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Abstract. This article addresses the construction of high-rise buildings on loess
collapsible soils stabilized with reinforcing elements. The primary objective of this
study is the scientific and methodological justification of the effectiveness of reinforcing
the base of a slab foundation for a multi-story building with vertical elements. The
novelty of this research lies in the enhancement of the subgrade reaction coefficient
through the design of the reinforcement grid parameters and the reinforcement length
within the soil mass to ensure load-bearing capacity and reduce the settlement of the
slab foundation. The design methodology is based on the requirements of Eurocode 7.
Numerical simulations were performed using the finite element method (FEM) in the
PLAXIS 3 software, employing the Hardening Soil model to simulate soil
strengthening. As a result of increasing the subgrade reaction coefficient by
incorporating rigid vertical reinforcing elements, the load-bearing capacity of the
foundation was doubled. The findings substantiate the efficiency and reliability of the
vertical reinforcement method for creating artificial foundations, significantly
reducing both construction time and costs.
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Anparna. byn makana apmamypanvlk snemMeHmmepmen OeKimineeH neccansly
We2iHOi monvipakmapoa OuiK eumapammapobl Ccaiy Macenecin Kapacmulpaobi.
3epmmeyoiy b6acmul  makcamvl — miK 21emeHmmepOi  NaAuoaiaHa OMbIPLIN,
Kenkabammol UMApammapobly —NAUMANbL  IP2emacbinbly He2i3iH  Kyuietimyoin
eblIbIMU-20icmemenik He2izoemecin dcacay. Kymvicmouiy Hananvlebl apmamypanvlk,
Mop napamempiepin HcaHe Mmonvlpax MAccacblHOa2bl ApMAmMypaiblK d1eMeHmmepoiy
Y3bIHOBIEbIH HCOOANAY aAPKbLIbL He2i30iH CepniMOiliK Kodg@uyuenHmin apmmuolpyoa
arcamuip. Byn 20ic ipeemacmuly dcyxk kemepy Kabinemin KaMmamacwyli3 emin, OHulH
weeyin azaumyea bazvimmanean. Kobanay adicmemeci Eurocode 7 mananmapuvina
necizoencen. PLAXIS 3 6agoapramanvly sHcacaxmamacolHOa axulpibl daeMenmmep
a0ici (FEM) xonoamnwinwin, Hardening Soil moodeni Ootivinwa monvipakmol Hul2atimy
npoyeci modenvoenodi. Tik Kammvl apmMamypanvlk d1emMeHmmepoi eHeizy apKblivl
ipeemacmuly JiCyK Komepy Kabinemi eki ecece apmmol. AnviHeaH Hamuoicenep
Jrcacanovl Hez2izoepdi dcacay Ywlin miK apmamypanay 20iciHiy muimoiniei meH
CeHIMOINIcIH 0a1eN10etiol, COHbIMEH Kamap KYPuliblC VAKblMbl MeH Wbl@bIHOADLIH
€02yip azanmaovl.

Tyiin ce3nep: naumanvl ipeemac, mik apmamypaiay, J1eccanvlk WOciHOL
monvipakmap, axwvipisl snemenmmep 20ici (FEM), PLAXIS 3, nezi30iy cepnimoinik
Koaghpuyuenmi, Eurocode 7.
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AHHOTanus. B dannoii cmamve paccmampueaemcs cmpoumenbcmeo 8blCOMMbIX
30aHUli HA J1ecCO8bIX NPOCAOOYHBIX 2PYHMAX, VKPENAeHHbIX apMamypHulMu
onemenmamu.  OCHOBHOU — Yenblo  UCCIe008AHUA — ABNAEMCS  HAYYHOe U
Memodonocuieckoe 000CHO8aHUe IPPeKkmusHocmu apmMupo8aHus OCHOBAHUS
NAUMHO20 (YHOAMEHMA MHO20IMANCHO20 30AHUSL 8EPMUKATLHLIMU INEeMEHMAMU.
Hosusna pabomwi 3axnouaemcs 6 nosviueHuu Kodghguyuenma nocmenu 3a cuem
NPOEKMUPOBAHUs NAPAMEMPO8 APMAMYPHOU CemKu U OJUHbL aAPMUPOBAHUS 8
maccuge 2pyHma, 4mo Ccnocoocmeyem YeenuyeHuro Hecyujeti CnocoOHOCmu u
CHUDICEHUIO 0CAOKU NAUMHO20 (hyHOameHma. Memoouka npoekmupoeanus oCHO8aHA
Ha mpebosanusx Eurocode 7. Yucnennvie pacuemol 8b1noIHeHbl MEMOOOM KOHEUHbIX
anemenmos (FEM) 6 npoepamme PLAXIS 3, ucnonv3ys mooenv ynpounsoue2ocs
epyuma (Hardening Soil). B pe3yrvmame yegenuuenus kosgguyuenma nocmenu
nymem GKIIOUEeHUs. JHCeCMKUX BEPMUKANbHLIX APMAMYPHBIX INEeMEHMO08 Hecyujas
cnocobHocms  pynoamenma 6o3pocia 6 0ea pasa. Ilomyuennvie pesynrbmamol
noomeepycoarom 3POeKmusHOCMb U HAOEHCHOCb Memood 8ePMUKAIbHO2O
apMupo8anus Npu CO30AHUU UCKYCCMBEHHbIX OCHOBAHULL, YMO 3HAYUMENbHO
CcoKpawaem epems CmpoumenbCmed u 3ampamal.
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1 INTRODUCTION

