crushed and stone mix (6-40 mm), hy = 20 cm;

5t layer: natural gravel and sand mix, hs = 25 cm.

Soil of subgrade is light dusty clay loam.

It is supposed that bitumen of grade BND 100-130, produced by Pavlodar Petrochemical Plant, will
be used for preparation of the asphalt concretes.
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2.2. Deformation characteristics of materials and soil. Asphalt concrete is a visco-elastic material
[2-4] and its strain characteristics depend on the temperature and load duration. In this paper the elasticity
modulus of fine-grained dense and coarse-grained porous asphalt concretes were calculated under the
modified Hirsh formula, proposed in the paper [5]:

E,(t)=P(t)-| E,, -(1-VMA) + E,(t)- VFA-VMA |, (1)

0,994
£,
3

P.()=0,006+ Q)

1+exp{—[0, 6628+0,5861 - En(VFA- D —12,87 -VMA - 0,1706 - én(a-lOé)}
where E,.(f) is the elasticity modulus of asphalt concrete at the time moment t; £, () is the elasticity
modulus of bitumen at the time moment t; Eag is the elasticity modulus of stone aggregate, adopted equal

to 26 540 MPa; VMA are voids of mineral material (as a decimal fraction); VFA is a share of inter-grain

voids, filled with binder (as a decimal fraction); ¢ is a level of strain, adopted equal to 100-10°° for the
mean temperature.

Elasticity modulus of bitumen £, (f) is calculated under the formula [6, 7]:

S
Eb(z)Eg{lJr[ESg-t” ’ 3)

where Eg is an instantaneous elasticity modulus of bitumen, adopted equal to 2 460 MPa; 77 is a

coefficient of viscosity for bitumen, MPa-s.
Coefficient of viscosity 77 is determined under the equations:

{n:aTrAhr(T).n(T;) TSTrb_lo’

7=y (1) 7(T,) T>T,-10, @

n(T,)=0,00124 {1+71 : exl{_ Mﬂ , exp( 0,2011 j 5

5(10+ PI) 0,11+0,0077PI
(M) =exp| 1172020000 1L} ©
5A0+PI)| (T +273) (T, +263)
2,303(I'-T,+10)
a T)=exp| - > .
i (T) p{ (0,114 0,0077P1) (114,5+T T, } )
where PI and T, are penetration index and softening point of bitumen.
Parameter b is calculated under the equation:
1
- ’ ®)
1, tnln) .,
B n2)
B = 0,1794
1+0,2084 PI - 0,00524 PI*° ©)

Values of Poisson’s coefficient for asphalt concretes are determined under the formula, recommended
by the Guide [8]:
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0,35
1+exp (—1,63+3,84-10°-E, (1)

where v is Poisson’s coefficient of asphalt concrete; £ (?) is elasticity modulus of asphalt concrete.

v=0,15+

(10)

Due to the necessity of dissipation energy calculation in the asphalt concrete layer of pavement at the
initial operational period and during the period of fatigue destruction occurrence, the values of elasticity
moduli of the asphalt concrete were determined in their two conditions — after short-term (RTFOT) and
long-term (RTFOT+PAYV) aging of bitumen and at duration of load impact t = 0 s (instantaneous strain)
and t = 0.1 s. Calculated values of the elasticity moduli and Poisson’s coefficients of the asphalt concretes
are shown in the Table 1. In addition, at present for many countries of the world, including European ones,
it is adopted that fatigue of the asphalt concrete occurs at moment when its stiffness (elasticity modulus)
reduces two times from the initial one [9]. For the dense and porous asphalt concretes, which we adopted,
such values of the elasticity moduli at the duration of load impact t = 0.1 s are equal to 3467 MPa and
2071 MPa respectively, and the values of Poisson’s coefficients are equal to 0.30 and 0.37 respectively.

Table 1 — Values of elasticity modulus (E) and Poisson’s coefficients (v) for asphalt concretes

Aging Duration Asphalt concrete
of bitumen of load impact t, Fine-grained dense Coarse-grained porous
§ E, MIIa v E, MIla v
0 19 810 0.15 16 870 0.15
RTFOT
0.1 5681 0.21 3307 0.31
0 19 810 0.15 16 870 0.15
PAV
0.1 6933 0.18 4142 0.27

Values of elasticity moduli and Poisson’s coefficients for the materials of other layers of pavement
and soil of subgrade are specified under the standard document CN RK 3.03-19-2006 [10] and are shown
in the Table 2.

Table 2 — Values of elasticity modulus and Poisson’s coefficients for the materials of the layers for pavement and soil

Material, soil Elasticity modulus E, MPa Poisson’s coefficient
Crushed stone and sand mix, treated with cement (8 %) 1000 0.30
Crushed stone and sand mix (6-40 mm) 250 0.30
Natural gravel and sand mix 180 0.30
Soil — light dusty clay loam: moisture Wp = 0,64 W1 58 0.35

2.3. Calculation scheme. Calculation scheme of pavement structure and subgrade is shown in Figu-
re 1. As it is seen, the top five layers of this calculation scheme simulate the layers of the adopted
pavement, they have relevant thicknesses hj, h,, h;, hy, hs, materials of the layers are characterized by
elasticity moduli E,, E,, E;, E4, Es and Poisson’s coefficients v, v,, v3, V4, vs. And the lowest, i.e. the sixth
layer simulates the subgrade and infinitely stretches downwards (hs — ). The material of this layer is the
soil of subgrade, which is characterized by elasticity modulus Eg and Poisson’s coefficient vg.

The vertical static load with the intensity of q, uniformly distributed within the circle with diameter of
D, impacts on the surface of the upper layer, which simulates the load from the wheel of the vehicle. In
our case q = 0.4; 0.5; 0.6; 0.7 and 0.8 MPa and D =42 cm.

Materials of all constructive layers of pavement and soil of subgrade are considered as elastic ones.

Stresses and strains in such multilayer elastic system are determined with the use of solution of Prof.
Privarnikov A.K [11].
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Figure 1 — Calculation scheme of pavement and subgrade

2.4. Stresses and strains. Components of stress and strain were calculated at temperature of 10°C in
point, located on the bottom surface of the second asphalt concrete layer along the vertical axis, which
passes through the center of the circle of loading, and they are shown in the Figures 2-9. The analysis of
graphs for variation of stresses and strains show that they have as general, common for all, as well as
separate, specific for each of them, peculiarities. General features for all the components of stress and
strain are:

1. Significant variation of stresses and strains occur in zone with dimension 2-3 of the diameter for
the circle of loading, which is under load impact.

2. Stiffness of asphalt concretes impacts greatly on distribution and variation of stresses and strains.

Together with the general peculiarities, mentioned above, the components of stress and strain have
the following individual peculiarities of variation in longitudinal direction (in direction of traffic moving):

1. Longitudinal and transversal normal stresses, in zone under impact, are tensile, they are reduced
fast with the increase of the distance and, depending on the stiffness of the asphalt concrete layers on
various distances, they transform into compressive ones. The value of tensile longitudinal and transversal
normal stresses depends greatly on the stiffness of the asphalt concrete layers, with the increase of which
the first ones considerably (in several times) increase. Thus, the maximum values of the longitudinal and
transversal normal stresses at the instantaneous strain (t = 0), load duration t = 0.1 second and during
decrease of the asphalt concretes stiffness for a half of the initial one (t = 0.1 s and E = E/2) are 1,46; 0.39
and 0.03 MPa respectively.

