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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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Abstract. One of the important challenges in the design of high-rise buildings
is the accurate assessment of deformations in foundation structures that transmit
heavy loads to the underlying soils. These loads engage soil layers at considerable
depths, often with significantly different physical and mechanical characteristics.
Slab foundations for high-rise buildings represent a complex engineering structure
with a large footprint and deep embedment. The load from the building is not only
massive but also highly non-uniformly distributed across the foundation area. To
analyze the interaction between the slab foundation and the underlying soil, design
studies were conducted using GEO-MIGG software. The stress-strain behavior of
the soil foundation was simulated in a three-dimensional spatial formulation (3D).
For detailed analysis, solid-state and finite-element models of the “soil foundation
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— slab foundation” system were developed using the ANSYS software package.
The results of simulations showed that the settlement of the foundation slab occurs
unevenly during construction. The maximum settlement (S = 53 mm) is predicted
in the central zone of the slab. However, the calculated values of total settlement
(53 mm) and relative differential settlement (4.23x10%) do not exceed the
allowable limits for such structural systems (100 mm and 0.002, respectively). The
proposed design methodology can be effectively applied for analysis and design of
foundations for high-rise buildings in complex geotechnical conditions.

Key words: slab foundation, heterogeneous geological structure, soil
deformation nonlinearity, design modeling, the ground
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AHHoTamus. buik fuMmapartapipl koOayiay Ke3iHae Kypjaedi MIHACT-
TepaiH Oipi Heri3 TONbIpaKbIHA YIKEH >XyKTemenep OepeTiH iprerac KOHC-
TPYKLUMSUIAPBIHBIH  Ae(hopManusulapblH  Aypbic aiKblHAAy OOJbIN TaObLIabI.
Iprerac KOHCTpYKUHMSUIapbIHAH TYCETiH YJKEH JKYKTeMmenepre OaiaaHbICThI
OipIieCKeH JKYMBICKA €1oyip TEepeHAIKTe OpHallaCKaH >KOHE SpTYpIi (PHU3MKaJbIK-
MEXaHHMKaJbIK KAaCHeTTepre HMe TONbIpaKTap TapThuTaibl. BHWik FUMapaTTapIbiH
IUIATANIBIK ipreTacTapbl YIKEH TEpeHJIKKE TEpeHJETUITeH YIKeH aynaHbl Oap
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KYpAeTi KYpBUIBIC KOHCTPYKLMSICBI OONbIN TaObUTafbl. bUik FUMapaTTapIbiH
caJIMarblHaH ipreTacTapra TYCETiH )KYKTeMeJep eAdyip FaHa eMec, COHBIMEH Karap
ayJaH OOHbIHIIIA ©Te Oipkenki OeiHOei . by MiHAETTI mIenty yIIiH ecenTeyaiy
CaHJIBIK dficTepi KONIaHbUIa bl TYIKIUTIKTI SJIEMEHTTEep 9ici MEH TOMBIPAKTHIH
MaTeMaTUKaJIbIK MOJENBICPIH NalfanaHyFa HETI3AEeNTeH oIIiCTep HEFYPIIbIM
KeH TtapanraH. «TombIpaK Heri3i - TUIMTANBIK ipreTtac» >XYHWeciHiH OipiieckeH
XKyYMBICBIHBIH ecenTik 3eprreynepi «GEO-MIGGy» OarmapnamacelH maiiganaHy
apKbUIBI OpBIHAANABL. TOMbBIpak HETi3iHIH Kypaen KepHeyi-aepopManusianFal
XKa-KYHiH ecenTik MOJeNbJey KeHICTIKTIK KoibuibiMaa (3D) opbHIANIBL.
«TonbIpakThl HETi3 - TUIMTANBIK ipreTacy >KYHeCiHiH YII eJImeMIl KaTTel AeHewl
OHE MIH/ICTTI-3JIEMEHTTIK YIriiepin a3ipney « ANSY S» Oarnapiramacs! OOHbIHIIA
XKY3ere achIpbIIbI. « TONBIPaKThl HETI3 - TUIUTAJBIK ipreTacy KYHWeciHiH OipiiecKeH
JKYMBICBIHBIH €CETITIK 3epTTeYJCepiHiH HOTHKeNepi OOWBbIHINA OWiK FUMapaTThl
TYPFBI3y Ke3iHJIe ipreTac TUIMTACHIHBIH IIeryi OipKesKi KypMEHTIHI aHBIKTaJJIb.
Maxkcumangsl mery (S = 53 MM) iprerac IUTMTachIHBIH OPTANBIK OelliriHme
OomkaHanbl. byl perTe IUMTANBIK ipreTacThlH IIOTiHAUIepiHiH (53 MM) jkoHE
MOTTHAINMEPAIH CaIbICTHIPMAalbl albIPMAIIBUIBIFBIHBIH  (4,23x10-4) OomkaMisl
[IaManapbl KYpbUIBICTApIbIH OCHI KJIAachl YIIIH pyKcar eTinreH mamanapaad (10
cM xoHe 0,002) acmaiinmel. bynm omicTeMeHi KypJeli WHKEHEPITiK-TeOTOTHSUTBIK
XKaFmainapaa OWik FUMaparTap MEH KYPBUIBICTApAbIH ipretacTapbiH kolanay
ToxipuOecinme TabbICTHI KoJIaHyFa O0abl.

