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EFFICIENCY OF A MODEL FOR STRENGTHENING THE BASE OF A
RAFT FOUNDATION USING RIGID REINFORCEMENT ELEMENTS
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soil reinforcement; raft Construction in densely built urban areas, especially on artificial fill
foundation; foundation and highly compressible soils, requires effective methods for
settlement; rigid inclusion; improving foundation performance. One of the most promising
concrete reinforcing solutions is soil reinforcement using rigid inclusions; however, unified
element; reinforcement design and construction approaches remain insufficiently developed.
efficiency; reliability index. This study proposes a model for reinforcing raft foundation bases with

vertical rigid displacement elements by integrating geotechnical,
structural, and probabilistic methods. The proposed model allows
prediction and control of foundation settlement through the equivalent
deformation modulus of the reinforced soil and the stiffness of the
improved base, determined by the spacing and number of reinforcing
elements. The reliability of the system was assessed using Monte Carlo,
FORM, and SORM methods, which enabled determination of the
reliability index and the most probable failure point. The results
demonstrate that the proposed reinforcement technology can reduce
foundation settlement, improve reliability, lower construction costs,
and shorten construction time compared with conventional soil
improvement techniques. The developed approach may serve as a
basis for the design and reliability assessment of reinforced foundation
systems in civil engineering.
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TyniHai ce3aep:

TYWIHAEME

TOIIBIPAKTHI apMUpPAeY,
TaKTaAbl ipreTac, Heri3Aif
IIeTYyi, KaTThl KOCBIHADI,
OGeTOHABI apMUpAEYIIi
9AEMEeHT, apMupaey
TUIMALAITI, CeHIMAIAiK
MHAEKCI, BIKTUMaA Oy3bI1y,
TEXHOAOTUSIABIK TUIMAIAIK.

ThIFbI3 KaAaAblK KYPBLABIC JKarAaliblHAA, ocipece yIiHAL >KoHe KYILTI
CBIFBIMAaAaThIH TOIIbBIpaKTapda KYpPhIABIC XKYPri3y ipretac HerisAepiHiy
CeHiMAiAirin apTThIpyFa OarbITTaAfaH TUIMAL IIelliMAepAl Tadall eTedi.
OcpiHgait aaicrepaid Oipi — TONBIPaKTBl KAaTThl KOCHIHABLAapMeH
apMupaey, alaiijga oaapAbl >ko0aday MeH OpHaTyAbIH OipbIHFail Tociai
941 TOABIK KaAbIIITacllaraH. 3epTTey e TeOTeXHUKAABIK, KOHCTPYKTUBTIK
>KoHe BIKTUMAaAABIK Tociadepai OipikTipyre HeTizgeAreH TaKTaAbl iprerac
Heri3iH TIK KaTThl >KaliMaJay 9JAeMeHTTepiMeH apMupaey Mogeai
YCBIHBLAFaH. YCBIHBIAFAaH MOJeAb apMHpAey JdpesKeciHe, coHJali-ak
apMup/eyllli 94eMeHTTepAiH CcaHbl MeH OpHaJacy KajaMblHa
0allaaHBICTBl TOIBIPAKTBIH 9SKBUBAAEHTTI AedpopMalius Moaydi MeH
KYIIeNTiATeH HeTi3AiH KaTTBLABIFBIH ecKepe OTBIPBII, iprerac IIeryiH
Ooaxayra >XoHe Oackapyra MYMKiHAIK Oepeai. XKyiienin cenimaiairi
Monte Carlo, FORM >xene SORM ogicTepi apKblabl OaralaHBIIIL,
CeHiMAiAiK MHJAEKCI MeH eH BIKTMMaaA Oy3blady HYKTeci aHBIKTaAAbl.
3epTTey HOTIDKeAepi YCBHIHBIAFAH TEXHOAOTUSHBIH iprerac Ieryin
a3alTblll, HeTi3AiH CeHiMAIAIriH apTTBIPaTBIHbIH, KYPbIABIC KYHBIH
TOMEHAETIIl, KYPbIAbIC Mep3iMiH KbICKapTaThIHBIH KOPCeTTi. AABIHFaH
HOTIKeAep a3aMaTThIK KYPBLABICTAa apMIpAEHIeH HeTizgepai kobaaay
MeH 0JapAblH CeHiMaiairin Garasay yIUiH IaiigadaHblAybl MYMKIH.