The longitudinal and transversal strains are of similar qualitative nature, only with a small difference
that their values decrease in the sphere of compressive strains with the increase of the asphalt concretes
stiffness. And the values of instantaneous strain are lower than others in the sphere of tensile strains.
Maximum value of longitudinal and transversal strain is 110 microstrain, i.e. 110 - 10°.

2. The vertical normal stress is a compressive one in every location. Its value also varies considerably
depending on the asphalt concretes stiffness and decreases with its increase.

The vertical strain is of similar character of variation in the sphere of the compressive values (under
impact). The vertical strain changes its sign approximately at the distances, equal to 1.5 of the radius of
the circle of loading, depending on the stiffness of the asphalt concretes, i.e. it transforms from the
compressive strain to the tensile one. The strain increases with the asphalt concrete stiffness decrease in
the sphere of the compressive values, as well as in the sphere of the tensile ones.

3. Shearing stress and shearing strain are of similar qualitative nature for variation: at the beginning
of coordinates (under load impact) they are equal to zero; at the distances, which are approximately two
radiuses of the circle of loading, they have maximum values, then they reduce again; it seems that the
location of maximum shearing stress and shearing strain do not depend on the asphalt concrete stiffness,
but their values considerably depend on the latter — the shearing stress and shearing strain decrease with
the asphalt concrete stiffness increase. Their graphs are antisimmetric in relation to the axis, passing
through the center for the circle of loading.
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Figure 2 — Graph for variation of longitudinal normal stress in direction of traffic
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Figure 4 — Graph for variation of vertical normal stress in direction of traffic
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Figure 5 — Graph for variation of shearing stress in direction of traffic
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Figure 6 — Graph for variation of longitudinal strain in direction of traffic
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Figure 7 — Graph for variation of transversal strain in direction of traffic
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Figure 9 — Graph for variation of shearing strain in direction of traffic

3. Thermodynamics.

3.1. Dissipation energy. As it was mentioned above, in our previous paper [1] it was proposed to
consider the parts of asphalt concrete during the periods of the fatigue destruction as the specific
dissipative structures, occurring in critical situation. If this proposal (hypothesis) is correct, then the
physical processes, occurring in asphalt concrete pavement as in thermodynamic system, should meet the
known criteria of thermodynamics of irreversible processes. Such criteria are the universal Glensdorf-
Prigozhin criterion [12-14] and Klimontovich criterion [15], which use the entropy production as the
function of condition, characterizing the processes of self-organization. To calculate the entropy
production we should determine the dissipation energy.

In this paper the dissipation energy, irreversibly scattered by the asphalt concrete pavement into the
environment, is determined under the equation:

W, =Ww,-W,, (11)

where W, is instantaneous strain energy (t = 0); W is strain energy at load duration (t= 0.1 s).
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During determination of the dissipation energy under the equation (11) it is adopted that instan-
taneous strain of the asphalt concrete pavement under load impact is pure elastic and dissipation energy
occurs at any finite load duration (for example, at t = 0.1 s) due to the mechanism of relaxation.

Figure 10 represents the graphs, showing the dependence on the load of the instantaneous strain
energy W, (RTFO), strain energies at load duration for 0.1 s at the initial period of operation W, ; (RTFO)
and during operation of the asphalt concrete pavement before fatigue destruction Wy ; (PAV E/2). As it is
seen, all the types of the mentioned strain energies depend greatly on the load; the more the load the more
the energies. The dependences are linear. As it has been expected, the strain energy is the biggest at all the
loads at instantaneous strain, which is easily explained by the big value of the instantaneous elasticity
modulus. The elasticity modulus decreases with the load duration increase, and in addition the relevant
strain energies are also reduced.
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Figure 10 — Graphs for variation of strain energy depending on load
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Figure 11 — Graphs for variation of dissipation energy depending on load
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The graphs of variation for dissipation energies depending on the load are shown in Figure 11. It is
seen, that similar to the strain energies, the dissipation energies also increase linearly with the increase of
the load from the vehicle, moreover at all the loads the dissipation energy at the initial period of operation
of the asphalt concrete pavement W, (RTFO) is considerably more than during the period with fatigue
destruction W, (PAV E/2 des). During determination of the dissipation energy in the asphalt concrete
pavement with fatigue destruction the specific elements of the asphalt concrete are considered as the rod
and the vertical stress in the bottom of the rod is equal to the vertical stress in the bottom of the uniform
(without destruction) asphalt concrete pavement.

3.2. Glensdorf-Prigozhin universal criterion. In the thermodynamics of irreversible processes the
universal criterion of evolution for self-organization dynamic system is formulated in the following form:
“In any non-equilibrium system with the fixed border conditions the processes occur in such way that the
rate of variation for entropy production, stipulated by the variations of thermodynamics forces, decreases”
[12-14]. Meanwhile, the entropy production is the amount of the entropy, produced by the system at a time
unit.

In accordance with the second principle of thermodynamics we have [16]:

0Q0=T -ds, (12)
where 60 is small volume of heat (energy); ds is small amount of entropy; 7 is thermodynamics
temperature.

In respect to our case we rewrite the equation (12) in the following form:
AW
AS =—*, 13
7 (13)

where AS is amount of entropy; AW, is amount of dissipation energy.

During calculation of the entropy under the equation (13) it is necessary to clarify the following.
According to the definition the entropy production represents by itself the amount of entropy, accounted
for the time unit. Dissipation energy, included into the equation (13), represents by itself the amount of
scattered energy at single action (passage) of the load from the wheel of the vehicle. Taking into account
the above, the amount of entropy, calculated under the equation (13), can be considered as the entropy
production during the time of single load impact.

Calculated values of the entropy production with various loads at the initial period of operation for
the asphalt concrete pavement and after occurrence of the fatigue destructions in it are represented gra-
phically in Figure 12. As it is seen, similar to the dissipation energy, the entropy production also increases
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Figure 12 — Graphs for dependence of entropy production on load value
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linearly with the load increase in both considered operational conditions of the asphalt concrete pavement.
It is obvious that at the same temperature with all the loads the entropy production at the initial period of
operation is more than after the fatigue destruction.

In our case the thermodynamics force is the load (stress) from the wheel of the vehicle, acting on the
surface of the asphalt concrete pavement. Therefore the slopes of the graphs in Figure 12 represent by
itself the rate of variation for entropy production, stipulated by the variation of the thermodynamic force.
As it is seen, the slope of the graph, corresponding to the condition of the asphalt concrete pavement after
occurrence of the fatigue destructions are obviously (considerably) less, than in the beginning of
operation, i.e. Glensdorf-Prigozhin universal criterion is observed.

3.3. Principle of Yu.L. Klimontovich. The paper of Yu.L. Klimontovich formulated “Principle of
entropy production minimum in the processes of self-organization”, which consists in the following. The
process of self-organization is represented as a phase transition (or sequence of phase transitions), with the
result that the system transforms into more ordered state. The principle states that the entropy production
in a new — more ordered state, occurred as the result of the successive phase transition, is less than the
entropy production of the old condition, which is mentally extended into the unstable sphere [17].