Tyiin ce3mep: TumMTaNBIK iprerac, OIPTEKTI €MeC TeONOTHUSIBIK KYPBUIBIM,
TOTIBIPAKTBIH  J1e()OPMALMSICHIHBIH  CHI3BIKTBIK €MECTIrl, €CENTIK MOJENIbIEY,
TOTIBIPaK
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AunHoTtauus. IIpy TPOEKTUPOBAHWU BBICOTHBIX 3MaHUN OMHOW M3 CJIOKHBIX
3aja4  SBISIETCS JIOCTOBEPHOE ompenenicHue aedopmaimii  QpyHIaMEHTHBIX
KOHCTPYKIIUH, Tepenaronux OOJbIINe HArpy3KH Ha TPYHTHI OCHOBaHHWS. BBumy
OONBIINX HArpy30K OT (YHIAMEHTHBIX KOHCTPYKIMA B COBMECTHYIO pPaboTy
BOBJICKAIOTCSI TPYHTBI, PACTIONIOKEHHBIC Ha 3HAUYUTEIbHOM ITyOuHe 1 00N1aatonye
pasHBIMH  (U3NKO-MEXaHMYECKUMH  CBOWCTBaMH. IlnuTHele  (dyHAaAMEHTHI
BBICOTHBIX 3/IaHHI MPEACTABIISIOT COO0H CIOKHYIO CTPOUTENBHYIO KOHCTPYKIIHIO,
MMEIONIYI0 OTPOMHYIO TUIOIIAb, 3arTyOIEHHYIO Ha 0oMbInyto Tiyouny. Harpysku
Ha (YHIAMEHTHI OT Beca BBICOTHBIX 3/IaHWH HE TOJBKO 3HAYMTENIbHBIE, HO WU
pacnpesnensaioTcss KpallHe HEpaBHOMEPHO IO IUIom@aaud. s pemeHus 3To
3aJlaqu MPUMEHSIOTCS] YHMCIICHHBIE METOBl PACYETOB C b30BAHHEM COBPEMEHHBIX
HEJIMHEHHBIX MaTeMaTHUeCKuX Mojiesel rpyHToB. Hanbonbiiee pacnpoctpaneHne
TTONTYYHIIA METOJIbI, OCHOBAaHHBIE HA UCTIOIF30BAaHUU METO/[a KOHEYHBIX DIIEMEHTOB
W MaTeMaTH4YecKux Mojejeil rpyHra. PacueTHble HCCleoBaHUS COBMECTHOMN
paboThI CUCTEMBI «TPYHTOBOE OCHOBAaHWE — TUTMTHBIA (PYHAAMEHT)» BBITTOIHSIIHCH
¢ wucrnonp3oBarreM mporpammbl  «GEO-MIGGy. PacdetHoe MomenupoBaHHe
CJIOKHOTO HaNpsKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI TPYHTOBOI'O OCHOBAHUS
BBITIONTHSJIOCH B MPOCTPAHCTBeHHON TocTtaHoBke (3D). PaspaboTka TpexMepHOM
TBEPAOTEIBHOM UM  KOHEYHO-3JIEMEHTHOM MOJENEN CUCTEMBI «TPYHTOBOE
OCHOBaHHME — IUIUTHBIA (PYHJTaMEHT» OCYIIECTBIIACH 10 Tporpamme «ANSY Sy.
[lo pesynbraraMm pacdeTHBIX HCCIEIOBAaHUI COBMECTHOM pabOThl CHCTEMBI
«TPYHTOBOE OCHOBaHHE — IUIUTHBIN (yHIAMEHT» OBIJIO YCTaHOBJIEHO, YTO OCaJKa
(hyHIaMEHTHOHN IUTUTHI TIPOUCXOIUT HEpaBHOMEpHO. MakcumanbHas ocamka (S
= 53 MM) NPOTHO3UPYETCs] B LEHTPaIbHON YacTu (yHAaMeHTHOW TiuThl. [Ipn
9TOM TPOTHO3UPYEMBbIE BEITUYHUHBI 0CaloK (53 MM) M OTHOCHTENBHOH pa3sHOCTH
ocamok (4,23x10%) mmTHOrO (yHAAMEHTa HE TMPEBBIMIAIOT JIOMYCTHMBIX
BeJIMYWH IS JaHHOTO Kiacca coopyxkeHuit (10 cm u 0,002). MeTtonnka MoxeT
YCIIEIIHO TPUMEHSITHCS MPH MPOSKTUPOBAHNH (DyHJAMEHTOB BBICOTHBIX 3/IaHUN 1
COOPY’KEHUH B CIOXKHBIX HH)XEHEPHO-TEOJIOIMUECKHUX YCIOBHUSAX.