Karouessie caoBa:

AHHOTAI VST

apMupOBaHue TPYHTa,
JynaamenTHas nanra,
ocaZKa OCHOBaHIAS,
JKeCTKO€e BKAIOUEHIIE,
OGeTOHHBIN apMUPYIOLINIT
91eMeHT, 9PPeKTUBHOCTb
apMIUPOBaHN, MHAEKC
HaAEe>XHOCTH, BEPOSATHBIN
OTKa3, TEXHOA0TrYecKast
3P PeKTUBHOCTS.

CTpouTeAbCTBO B YCAOBIIIX IIIOTHOM TOPOACKON 3aCTPOIKY, OCOOEHHO
Ha HacCBIITHBIX ¥ CMABHOCKMMAaeMBIX TpyHTaX, TpebyeT d(pdeKTUBHBIX
pellleHnit 110 yAy4IIeHMIO OcCHoBaHUI ¢QyHaameHToB. OAHUM W13
II€PCIIEKTUBHBIX METOAOB SIBASETCS apMUPOBAHUE TPYHTOB SKECTKUMI
BKAIOYEHMAMY, OJHAKO €AVHbIe TI0AXOABI K VX ITPOeKTHPOBAHMUIO U
YCTPOIICTBY AO HACTOSILIETO BpeMeHNU OTCYTCTBYIOT. B pabote
IpeAA0KeHa MOJeAb apMUPOBaHIsI OCHOBAaHIIS IIAUTHOTO pyHAaMeHTa
BEpPTUKAABHBIMY >KECTKMMU PACKaTHBIMU DA€MeHTaMI, OCHOBaHHAsI Ha
MHTETpaLMM TeOTEXHUYECKUX, KOHCTPYKTMBHBIX I BEPOSTHOCTHBIX
MeTOA0B aHaAM3a. MoaeAb II03BOASET IIPOTHO3MPOBATh U PEryANpPOBaTh
ocagkyu (yHJaMeHTa 3a CYE€T M3MEHEeHMs DKBMBAJAEHTHOTO MOAYAs
AepopMany TpyHTa M >KECTKOCTM apMUPOBAHHOTO OCHOBaHUS B
3aBMCUMOCTM OT KOAMYEeCTBa M IIara apMUPYOIIUX HAE€MEHTOB.
HaaéxHocTh cucreMsl OLieHeHa C MCIIOAb30BaHMEeM MeToA0B MoHTe-
Kapao, FORM u SORM, 4TO mHO3BOAMAO ONpeAeAUTb WHAEKC
HaAEXKHOCTM M HamboJlee BepOATHYIO TOUYKy OTKasa. PesyapTaTn
IOKa3aAy, 4YTO IIpMMEHEHMe IIPeAJ0>XKeHHON TEeXHOAOTMM CHIDKaeT
OCaAKy, TIOBBIIIA€T HAAEXHOCTh OCHOBAHMs, COKpaIljaeT CpPOKI
CTPOMTE/AbCTBA VM yYMEHBINAeT 3aTpaThl II0 CPaBHEHUIO C TPaJUIIVMOH-
HBIMIJ METOAaMI YAy4IIeH!s TPYHTOB. IToAyJyeHHbIe pe3y AbTaThl MOTYT
OBITH MCIIOAB30BAHBI IIPYM IIPOEKTUPOBAHUM U OLleHKE HaAEXHOCTH
apMIUPOBaHHBIX OCHOBAHNII B TPa’k4aHCKOM CTPOUTEABCTBE.