Figure 13 represents two graphs for variation of entropy production in the asphalt concrete pavement,
related to two time moments: the first of them corresponds to the condition of pavement before occurrence
of fatigue destructions, and the second one — after their occurrence. Then the straight line 1 will
correspond to the old condition of the asphalt concrete pavement, which is mentally extended into unstable
sphere, and the straight line 2 will correspond to a new — more ordered state. As it is seen from the Figure
13, entropy production in the asphalt concrete pavement with all the considered loads in a new — more
ordered state (straight line 2) is less than the entropy production of the old condition, which is mentally
extended into the unstable sphere (straight line 1).

l

0,7

0,6 1
v=13444x - 0,3802

0.5 R*=10,9904 /.

0,4 ‘n

0.3 / l/""
"'\-\.._‘_\_\_‘_-
0,2 / B 2
: [ /“ v=0,6020x - 0,1665
o R:=10,0013

F

Entropy production, 109 1iiem-K-1 passage)

0,1

0,0
0.3 0,4 0,5 0,6 0,7 0,5 0,9
Stress g, MPa
B AS (PAV E/2) - without destruction
A A5 (PAV E/2) - with destruction

Figure 13 — Graphs for dependence of entropy production on load value

Therefore, it is shown that principle of Yu.L. Klimontovich — principle of entropy production
minimum in the processes of self-organization — is observed at the fatigue destruction.

Conclusion.

1. Components of stress and strain in the bottom surface of the second asphalt concrete layer for the
modern pavement structure of a highway, occurred under impact of the estimated vehicle load, in the
direction of traffic, vary greatly depending on the asphalt concrete stiffness.
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2. All calculated types of strain energy — at the instantaneous strain, stain at load duration for 0.1 s on
the initial stage of operation and during operation with the aged bitumen — depend greatly on the load and
increase linearly with the increase of the latter.

3. Dissipation energy and entropy production also increase linearly with the load increase and they
also depend on the operational condition of pavement.

4. At fatigue destruction the known criteria of the thermodynamics of irreversible processes are
observed — the universal Glensdorf-Prigozhin criterion and Klimontovich principle.
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B. b. Tearaes

Kazaxcranckuii JOpoKHBII Hay4HO-UCCIEA0BATENbCKUI UHCTUTYT, AnMarsl, Kazaxcran

YCTAJIOCTHASA AECTPYKIIUA
ACOAJIIBTOBETOHHOI'O ITOKPBITHUAIL.
2. TEPMO/IMHAMMUMKA

AnHoTanusi. B pabote ycraHOBiIeHHas! paHee 3aKOHOMEPHOCTh YCTaJIOCTHOW JIECTPYKIMH ac(hanbTOOETOHHOTO
MOKPBITHSL JJOKa3bIBaeTCs IyTEM II0Ka3a COOJIONEHMsT H3BECTHBIX KPUTEPHEB TEPMOJMHAMHUKHA HEOOpaTUMBIX
MIPOLIECCOB — YHUBEpcaIbHOTrO Kputepus [ nencnopda-IIpuroxxnna v npuHIMIE MUHUMYMa TTPOU3BOICTB SHTPOIIHU
10.J1. KnumonToBrya. 3Ha4eHUs! MPOM3BOACTBA SHTPOIMHU NP JEHCTBUN aBTOMOOWIILHOIM Harpy3ku pa3HOM BeJH-
YMHBI BBIYHUCIICHBI Yepe3 3HAUCHUS HANPSHKEHUH n aedopManuid B acanbToOETOHHOM MOKPHITHH aBTOMOOMIBHON
nmoporu. HampspkeHus u qeopManiy onpeneneHsl ¢ ucrnonp3oBanueM pemenns A.K. I[IpuBaprukoBa s MHOTO-
CJIOWHOTO YNPYTOro IMOJIYHPOCTPAHCTBA, HAa HMOBEPXHOCTh KOTOPOTO NPHIIOKEHA BEPTHUKANbHAs CTaTH4ecKas Ha-
rpy3Ka, paBHOMEPHO paclpelelieHHas 1o Iuomany Kpyra. Jis pacdera HampspkeHWH M aedopManuid MpUHSTA
ITUCIIOMHAS KOHCTPYKIUS JOPOXKHOM OZeXKIbl, BKJIIOUArONIas ABa ac(haabTOOETOHHBIX CIIOS.

KiroueBble cioBa: achaabTOOCTOHHOE IOKPHITHE, YCTAIOCTHAS AECTPYKLHSA, TPOM3BOJCTBO SHTPOINH, KPUTE-
puii I'nercnopda-Ilpuroxxkuna, npunnun KnumMoHTOBHYA.

1. Benenne. B pabore aBropa [1], MOCBAIICHHOW M3YUYCHHIO YCTAJIOCTHOM NECTPYKIUU ac(aibTo-
0OETOHHOTO MOKPHITUSI aBTOMOOMIBHOM JOPOTH, OCHOBBIBAsICh Ha (PAKTHYECKUX MaTepuaax, HOJTy4eHHBIX
Ha y4JacTKaX (DYHKIIMOHHUPYIOUINX aBTOMOOHMIIBHBIX JOPOT, OBUT c(pOpPMYITHPOBAaH MPHHIUI CTaIUHHOCTH
YCTaJIOCTHOW JNECTPYKIUH acallbTOOCTOHHOTO IOKPHITHS. 3aTeM, MO aHAJIOTHU C HM3BECTHBIMH SBIIC-
HUSIMH CaMOOPIaHU3alMy B TEPMOJAWHAMUKE HEOOPAaTHUMBIX MPOIECCOB M TUHAMUKE HEIMHEHHBIX CHCTEM
(cunepretuke) — 3pdexTom beHapa u nereHHEM OHONOTHYECKOW KIETKH, MPEAJIOKEHO CUATATh YACTH
achanbTOOETOHHOTO TOKPHITHS CIEeNU()UISCKIMH JUCCUTIATHBHBIMU CTPYKTYPaMH, BO3HHUKAIO-ITIMH B
KPUTHUYECKUX YCIOBHUAX, U c(HOpMyIHpOBaHa HOBAsl 3aKOHOMEPHOCTh CTAJMIHOMN YCTaJIOCTHOM JeCTpyK-
U ac(haabTOOETOHHOTO TIOKPBITHS. DTa 3aKOHOMEPHOCTh OOBSICHEHA Ha OCHOBE BHOBB IPEIO-KEHHON
cxeMbl OM(ypKaluu ¢ MCIOIB30BAHNEM PE3yIbTATOB HKCIEPUMEHTAIFHOTO OMPEAETICHHs OTHO-Pa30BOH,
IUKIMYECKOH, NITUTEIBHON U OCTaTOYHON IIPOYHOCTH achambToOeToHA.

B nactosmeli paboTe ycTaHOBIIEHHAsE 3aKOHOMEPHOCTh CTAaJHIHONW YCTalOCTHOM NECTPYKLHUH ac-
(anbTOOETOHHOTO TOKPHITHS JOKA3hIBAETCS IyTEM IOoKa3a COOIIONCHUS KPUTEPHUEB TEPMOTUHAMHKH
HEOOPaTUMBIX TPOIIECCOB, @ IMEHHO, YHUBEpCAIbHOTO KpuTepus | nencnopda-llpuroxnna n npuHIuna
KnumonToBuua.

2. HanpstzkeHHO-1e()OPMHUPOBAHHOE COCTOSTHHE.

2.1. Koncmpykuus 00posicnoii 00eicost. J[1s1 BBITOTHEHUS pacueTOB HANPSHKEHUN U aeopMaItii,
BO3HHUKAIOLIUX TOJ JCHCTBHEM PAaCUETHONH aBTOMOOWJIBHOW HArpy3kd, ¢ HOCJICIYIOIIUM OIpPEIeICHUEM
SHEpruil 1eOpMUPOBAHHS W AUCCHUIALMH MPUHATA HIDKECIEAYIOMAs KOHCTPYKIHS JOPOKHONW OJEKIbI,
KOTOpasi SBIsieTcS OJHOW W3 Hawmboliee THUMHYHBIX UII aBTOMOOMJIBHBIX JTOPOT BBICIINX TEXHUYECKHUX
kareropuii B Kazaxcrane:

1-cnoii: acdanbToOETOH MENIKO3EPHHUCTHIN IIOTHBIN, TONIMHA h; = 5 cM;

2-cio#: acdanbTo0eTOH KPYITHO3EPHUCTHIN MOpUCTHI, hy = 10 cMm;

3-cyoii: mebeHOYHO-TIecYaHast CMeCh, YKperuieHHast ieMeHToM (8%) B ycTaHoBke, h; =20 cMm;

4-cnoii: mebenouHas cmech (6-40 mm), hy = 20 cm;

5-cnoit: rpaBUifHO-TIeCYaHas CMECh PUPOAHAs, hs =25 cM.