The In civil engineering, an increasing number of high-rise buildings are being constructed on
previously undesirable sites, such as loess collapsible soils and reclaimed land. The construction of
such structures poses complex geotechnical challenges related to the stress-strain state of
superstructures interacting with the soil foundation. One of the alternative solutions for constructing
high-rise buildings on loess collapsible soils is the vertical reinforcement of the foundation soil
(Usmanov, 2014), which aims to enhance load-bearing capacity and reduce foundation settlement
(Popov, 2015).

The regulatory document NTP RK 07-01.3-2011 on the design and implementation of
foundation reinforcement with vertical reinforcing elements, adapted to Eurocodes (SP RK EN 1997-
2:2007), recommends the use of vertically deployed reinforcing elements to improve the engineering
properties of foundation soils (NTP RK 07-01.3-2011). An important advantage of improving the
physical and mechanical characteristics of the foundation soil with reinforcing elements is the
increase in compressive and tensile stresses within the foundation or geomass. Such reinforced soil
can withstand differential deformations of buildings and structures under complex geotechnical
conditions. Additionally, this method reduces the labor intensity associated with soil compaction or
replacement, enhances structural safety, and shortens construction timelines (Simdes, 2020).

A distinctive feature of vertical bar reinforcement, compared to conventional pile foundations,
is the load transfer mechanism: loads from the superstructure are transmitted through the soil cushion
onto the vertical reinforcement elements and the surrounding soil via frictional forces. In this case,
the performance of the reinforcing element within the soil is ensured through lateral confinement and
frictional resistance. The reinforcement element absorbs the load through its upper part at the contact
surface with the soil or foundation and transfers it to the underlying layers via its lower section and
lateral friction forces.

Experimental and theoretical studies have demonstrated that the stress-strain state of a slab
foundation reinforced with vertical elements depends on the adopted soil model (Marinichev, 2016),
the structural configuration of the reinforced foundation (Makovetsky, 2021), and various other
influencing factors.

2 LITERATURE REVIEW

Computational and experimental studies on geotechnical structures are commonly conducted
using two well-established elastoplastic models: the Mohr-Coulomb model (Popov, 2015) and the
Hardening Soil model (Semet, 2023). Numerical simulations using PLAXIS have allowed for a
comparative assessment of these models, guiding design objectives and recommendations (Arjun,
2017). The Hardening Soil model is preferred for analyzing the stress-strain state of geotechnical
structures under construction (Lina, 2018), while the Mohr-Coulomb model is typically used for
evaluating ultimate stress states (Amjad, 2019).

Modern software packages enable the consideration of nonlinear soil properties when solving
geotechnical problems (Golubev, 2010). Advanced computational tools such as MIDAS GTX, Plaxis
3D, and others facilitate comprehensive analysis of slab foundations in complex geological conditions
(Samorodov, 2016). These tools not only account for foundation deformations but also assess the
overall stress-strain behavior of the entire structural system supported by the slab foundation.
Additionally (Gilemhanov, 2016).), they provide solutions for spatial interaction between
superstructures and three-dimensional soil mass models (Botalov, 2019).

