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The main mission of civil engineer is to ensure he reliability of the structure with maximum efficiency of time, materials
and energy. In construction, everything must be provided in the design workshop - both strength and economic feasibility.
Balancing on the "edge of the abyss" requires a precise mathematical apparatus. The modern mathematical apparatus of
soil mechanics is based on the solutions of the theory of elasticity and the theory of limit equilibrium. In this case, the
calculation of the bases is carried out from the conditions of purely elastic connection and the ultimate loads are determined
without connection with deformations. Most of the elastic-plastic deformation - from the end of the elastic stage to the loss of
stability is not covered by the calculation models. At the same time, the reserves of the elastic-plastic zone allow to increase
the load on the foundation, provided that the subsidence of the elastic stage does not yet reach the maximum allowable
value for this structure. The boundary element method (BEM) allows to solve problems of this kind.

The main disadvantage of foundations on a natural basis is the complexity of its manufacture and high material
consumption. These shortcomings can be eliminated by building foundations in cavities of a predetermined shape, which are
formed in the soil. These include foundations in compacted ditches, which are arranged in wells with expansion at the
bottom. The soil retains its full-fledged composition, so that the work includes a side surface that receives part of the vertical
load and provides significant resistance to horizontal forces.

The paper presents a method of integration of a mathematical model of behavior under load of foundations in a
compacted pit with a numerical BEM. A theoretical study presents the effect of the addition of sand-gravel mixture on the
bottom of the compacted pit on the bearing capacity of pyramidal piles.
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Introduction

Nowadays most of the frame buildings are constructed of a columnar foundation. The pyramidal pile uses
a vertical load transmitted to the base to load the soil resistance prism, which is adjacent to the side surface
of the pile and thus raises the resistance of the pile. The study was conducted [1] on the experimental site,
composed of loamy loams and sands (type I soil conditions for subsidence). The natural state of soils mainly
determines their construction properties. Mechanical properties of soils, both deformable and strong, are
important for forecasting the behavior of foundations. The subsidence was 7.5 - 10.5 m with physical and
mechanical characteristics:

7. =1.38-1.56¢t/m’, W, =0.18-0.25, v=0.35 W, =0.06-0.17,
W, =0.14-0.17, c¢=25kPa, ¢=23", E=10-17MPa.

Pits of 3 m deep under the foundations had dimensions: 850 mm in diameter at the top and 700 mm in
diameter at the bottom [1], thus, the pit formed a pyramidal pile.

Two schemes of pyramidal piles, which differ in the nature of concrete laying and preparation of the pit
bottom, were analyzed according to BEM. According to the first scheme [1] after additional compaction of
the bottom of the pit by dumping the rammer poured concrete was compacted with its deep vibrator (Ne 1 in
Fig. 1), according to the second scheme after compacting the pit the bottom was filled with three portions of
0.2 sand-gravel mixture in (Ne 2 Fig. 1).

The side surface of the prismatic pile does not transmit normal pressures to the ground, but works by
friction. Normal pressures are transmitted to the ground by the sole of the pile. The nature of the deformation
zone within the compaction zone reflects the nature of the pile. The zone of deformation around the trunk of
the prismatic pile is formed as a result of friction during the subsidence of the pile, and under the sole - under
the action of normal pressures. In prismatic piles, 18% of the volume of the compaction zone is used, which
is formed when the pile is deepened, is used, in pyramidal piles — 30 %. This explains the greater bearing
capacity of pyramidal piles compared to prismatic ones at equal volumes.

The method of construction of foundations in compacted ditches on subsidence soils has been widely
used in construction practice.
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Fig. 1 The graphs of the experimental studies of the state of pyramidal piles [1]

Determining correlations

The combination of the passage of the pit with the compaction of the subsidence soil at its base and
concreting of the foundation in the spacing provides an increase in the bearing capacity of the foundation
structure, in addition, 1.5-2.5 times reduced cost and complexity compared to driven pile foundations. The
expansion at the bottom allows you to double the load-bearing capacity.

The subsidence of the pile foundation depends on the compressibility of the soil, which is located below
the level of the ends of the pile. Deformations of the soil depend on its stress state.