I'pyHT 3eMJISIHOTO MOJIOTHA — CYTJIMHOK JIETKUM MbIJIEBaThIM.

[Ipenmonaraercs, 4To Uit MPUTOTOBJICHUS ac(aibTOOETOHOB OyIeT UCIIOb30BaH OuTym Mapku bHJI
100-130, mpousBeneHubIi [1aBnomapckum HEHTEXUMUYECKUM 3aBOJIOM.

2.2. Jlepopmayuounsie xapaxmepucmuku mamepuanoe u zpyhma. AchanbToOETOH SBISETCS
BSI3KOYNIPYTHM MaTtepuanoM [2-4] u ero neopManyoHHbIE CBOWCTBA 3aBUCST OT TEMIIEpAaTypbl U JUTU-
TEJILHOCTH HarpyxeHus. B Hactosimei paboTe MOIyb YIPYTrOCTH MEIKO3EPHUCTOTO MIIOTHOTO B KPYITHO-
3€pHUCTOTO MOPUCTOTO ac(aabTOOETOHOB OBLTM BBIYMCICHBI IO MoAu(HUIMpoBaHHOW Qopmyre Xwupiia,
IpeTIoKeHHON B pabdoTe [5]:
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E, ()=P(t)-| E, -(1—-VMA) + E,(t)- VFA-VMA |, (1

0,994

£,
3

P.()=0,006+ . Q)

1+exp{—[0, 6628+0,5861 - En(VFA- D -12,87-VMA - 0,1706 - En(a-lOé)}
rie E,. (1) - MOJIyJIb yIpyrocTH achanbToGeTOHa B MOMEHT BpemerH t; £, () - MOAYJb YIPYTrOCTH
OuTymMa B MOMEHT BpPEMEHH t; Eag - MOAYJb YIPYTOCTH KaMEHHOI'O 3aIIOJIHUTENS, NPUHATHIM PaBHBIM

26 540 MIlIa; VMA - nopucrocts MuHepanbsHOro Matepuana (8 nonsax exunuus); VEA - nons mexsep-

HOBBIX TOp, 3aIOJIHEHHBIX BsDKYIIUM (B JOJSIX €IUHUIIBI); £ - YPOBEHb jAedopManuu, MPUHATHIA PaBHBIM
100-10°° st cpemneit TeMmepaTypaL.

Mogymns ynpyroctu 6utyma £, (f) Beraucsercs mo gopmye [6, 7]:

)
E, (1) Eg{l +(§gntj } , 3)

rne £g - MruoBeHHBIi MOMynh yIpyrocTH 6MTyMa, IPHHATHIA paBHEIM 2 460 MIla; 77 - kodddumuent

Bs3KocTH Outyma, Mlla-c.
Koadduuent Bsa3koctu 77 onpenensercs o BEIPaKEHUSIM:

{n:aTrAhr(T)'n(T;) TSTrb_lo’

4
n=apw(T)-nT,) T>T,-10, @
7(T.)=0,00124|1+71-exp _120=P) - exp 0,2011 , (5)
5(10+ PI) 0,11+0,0077PI
Gy (M) =exp| 11720 2002 PD) 11} ©
510+ PN | (T+273) (T, +263)
2,303 (T -T, +10)
a, T)=exp| — & .
e (T) p{ (0,11+0,0077P1)(114,5+T—TJ )
rae Pl u T,, - MTHACKC MICHETPAITNN U TeMIIEpaTypa pa3MsIrdeHus: OutTyma.
ITapameTp b BBIUUCTSETCS IO BHIPAKCHUSIM:
1
- ’ (3)
1 N In(r) )
B In(2)
. 0,1794
1+0,2084 PI —0,00524 PI* ©)

3navenus kodd¢unuenrta [lyaccona achaabToOETOHOB ONpeeNieHbl Mo (hopMysie, PEKOMEHIYEMOM
PykoBoacTtom [8]:
0,35

1+exp (-1,63+3,84-10°-E,_(¢)’

v=0,15+ (10)

rae v - koaddument ITyaccona achansroberona; £ (¢) - Momynb ynpyroctu acdaabTo0eToHa.
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B cBs3u ¢ HE0OOXOAUMOCTBIO BBHIUMCIICHHS YHEPTHH AUCCHUIMALNH B ac(hanibTOOETOHHOM CIIOE TOPOXK-
HOW OJeKAbI B HAYaJIbHOE BPEMsI SKCIUTyaTalliy U B IEPHOJ HOSBICHHUS YCTAJIOCTHOM OECTPYKLUH, 3HaUe-
HUSL MOAyJell ynpyroctd ac(ainbToOSTOHOB ONpeNeNieHbl B ABYX HUX COCTOSIHUSIX — IIOCIIE KPaTKOBpe-
MenHoro (RTFOT) u qnurensHoro (RTFOT+PAV) crapenusx 6utyma U npu ATUTENBHOCTAX NEHCTBUS
Harpy3ku t = 0 ¢ (MrHoBeHHOe nedopmupoBanue) u t = 0,1 c. Beruncnennsle 3HaueHUsT MOIyJIel ympy-
roctu U ko3¢ ¢uuuentoB llyaccona acdanbroberonoB nanel B Tabimue 1. Kpome Toro, B Hacrosee
BpEeMsi BO MHOTHX CTpaHax MHUpPa, B TOM YHCIE €BPOIECHCKHUX, MPUHATO, YTO yCTaOCTh acanbroOeToHa
HacTymaeT TOTAa, KOT/a ero KeCTKOCTh (MOAYJIb YIIPYTOCTH) YMEHBIIAETCS B ABa pa3a OT HadanbHoro [9].
Jnst IpUHATHIX HAMU IUIOTHOTO U TIOPUCTOTO ac()anbTOOCTOHOB TaKHE 3HAUEHUSI MOAYJICH YIPYTrOCTH MPH
JUTUTENBHOCTH JieicTBusA Harpy3ku t = 0,1 ¢ paBubl 3467 MIla u 2071 MIla cooTBETCTBEHHO, @ 3HAUEHUS
ko3 dunmenrtos [lyaccona — 0,30 u 0,37 cOOTBETCTBEHHO.

Tabmuna 1 — 3radenus monyneit ynpyrocti (E) u koaddpunmentos [lyaccona (v) acdaaprobeToHOB

CrapeHue JlutensHOCT Acanbroberon
Buryma JleficTBUS HAarpy3KH t, Menko3epHHUCTBIH MIIOTHBIH KPYITHO3EPHUCTBIM NOPUCTBII
¢ E, MIla v E, MIIa v
0 19 810 0,15 16 870 0,15
RTFOT
0,1 5681 0,21 3307 0,31
0 19 810 0,15 16 870 0,15
PAV
0,1 6933 0,18 4142 0,27

3HaueHust MOAyJIel ynpyroctd U kodddunuentos [lyaccoHa MaTepuaaoB APYTUX CIOEB JOPOIKHOU
OJIeXKJIBl U TPYyHTA 3€MJITHOTO TOJIOTHA Ha3HadeHbl Mo HopMaTuBHOMY nokyMmeHTy CH PK 3.03-19-2006
[10] m mpencTaBiaeHBI B Ta0IHIIE 2.