Despite the availability of regulatory guidelines for designing reinforced foundations, numerous
challenges persist in engineering practice. These include accounting for soil heterogeneity over time,
determining the stress-strain state of reinforcing elements and the spaces between them, optimizing
the quantity and dimensions of reinforcing elements, assessing their optimal placement, predicting
load-bearing capacity and deformability, and selecting cost-effective (Ter-Martirosyan,2010),
reliable, and environmentally sustainable construction methods (Mirsayapov, 2005).
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The objective of this study is to provide a scientific and methodological justification for the
effectiveness of reinforcing slab foundation bases of high-rise buildings with vertical elements, using
a real-world construction project as a case study.

3 MATERIALS AND METHODS

The reinforced geomass as a whole represents a composite system, which is characterized by
the equivalent properties of the geomass—namely, the deformation modulus (E-:) and the design
resistance (R2). In this model, the load from the building is redistributed across the entire stabilized
soil mass, thereby preventing the formation of localized stress concentration zones.

A key advantage of this method lies in the fact that the engineer essentially designs the
foundation, creating the required physical and mechanical properties tailored to address specific
practical challenges.

! 3
J\b | - b

d

T 4 - - 0

T~ A

m « | / ""_'; — P

3 - | 3 Z/ —~ |~
o NENE

a 7017 | S

3 ¢ R N BT B P

OwMm

Figure 1 — Diagram for the calculation of a foundation reinforced with vertical elements.

Design standards recommend considering the reinforced foundation as a transversely isotropic
medium and performing calculations based on ultimate limit states, including both critical failure
conditions and serviceability criteria. In this approach, foundation calculations are conducted by
assessing whether the ultimate state is reached due to failure or excessive deformations (GEO) under
the given conditions.

aR, + (1 —a)R, =P (D
Sap = Sy 2)
where

o = Va/Vg — coefficient characterizing the proportion of reinforcing elements within the
volume of the stabilized soil (Var — volume of reinforcing elements, Vg — volume of soil);

R1 — design resistance of the unreinforced soil beneath the foundation base, kPa;

R> — design resistance of the reinforcing material, assuming the replacement of natural soil
with reinforcement, kPa;

P — average pressure beneath the foundation base, kPa;

Sar — settlement of the reinforced foundation section;

Su — ultimate allowable deformation of the foundation-structure system.

The settlement of the reinforced foundation section (Sir) is calculated using the layered
summation method according to the following formula:
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Izp,ili
Sap = ?=1 :—3 (3)

where

h; — calculated thickness of the i-th soil layer within the compression zone of the reinforced
foundation, determined by the condition 0.2i h = b (b — foundation width), m;

n — number of layers into which the compressible thickness of the reinforced soil is divided;

op,i— average additional vertical stress in the i-th reinforced layer, equal to the arithmetic mean
of'the stresses at the upper (Zi-1) and lower (Z;) boundaries of the layer along the vertical axis passing
through the center of the foundation base, kPa;

Es — deformation modulus of the reinforced soil in the direction perpendicular to the soil
surface, kPa.

The deformation characteristics (E, E3) should be determined experimentally, and in the absence
of test data, they can be estimated using approximate formulas:

Nd/n=Fd/yd 4)

where

Ng — design load, kN;

n — number of reinforcing elements (vertical reinforcing elements);

va — safety factor for soil;

Fq4 — load-bearing capacity of the reinforcing elements (vertical reinforcing elements) based
on soil (material), kN.

3.1 PROBLEM STATEMENT

The analysis considers the interaction between the foundation, the slab, and the superstructure
under the assumption that the building and the foundation undergo identical displacements only in
the vertical direction. The slab thickness is considered constant, and friction forces between the slab
and the foundation are neglected. The soil foundation beneath the slab is characterized by a stiffness
coefficient.

When designing a reinforced foundation, it is necessary to determine the required length of the
reinforcing elements to ensure the load-bearing capacity of the deformable geomass. Another
important aspect is defining the optimal spacing between reinforcing elements to minimize slab
foundation deformations, as well as assessing the influence of the reinforcement percentage on the
foundation stiftness coefficient.

Engineering practice suggests that a gravel cushion (buffer layer) with a thickness of 50 cm,
compacted in layers, is commonly used to ensure an even distribution of loads on the reinforced soil
foundation. The installation of vertically reinforcing elements is recommended using the borehole
rolling technology, as it is considered a more efficient and practical method for improving foundation
stability.

The settlement calculation of the reinforced foundation is performed using the PLAXIS 2D
software package, which is based on the finite element method and employs the traditional Mohr-
Coulomb soil model.

As the computational model, a nine-story residential building with a monolithic structure is
used. The building has a rectangular shape in plan with overall dimensions of 29.6 m x 16.4 m, as
shown in Figure 2.
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Figure 2 — Structural Scheme of the Residential Building.