INTRODUCTION

Under conditions of rapid urbanization, construction is increasingly performed on

collapsible, technogenic, and highly compressible soils characterized by non-uniform
deformation and a high risk of differential settlement. Traditional methods of ground
improvement, including soil replacement and stabilization with lime, cement, geopolymers,
synthetic zeolites, and other additives, can effectively improve soil properties but are often labor-
intensive and costly (Eyo et al., 2020; Sabri et al., 2022).
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To reduce settlement and increase bearing capacity, modern geotechnical practice
increasingly employs rigid inclusions such as soil, stone, polymer, and composite columns. Since
their introduction in the late 1970s, rigid inclusions have become one of the most effective
solutions for soft soil improvement (Bohlooli et al., 2026a; Swift & Pearlman, 2024). Their
effectiveness has been confirmed through analytical studies, laboratory investigations, and field
tests (Hamidi & Racinais, 2025; Rebolledo et al., 2022).

Advances in numerical modeling have improved the understanding of load-transfer
mechanisms between foundations and rigid inclusions. Numerical and experimental studies
demonstrate that loads are redistributed through load-transfer platforms, ensuring efficient
interaction between the foundation and reinforcing elements (Lu et al., 2019). In addition, the use
of cement- or lime-treated platforms reinforced with geogrids has been shown to further enhance
system stiffness and performance (Niu et al., 2018).

Surface Loadings

-~

l,, R
Concrete Slab (Option)
Foundation Slab Load Transfer Platform

E | Arching
|

» Nt} \.\l.{/ Effect \\l/./

Figure 1. Load transfer in the soil-rigid element-soil platform—foundation system

The performance of rigid reinforcing elements depends on their material properties,
geometric characteristics, and arrangement within the foundation system (Larisch, 2025).
Numerous studies have evaluated the interaction between foundations and rigid inclusions
through numerical simulations, laboratory investigations, and field tests, considering parameters
such as element length, diameter, spacing, and load-transfer layer thickness (Acar &
Mollamahmutoglu, 2023; Alenov et al., 2025). These approaches have improved the
understanding of load-transfer mechanisms and enabled the development of effective
reinforcement models for soft soils (Mannah et al., 2024; Melese, 2022).

Due to the inherent variability of soil properties and loading conditions, the reliability of
reinforced geotechnical systems remains an important research topic. Reliability-based
approaches have been widely applied to foundations, retaining structures, and embankments
under static and seismic actions (Zhang et al., 2011). Probabilistic methods enable the assessment
of settlement behavior and reliability levels by accounting for uncertainties in geotechnical
parameters (Li et al., 2020).

Various installation technologies for rigid inclusions have been developed, including
displacement, vibro-replacement, and drilling methods (Chwata et al.,, 2023; Varaksin, 2020).
Among them, the CMC Menard technique has demonstrated high efficiency due to the significant
increase in stiffness of the reinforced zone (Bessimbayev et al., 2024; Romanov & Racinais, 2018).
Design standards also recommend displacement drilling technologies, which improve soil
compaction around the borehole and enhance the mechanical properties of the surrounding
ground (Briancon et al., 2015; Z. Abu, 2025).
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Despite extensive research and practical applications, the implementation of rigid
inclusions remains constrained by the absence of unified design and assessment methodologies
suitable for routine engineering practice.

MATERIALS AND METHODS

The research methods include theoretical analysis, numerical modeling using the finite
element method implemented in PLAXIS 2D, interpretation of the obtained results, and reliability
assessment of the building foundation using probabilistic approaches that account for statistical
heterogeneity and random actions.

The design standards of Kazakhstan recommend considering the improved foundation as
a transversely isotropic medium and performing calculations according to two groups of limit
states: ultimate limit states and serviceability limit states (Bohlooli et al., 2026b).