Tabnuia 2 — 3HaYeHUS MOTyJICH YyIIpyrocTd u kodddunueHtos [lyaccoHa MaTepHaioB cI0eB JOPOKHOU OJCIK/IbI U TPyHTA

Marepuain, rpyHT Mopuys yrnpyroctu E, MIla | Koaddunuenr Ilyaccona
[Ile6enouHO-TIeCUaHast CMECh, YKPEIUIeHHast IeMeHTOM (8 %) 1000 0,30
[lebenounas cmech (6-40 Mm) 250 0,30
I'paBuiiHo-nIecyanas cMech NpUpPOHAs 180 0,30
I'pyHT — CYTJIMHOK JIETKUI IbUIEBAThIN: BnaxxHocTh Wp = 0,64 Wt 58 0,35

2.3. Pacuemnas moodens. PacuerHas cxemMa KOHCTPYKIIUU JOPOXKHON OJCHKIBI U 36MIITHOTO TOJIOTHA
moka3aHa Ha pucyHke 1. Kak BHIHO, BepXHHUE TSATh CIIOEB B 3TOW pacueTHOW CXeMe MOACITUPYIOT CIIOU
TIPUHATON TOPOXKHOU OICIKIIBI, IMECIOT COOTBETCTBYIONIHE TOMMHHBI hy, hy, hs, hy, hs, MaTepuans! ciioes
xapakTepu3ytorcst Monyisimu ynpyroctu Ey, E,, Es, E4, Esu ko3 dunuentamu [lyaccona vy, v, Vs, Vi, Vs.

Pucynox 1 —
Es Ve | PacueTrHas cxema HOpOXKHOH 01€X b1
1 36MJITHOTO TIOJIOTHA
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A camplii HWKHHH, T.€. TMIECTOW CII0M MOJIEIHPYET 3EMIITHOE TIOJIOTHO ¥ OECKOHEYHO MPOCTUPAETCS BHHU3
(hg = ). Matepuan 3TOro cjosi — FPyHT 3eMIISTHOTO TIOJIOTHA XapaKTepu3yeTcst MOLyJieM ynpyroct E¢ u
koaddumnmentom [lyaccona vg.

Ha noBepXHOCTh BEPXHETO CIIOS1 CUCTEMBI IPUIIOKEHA BEPTHKAIbHASL CTATUYECKAsI HATPY3Ka C HHTEH-
CHUBHOCTBIO (, PAaBHOMEPHO pacmpe/esieHHas 1o IJIoiaay Kpyra ¢ auaMmerpoM D, koTopas mozenupyeT
Harpy3Ky OT Kojieca aBTroMo0wmisi. B Hamewm cinyuae q = 0,4; 0,5; 0,6; 0,7 1 0,8 MIlau D =42 cwm.

Marepuanbl BCeX KOHCTPYKTHBHBIX CIIOEB JOPOKHOM OAEXKIbl U IPyHTa 3€MIISIHOIO IIOJIOTHA CYH-
TAIOTCS YIIPYTHUMH.

Hanpsokenust n nedopManiy B TaKOi MHOTOCTIOWHON YIPYTOH CUCTEME OMPENEISIOTCS € UCIONb30-
BaHUeM pernreHus npod. [IpuBapaukosa A.K [11].

2.4. Hanpsicenun u oepopmayuu. KoOMIIOHEHTH! HampspDKeHUS W AedopManyy BBIYUCICHBI TPH
temneparype 10 °C B Touke, pacmojoXeHHOH Ha HIKHEH MOBEPXHOCTH BTOPOro achaibToOEeTOHHOTO
CJIO0S MO BEPTHKAIBHOU OCH, MPOXOMAIIEH MO LEHTPY Kpyra HarpyXeHHs, U MPEeACTaBICHbl Ha PUCYH-
Kax 2-9. Ananu3 rpadukoB M3MECHECHHS HaIpsDKCHHH W medopMariuy Mmokas3bsIBacT, YTO OHH MMEIOT Kak
oO11re, IpUCYIIUE BCEM, TaK U OTAENbHBIE, XapaKTepHbIE KaXKJOMY U3 HUX, 0cOOeHHOCTH. OOIIHUMU IS
BCEX KOMITOHEHTOB HAITPsDKEHUS U Ie(hOPMAIUH SBIISIOTCS:

1. CymecTBeHHOE U3MECHECHHE HANIPSDKEHUH U e opMaIiid IMEeT MECTO B 30HE C pa3MepoM 2-3 mua-
MeTpa Kpyra Harpy>Ke€Husl 1 HaXOZs1IeCsl 0] Harpy3Koi.

2. KectkocTh acanpToOETOHOB OKa3bIBACT CYIIECTBEHHOE BIMSHUE Ha paclpeesicHie 1 N3MEHEHNe
HaNpsDKEHWH 1 Aeopmanuii.

Hapsiny ¢ yka3aHHBIME BBITIIE OOIITUME, KOMITOHEHTHI HAIIPsDKEHUS U 1ehopMaIiii IMEIOT U CIIeTyTo-
M€ MHIUBHYaJlbHbIe 0COOEHHOCTH U3MEHEHH B IPOAOJILHOM HampaBiieHHHU (B HAIIPABICHUH TBH)KCHUS
Harpy3Ku):

1. B 30He, Haxod1elcs Mol Harpy3Kou, TPOJIOILHOE U MONEePEeYyHOe HOPMAaJIbHbIC HAIPSKEHUS SIB-
JITIOTCS PacTATUBAIOIIUMHE, C YBETHMYEHNEM PACCTOSHUS OBICTPO YOBIBAIOT U B 3aBUCUMOCTH OT KECTKOCTH
ac(anbTOOCTOHHBIX CJIOEB HAa Pa3HBIX PACCTOSHHAX MEPEXOIAT B CKUMarolie. Bennyunna pactsarusaio-
IIMX MPOJOIBHBIX M TOMEPEYHBIX HOPMAIBHBIX HAMPSDKEHUI CHIIBHO 3aBUCAT OT YKECTKOCTH ac(aibTo-
OETOHHBIX CJIOEB, C TOBBIIIEHHEM KOTOpPOIl MepBbIe CYIIECTBEHHO (B HECKOJBKO pa3) YBEIMYMBAIOTCS.
Tak, MakcHManbHbIE 3HaYEHHS MPOJOJIBHBIX U MONEPEYHBIX HOPMAIBHBIX HANPSKEHUI TPU MTHOBEHHOM
nedopmupoBannu (t = 0), mUTETBPHOCTH AHCTBUS HArpy3ku t = 0,1 ceKyHI W B TEpUOJ YMEHBIIIEHUS
KECTKOCTH ac(albTOOCTOHOB Ha MOJIOBUHY OT nepBoHadansHO# (t = 0,1 ¢ u E = E/2) coctasmsrot 1,46;
0,39 u 0,03 MIla cCOOTBETCTBEHHO.