The foundation is a monolithic slab with a thickness of 80 cm, resting on a 50 cm thick gravel
cushion.

The primary output parameters of the calculation, based on the finite element method, include
displacements and internal forces at the nodal points of the foundation and the slab foundation.

The soil characteristics according to engineering-geological elements (EGE) are presented in
table 1.

Table 1
Physical and Mechanical Properties of Soils
Soil Type Main Soil Characteristics Additional Parameters for the HSS Model
EGE-1 Silty sandy ~ y=18.8 kN/m?, v=0.35, c =7 kPa, E50 = 5400 kPa, EoedE_{oed}Eoed = 5400
loam, gray, with plant ¢ =21°, E = 5400 kPa kPa, EurE_{ur}Eur = 16200 kPa, KOK_0KO =
remains and sand 0.642
interlayers, fluid
consistency
EGE-2 Silty clay v=18.9 kN/m?, v=0.35, c =4 kPa, ES0 = 5000 kPa, EoedE_{oed}Eoed = 5000
loam, gray, faintly ¢ =17°, E =5000 kPa kPa, EurE_{ur}Eur = 15000 kPa, KOK_0KO =
layered, with plant 0.708
remains, fluid
consistency
EGE-3 Silty sandy v=21.4kN/m? v=0.35,c=20 E50 = 12000 kPa, EoedE_{oed}Eoed = 12000
loam, gray, with kPa, ¢ =21°, E = 12000 kPa kPa, EurE_{ur}Eur = 36000 kPa, KOK 0KO =
gravel, pebbles, and 0.642

clay loam interlayers,
plastic consistency

EGE-4 Silty sandy vy=21.8 kN/m?,v=0.35,c=21 E50 = 16000 kPa, EoedE_{oed}Eoed = 16000

loam, gray, with kPa, ¢ =30°, E = 16000 kPa kPa, EurE_{ur}Eur = 48000 kPa, KOK 0KO0 =
gravel, boulders, and 0.5
clay loam interlayers,

stiff consistency
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Figure 3 — Geological model in PLAXIS software.

Plate - ®yHaameHTHaA nawta C20/25

e,
Property
Material set
Identification

Comments

Colour

Material type
Properties

d

Y

Isotropic

Ey

Ez

Vi2

G

Gy3

Ga

Rayleigh a

Rayleigh B

Prevent punching

kiNfm?

kN/m2
kNfm2

kN/m2
kiN/m2
kiNfm2

Value

DyHASMEHTHaA NaMTa C20/25

RGB 251, 255, 0

Elastic

O

1,000
25,00

30,60E6
30,60E6
0,1500
13,30E6
13,30E6
13,30E6
0,000

0,000

Figure 4 — Foundation slab with a thickness of 1.0 m (Concrete B25).

135




QazBSQA Xa6apumbicel. Nel (95), 2025. KypbLibic

Output Version 2110478

\
[— X
Connectivity plot
Eep—— e
f PLAXIS" 3D Mohr-Coulomb 03.05.2024
F@—§ connEcT Edtion Packatka_MC ‘ 4 "

Figure 5 — Foundation cross-section.
Phases explorer
% B E LR
@ inial phase [InsaPhase] =
) Kormosan Phase 4] B
@ ovuamenr [Phase_1]
) Harpymenmne [Phase_2] =

045 -200,0 kNjm?

Io: 200,0 kNjm?
5 QO pynsurfaceload_1_1
Distriution: Uniform
a,: 0,000 kN/m*

Figure 6 — Average pressure of 20.0 t/m?.

4 RESULTS AND DISCUSSION

During the step-by-step loading process of the foundation with the weight of the foundation

slab and the superstructure, the deformation pattern of the geomass was obtained (Fig. 7) along with
the settlement diagram (Fig. 8), indicating a settlement of 97.8 mm.
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Figure 7 — Deformation pattern (Mohr-Coulomb model).
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In this case, the subgrade reaction coefficient (sometimes denoted as C), determined using
Equation (1), is 205 t/m?.

where:

K=P/s,

P — pressure applied to the soil surface;

s — settlement at

the point of pressure application;
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K — subgrade reaction coefficient (sometimes denoted as C).

The foundation settlement results under the applied load, as shown in Fig. 7, indicate that the
deformation of the foundation slab is at the limit of allowable values (65—100 mm). In design practice,
an increase in the subgrade reaction coefficient is considered in such cases by utilizing the
characteristics of a reinforced geomass, strengthened with Deep Soil Mixing (DSM) concrete
reinforcing elements made of B12.5 concrete.

