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DETERMINATION OF THE DURABILITY PARAMETERS
OF SAND SOILS UNDER COMPRESSION

Abstract. Arrangement of sand and ground cushions in the foundations, a widespread method of reinforcing,
increasing bearing capacity and strengthening weak, structurally unstable soils, especially in seismic areas. 7 regions
of Kazakhstan, this is more than 6 million people and 40% of the country's industrial potential are located in areas of
increased seismic activity, so the issue of strengthening the foundations in these areas is relevant and requires further
study. The article presents the results of experimental studies carried out according to the methods developed by the
authors on modified devices equipped with measuring equipment (hard voltage sensors - pressure gauges).

The article presents the results of experimental studies carried out according to the methods developed by the
authors on modified devices equipped with measuring equipment (hard voltage sensors - pressure gauges). Studies
includes sandy soils of various densities, humidity, particle size distribution and various methods of sample
formation. Strength parameters determined by the research results are necessary for calculating the bearing capacity,
determining the characteristics of the base soil under dynamic and static loads. These comparative tests were carried
out on a compression device with side pressure measurement and a shear bench. During the formation of soil
samples, uniform boundary conditions were created according to their physical properties. The main prerequisite for
such comparative tests was the law of C. Coulomb on the condition of limiting equilibrium in soils. Assessment of
stress states under compression and shear was carried out by the graph-analytical solution of Mohr and Coulomb's law.

Key words: physical properties, soil strength, ultimate stress state, angle of internal friction, adhesion, lateral
pressure, vertical pressure, graph-analytical solution.

Introduction. When building foundations on weak structurally unstable soils, especially in seismic
areas [1,2], one ofthe most common methods of increasing the bearing capacity of bases is the installation
of soil and sand cushions. Therefore, the question of studying the physicomechanical properties of sandy
soils, their dependence on indicators of the physical state and strength parameters, the method of
formation and compaction ofthe sand cushion, is very relevant [3].

The authors conducted a set of experimental studies to study the influence of the method of soil
formation, its physical properties, methods for determining the strength parameters, on the bearing
capacity of sand.

According to the current design standards in Kazakhstan [4,5], and abroad [6,7], the design resistance
of the base soil depends on the physical characteristics (density, humidity, etc.) and strength properties
(adhesion-s and the angle of internal friction-¢ ) The soil strength parameters ¢ and ¢ are determined from
the condition of the limit equilibrium of C. Coulomb [8, 9], in which the slightest additional increase in
force affects the balance existing at the point ofthe array and sets the mass in motion (destruction) with a
different intensity. [10] The experimental implementation of the Coulomb equilibrium state scheme is
possible only under conditions that create the development of maximum holding horizontal force, which is
ensured under conditions of compression compression with rigid stationary side walls. Based on the
Coulomb scheme, the second way of realizing the equilibrium conditions of a caving wedge, retained by
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its adhesion and friction, is to apply the maximum shear load, while the rigidity of this load should be
much higher than the stiffness of the soil. [11] In both cases, the maximum horizontal force, according to
C. Coulomb, is a function of both external and internal stress states.

During shear, the reaction to an external force action, which is modeled by lateral pressure as, is the
ultimate shear resistance Tpre, because of the “connectivity and friction” [12]. In this case the state of
ultimate equilibrium is described by the Coulomb law, which establishes a relationship between the
tangential stress Tpre and the normal stress a.

T=atgp+ c

Under conditions of compression the response to external sealing pressure is the maximum horizontal
force, which will decrease, in the case ofthe slightest compliance of the system. Assessment of the stress
state of the soil during compression was carried out by the method of Mohr. [8,13] The use of Mohr’s
graph-analytical solution to determine the parameters of the stress state during compression under
conditions ofthe impossibility of lateral expansion is based on the following.

1. The condition of limiting equilibrium formulated by Coulomb or the state of stability is the stress
state of the array at rest. The maximum horizontal force is required in order to preserve it. In the case of
compression without the possibility of lateral expansion - this is a horizontal spacer.

2. The concept of the equality of the conditions of Coulomb and Mohr [8,9], adopted in soil
mechanics, allows to distribute them for comparing stress states during shear and compression.

3. The physical premise of such a comparison is the mechanism of the compression process. The
compaction process is associated with microshear of particles, the possibility of which is due to the
porosity ofthe soil, its density, moisture composition. In this case, self-hardening ofthe soil occurs under
the action of a compaction load. Mohr's solution allows comparing the parameters of the Coulomb
strength with the parameters of the stress state under self-hardening of the soil under compression
conditions.