The ultimate limit state corresponding to failure or excessive deformations of a structural
element or the foundation (STR and GEO) should be verified according to Equation (1).

E; <Ry, 1)

where: E; — the design effects of actions, which are determined according to the following
expressions.

X
Ed =E [)/FFrep;i; ad]/ (2)

Partial factors are applied either to the actions or to the resulting effects of these actions E
in accordance with the National Annexes to Eurocode 7.
R;— the design resistances, which are determined according to the following expressions.

X
Ra =R [VpFrepi 2 i aq) ©

Partial factors may be applied either to the soil parameters Xor to the resistances R.

The calculation of foundations reinforced with rigid reinforcing elements is performed
based on the achievement of the ultimate limit state for failure (GEO) according to the following
condition:

where a = V,,./V,, is the coefficient characterizing the proportion of reinforcing elements within
the volume of the improved soil; 1, is the volume of reinforcing elements, and 1, is the volume
of soil.
R,— the design resistance of the unreinforced soil beneath the foundation base, kPa;
R,— the design resistance of the reinforcing element material assuming the replacement of natural
soil by the reinforcing element, kPa; P— the average pressure beneath the foundation base, kPa.
or excessive deformations of the foundation (GEO) according to the following condition:

Sap < Su/ (5)

where S,,is the settlement of the reinforced part of the foundation base, and S, is the limiting
value of the combined deformation of the foundation and the structure.

The settlement of the reinforced part of the foundation base (S,,)is calculated using the
layer-by-layer summation method according to the following expression:

sz,i*hi

Sap = =1 & (6)

where h;is the calculated thickness of the i-th soil layer within the compression zone of the
reinforced foundation base, taken from the condition 0.2 i h;,, where bis the foundation width, m;
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nis the number of layers into which the compressible thickness of the reinforced soil is divided;
0,p,iis the average value of the additional vertical stress in the i-th reinforced layer, equal to the
half-sum of the stresses at the upper (Z;_,)and lower (Z;)boundaries of the layer along the vertical
axis passing through the center of the foundation base, kPa; E,is the deformation modulus of the
reinforced soil in the direction perpendicular to the ground surface, kPa.

The deformation characteristics (E, E3)should be determined experimentally; in the
absence of experimental data, they may be estimated using approximate formulas:

E; =axE,y +(1—a)Ey, 7)
1_a+1—a g
E Eg Eyp ’ ®)

where Ej.and Eg.are the deformation moduli of the soil and the reinforcing elements,
respectively, kPa.

The preliminary spacing of reinforcing elements is generally adopted within the range of
7-11d, depending on the deformation properties of the surrounding soil and the required bearing
capacity of the improved foundation. The spacing between borehole centers is determined

. _ Pdc
beke = 0'95de (pac—pa)’ ©)

The diameter of the compacted soil zone formed during displacement drilling is estimated

according to Eq. (9):

using Eq. (10), which accounts for the diameter of the displacement tool and the density
characteristics of the soil before and after compaction.

The preliminary number and length of reinforcing elements are determined from the
design load and the bearing capacity of individual elements according to Eq. (10):

Ng/n = Fy/va, (10)

Numerical simulations were performed using PLAXIS 2D (v.2023), a finite-element
software widely applied in geotechnical engineering. The analysis employed the Mohr—Coulomb
soil model to evaluate the efficiency and reliability of the proposed reinforcement system.

3.1. Materials

As the research case, a project of a three-story building with a rectangular plan was
considered, with overall dimensions along the axes of 99.0 m x 24.0 m. The structure is supported
by a 1.0 m thick raft foundation made of B25 concrete. The average pressure on the raft foundation
from the wet of the superstructure and design loads is 24.1 t/m?.

According to the engineering—geological investigations, the foundation base consists of fill
soil. The soil characteristics according to the engineering—geological elements (IGE) are presented
in Fig. 2.

Material model

Drainage type
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Figure 2. Soil characteristics in the PLAXIS software environment

To construct the geological model of the building foundation in PLAXIS, a soil mass with

dimensions of 60 x 140 m was adopted.