The preliminary spacing of the reinforcing elements is assigned within a range of 7 to 11d,
where d is the diameter of the reinforcing element. This spacing is determined based on the
deformation modulus of the surrounding soil or the requirement for ensuring the composite behavior
of the reinforced soil mass, as well as achieving the necessary load-bearing capacity of the compacted
foundation.

In this case, the spacing between the centers of the boreholes is determined using the following

formula:
| = _ Pdc
ek = 0'95d\/ (Pac=Pa) ©)
where:

pd — dry density of the natural soil, t/m3;

pdas— average dry density of the compacted soil mass, t/m?.

During the borehole drilling process using a rolling compactor, the soil surrounding the
borehole is compacted to a certain diameter.

For preliminary calculations, the diameter of the compacted zone (ds), which can be achieved
after the rolling process, is determined using the following formula:

= __Pdc
ds = yed (Pac—Pa) )

where:

d — diameter of the rolling compactor (RC), m;

pds — dry density of the compacted soil, t/m?;

pd — dry density of the natural soil, t/m?,

ve — soil working condition coefficient, assumed to be greater than 1.

The reinforcement of the geomass with DSM concrete column elements is simulated using
Plaxis 3D software. According to structural calculations, the diameter of the vertically reinforcing
element is @100 mm, with a length of L = 9.5 m and a grid spacing of 3 X 3 m between axes.

Figure 9 — Spatial model of the reinforced geomass.
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In this case, when reinforcement is applied beneath the slab foundation, the load from the
superstructure is transferred to the soil mass through the reinforcing elements via frictional forces. In
the presented computational model (Fig. 8), the performance of the reinforcing element within the
soil is ensured by lateral confinement and frictional forces. The reinforcing element, through its
contact surface with the soil or the slab foundation, absorbs the load at its upper section and transfers

it to the underlying layers through its lower section. Here, the vertical concrete reinforcing elements
serve to withstand compressive stresses (Fig. 9).
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Figure 11 — Foundation. Axial force N, Hardening Soil model (max 184.7 kN/m).
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Figure 12 — Foundation. Bending moment M, Hardening Soil model (max 197.4 kN-m/m).
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Figure 13 — Deformation of the foundation slab, Hardening Soil model (max 39.9 mm).

As aresult, the structural solution for the vertically reinforced foundation of the slab foundation
of a high-rise building includes reinforcing element spacing of 3 x 3 m, length of 9.5 m, diameter of
100 mm, and material—B12.5 concrete. Under these conditions, the maximum calculated settlement
of the slab foundation is S = 3.99 cm. Consequently, the subgrade reaction coefficient has doubled,
reaching K =501 t/m>.

The increase in the load-bearing capacity of the foundation is also attributed to the borehole
formation process, which involves drilling with a special rolling drill bit. This method ensures soil
compaction around the borehole walls during drilling. A key factor is the doubling of soil density
around the borehole wall, which significantly enhances pile shaft resistance due to lateral friction.
Additionally, it is important to account for the elimination of the technological gap that may arise
during the pile installation process.

5 CONCLUSIONS

1. Numerical modeling performed in PLAXIS 3 has demonstrated the effectiveness of
reinforced foundations on highly compressible soils. The study confirmed that the implementation of
rigid reinforcing elements with predefined geometric dimensions and physical-mechanical and
deformation characteristics significantly enhances the foundation's load-bearing capacity. The
numerical analysis allowed for an in-depth assessment of stress distribution, settlement reduction,
and structural stability improvements in reinforced foundation systems.

2. The results indicate that the subgrade reaction coefficient is highly dependent on the
structural configuration of the vertically reinforced foundation beneath the slab. Variations in
reinforcement spacing, length, and material properties directly influence the stiffness and settlement
behavior of the foundation. An optimized reinforcement design leads to a more uniform load
distribution, reducing the risk of excessive differential settlements and enhancing the overall stability
of the foundation system.
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3. The length and spacing of vertical reinforcing elements were found to be critical parameters

in improving the load-bearing capacity of the foundation. The optimized arrangement of
reinforcement elements led to a threefold reduction in foundation deformability, significantly
enhancing structural performance. This, in turn, results in substantial reductions in construction time
and cost by minimizing the need for extensive soil stabilization measures and expediting the process
of creating artificially reinforced foundations for high-rise buildings.
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