In Kazakhstan and abroad, an experimental study of the parameters of ultimate equilibrium is
currently carried out according to standard methods [15,16,17] using triaxial compression devices or shear
devices [18,19]. In both cases, the evaluation criterion is the value of the relative deformation (vertical
volumetric or shear), which allows rather conditional assessment of the stress state in the soil and the
moment of the onset of a progressive course of deformations. In this connection, experimental studies
were performed on improved compression and shear devices equipped with strain gauges [20]. A thorough
metrological examination of the equipment was carried out, the factors affecting the values of the
measured indicators were determined [21].

Based on the foregoing provisions, shear tests [22] were used as the main criterion for assessing the
limiting state of soils, as a generally accepted method for determining the strength parameters, which were
subsequently compared with the parameters obtained by the graph-analytical solution of Mohr from the
results of compression tests with measurement of lateral pressure. A series of tests were carried out on
sandy soils with different densities and particle size distributions.

The fine loose sands of medium density. Loose sand samples (pd = 1.44 g/cm3) were formed by
layer-by-layer sanding, medium density (pd = 1.60 g/cm3 with insignificant force impact. Studies have
shown that the method of samples forming significantly affects the test results. According to the data
obtained, Mohr diagrams were constructed (for compression tests with the measurement of aB) and shear
(figure 1). The discrepancies in the value of the angle of internal friction ¢m were about 1%. ¢dm (the
angle of internal friction according to the Mohr diagram) was 17.3 degrees for loose sand and dk
(according to the results of shear tests) - 17.1 degrees. For sand of medium density, dm was 21.6 and ¢m
was 21.8 for shear tests. In addition, a relationship has been established between the lateral pressure
coefficient and the strength properties of soil that does not have an internal stress state (due to formation).
4 =192 (45- ¢/2).

Similar tests were carried out for other types of sandy soils that differ in grain size and moisture. The
discrepancies in the values ofthe angles ¢om and ¢k ranged from 1% to 1.5%. Thus, the conducted studies
allowed us to conclude that the Coulomb limit state is realized under the conditions ofthe impossibility of
lateral expansion and the applicability of Mohr's solutions to describe the limit state under compression
conditions.
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a) b)

Figure 1- Mora diagrams from compression tests with lateral pressure measurements:
a) fine sand, loose; b) fine sand of medium density

Analysis of the results of studies of dense sandy soils. The significant influence of the stress state
created during the formation of samples of dense sandy soils is confirmed by the results of compression
and shear tests. The particle density was pd = 1.67 g/cm3and pd = 1.75 g/cm3. It was noted that during the
formation of samples of this density by shock compaction, a lateral spacer was created, the residual value
of which was 0.010-0.0120 MPa for sand with a density of 1.67 g/cm3and 0.018-0.02 MPa for sand with a
density of 1.75 g/cm3. The vertical load was applied in steps of 0.05 MPa. It was found that in the graph of
the dependence a6 = f (aB) there are two linear sections with different increment intensities a6,, with a
fracture point corresponding to aB = 0,098 MPa (figure 2) for sand with a density of 1.67 g/cm3 and
0.11 MPa for sand with a density of 1.75 g/cm3, which confirms the presence of two stress states, the first
of which is the ultimate equilibrium, the second is the equilibrium stress state provided by the condition of
pure compression.

a) b)
Figure 2 - The results of compression tests of fine sandy sail: a) fine sand, loose; b) fine sand of medium density

The uniqueness of stress states under compression and shear conditions can be estimated by
comparing the intensity of shear stresses with an increase in vertical load and a similar change in lateral
pressure increments in the same [as intervals (figure 3). So, for loose sand (e = 0.82), the lateral pressure
coefficient decreases from 0.56 (in the range where fag is from 0to 0.1 MPa) to 0.52 (in the range where
[as is from 0.10 to 0, 20 MPa), decreasing with subsequent compaction to 0.48 (at the range where [aB is
from 0.30 to 0.40 MPa). The ratio AT1/faB in the same intervals varies from 0.296 to 0.40. The lateral
pressure coefficient £ is the angle of inclination a (of dependence a6 = f (aB)) and in the case of a linear
dependence, tan a = a6 / (aB).
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Figure 3 - Graphs of changes in the intensities of increments:
a) fine sand, loose; b) fine sand of medium density; I- a6 from 0 to 0.10 MPa; 2- [1a6
from 0.1 to 0.20 MPa; 3- a6 from 0.2 to 0.30 MPa; 4- [a6 from 0.3 to 0.40 MPa