Figure 3. Soil characteristics based on the engineering—geological cross-section in PLAXIS

The geological cross-section of the soil mass based on borehole data shows (Fig. 4) that the
building foundations are located within fill soils (IGE-3, IGE-5, IGE-6).

Figure 4. Section IV-IV in the PLAXIS software environment
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Figure 5. Numerical model in the PLAXIS software environment for Borehole 3.
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Figure 6. Properties of the 1.0 m thick raft foundation (B25 concrete) in the graphical interface of
the PLAXIS software

RESULTS AND DISCUSSION

Geotechnical Assessment Based on Numerical Modeling

The simulation of the loading process of the raft foundation up to the design load,
presented in the deformed scheme of the foundation base, illustrates the nature and magnitude
of changes in the finite element mesh, where soil deformation occurs under the load of the
building or structure, as well as the distribution of stresses within the foundation soil mass.

The calculation results obtained using the Hardening Soil model indicate that the
maximum deformation value of 259.1 mm is observed in the central part of the raft foundation

(Fig. 7).

:
l

-

Total displacements u, (scaled up 10,0 times)
Maximum value = 0,08911 m
Minimum value =-0.2591 m

Figure 7. Settlement of the foundation base soil (max 259.1 mm).

The analysis showed that the ultimate limit state for excessive foundation deformation
(STR and GEO) was not satisfied, indicating the need to improve the soil strength and
deformation properties through reinforcement with vertical rigid concrete DSM elements.

Based on theoretical and experimental studies, the effectiveness of reinforcement depends
on the diameter, spacing, and length of the elements, as well as the properties of the load-transfer
layer. In this study, DSM elements with a diameter of 300 mm, length of 6.0 m, and spacing of 2.0
m were adopted. A 0.6 m thick sand cushion was provided beneath the raft foundation, and the
average foundation pressure was 24.1 t/m?2.

The characteristics of the concrete reinforcing elements in the graphical interface of the
PLAXIS software are presented in Fig. 8.
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Material set
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Material type Elastic

Properties
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Figure 8. Vertical reinforcing element with a length of 6 m and a diameter of 0.3 m
(B12.5 concrete)

Figure 9. Spatial model with vertical reinforcing elements (element length — 6.0 m)

Total displacements u, (scaled up 50,0 times)
Maximum vaiue =-0,1221 m (Element 169 at Node 85)
Minimum value =-0,1490 m (Element 143 at Node 13087)

Figure 10. Vertical displacements of the foundation (max 149.0 mm)

The relative difference in settlements of the raft foundation in the longitudinal and
transverse directions is as follows:

1. Settlement difference (S; — S,)/L = (149.0 — 122.0)/99000 = 0.00027 < 0.005

2. Settlement difference (S; — S,)/L = (149.0 — 122.0)/24000 = 0.00112 < 0.005

Accordingly, the absolute vertical displacement of the foundation considering the
reinforced base is zpq, = 149.0mm, which does not exceed the permissible limit value z;,, =
225mm. The relative difference in foundation settlements also does not exceed the allowable limit
according to the regulatory document. As a result of introducing vertical reinforcement, a
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uniform settlement of the building was achieved, which was confirmed by calculations
performed in the PLAXIS software environment.

To evaluate the influence of the geometric parameters of reinforcement on the strength and
deformation characteristics of the reinforced base, several variants with increased spacing
between the reinforcing elements were considered. As shown in Table 1, an increase in the
distance between the elements leads to a decrease in the stiffness of the reinforced foundation
base and, consequently, to an increase in foundation settlement.