AHaOTHYHBI Ka4eCTBEHHBIN XapakTep W3MEHEHHsS MMEIOT W MPOAOJIbHAS W IomepedHas nedop-
MaIi¥, TOJIBKO JIAIIH C TOM pa3HUIEH, 4TO B 00JACTH CXUMAOINX JehopMaIiii UX BEIWINHBI YMEHb-
HIAIOTCSl C TIOBBIIICHHUEM JECTKOCTH acdaabToOETOHOB. A B 00JIACTH PACTATHUBAIOMINX JeOpMaIuii
3HAUYEHUs] MTHOBEHHOU IedopMaluy MEHbLIE, YeM Apyrue. MakcUMaibHOE 3HaueHHE MPOJOJIBHOW M
nonepeyHoii nedopmarmu coctapmsier 110 Mukpoctpeiin, T.e. 110 - 107,

2. BepTukanbHOoe HOpMajJbHOE HANpSKEHHE BCIOAY SBISETCS CXKUMAIOMKM. Ero BemMunMHaA Takke
CYLICCTBEHHO H3MCEHSETCS B 3aBUCHMOCTH OT ECTKOCTH ac(aibToOETOHOB W C €€ IMOBBILICHHUEM
YMEHBIIAETCS.

AHaNOTHYHBIA XapakTep M3MEHEHHS WMEET BepTHKalbHas nedopMarus B OOJNACTH CKHMAFOIINX
3HaveHui (mox obnacThio Harpy3kH). [IpuMepHO Ha PacCTOSHHAX, PaBHBIX 1,5 paamyca Kpyra Harpy-
JKEHUsI B 3aBUCHMOCTH OT JKECTKOCTH ac(hanbTOOCTOHOB, BepTUKaNbHas AedopMmanus MEHSEeT 3Hak, T.e.
MIEPEXOAUT OT CKUMAIONICH K pacTsarmBaromieil. Kak B 00J1acTH CKMMAIOIMIMX, TaK M B 00JIACTH PACTsI-
TMBAIONINX 3HAYCHUH, AeopManus yBeTHIMBACTCS C TIOHIKEHHEM JKECTKOCTH ac(aabTOOETOHOB.

3. KacatenbHOe HampspKkeHHE U CABUTOBast AeOpMalisi HIMEIOT KadYeCTBEHHO OJMHAKOBBIN XapakTep
W3MEHEHHS: B Havalie KOOpAWHAT (T0A O0JIACThIO HATPY’>KEHHS) PaBHBI HYJNIO; Ha PACCTOSHUSIX, PaBHBIX
MPUMEPHO JIBYM paadycaM Kpyra HarpyXeHus, AIMECIOT MaKCHUMAalbHbIC 3HAYEHUS, 3aTEM CHOBA YMECHb-
IIAI0TCS; BUAMMO, TTOJIOKEHHE MaKCUMAIIbHBIX KacaTelbHOTO HANPSDKEHUS W CIBUTOBON JIedopMalun He
3aBUCHT OT JKECTKOCTH ac(albTOOETOHOB, HO OT MOCJIEIHEH CYIIECTBEHHO 3aBHCST WX BEIMYHHBI — C
TTOBBIIIIEHNEM JKECTKOCTH ac(haabTOOETOHOB KacaTeIbHOE HAIPsKEHUE W CABUTOBAsS nedopMariisl yMEeHb-
marored. VX rpaduku sSBISOTCS aHTUCUMMETPUYHBIMUA OTHOCUTEIHHO BEPTUKAIBHOW OCH, MPOXOSIEi
gyepes3 HEHTP Kpyra Harpy>KeHusl.
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Pucynok 2 — I'paduik U3MEHEHHS IPOAOIHHOTO HOPMAILHOTO HANPSDKSHUSI B HANIPABICHUH JIBHIKCHUS
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Pucynok 4 — I'padyik M3MeHEHHs BEPTUKAJIBHOIO HOPMAJILHOTO HAIPSKEHUSI B HAIIPABIICHUH JIBIKEHHS
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Pucynok 5 — I'paduik n3MeHEHUs KacaTeIbHOTO HANPSDKCHUS B HATIPABJICHUH JBHKCHUS
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Pucynok 6 — I'paduk n3meHeHus mpoIoabHON AedopManri B HAPaBICHUN IBHYKECHHS
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Pucynok 7 — I'padvik M3MeHEHHs ONepedHoil fe)opManiy B HAPaBICHUN BHKCHHS
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Pucynok 8 — I'padyik U3MEHEHHs BEPTUKAIBHON iepopMaliy B HAIIPABICHUH JIBKCHHUS
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Pucynok 9 — I'padyik M3MeHeHHs: CIBUIOBOM Jeh)opManny B HalIpaBJICHUH JIBIDKCHUS

3. TepmoauHaMuka.

3.1. Buepeus ouccunayuu. Kak ObUI0 yKa3aHO BHIIIE, B HAIIICH npeapayiiel padore [1] Obuto nipes-
JIOKEHO B TEPHOMABI YCTAJOCTHOW JECTPYKIMH YacCTH ac(allbTOOETOHHOTO TMOKPHITHS CUWUTATh CIEIH-
(UHIeCKMMH TUCCUITATUBHBIME CTPYKTYPaMH, BOSHUKAIOIINMHU B KPUTHYECKHUX YyCIOBUSAX. Ecim aTo mpen-
JoKeHue (TUIoTe3a) BEepHO, TO (PU3NYECKUE MPOLECCHI, MPOTEeKae B acalbTOOETOHHOM MOKPHITUH
KaK B TEPMOJUHAMHYECKON CHUCTEMe, TOJKHBI YAOBIETBOPSTh M3BECTHBIM KPHUTEPHSIM TEPMOIMHAMUKHU
HEOOpaTUMBIX TPOIECCOB. TakKMMU KPUTCPUSIMH SIBIISIOTCS YHUBEpCANbHBIM KpuTepwit [eHcmopda-
[puroxuna [12-14] u xpurepuit Knmumontouua [15], KOTOpbIE HUCHOJB3YIOT B Ka4yecTBE (YHKIIMH CO-
CTOSTHHSI, XapaKTepU3yIOIIEel MpoIecchl caMOOpraHu3aly, TPOU3BOACTBO SHTPOMUH. UTOOBI BHIYUCIUTD
MIPOM3BOACTBO HTPOITNH, HAZO OTPEACTUTH YHEPTHIO THCCHUITAIINN.

B HacTosmielt paboTe sHeprus quccUanii, HeoOpaTUMO paccenBaeMas acalbTOOCTOHHBIM MTOKPBI-
THEM B OKpY’KalOIIyI0 Cpeay MOJ AEHCTBUEM pacueTHOW Harpy3KH, OIPEENaeTCs 0 BBIPaXKEHUIO:

Wy =Wy=Wy, (11)
rne W, - sHeprust MrHoBeHHoro nedopmupoBanus (t = 0); Wy - sHeprust 1eopMUPOBaHUS MPU JTATEIb-
HOCTH JeWcTBUs Harpy3ku (t = 0,1 c).

—— 165 =——



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

[Ipu onpexneneHn YHEPTUN AUCCUIIALIUK IO BbIpakeHHIo (11) mpuHATO, YTO MIHOBEHHOE eOopMHU-
poBaHHE ac(aqbTOOETOHHOIO IOKPBITHA IOJ IEHCTBUEM HArpy3KH SBJSIETCS YHCTO YIPYTUM U IIpU
000 KOHEYHOM NIIUTENHHOCTH AEUCTBUS HArpy3Kku (Hampumep, npu t = 0,1 ¢) MPOMCXOAUT JUCCUTIAIIUSL
SHEPI'UH 32 CYET MEXaHU3Ma peaKCalyH.