The change in the angle a in the indicated pressure range was 4.6°, the angle of internal friction in the
same range of vertical loads increased by 5.8° For medium-density sand, the corresponding changes in the
angles ¢ and a were 2.5° and 2°, respectively. To confirm the conclusion about the influence ofthe method
of soil sample formation on the parameters of ultimate equilibrium and lateral pressure coefficient, tests were
carried out on sand of medium density, compacted by repeated loading. Initial soil density pd = 1.54 g/cm3
porosity coefficient was 0.72. The samples were formed by layer-by-layer filling, with a 6-fold loading
and unloading cycle. Sealing was carried out in the chamber of the compression device with the
measurement of lateral pressure (figure 4).

3) b)

Figure 4 - a) dependence ab = f (ab) upon repeated loading of sand with a density of 1.54 g/ cm3
b) sand shear diagram with a density of 1.54 g/ cm3compacted by repeated loading

After the 6th loading cycle, a residual lateral pressure of 0.012 MPa was recorded, and the sand
density increased to 1.57 g/cm3. The graph ofthe a6 = f (aB) dependence after 6 cycles of compaction and
unloading is characterized by 2 linear sections, similar to the dependences a6 = f (aB) defined for dense
sand. The fracture in the graph reflects the transition of soil from one equilibrium state to another, and the
fracture point characterizes the ultimate stress state when they change and also appears to be a function of
the initial stress state due to its formation. In the same initial conditions (the density, 6 loading-unloading
cycles) shear tests were performed, the purpose of which was to determine the strength parameters
depending on their stress state. The tests were carried out by the method of step loading with a constant
rate of shear force application (figure 4).
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Figure 5- Mora diagrams based on the results of compression tests of sandy soils (with repeated loading)

The Mohr diagram, based on the results of compression tests (figure 5), is represented by two
sections with an angle ¢m = 22.8° and a 0.010 MPa adhesion which was recorded on the T-axis. The
limiting envelope of Mohr's circles at a6 and aB values within the limits of repeated loading (up to
0.37 MPa), and coming from the origin, made up an angle ¢om = 25 °. Thus, it was found that in sandy
soils formed by external force (shock compaction or repeated loading), two sites are presented, depending
on the vertical and lateral pressures obtained during compression compression.

Conclusion. A comparative analysis of the results of sandy soils testing for compression and a
straight cut leads to the following conclusions:

1. When a stress field acts on a discrete medium, like a sandy soil, particle mutual displacements
occur regardless of the type of stress state, which are displayed by the law of Coulomb. This physical
model explains the identity of soil conditions under various influences of force fields - compression under
the conditions ofthe impossibility of lateral expansion and a direct cut.

2. The realization of the limit state of Coulomb under conditions of the compression and the shear
cut is confirmed by the equality or rather close convergence of the angles of internal friction obtained
from the shift test diagrams and the graph-analytical solution of Mohr. The compression loading
trajectories of loose and medium density sand characterize the limiting surfaces. In this case, the lateral
pressure coefficient, determined by the ratio ofthe increments ofthe principal stresses, is described by the
condition of ultimate Coulomb-Mohr equilibrium.

4=1g2 (45°- B/2).

3. For dense sands formation which requires the application of force influences, typical residual
lateral pressure appears which causes a different dependence a6 = f (aB). The parameters of the limiting
state obtained by the Mohr’s graph-analytical solutions and the results of compression tests are close to the
strength parameters ¢ and C obtained from shear tests.