Numerical methods of TDS (tensely deformed state) research are now widely used in the field of
construction science and beyond. Most engineering problems described by complex differential equations
can be solved only by approximate methods. The mathematical model of a technical object at the micro level
is a system of differential equations in partial derivatives, the exact solution of which can be obtained only in
a few partial cases, so a discrete model is built using Poisson's idea that the behavior of a complex system
can be represented by its individual components. In this paper, the integral equation (1) is taken as a
mathematical model of the behavior of a pyramidal pile in a rammed pit under load, to which BEM [2]
reduces the calculation system from 15 differential equations in partial derivatives:
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where 0; ; +b ;=0 — static equilibrium equations;

&,

1 . .
i = E(Mi’j +”j,i) — geometrical equations;

o, = CWS 1« — physical environment equations.

As singular solutions, which are denoted by * in equation (1), R. Mindlin's solutions for the half-plane
[3] are taken, which correspond to the physical essence of the problem, because the loads, from the ground
part of the structure of the foundations are transferred to the ground at certain depth.

The basic principle of BEM - the behavior of a continuous complex environment can be approximated
by the total behavior of the constituent elements of this environment (discrete model).

For soils, as for porous compacted media, the effects of dilatancy are inherent. Features of mechanical
behavior of such media - hydrostatic pressure affects the shape change, and tangential stresses affect the seal.

The research methodology is based on mathematical modeling [3] using the mechanics of a continuous
medium, the unassociated law of plastic flow [4], the dilatational relations of porous media [4,5], the step-
iterative process of O.A. Ilyushin [6].

Deformation of dispersed soil media is carried out by the dislocation of solid particles in the pore space,
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which inevitably leads to a simultaneous change in volume and shape.
In solving the nonlinear problem, the step-by-step method of elastic solutions was used. Ilyushin [6],
deformations of the base consisted of elastic and plastic components:

e=¢&"+&’, el =¢€p,, tEh- (2)

To approximate the calculated data with full-scale indicators, the dilatancy theory of the soil environment
was used. Nikolaevsky [5], I.P. Boyka [4]:

ALy = M) -dy” 3)

p
where déj .

shear intensity,

dy? — scalar equivalents of the increase of inelastic bulk deformations and the increase of

A( 4 ) — the rate of dilatancy (he ratio of the rate of soil compaction to the rate of its deformation

A=dV/d Y ) — an additional parameter of the unassociated law of plastic flow,
X — the parameter of strengthening the soil environment, as which the model adopted the soil density.

Ay)=f(p/ P ) — soil density function,

pr — critical soil density.

The results of the research

Applied elastic-plastic problems are essentially nonlinear. Their solution requires the use of sufficiently
effective methods of linearization of nonlinear problems and solution of linearized problems.

A special place in the nonlinear mechanics of a rigid deformed body is occupied by the stepwise method
of elastic solutions O.A. Ilyushin [6], which was used in solving the nonlinear problem under consideration.

The starting point of the approximate solution of boundary value problems is the discretization of the
continuum - the transition from an infinite number of degrees of freedom to the finite.

Force influences when moving the foundation structure in the soil base cause the emergence of the
boundary layer (core), which significantly affects the nature of the movement. The calculation scheme of the
core core is taken as a system of triangular finite elements (FE). The core is a zone of deformation, within
which for some time develops a dynamic process of soil compaction, which reflects the essence of the joint
work of the foundation and the foundation before it comes to equilibrium. The sampling of the core is given
in Fig.2.

During the development of the algorithm, the maturity maturity of BEM was determined, which
characterized the physical and mechanical characteristics of soils at each load step, and as is known, the
matrix inverse to the flexibility matrix is a stiffness matrix.

The results of numerical studies on BEM are presented in Fig. 2,3.

As can be seen from Fig.2,3 with a permissible subsidence of 20 mm or a sharp bend in the graphs, the
possible loads on the foundations according to schemes 1, 2, respectively, amounted to 480 and 1550 kN. For
BEM: respectively: 463 and 1630 kN.

Thus, both experimental studies and numerical studies show that raising the modulus of deformation in
the soil base in the concentration of normal stresses by ramming into the bottom of the pit sand-gravel
mixture raises the resistance of the foundation by 2.3 times.

Conclusions

1. The proposed dilatancy model makes it possible at the design stage to predict the state of the base
in different engineering and geological conditions and allows to raise the quality of the design calculation by
adjusting its VAT. The solution of this problem has both scientific and applied significance.

2. The model allows to consider the boundary state of the base for two groups (bearing capacity and
deformations) within one calculation model.