Ha pucynke 10 mpencraiens! rpaduky, MOKa3bIBAIOIINE 3aBUCUMOCTD OT HArPY3KH 3HEPTHH MTHO-
BeHHOTO AchopmupoBanus W, (RTFO), snepruii nedopMupoBaHus pH UIATEILHOCTH Harpy3ku 0,1 ¢ B
HauanbHBI mepuon oskcmyatauun W,; (RTFO) m B mepmon »skcmimyatanuu achaibTOOSTOHHOTO
MIOKPBITHS Tiepes ycTanocTHoi aectpykuueit Wy ; (PAV E/2). Kak BuaHo, Bce BUABI YKa3aHHBIX SHEPTUM
neOopMHUPOBAaHUS CHJIBHO 3aBHCAT OT HArpy3KH: 4eM OOJIbIIIe HAarpy3Ka, TeM OOJIbIe dHEPTHUU. 3aBUCH-
MOCTH SIBJISIOTCSl TMHEHHBIME. Kak ciieoBano oxumaTh, IpU BCEX HArpy3Kax dHEprus AeOopMHPOBaHUS
HauOOoJbIIasi IPU MTHOBEHHOM JIe(QOPMUPOBAHHHU, YTO JIETKO OOBICHsETCS OONBIINM 3HAYEHHEM MIHO-
BEHHOTO Mofnyis ynpyroctu. C yBelnMYeHHEM IJIUTEIbHOCTH JEHCTBUSL Harpy3KH MOAYJb YIPYTOCTH
YMEHBIIIAETCS, U TIPU 3TOM TaK)K€ YMEHBIIIAIOTCA COOTBETCTBYIOIINE SHEPTHH Je(OPMUPOBAHUSL.
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Pucynok 10 — I'padyiku m3MeHeHHs1 SHEPrHid 1e(OpMHUPOBAaHHS B 3aBUCHMOCTH OT HAarpy3K{
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Pucynok 11 — I'paduku u3MeHeHHs SHEPTHid TUCCHITALIMKB 3aBUCUMOCTH OT Harpy3KH
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I'paduku n3MeHEeHUs! HEPrUil AUCCUIIALUK B 3aBUCUMOCTH OT HAarpy3Kd HOKa3aHbl Ha pucyHke 11.
Buano, 4TO 10 aHAJIOTWU C YHEPTUAMH Ae()OPMHUPOBAHUS, FHEPTUN TUCCUNIALIMN TAKXKe JMHEHHO yBEIu-
YHBAIOTCS C MMOBBILIEHUEM HAarpy3Kd OT aBTOMOOWJIS, MPUYEM MIPH BCEX HArpy3Kax AUCCUMIAINS SHEPTUH B
HauaIbHBIA TEpHOA dKCIUTyaTtanmu acdanabrodeTroHHoro nokpeitus W, (RTFO) cymectBeHHO Oomblie,
4YeM B IEePHOJ] ¢ yeTasocTHOU nectpykiuei W, (PAV E/2 des). [Ipu onpeneneHny 3Heprun JUCCUTIAITAN B
ac(hampTOOETOHHOM TTOKPBITHN ¢ YCTAIOCTHOW JAECTPYKITHEH OTHEIBbHBIE 3JIEMEHTHI achaabTOOETOHA pac-
CMaTpPUBAIOTCS KaK CTEP>KEHb U BEPTUKAIBHOE HaNpsKEHHE B HIKHEH TOUKE CTEp KHS pPaBHO BEPTHKaJIb-
HOMY HampsDKEHHUIO B HIDKHEH TOUKE CIUTOIIHOTO (0e3 IecTpyKuuu) acaabToOeTOHHOTO MTOKPHITHS.

3.2. Yuueepcanvnutii kpumepuii I nencoopgpa-Ilpuzoscuna. B TepmonmHamMuke HEOOPATUMBIX TIPO-
[ECCOB YHUBEPCAIBHBIN KPUTEPUI JBOIIONMH CAMOOPTaHU3YIOMMXCS TUHAMUYECKAX CHUCTEM CHOpMYy-
JUpOBaH B CleAylomeM Buae: «B mo0oii HepaBHOBECHOW cucTeMe ¢ (UKCHPOBAHHBIMH T'PaHHYHBIMH
YCIOBUSAMH HPOLECCHl UAYT TaK, 4TO CKOPOCTh M3MEHEHMS NPOU3BOJACTBA SHTPOIMHU, O0YyCIIOBJIECHHAS
M3MEHEHUSIMH TEPMOJANHAMUYECKHUX CUJ, yMeHblnaeTcsa» [12-14]. [Ipu 3ToM mpou3BOACTBOM 3HTPOIUHU
Ha3bIBaeTCs KOJIMYECTBO MPOU3BOANMON CUCTEMOM SHTPONIUH B €UHHILY BPEMEHHU.

B cooTBeTcTBUU CO BTOPHIM HayaJioM TEPMOJUHAMUKU UMeeM [16]:

50=T -ds, (12)
rae 00 - Majblii 00beM Teruia (SHEPruM); ds - MaJioe KOJIMYECTBO SHTpONuM; T - TePMOIMHAMUYCCKAS
TeMmeparypa.

IIpuMeHUTENHHO K HAIIEMY CITyJar0 TepenuIineM Beipaxenue (12) B Bume:
AW
d
AS = 7 (13)

rae AS - konuaecTBo 3HTponuu; AW, - KOTU4ECTBO SHEPTUU TUCCUTIALINN.

[Ipu BeUKMCIEHNU 3HTpONKHU 1O BIpaxkeHuto (13) HeoOxoaumMo yTouHuUTh cnenyromee. [lo onpexe-
JICHUIO TIPOU3BOICTBO PHTPOIIMH IPEACTABIIAET COOOH KOJIMUECTBO SHTPONNH, IPUXOAALICHCS HA IUHUILY
BpEMEHH. DHEprusl IWCCHIIALMK, BXoAadmias B Beipaxenue (13), mpexactaBinsieT coOOi KOIMYECTBO
paccesHHOM SHEepryuu MpH OAHOKPATHOM JEHCTBHM (IpOe3ie) HArpy3Ku OT Kojieca aBTOMOOMIIS. YUHTHI-
Basl H3JI0KEHHOE BBIIIE, KOJUMYECTBO SHTPOIHM, BBIYMCIEHHOE IO BbIpaxeHUIo (13), MOXHO cyuTaTh
MIPOM3BOACTBOM DHTPOIUH 32 BPEMS OJJHOPA30BOIO JAEMCTBUS HATPYy3KH.

Brluncnennsle 3HadeHHMs MPOU3BOJCTBA SHTPONMM NPU Pa3HBIX HAarpy3kax B Ha4aJbHBIA NEPHOL
9KCIUTyaTanuu ac(hanbTOOCTOHHOTO MOKPBITUSL M TOCHE TOSBICHUS B HEM YCTAIOCTHBIX IECTPYKLHI
MpeJIcTaBlIeHbl rpadudeck Ha pucyHke 12. Kak BUIHO, IO aHAJIOTHUU C SHEPTHeH JUCCUIIAIINH, TPOU3BO/I-
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CTBO DHTPOIIHMYU TAK)KE JIMHEHHO YBEITMYMBAETCS C TIOBBIIICHHEM HAarpy3KH B 000X PacCMOTPEHHBIX DKC-
TUTYaTallMOHHBIX COCTOSHHSX ac(arbTOOETOHHOTO MOKphITHA. O4YeBHIHO, YTO NMPHU OJUHAKOBOW TeMIIe-
paType nmpu BceX Harpys3kax MpOH3BOJCTBO SHTPONMH B HAYaJIbHBIM MEPUOJ SKCIUTyaTalliy OOJIbIIIe, YeM
MOCJIE YCTAIIOCTHOM JECTPYKLHH.