4. A significant influence of the method of compacted sandy soils formation on the dependence
ab = f (aB) is observed. Under the same boundary conditions: the methods of sample formation, loading
intensity and strain stabilization time, both under compression and shear conditions, the Coulomb-Mohr
limit equilibrium condition is unambiguously performed in both cases, which is associated with the
process of development of irreversible deformations during compaction, which are close to Coulomb
displacements at the micro level and confirms the assumption of K.Terzaghi about the possibility of
reaching the limit state of the soil mass in resting conditions [23,24].
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KOMMPECCUSA XATLANBIHAA A¥M bl TOMbIPALTHLL
BEPLKT1K MAPAMETPNEPIH AHbLLTAY

AHHOTauma. Kym >X3He ToMblpak TeceHiWTepAi Herizge opHanacTblpy - 31a3, KypblUibIMAbIK-TYpaKchI3
TOMbIPaKThl KyLenTyre, agTepy KablueTLl apTThlpyra XaHe HbiraiTyra, sapece ceiiCMuKanbiK ayfaHaapia KeHiHeH
KONgaHaTblH 3410. 6 MWANMOHHAA acTtaM afaMabl KaMTUTbIH Ka3akcTaHHblH 7 06AbICbl e/fiH eHepKacinTik
aneyeTiHiH 40% >xorapbl ceiicMUKanbiK OefCeHALW K aliMarbiHfa OpHanackaH, COHAbIKTaH OCbl ayfaHAapaa
Herisgepai KYLWeTy mMaceneci e3ekTi 60/1bIN caHanadpbl XX3He ofaH 3pi 3epTTeyai Tanan eTedi. Makanaga asTopnap
33ipnereH sgictemenep 60MbIHLLIA efiWeyill annapaTypamMeH (KaTaH KepHey AaTyMKTepi-mecAo3aap) »KabablKTanraH,
TYpneHAipinreH acnantapAa opbliHAaNTraH TaXipnoenik 3epTTeynepAiH HITUXKECI KeNMpPLUTeH.

TYpni ThIrbI3AbIKTarbl, bIArangblKTarbl, rpaHynoOMeTpUsAAbIK Kypamabl KyMAabl Tonbipak neH YArinepai
KanbINTacTblpyAblH TYPAi agicTepi 3epTTengi. 3epTTey HaTUXKenepi 60MbiHLA aHbIKTanaTblH 6epikTik napameTpnepi
OVHAMUKANbIK XX3HE CTaTUKaNbIK XY KTeMesep 3cep eTKeHAE Heri3 ToMmbIparbiHbiH KeTeprill KabifeTiH ecentey XsHe
cunaTTamanapblH aHbikTay YILiH KaxeT. OCbl CanbICTbipManbl ChiHakTap 6YWipnik KbiCkiMAbl enweiTiH KoMmnpec-
CUANBIK acnanTa >X3He bIrbICTblpy cTeHAiHAe XYprisingi. Tonbipak YArinepiH KanbiNTacTblpy KesiHAe onaphblH
(hmsmkanblK KacueTTepi 60MbiHIWa 6GipblHFad LWeKTIK xargain xacangbl. MyHAai canbiCTbipManbl CbiHaKTapAabl
XYprisyaiH Hen3n anFblwapTbl peTiHAe TOMblpakTarbl LWEKTIK Tene-TeHAK WwapTbl Typanbl L. KynOHHbIH 3aHbl
KOMAaHbINAbl, OHAA KYLU 3CEpiHiH Lamabl KOChIMLIA Y/ratobl MacCUB HYKTECIHAEr Teme-TeHAXN Oy3afbl X3He
MaccuBTi KosFanbicka (kupayFa) akenefi. KynoHHbIH Tene-TeHAiK KYW cynbacbiH aKCnepuMeHTan sl icke achipy Tek
KO3FanMaiiTbiH KaTaH 6YWip Kabbipranapbl KesiHe, KOMIPeCCUANbIK KbiCy XarfaiiblHaa KaMTamachl3 eTifeTiH api
»KOFapbl ycTan TypaTbliH FOPM30HTaNbAbl AW TW, AaMy YAepiciH TyablpaTbiH )XaFaainga FaHa MYMKiH.