3. Ramming into the bottom of the pit sand-gravel mixture raises the possible load on the foundation
by 2.3 times.
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Fig.3 — Obtained by BEM graph "P-S" of the second scheme of the pyramidal pile
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METOJAUKA PO3PAXYHKY ®YHJIAMEHTIB B IIIIV/IbHOMY
KOTJIOBAHI METOJIOM I'PAHUYHUX EJIEMEHTIB

BiHHWLBbKMI HauioHanbHUIN TEXHIYHWUIA YHIBEpCUTET

OcHosHe 3ag0aHHs iHxXeHepa-bydigenbHUKa — 3abe3neqyumu HadiliHicmb KOHCMPYKUYii 3 MakcuMasibHOK egheKmueHICmio
8UKOpUCMaHHSA 4Yacy, Mamepianie ma eHepeii. ¥ 6ydisHuuymei y npoekmHil maldcmepHi mae 6ymu nepedbayeHo ece — |
MiyHicmb, | ekoHoMidHa douinbHicmb. banaHcyeaHHs Ha «Kpato fpipesu» rnompebye moyHo20 MameMamu4yHO20 anapamy.
CyyacHuli Mamemamuy4Hul anapam MexaHiku rpyHmie 3acHosaHull Ha piueHHsIX meopil npyxxHocmi ma meopii epaHu4Hol
pigHosazu. B ubomy sunadKy pospaxyHOK OCHO8 nMpo8odumbcsi 3 YMO8 Cymo MPY>XHO20 3'€OHaHHS i epaHUYHi HagaHMa)keHHs
s8u3Ha4arombcsi be3 38'a3Ky 3 Oechopmayismu.

Binbwicms npyxHonnacmu4Hux deghopmauili - 8i0 3aKkiHYeHHs rpyxHoi cmadii 00 empamu cmilikocmi po3paxyHKosuMU
modensimMu He rokpusaemscs. Y mol Xe yac 3anacu rpyxxHornaacmuyHoi 3oHU 0038015tomb 36inbWumu HagaHMaXeHHs1 Ha
gyHOameHm 3a yMo8U, WO MpociOaHHS MPYy>XHO20 CmMyneHs we He 0ocszHe 2paHUYHO AornycmumMo20 3HayeHHs1 Onsi 0aHol
KOHCcmpykUii. Memod epaHu4Hux enemeHmie (MIE) do3eornse supiwysamu maki 3ag0aHHs. [onosHul Hedonik pyHOameHmy
Ha HamyparbHil OCHO8I - cKnadHicmb 020 8U20MOBIIEHHSI ma eucoka Mamepianomicmkicms. Lli Hedorniku Moxymb 6ymu
yCyHeHi wnsxom bydisHuuymea ¢yHOamMeHmi8 y MOpOXHUHax 3adaHoi ghopmu, sIKi ymeoptorombcsi y rpyHmi. [Jo Hux
8iOHOCAMbLCSA hyHOaMEeHMU 8 yLWiNbHEeHUX KaHaeax, siki 851lauimosyromsb y KOro0s35X i3 PO3UWUPEHHSIM Ha OHi.

IpyHm 36epizae ceili nogHouiHHUL cknad, 3aedsKku YoMy & pobomi npucymHsi 6idHa NoBepxHs, fKa npuliMae yacmuHy
8epmukKanbHo20 HaBaHMaXeHHs | YuHUMb 3HayHUlU onip 20pu3oHManbHUM cunam. Y cmammi HaeedeHO Memod
iHmeepysaHH Mamemamu4yHOoi Moodesii oeediHKU M0 HasaHMaXeHHAM yHOamMeHmy 8 YWinbHEHOMY KOomiiogaHi 3
qyucenbHuM MIE. TeopemuyHe 0ocnidxeHHs € ernnueom 0odasaHHs niuaHo-2pasitiHoi cymiwi Ha OHO ywinbHeHo20 Kap'epy
Ha Hecydy 30amHicmp nipamidanbHUX narb.

Kntoyoei crioga: npyxHo-nnacmuyHi deghopmauiii.