B namem crmyuae TepMOAMHAMUYECKON CHUJION SIBIIIETCSl HAarpy3ka (HampspKeHHE) OT KoJieca aBTOMO-
OwIsl, TEWCTBYIOINIECEe HA TIOBEPXHOCTH ac(albTOOCTOHHOTO MOKPHITHs. 1103TOMYy HakjIOHBI rpaduKOB Ha
pucyHKe 12 mpencTaBisioT cob0i CKOPOCTh W3MEHEHHUS POU3BOACTBA SHTPOIIMH, 00YCIOBICHHYIO H3Me-
HEHHEM TepMOIMHAMUYecKoW cwibl. Kak BUAHO, HaKIIOH rpaduka, COOTBETCTBYIOIINN COCTOSIHUIO ac-
(haTbTOOETOHHOTO MOKPHITHS TOCTIE TIOSIBIICHHS YCTaJIOCTHRIX TECTPYKITUI 3aMETHO (CYIIECTBEHHO) MEHb-
1Ie, 9eM B Havalle DKCIUTyaTalnd, T.e. COOM0o1aeTCs yHUBEpCcalbHbIN KpuTepuid [ mencnopda-Ilpuroxuna.

3.3. Ilpunyun FO.JI. Knumonmosuua. B padote F0.JI. KnumonrtoBuya [15] 6bu1 chopmynupoBan
«[IpuHIIIT MUHUMYMa TPOM3BOJCTBA SHTPOIUH B IMPOIECCaX CaAMOOPTaHHU3AIHUN», KOTOPBIH COCTOUT B
cienyromieM. [Ipoliecc caMoopraHu3aiy MPeICcTaBIsieTcsl Kak (a3oBbIl Mepexo (WK MOoCiIe0BaTelNb-
HOCTH (ha30BBIX MEPEXOA0B), B pe3yJIbTaTe Yero CUCTEMa MEPEXOAUT B OoJiee YHOPIJOUCHHOE COCTOSHUE.
[lpuHOMT yTBEpKJaeT, 4TO MPOU3BOJCTBO IHTPONUM B HOBOM — OoJyiee YIOPSAJOUYESHHOM COCTOSIHUH,
BO3HUKIIIEM B pe3yJbTaTe OYepemHoro (pa3oBOTO IMepexona, MEHbIIE MPOU3BOJCTBA SHTPOIHH CTapOTO
COCTOSIHMSI, KOTOPOE MBICJICHHO MPOJI0JKEHO B HEYCTOHUMBYIO 001acTs [17].

Ha pucynke 13 npencrasieno 2 rpaduka H3MEHEHHUs IPOU3BOJICTBA SHTPOMUH B achaibToOETOHHOM
MOKPBITAH, OTHOCSIIUECS [IBYM MOMEHTaM BPEMEHH: IEPBBI M3 HHX COOTBETCTBYET COCTOSHHIO
MOKPBITHA TEPE] MOSIBICHUEM YCTAIOCTHBIX AECTPYKLIUN, a BTOPOM — MOcie uX NosABieHud. Torna crapo-
MY COCTOSHHIO ac(allbTOOCTOHHOTO MOKPBITHS, KOTOPOE MBICIIEHHO MPOAOIKEHO B HEYCTOHYHBYIO
001acTe Oy/meT COOTBETCTBOBATH IpsiMasi 1, a HOBOMY — OoJiee yIOpsIOYeHHOMY COCTOSIHHIO — TIpsiMast 2.
Kak BugHO U3 pucyHka 13, mpu BceX pacCMOTPEHHBIX Harpy3Kax MPOHW3BOJCTBO SHTPONHUU B acdaibTode-
TOHHOM TOKDPBITHH B HOBOM — 0oJiee YHOPSJIOYEHHOM COCTOSHUHU (TIpsiMasi 2) MEHBIIE MPOU3BOJCTBA
SHTPOIIHH CTAPOTO COCTOSHUS, KOTOPOE MBICJICHHO TPOJIOJKEHO B HEYCTOWYHMBYIO 001acTh (mpsimast 1).

0,8
=
$ 07 n
-
g
z 0.6 1
i v=1,3444x - 0,3809
i R?=10,9904 /.
5 0,5
= 04 =
:

b

;_., 0,3 /<
E /. / 2
-
g8 02
5 L) & |¥y=0,6029x - 0,1665
g e R2=0,9915
E- 0,1 p
="
=

0,0

0,3 0,4 0,5 0,6 0,7 0,8 0,9

Hanps:xenne g, MIIa
B AS (PAV E/2) - Ges necTpyRusn
A AS (PAV E/2) - ¢ necTpyruHei

Pucynok 13 — I'paduku 3aBUCIMOCTH ITPOU3BOJCTBA SHTPOIIUH OT BEJIMUMHBI HATPY3KH

Taxum 00pa3om, MoKa3aHo, YTO MPH YCTATOCTHOH AecTpyKuuu codmonaercs u npunuun 0. JI. Knu-
MOHTOBHYA — NPUHIMII MUHUMYMa MIPOU3BOJICTBA SHTPOIIMH B IIPOLIECCAX CAMOOPIaHU3ALMH.

3akiouenmue.

1. Cocrapnsitomue HanpspkeHUst 1 gedopMalny B HIDKHEH MOBEPXHOCTH BTOPOTO ac(aibToOeTOH-
HOT'O CJIOSI COBPEMEHHON KOHCTPYKIIMU JOPOKHOH OAEKIBl aBTOMOOMJIBHON NOPOTH, BOSHUKAIOLINE TI0A
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JIEeHCTBUEM DPacdyeTHOH aBTOMOOWJIBHOW HArpy3Kd, B HalpaBJICHUU IBM)KCHUS CHJIBHO H3MEHSIOTCS B
3aBHCUMOCTH OT JK€CTKOCTH ac(haabTOOCTOHOB.

2. Bce BBIUMCIICHHBIC BHJIBI dHEPTHU Je(GOPMUPOBAHUS — IIPU MTHOBEHHOM Je(OpMUpPOBAHUH, Jie-
(opMHPOBaHUH TIPU ATUTEIBHOCTH HarpykeHus 0,1 ¢ B HauanbHBIH TEPHOA SKCIUTyaTallid U B IIEPHOJ
9KCIUTyaTalluul C COCTAPEHHBIM OMTYMOM — CHJIBHO 3aBHCAT OT HAarpy3KH M JIMHEHHO MOBBILAIOTCS NPH
YBEJIMYECHHUH TOCIIECTHEMH.

3. DHeprus IUCCUMALMU M MPOU3BOACTBO 3HTPONMUH TAKXKE JIMHEWMHO YBEIMUYMBAIOTCS NPH MOBBIIIE-
HUY HAarpy3KH U TaKKe 3aBUCAT OT IKCIUTYaTALlHOHHOTO COCTOSHHUS TOKPBITHS.

4. IIpu ycTamoCTHOHN HECTPYKLIMHU COOJIIOAAIOTCS M3BECTHBIE KPUTEPUHM TEPMOIMHAMUKU HEOOpaTH-
MBIX TPOIIECCOB — YHUBEpCANbHBIN Kputepuii [ nencnopda-Ilpuroxxuna u npunuun KnuMmonTtoBrya.
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b. b. Tearaesn
KasaxcraH k011 FRUTBIMU-3epTTeY HHCTUTYTHI, AnMatel, Kazakcran
ACDAJIBTBETOH ) KAMBUIFBICBIHBIH INAPIITAY JECTPYKIUSCBI. 2. TEPMOJIUHAMMUMKA
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