KynoH cynbacbiH Herisre ana oThIpbin, iniHy »aHe Y/keny Henswijge ycTanaTblH Kynay CbiHaMacblHbIH Temne-
TEHX LIapTTapblH iCKe acbipyAblH eKiHWi T3cL eH oFapbl bIFbICY XYKTemeci 60bIn caHanafbl, 6yn peTTe ochl
XYKTeMeHL, 6epy KaTaHAblFbl TONbIpak KaTaHAbIFbIHAH 3ngekaliga )oFapbl 60nybl Tuic. Eki xargainga ga LL.KynoH
3aHbl 6OlibIHIIA MaKCUManbl ropu3oHTanbAbl KYLI CbIPTKbI XK3HE LW KepHeynik KYWgiH dyHKuMAcsl 60bin
caHanagbl. KecweTw kesge, 6YWipnik KbicbiIMMeH ¢6 MOfenbAeneTiH ChipTKbl KYLUTIK 3cepre peakuus «6aiinaHbic
neH YWKenicke» Herisgenred birbiCyfblH LIEKTIK Keaeprici Trpen6onbin ecenTenedi. byn xarfjaiifa WwekTx Tene-
TeHAIKTIH KynoH 3aHbIMeH cunaTtTanafbl 3pi )XaHama KepHey T MeH TiK KepHey C apacbliHAaFbl 6alinaHbICTbl
opHaTagbl. XKYprisinreH canbiCTbipManbl CbiHaY MeH Tanjay HaTUXeaHJe KepHey epiCiHiH, Kymfbl TOMbIpaK CUAKTbI
OUCKPeTTi opTara acepi KesiHfe KepHeygu, TYpiHe KapamacTaH 6efillekTep e3apa birbicafbl, 0flap TOMbIPaKThI
LUEKTIK Tene-TeHAiK XaraaiblHa akenyi MYMKiH X3He LLI.KyfoH 3aHbIMeH epHeKTeneai.

Byn dusnkanbik Mofenb KYL epiciHin TYpni acepi (6YWipnik keHeliTy MymMK1H 60iMaraH xaraaiza Kbicy aHe
TXenen Keciny) KesiHAe TonblpakK >KarfaiblHbIH yKcacTblFbIH TYcCiHAipeai. KomnpeccusanbiK KbICy X3He Kecy
XarpaibiHga L. KynoHHbIH LWeKTi ~LW H iCKe acblpy >XbIKY CbIHAKTapbIHbIH Avarpammanapbl XaHe MopabiH
rpatho-aHanMTUKaNbIK WeLliMi 6oiibiHwWa (6YWipnik KbiCbiMbl €NLLEHTeH KOMMPECCUSNbIK ChiHaKTapAblH HATUXenepi
6OMbIHILA) anblHraH iWKi YVKenic 6ypbllUTapbiHbIH TEHAIriMEH Hemece >KETKIMIKTi XaKblH YKCaCTbIFbl apKbi/bl
aHbIkTanadbl. ThiFbI3 KyMabl TonbIpak Y/rinepiH KanbintacTbipy YaepiciHge naiiga 6onFaH kepHeynik KYWgiH eneyni
acepi XYPprisifireH cblHaKTapAblH HITUXXeCI HerisiHae pactanagbl. beniktepgiH ToiFbI3abIFbl: pd = 1,67 r/cM3>KaHe
pd = 1.75 r/cm3 Kypagbl. COKKbl ThiFbI3fay XOMbIMEH OCbl ThiFbI3AbIKTarbl YNrinepai KanbintacTblpy 6apbiCbiHAA
6YWipni KbickiM Maiiga 6014bl, OHbIH KanablK Wwamachl, ThiFbI3abIFel 1,67 r/cm3 Kym YiwiH 0,010-0,0120 Mna xaHe
ToIFbI3abIFbl 1,75 r/cm3 kympaa 0,018-0,02 Mna Kypaigbl. Tik xYkrteme 0,05 Mna caiiblH 6epinin Typabl.
b =f (B -Kka 6aiinaHbICTbl rpadukTe TYpPAi ecy KapKbiHAbIbIFbI C6 ekl Cbi3bIKThl y4ackeci MeH CbiHYy HYKTeci 6ap,
ToIFbI3abIFbl 1,67 r/cmM3 kymaa Twen ¢6=0,098 Mna (cypet.25) »3aHe ToiFbi3abiFbl 1,75 r/cm3kympa c6=0,11 Mna,
6yn ekl KepHeymk KYWaiH 60naTbiHbIH alikbIHAaAb!, GipiHLWic, WeKNK Tene-TeHaX, eKiHLicCi, Tasa KoMnpeccus
LIapTbIMEH KaMTaMachI3 €TiNIreH Tene-TeHAi KepHeyiK Kyii.