Mopeyn Anna Cepagpumiena — mupodecop kadempu OyTIBHUIITBA, MICBKOTO TOCIOAAPCTBA Ta apXITCKTYPH,
BiHHUIbKUIT HAIIIOHATBHUN TEXHIYHUHA YHIBEPCHUTET.
Memo lean Mukonaiioguy — nekaH; BiHHWIBKHIA HAI[lOHATBHUA TEXHIYHMNA yHiBepcHTET, BiHHUIp, e-mail:

vanmet(@ukr.net.
Lllesuenko I2op I2oposuu — actipant kadeapu OyIiBHHUIITBA, MiCBKOTO TOCIIOIAPCTBA Ta apXiTeKTypH; BiHHUIbKU
HaIllOHALHUM TEXHIYHUN yHiBepcuTeT, M. BinHuI, e-mail: gumbubble51@gmail.com.
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METOAUKA PACYHETA ®YHJIAMEHTOB B YINIOTHEHHOM
KAPMAHE METOJ10OM I'PAHUYHbIX DJIEMEHTOB

BUWHHMUKMI HauMOHamNbHbIN TEXHUYECKUIA YHUBEPCUTET

OcHogHasi 3alaya UHXeHepa-cmpoumenss - obecrieyumb HaleXHOCMb  KOHCMPYKUUU €  MakcumasbHoU
aghpekmusHOCMbIO UCMOMb308aHUS 8PEMEHU, Mamepuarnos u 3Hepauu. B cmpoumenbcmee 8 npoeKkmHol macmepckoul
0omkHO 6bimb npedycMompeHo 8ce - U MPOYHOCMb, U 3KOHOMUYeckasi uerecoobpasHocmb. banaHcuposka Ha «kpato
nponacmu» mpebyem mo4yHO20 Mamemamu4yeckozo annapama. CospeMeHHbIl Mamemamu4yeckull annapam MeXaHUKU
2PYHMO8 OCHOBaH Ha peWweHUsIX meopuu yrnpyeocmu U meopuu npedesibHo20 pasHosecus. B amom cryvyae pacyem
OoCHoBaHUl nMpoe8oouUMCs U3 ycri08ull YUCMO yrnpy2020 COeOUHEeHUSs U rnpederibHble Hagpy3ku onpedenissiomcs 6e3 cesasu ¢
degpopmayusimu.

Bonbwas vyacme ynpysonnacmudeckux 0egopmayull - om OKOHYaHUs yrnpyaol cmaduu 00 rnomepu ycmolvusocmu
pacyemHbIMu MOOENSIMU He MoKpbieaemcsi. B mo xe epems 3anach! ynpyaonnacmu4eckoll 30HbI 10380/150M yeenudums
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Hagpy3Ky Ha ¢hyHOamMeHm fpu ycroeuu, Ymo npocadka ynpyaol cmyneHu euwe He docmuaHem rnpedesibHo 00nycmumMoz20
3Ha4YeHus1 0na OaHHOU KoHcmpykyuu. Memod epaHuyHbix anemeHmos (BOM) nossonsem pewamb M000b6HbIe 3adayu.
nasHbIli Hedocmamok c¢hyHOamMeHma Ha HamypasibHOU OCHO8e - CJIOXKHOCMb €20 U320MO8rieHuUss U 8bICoKasi
MamepuanoemMkocmb. Amu Hedocmamku mMo2ym 6bimb ycmpaHeHbl MymeM cmpoumesscmea ¢hyHOaMeHmos 8 Mos10cmsx
3adaHHoU ¢hopMmbi, Komopble obpa3ytomcs 8 epyHme. K Hum omHocsamcsi ghyHOaMeHmbl 8 YrIOMHEHHbIX KaHagax, Komopbie
ycmpausarom 8 Konoduax ¢ pacwupeHueMm Ha OHe. [louysa coxpaHsiem ceol Mo/IHOUEHHbIU cocmas, brazodapsi 4emy 8
pabome npucymcmeyem 60Kog8asi MoO8epxXHOCMb, Komopas NpuHUMaem Yacmb eepmukasibHOU Hazpys3Ku U OKa3bigaem
3HayumesnbHoOe COMpomuesieHUe eopuU3oHMarnbHbIM cunaMm. B cmambe npedcmasneH memod UHMezpuposaHusi
mMamemamud4eckol modesnu nogedeHusi Nod Hazpy3kol yHOameHma 8 yrn/i0MmHEeHHOM KOmJo8aHe C 4ucreHHbiM MIO.
Teopemuuyeckoe uccriedogaHue npedcmasrisgem enusHue 0obaesneHus necyaHo-2paguliHol cMmecu Ha OHO yniomHeHHO20
Kapbepa Ha Hecyuyto crnocobHocmp nupamudarnsHbix ceall.

Knroyessie cnoega: ynpyeo-nnacmudeckue deghopmayuu.
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