Table 1. Comparison of foundation reinforcement parameters depending
on the spacing between vertical elements

. . Spacing between elements, m
# Title 2
itle Unit XD 3 x5
1 Number of reinforcing pes 550 264 102
elements
) Volume of reinforcing 2 34 112 13
elements
3 Reinforcement ratio % 1.63 0.78 0.345
4 Stiffness of. reinforced t/m? 1610 1212 1025
foundation base
5 Foundation settlement mm 149 198 234

The results of modeling the foundation reinforcement indicate a significant dependence of

the bending moments and deformation of the raft foundation on the spacing between the

reinforcing elements (Table 2).

Table 2. Values of bending moments and deformation of the raft foundation

depending on the spacing between reinforcing elements

Grid spacing between

Bending moment,

Raft foundation

reinforcing elements, m kN/m?2 deformation, mm
Without reinforcing elements 476,2 259
2x2 197 ,4 149
3x3 263,1 198
5x5 385,4 234

The results indicate that the stiffness of the reinforced foundation base increases with the
reinforcement ratio, while larger spacing between reinforcing elements leads to greater
foundation settlement and higher bending moments. Overall, the analysis confirms the
effectiveness of rigid reinforcing elements in reducing raft foundation deformation and
improving the performance of the reinforced foundation system.

Probabilistic assessment of the effectiveness of the raft foundation base reinforcement model

The probability of failure of the raft foundation is evaluated taking into account the
variability of the geotechnical properties of the soil and seismic actions. The limit state is defined
by the following expression:

9X) = Siim — S(E, ¢, 9,54), (11)
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Where Sim=225m is the code-based limiting settlement, and S(E,c, ¢, S,)is the settlement
calculated using a metamodel calibrated against the finite element analysis results obtained in
PLAXIS 2D. The random variables are: E — soil deformation modulus, ¢ — cohesion, ¢ — angle of
internal friction, and S, (T;) — spectral acceleration corresponding to the period of the first modal
vibration.

The Monte Carlo method for estimating the probability of failure is expressed as follows:

Py =P(g(X) <0), (12)

To reduce the variance of the estimates, the random parameters are generated using Latin
Hypercube Sampling. To calculate the confidence interval of the probability of failure, the
following expression is used:

Cl =P +196 (13)
where N = 50,000is the number of realizations.
The response metamodel is defined by the following expression:
Eo\*® 1¢0\02 (tg ¢\
—g (20 0 14
S SO<E> (C) (tg(p) (1+1,85,) (14)

where S,is the mean settlement. It is evaluated for three reinforcement cases.

Table 3. Statistical distributions and parameters of input random variables
used in the reliability analysis

Variable Distribution Mean Coefficient of variation
E Normal 25 MPa 0,25
C Normal 18 kPa 0,20
[ Normal 28° 0,07
Sa Lognormal 042¢g 0,30
Figure 11 illustrates the distributions of the random input parameters used in the
simulations.
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Figure 11. Distributions of random variables (E, ¢, @, S;)
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The FORM method was applied to estimate the probability of failure by linearizing the
limit-state function at the most probable point of failure (MPP), with the reliability index f3
defined as the distance from the origin to the MPP. Monte Carlo simulations showed that
increasing the reinforcement ratio shifts the settlement distribution toward lower values and
improves reliability. For reinforcement ratios of 0.345%, 0.78%, and 1.63%, the corresponding
reliability indices were 3 = -0.17, 2.70, and 4.60, respectively. The results indicate that a higher
reinforcement ratio significantly reduces settlement and the probability of failure, while
reinforcement ratios above approximately 1.3-1.4% satisfy the target reliability level specified by
Eurocode 0 (p = 3.8).

For long-term assessment, the cumulative probability of failure over the design service life
of the foundation is considered (Fig. 18). For an annual probability of failure "% = 0.003:

PP® =1— (1 —pfmmalys0 ~ 0.139 (15)

The analysis of the cumulative probability of failure over a 50-year period indicates a
significant reduction in risk when the reinforcement ratio exceeds 0.78%, while a reinforcement
ratio of 0.345% does not ensure the required reliability level. To achieve the target reliability index
of 3.8, a reinforcement ratio of 1.3-1.4% is recommended (Fig. 12).