KuaroueBble cJjioBa: TUIMTHBIA (DyHIAMEHT, HEOJTHOPOTHOE TEOJIOTHIECKOE
CTpOEHUE, HEMTMHEHHOCTh Ie()OPMUPOBAHUS TPYHTOB, paCYeTHOE MOJICIMPOBAHNE,

IPYHT

Introduction. When designing high-rise buildings, one of the complex tasks
is to reliably determine the deformations of foundation structures that transfer
large loads to the base soils. Due to the large loads from foundation structures,
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soils located at a considerable depth and having different physical and mechanical
properties are involved in the joint work. In addition, slab foundations of high-
rise buildings are a complex building structure with a huge area buried at a great
depth. At the same time, the loads on the foundations from the weight of high-rise
buildings are not only significant, but also distributed extremely unevenly over the
area.

The aim of the study is to develop and advance calculation methods for
determining the settlement of slab foundations, taking into account the nonlinearity
of deformation of foundation soils under the influence of uneven loads from the
weight of high-rise buildings.

Materials and methods

The paper presents the results of computational studies of the stress-strain state
(hereinafter SSS) of the “soil base - slab foundation” system, conducted taking into
account nonlinear soil deformation.

A solid slab with 6.0 m thickness was considered as the foundation of a 600 m
high-rise building designed on site No.17 on the territory of the Moscow International
Business Center (hereinafter MIBC) “Moscow-City”. In mathematical modeling,
the solid slab and enclosing wall were reproduced in real sizes. The computational
studies were carried out using the finite element method in a spatial setting, taking
into account the heterogeneity of the geological structure of the foundation and the
action of loads from the dead weight of the high-rise building.

During the work, a simplified calculation scheme was adopted, characterized
by the complete development of a pit under the entire area of the site under
consideration, instantaneous construction of the building, modulated by applying
loads from the weight of the overlying building structures to the foundation slab.