Komnpeccns xaHe Keclly XarfaiibiHga KepHeymk KYWOiH 6ip MarbiHanbIFbIH XaHama KepHey/L, KapKbiH-
AbIFbIH TiK KYKTEMEHIH YNraiobIMeH Xa3He con apanbiktapga 6YWMipnik KbiCbIMHbIH €CyiHiH yKcac esrepyimeH
canbiCTblpa OTbIpbIN Garanayra 6onagbl. Ocblfailla, Teirbi3ganraH KyMAbl TOMbIPaKTbl KaibINTacTbIpy T3CIiAiHIH
6YWipnik 3He TX KbICbIMHbIH a6=/ (38)) >3He 6GepXTX napameTpnepiHe Tayenfik cunaTbiHa 3cepi Gaiikangpl.
BipbiHFail LWekapanblK WapTTapfbl caktaraHfga: Y/rinepai KanbintacTbipy 34iCTeMeci, XXYKTeY KapKbIHAbITbl X3He
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fedopMaumsHbl TypakTaHAbIPY YaKblThl KOMMPEcCUsi XarfaibiHaa Aa, Kecy Kesspae fne, KynoH-MopgpbiH wekn
Tene-TeHAIriHIH WwapThl ekl xargaja ga cesas opbiHAanagbl, 6yn MUKpPOAeHreidfe KyNoHAbLL bIFbICYra XaKblH XK3aHe
K.TepuarngiH ThIHbIWTBIK XarfjaibliH4a TONbIpaK MaCcCUBIHIH LUEKTIK KyLIHe KON eTK1ly MyMIHAT Typabl
60/mKaMbIH anrawl peT aHbIKTanapl.

TYWiH ce3gep: (hU3MKanbiK KacueT, TOMbIPaKTbIH GePiKTiri, WeKn KepHeyni xargai, iwki Yiikenic 6ypbiLbl,
iniHicy, 6YMipnik KbICbIM, TiK KbICbIM, rpatyKanblK-aHaMTUKa/bIK LELLiM.
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ONPEAENEHWE NAPAMETPOB NMPOYHOCTUN NMECYAHBIXTPYHTOB
B YCNOBNAX KOMMPECCUN