When designing foundations for high-rise buildings, both traditional and modern
calculation methods are widely used (Feng, etal., 2023; Tsytovich, 1973; Feng,1923;
Shulyatyev, 2020; Segerlitz, 1979; Nikolaevsky, 1987; Kachanov, 1969; Drucker,
1952; Zaretsky, et al., 2003; Karabaev, 2004; Massond, 1973). At the same time,
today, calculation methods based on the application of the finite element method
and the use of mathematical models, based on the results of soil tests in laboratory
conditions, are more widely used (Ibragimov, et al., 2023; Brovko, et al., 2020;
Brovko, et al., 2017; Basile, 2015; Nasrollahi, et al., 2019).

The calculation studies were carried out using the methodology developed
under the supervision of Professor Yu.K. Zaretsky (Zaretsky, 1989) and allowing
one to determine the stress-strain state of the soil massif and slab foundation during
construction taking into account the heterogeneity of the geological structure of
the base and the uneven impact of loads from the building’s own weight. The
methodology is based on a joint numerical solution using the finite element method
of a system of differential equilibrium equations and equations of soil state. The
algorithm for solving the problem of nonlinear soil deformation is based on the
use of an iterative procedure using the “fictitious” forces method. The developed
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methods and algorithm are implemented in the “GEO-MIGG” computational
program (Abstract collection).

A mathematical model developed within the framework of the theory of plastic
flow with hardening is used to describe the nonlinear mechanical behavior of
soils (Zaretsky, 1989). The parameters of this model were determined from the
“passports” of triaxial soil tests performed within the framework of engineering
and geological surveys. When developing the soil base model, materials from
previously conducted engineering and geological surveys were used.

In order to conduct computational studies of the stress-strain state of the soil
base of the slab foundation of a high-rise building, a general mathematical model
of the “soil base - slab foundation” system was developed, consisting of:

a mathematical model of the mechanical behavior of the soil, developed within
the framework of the theory of plastic flow with strengthening;

a solid model of the soil base, the enclosing walls of the pit and the slab
foundation of the high-rise building; a finite element model of the computational
domain, obtained by breaking down the solid model of the computational domain
into volumetric finite elements;

a geomechanical model of the soil base, developed on the basis of the results of
engineering and geological surveys, with the allocation of computational geological
elements (hereinafter referred to as CGE) in the soil massif and the assignment of
their computational physical and mechanical characteristics;

boundary conditions specified at the boundaries of the computational domain in
the form of displacements and loads from the building.

Solid model of the “soil base - slab foundation” system. For computational
studies of high-rise building structures, a solid model was developed together with
the soil base, which included the soil base, the slab foundation of the building and
the enclosing structures (diaphragm wall). The general view of the developed solid
model and its fragments is shown in Figure 1.

In the work, when modeling the “soil base - slab foundation” system, it was
accepted:

- the enclosing “diaphragm wall” has a thickness of 0.9 mm, a length of 68.3 m
(absolute marks of the top - 133.2 m, bottom - 64.1 m);

- the foundation slab is solid and has a constant thickness of 6.0 m, (absolute
marks of the top - 86.1 m, bottom - 80.1 m);

- the foundation slab has a depression, and the absolute marks of the top of the
depression are 81.1 m, the bottom — 74.1 m.
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Figure 1 - General view of the solid model of the “soil base — slab foundation” system

Finite element model of the computational domain. To conduct computational
studies by breaking down the developed solid model into volumetric elements, a
finite element model of the entire computational domain was developed (Figure
2). In this case, the approximation of the computational domain was performed by
spatial 4-node finite elements (tetrahedrons). In this case, the total number of finite
elements and nodes of the mesh of the computational domain breakdown was: 833
124 and 145 296, respectively, with 435 888 unknowns.
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Figure 2 — General view of the finite element model of the computational domain

45



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

Geomechanical model of the soil foundation. The properties of the rock mass
were studied using geophysical (seismic tomography) and pressuremetry methods.
Pressuremetry was performed in a limited volume and, for technical reasons, limited
to a depth of 35-40 m, geophysical studies were performed for the entire depth
of the foundation exploration, up to 90 m. In laboratory conditions, soil samples
were tested in the depth range of the entire explored massif, the number of which
exceeded 300.

In addition to standard laboratory tests of samples, deformation and strength
properties of rocks in a triaxial stress state were determined at this facility,
modeling the behavior of the “soil base - slab foundation” system under different
load combinations. A total of 42 such determinations were made, covering all types
of soils lying at the base of the designed high-rise building.

Based on the survey results, an engineering-geological model of the massif was
created, represented by a set of engineering-geological elements (hereinafter EGE).
In accordance with GOST 20522-96, EGE have the same origin and type, provided
that the soil properties are very close. For mathematical modeling of the interaction
of the “soil base - slab foundation” system, a geomechanical model of the soil is
created, which is a set of EGE. These elements can consist of one or more EGE, not
necessarily of the same origin, and differ in that the soil characteristics within them
can be constant or change according to the conditions of the calculation method.

In total, 8 EGEs are distinguished in the soil massif. Two of them, located in the
upper part of the thickness to a depth of 30 m, are not considered as the foundation
of the structure and were not studied in triaxial compression devices. Table 1 shows
their generalized design characteristics, since when calculating the SSS of the “soil
base - slab foundation” system, they act as an additional load. When calculating the
stability of pits and retaining structures, the calculated values of the properties of
each of the EGEs are used.

Table 1. Standard values of characteristics of computational-geological elements (CGE)

cGE| EGE Brief description of | CGE sole | Density, | Porosity Strength
rocks mark, m t/m* | coefficient Rm,mpr, C, o,
MPa MPa | grad
Fill soil, sand and
1,2 loam in native 128 1,96 0,67 - 0,011 31
| bedding
Heavy, plastic, rare
5 semi-hard, slightly 122 1,84 0.89 0.024 | 22.1
swelling, loose clay
Interbedding of
2 [ 34611 | clays dolomites, 105 230 | 033 - |03 | 24
and low-strength
limestones
3 12 Hard clay with 96 2,12 0,57 - 0205 | 29-
layers of weak marl
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13-14

Medium strength
limestone, non-
softening

88

2,31

0,32

1,8

48

5 15-16

Limestone of low
strength, less often
of medium strength
with layers of marl

74

2,36

0,36

16

1,2

48

Low-strength
limestone

68

2,27

0,41

10

1,5

46

7 15-16

Limestone of low
strength, less often
of medium strength
with layers of marl

59

2,38

0,34

18

1,5

52

Medium strength
limestone,
dolomotised

2,43

0,30

35

2,2

53

The features of deformation and destruction of rocks in a volumetric (triaxial)
stress state are described graphically in the form of strength “passports” in
accordance with GOST 12248-96 “Soils. Methods of laboratory determination of
strength and deformability characteristics”. By analyzing and processing the results
of triaxial soil tests for each CGE using a special method, strength “passports” are
developed, which are used in calculation studies as initial data. An example of the
design of calculated strength “passports” is shown in Figure 3.

Figure 3 — Example of the design of a strength “passport”
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Soil studies in triaxial compression devices were conducted at three levels of
horizontal stresses. The results corresponding to the minimum horizontal load (the
first branch of the strength “passport”) were used as the calculation results. After
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the pit is opened, the natural stresses are unloaded, as a result of which the soil
massif becomes looser. In the calculation studies conducted, it is the first branch of
the strength “passport” that models this state.

It should be noted that the values of the general soil deformation moduli in this
case are closest to the values obtained by the geophysical method.