AHHOTaLMA. YCTPONCTBO MeCYaHbIX U TPYHTOBLIX MOAYLIEK B OCHOBAHMAX, LUMPOKO PacnpOCTPaHeHHBI
METO/ YCUIEHNS, MOBbILLEHNS HecyLleli CNOCOGHOCTU U YKPENIeHNs cnabblX, CTPYKTYPHO-HEYCTOMUYMBBLIX FPYHTOB,
0COGEHHO B ceiicMUYecKux paiioHax. 7 obnacteit KasaxcraHa, 3To 6oniee 6 MaH. yenoBek U 40% MPOMBILLIEHHOTO
noTeHUMana CTpaHbl HaXOAATCA B 30HAX MOBbILEHHOW CEACMUYECKON aKTWBHOCTM, MO3TOMY BOMPOC YCW/IEHUS
OCHOBAaHWIN B 3TUX palioHax, SIBASETCA aKTyalbHbIM U TpebyeT fanbHelillero usyuyeHus. B cTaTbe MNpuBefEHbI
pesynbTaThbl 3KCMEPUMEHTaNbHbIX WUCCNef0BaHUA, BbIMOIHEHHBIX MO pa3paboTaHHbIM aBTOpaMy MeETOAMKaM Ha
MOAM(ULMPOBaHHbLIX MPMBOpax, OCHALLEHHbIX W3MEPWUTENbHOW anmnapaTypoil (KecTKue [aTYMKU HanpsHKeHUd -
Meco3bl). ViccneaoBaHbl necyaHble FPYHTA PasfIMYHON MIOTHOCTU, BNAXHOCTW, FPaHy/OMETPUYECKOro COCTaBa ”
pasHbiMM  MeTofamMu  opMMpoBaHUA 06pasuoB. [laHHble CpaBHWUTE/IbHbIE  WCMbITAHUA MPOBOAMIUCE  Ha
KOMMPECCUOHHOM npubope ¢ n3MepeHnem 60KOBOr0 AaBfieHUA U CABUITOBOM CTeHe. Mpn gopMmposBaHum 06pasL,oB
rpyHTa CO34aBa/iCb €AVHbIE TPaHUYHbIe YCNOBUS MO UX PU3NYECKUM cBocTBaM. OCHOBHOWM NpeAnoChbIKOA ANns
NpoBefeHNs TaKUX CPaBHUTENbHbIX UCMbITAHWIA NOCAYXWA 3akoH LU .KynoHa 06 ycnoBum npefenbHOro paBHOBECUS
B FPyHTax, NpuM KOTOPOM Masnelillee f06aBOYHOE yBENMUYEHME CUIOBOr0 BO3LEANCTBMA HapyLlaeT CyLlecTBylOLLee B
TOYKE MaccuBa paBHOBeCME W MPUBOAMT MaccuB B [BMXKEHMWe (pa3pyLueHue). IKcrepuMeHTasbHas peanunsauus
CXeMbl PaBHOBECHOrO COCTOSIHWMS Ky/noHa BO3MOXHA NWLb B YC/IOBUSIX, CO3JAlOLLMX Pa3BUTME MaKCUMasbHOM
YAepXnBatLLell rOpU30HTaNTbHONM CW/bl, YTO 06ECMeynBaeTCs B YCIOBUAX KOMMPECCUOHHOIO CXaTus Mpu XKEeCTKUX
HeNnoABWMXHbLIX BOKOBbLIX CTEHKaX. Mcxoas n3 cxembl KynoHa, BTOpbIM CNOCO60M peanu3aumm ycnoBuiAi paBHOBECHS
KNWHa 06pYyLUeHMSs, YAEPXMBAKOLWErocs CBOMM CLEMAEHUEM U TPEHWEM, SIBASETCA MPWUIOKEHWe MaKCUManbHOM
CLBUTaKOLLEi Harpy3Ku, Npu 3TOM XXECTKOCTb MPUIOXKEHUS 3TON HArpy3Kn 4O/MKHA ObITb HAMHOTO BbILLE XXECTKOCTH
rpyHta. B 060ux cnyyasx, MakcMMmasibHas ropusoHTansHas cuna, no L.KynoHy, ecTb (YHKUMSA KaK BHELUHEro, Tak
M BHYTPEHHEro HanpsHKEHHbIX COCTOSHMIA. [pn cpese, peakuueid Ha BHELUHEe CUIOBOE BO3AelCTBME, KOTOPOE
mMogenupyetcsi 60KOBbIM [aBNeHWEeM, SABMSETCA MpefefibHOe CONPOTWUBAEHWE CABWTY T Nped., 06YCOBfEHHOe
«CBA3HOCTbIO W TpeHuem». COCTOsSHWE NpeenbHOro paBHOBECUS B 3TOM C/lyvae ONMCbiBaeTcs 3aKOHOM KynoHa,
yCTaHaBNMBAOWMM CBS3b MeXAY KacaTeNbHbIM HanpsikeHWem T npeL W HOPManbHbIM HanpskeHnem a. B
pesynbTaTe MPOBEAEHHbLIX CPaBHUTE/IbHbIX WCMbITAHWIA M aHanM3a YCTaHOBJEHO, YTO MpKU BO3AeicTBUM nons
HanpsHKEHU Ha JUCKPETHYK cpedy, KakOBOW SBMSIETCA MeCcYaHblii FpyHT, HE3aBUCMMO OT BUAA HaMpsHXKEHHOro
COCTOSIHWS, MPOUCXOAAT B3aUMOCMELLEHUSA YacTuL, KOTOPble MOrYT MPWBECTU FPYHT B COCTOSIHWE NpeAenbHOro
paBHOBecuss K oTobpaxaroTcs 3akoHOM LU.KynoHa. [aHHasa (um3nyeckass Mofgenb OOBACHAET WAEHTUYHOCTb
COCTOSIHUIA TPYHTa NpY Pa3NNYHbIX BO3LEACTBUAX CU/MOBLIX NOMEN - CXKaTUiA B yCI0BUAX HEBO3MOXHOCTM 60KOBOrO
paclwupeHus 1 npsmom cpese. Peanusaums npegenbHoro coctosHua LU.KynoHa B yCNOBMAX KOMMPECCUOHHOIO
CXaTusi U cpesa NOATBEPXAAETCA PaBEHCTBOM WM AOCTAaTOMHO G6/IM3KOM CXOAUMOCTbLIO YI/I0B BHYTPEHHErO TPEHWS,
MOJTYYeHHbIX MO AnMarpammaM CABUTOBbIX UCMbITAHWUI U rpago-aHanMTUUYecKoMy peleHnto Mopa (no pesynstatam
KOMMPECCMOHHBIX MWCMbITAaHWA C M3MepeHUeM 60KOBOro fasneHus)). CylleCTBEHHOe BAUSIHWE HanpsHKEHHOro
COCTOSIHWSA, CO3[4aHHOro B rpolecce (opMupoBaHMs 06pa3LoB MNAOTHLIX MecyaHblX FPYHTOB, MOATBEPXKAAeTcs
pe3ynbTaTamMu MPOBEAEHHbIX WUCMbITaHWA. MNOTHOCTb YacTuuy, cocTansna: pd = 1,67 r/cm3 m pd = 1.75 r/cm3
.OTMeueHO, UTO B nNpouecce (hOpMMPOBaHUS 06pa3L,0B AaHHOM NOTHOCTU MyTeM YAapHOro YNIOTHEHMS CO3/aBasics
60KOBOIA pacnop, ocTaToyHas BenMYmMHa Kotoporo, coctasmna 0,010-0,0120 Mna, ana necka nnoTHocTbio 1,67 r/cm3
n 0,018-0,02 Mna gns necka naoTHocTblo 1,75 r/cm3. BepTuKanbHaa Harpyska npuknagbiBanacb CTYMEHAMMW MO
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0,05 Mna. YcTaHOB/eHO, YTO B rpaguke 3aBucumocT ab = f (aB) umeeTcsa fABa NMHENHbLIX y4YacTKa C pa3HoOM
MHTEHCMBHOCTLIO NpupalleHnst ab, ¢ TOUKO nepenoma, cOOTBeTCTBYyHLWed aB = 0,098 Mna (puc.25) gns necka
nnotHocTeld 1,67 r/icm3 n 0,11 Mna gns necka NAOTHOCTbO 1,75 r/cm3 4TO MOATBEPXKAAET Halnume [BYX
Hanps>KeHHbIX COCTOSHWI, MepBoe M3 KOTOPbIX - MpefefibHOe paBHOBeCKEe, BTOPOe - PaBHOBECHOE HaMpsKeHHOoe
COCTOsIHME, 06ecneyeHHOl YCI0BMEM YNCTON Komnpeccun. OAHO3HAYHOCTb HaNpPsHKEHHbLIX COCTOSHUIA B YCNOBUSX
KOMMpeccun 1 cpesa MOXHO OLEHWTb CPaBHEHWEM WHTEHCUBHOCTU KacaTeflbHbIX HamnpshKeHW C yBEeNUYEHUEM
BEPTMKAbHON HArpy3ku M aHa/orMYHbIM M3MEHEHUEM MpUpalleHuii 60KOBOTO AaBfeHUst B TeX XKe WHTepBanax.
Takum o6pa3oM, [OKa3aHO CyLLeCTBEHHOE BAWsHMe cnocoba (opMMUpOoBaHMSA YNIOTHEHHbIX NecYaHblX FPYHTOB Ha
XapakTep 3aBMCMMOCTM GOKOBOTO Y BepTUKaNbHOrO fAaBneHwin a6 = f (aB) u mapameTpbl npoyHocTW. [Mpwu
COGNIOLEHNN eAMNHBIX TPaHUYHBLIX YCMOBUIA: METOAUKU (HOPMMPOBaHMS 06PasLi0B, MHTEHCMBHOCTW HArpyXeHus u
BpEMEeHN CTabunusauum pecopmauuii Kak B YCMOBUAX KOMMpeccuMu, Tak W Mpu cpese, YCN0BUE MpPeAenbHOro
paBHoBecus KynoHa-Mopa, OAHO3HAYHO BbIMOJIHAETCA B 060MX C/lyvasx, 4TO CBS3aHO C MPOLECCOM pa3BUTUSA
HeobpaTUMbIX AedopMauuii NpW YNAOTHEHUU, KOTOPble HAa MUKPOYPOBHE O/M3KU KYNOHOBCKUM CMELLEHUAM W
BrepBble MOATBepPXaeT npegnonoxeHue K.Tepuarn o BO3MOXHOCTW SOCTVXXEHUSA NPeAeNnbHOro COCTOAHMSA MaccmBa
rPyHTa B YCNOBUAX MOKOS.

KntoueBble cnoBa: (M3MYeckue CBOWCTBA, MPOYHOCTb FPyHTa, NpeAenbHOe HanpshKeHHOe COCTOsHMWe, Yron
BHYTPEHHEro TPeHus, cLenneHne, 60KOBOe AaB/eHNe, BEPTUKaNbHOe fjaBNneHune, rpado-aHannTUYecKoe peLLeHme.
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