Methodology and sequence of calculation stages. To conduct calculation studies
by breaking down the developed solid model into volumetric finite elements, a
finite element model of the calculation domain was developed. In this case, the
approximation of the calculation domain was performed by spatial 4-node finite
elements (tetrahedrons) taking into account the nature of the strike of the EGE
slab foundation of the high-rise building of the multifunctional complex, as well as
the enclosing “diaphragm walls”. In this case, the total number of finite elements
and grid nodes of the calculation domain breakdown was: 574,073 and 101,967,
respectively.

In the work, the following sequence of calculation stages was adopted for
representative modeling of the entire construction process: modeling of the natural
stress-strain state of the soil foundation; modeling of the device of the enclosing
wall in the ground; modeling of the excavation pit; modeling of the device of the
slab foundation; modeling of the construction of a high-rise building.

In the work, the calculation stages were modeled as follows:

Stage 1. Modeling the natural stress-strain state of the soil mass. At this
calculation stage, the area under consideration consists of 8§ CGE. The stress-strain
state of the soil mass is formed only from the soil’s own weight.

Stage 2. Modeling the enclosing wall device. At this stage, the physical and
mechanical characteristics in the finite elements corresponding to the “wall in the
ground” are replaced by the characteristics determined for concrete.

Stage 3. Modeling the excavation pit. In this case, some of the finite elements
corresponding to the excavation pit being developed are excluded from further
consideration. Thus, a pit consisting of an “empty” finite element is formed in the
calculation area.

Stage 4. Modeling the device of the pile-slab foundation. At this stage, as
well as at the 2" stage, the characteristics in the corresponding finite elements of
the calculation area are replaced. As a result of such a replacement, a pile-slab
foundation with the corresponding physical and mechanical characteristics is
formed in the calculation area.

Stage 5. Modeling the construction of a high-rise building. At this stage, an
external load from the overlying structures of the high-rise building is applied to
the surface of the foundation slab.

Boundary conditions. The impact of the building itself on the foundation
structures is modeled by applying loads from the building’s own weight to the
corresponding areas on the surface of the slab foundation. For this object, the total
load on the foundation slab was 757 796 tons.
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At this stage of the calculation studies, the construction of a high-rise building
was modeled using a simplified method, the building was erected instantly.

At the lower boundary of the calculation area, a complete absence of
displacements was specified, i.e. all calculation points located on this plane are
motionless (Ux = Uy = Uz = 0).

At the four vertical boundaries of the calculation area, displacements were fixed
in directions perpendicular to this plane. On the plane XoVY: Uz = 0; on the plane
ZoY: Ux = 0.

Results

Stage 1. Modeling the natural stress-strain state of the soil massif- At this stage,
the process of forming the stress-strain state of the soil foundation in its natural
state was considered. For this purpose, the problem of compression from the soil’s
own weight without the possibility of lateral expansion is solved. At this stage, the
stress-strain state of the massif in its natural state before the start of construction is
formed from the action of its own weight.

The results of this stage are used at the next stage, when the construction of a
high-rise building of a multifunctional complex on site No.17 of the Moscow-City
International Business Center is considered as initial conditions. It should be noted
that the reliability of forecasts of the interaction of the foundations of buildings and
structures with a nonlinearly deformable base largely depends on the conditions for
forming the stress-strain state. Thus, the main goal of this stage is to form a reliable
initial condition.

Stage 2. Modeling the enclosing wall device. In the calculations for modeling
the enclosing wall device, the concrete characteristics are set in the elements
corresponding to the enclosing “wall in the ground”. Asaresult of such areplacement,
a zone is formed in the soil massif that corresponds in its geometric parameters and
mechanical characteristics to the real enclosing wall in the ground. According to the
calculation results, at this stage of the calculation studies, no noticeable changes in
the stress-strain state occur in the soil massif due to the construction of the concrete
enclosing wall.

Stage 3. Modeling of excavation. According to the calculation results, during
excavation the soil mass is unloaded and there is a slight rise of the bottom. The
maximum rise (24 mm) is expected in the middle part of the excavation under
the high-rise towers. It is evident from the figure that the influence of excavation
practically does not extend to the surrounding soil mass within the boundaries of the
calculation area. The unloading of the soil mass that occurs as a result of excavation
is illustrated in Figure 4 by isolines of vertical displacements Uy.
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Figure 4 - Isolines of vertical displacements of the soil base Uy in mm

Stage 4. Modeling the slab foundation device. At this stage of the calculation
studies, the device of the foundation slab is modeled. For this purpose, the
characteristics are changed in the corresponding spatial finite elements of the
calculation domain, i.e., the characteristics of reinforced concrete are specified in
these elements instead of the soil characteristics. As a result, the foundation slab
is modeled in the calculations, operating as a linearly deformable structure. The
deformability modules of these elements are specified taking into account the
concrete grade.

As aresult of the device of a solid monolithic foundation slab with a thickness of
6.0 m, an additional load on the soil base occurs. As a result, additional subsidence
of the soil mass directly under the base of the foundation slab to 5.2 mm occurs and
the pressure on the base increases (Figures 5 - 6).
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Figure 5 - Isolines of settlement of the base of the foundation slab from its own weight Uy in
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Figure 6 - Deformed state of the foundation slab

Stage 5. Modeling the construction of a high-rise building. As the results of the
conducted calculation studies have shown, during the construction of a high-rise
building, the loads on the slab foundation increase, and as a result, the stress-strain
state of the entire soil base changes.

As the calculation results show, due to the significant deepening of the enclosing
wall in the soil, additional movements of the soil base occur directly under the
foundation slab. The settlement of the foundation slab develops unevenly. The
maximum settlement of 53 mm is expected in the center of the foundation slab. The
smallest settlements are expected under the corner points of the slab - less than 5
mm (Figure 7). The deformed state of the foundation slab, constructed at a scale of
50:1, is shown in Figure 8.

Figure 7 - Isolines and isofields of foundation slab settlement Uy (in mm)
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Figure 8 - Deformed state of the foundation slab

As a result of the foundation slab loading, vertical stresses increase in the soil
mass directly under the slab, exceeding the natural value, i.e. in addition to the
natural pressure from its own weight. In this case, the pressure on the soil under the
slab is distributed unevenly. Under the most loaded part of the foundation slab (in
the center), the maximum pressure value is observed, equal to 1.2 MPa (Figure 9).
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Figure 9 - Isolines of additional vertical stresses Aoy (in t/m?) under the base of the foundation
slab.

Discussion

The calculation method and the mathematical model used to describe the
nonlinear mechanical behavior of soils, developed within the framework of the
theory of plastic flow with strengthening, allow us to take into account many factors
that directly affect the behavior of the “soil base - slab foundation” system:

- nonlinearity of soil deformation;
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- high-rise building construction technology (sequence of work);

- dependence of soil deformation on the loading sequence;

- occurrence of a limit state region in the soil massif under various cases of load
(impact) changes.

The main advantage of the used mathematical model of soils is the determination
of nonlinear parameters of the model from the results of real triaxial soil tests carried
out in the load range from the natural stress-strain state to the limit state of soils.

The use of linear unloading deformation modules in calculations, in addition to
nonlinear loading ones, allows us to reliably simulate the process of developing deep
pits, which are widely used at the present stage of high-rise building construction.

Conclusion

The analysis of the results of the calculation modeling of the construction of a
high-rise building on site No.17 of the Moscow-City International Business Center
allowed us to formulate the following main conclusions:

- with a given load on the slab foundation, the limit state zones do not appear in
the soil massif, which indicates the presence of a reserve of the bearing capacity of
the soil base;

- the settlement of the foundation slab during the construction of a high-rise
building occurs unevenly. At the same time, the maximum settlement is predicted
in the middle of the foundation slab and is - 53 mm. The predicted value of
settlement (53 mm) and the relative difference in settlement (4.23x10-4) of the slab
foundation does not exceed the permissible values for this class of structures (10
cm and 0.002). In general, this design solution for the foundation slab meets the
requirements of existing standards.
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