1.0 | — p=0315%
p=0.78%
— p=163%

0.8

0.6

0.4

0.2

Cumulative Probability of Failure pf4™

0.0

0 10 20 30 40 50
Time t [years]

Figure 12. Cumulative probability of failure over a 50-year period

The failure direction coefficients aare determined in the standard normal space:

dg/ oy

a; _
3,09/ 9wy (16)

where u; are standardized random variables.

Figure 13 shows the influence of the deformation modulus, cohesion, angle of internal
friction, and spectral acceleration on the reliability of the foundation. It is evident that the most
significant contribution is made by the soil deformation modulus and the spectral acceleration of
the first modal vibration.

The Monte Carlo, FORM, and SORM methods provide consistent results, confirming the
adequacy of the selected model and the correctness of the probabilistic approach. The FORM
method enables an efficient estimation of the reliability index and the identification of the most
probable point of failure.
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Figure 13. a-coefficients

The cumulative probability of failure over 50 years indicates a significant reduction in risk
when the reinforcement ratio exceeds 0.78%. However, to ensure the required reliability level, a
reinforcement ratio of 1.3-1.4% is recommended. The effective soil deformation modulus
contributes most significantly to the probability of failure.

Technological efficiency of the raft foundation base reinforcement model

In addition to stability and reliability, geotechnical solutions must satisfy requirements of
technological feasibility and economic efficiency. Modern displacement drilling technologies
enable the installation of reinforcing elements with reduced construction time and cost under
various soil conditions.

During displacement drilling, soil is compacted radially without excavation, resulting in
increased density around the borehole and improved shaft resistance of the reinforcing elements.
This technology is characterized by high productivity, with drilling rates reaching up to 1000 m
and installation rates of 400-500 m per shift, significantly exceeding those of conventional bored
piles.

Previous studies have demonstrated that reinforcement using vertical displacement
elements is substantially more efficient than traditional ground improvement methods, requiring
up to eight times less labor and approximately half the construction cost while maintaining the
required geotechnical performance.

Table 3. Techno-economic assessment of foundation reinforcement alternatives

No. Labor intensi t of k
© Description of work Unit | Quantity abor intensity, Cost of work,
person-days KZT
il repl ith layer-by-1
1 Soil replacement w1t. ayer-by-layer e 14 300 697 71 500 000
compaction
2 | Soil compaction using heavy tampers m? 7200 297 142 560 000
F . ; th6.
3 oundation reinforcement with 6.0 m pes 550 68 5500 000

concrete elements (M12.5)

Foundation reinforcement using displacement drilling technology is characterized by high
installation productivity, the absence of soil excavation, and the possibility of full mechanization,
resulting in reduced construction time and costs. The proposed reinforcement model improves
the technological, economic, and environmental efficiency of foundation construction while
enhancing the reliability and durability of civil engineering structures.
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CONCLUSION

The analysis of the reviewed literature made it possible to obtain a scientific and technical
justification for the efficiency of the interaction between structural systems and a geotechnical
soil mass reinforced with reinforcing elements. As a result, the main geometric parameters
influencing the stability and the stress—strain state of the reinforced foundation were identified.

The conducted research substantiated the efficiency of the reinforcement system and
established the dependence of raft foundation deformation on the thickness of the underlying
layer, the diameter of the reinforcing element, and the spacing between the elements.

The regularities of soil foundation deformation depending on the reinforcement ratio and
the stiffness of the reinforced base were identified.

The application of the probabilistic Monte Carlo method made it possible to determine the
probability of limit states and the actual reliability coefficient of a foundation reinforced with
rigid elements, taking into account real geotechnical conditions.

The technological efficiency and reliability of foundation reinforcement using rigid
displacement elements were justified through a comparative analysis of labor intensity and
installation duration indicators.

The use of rigid displacement elements for reinforcing the bases of raft foundations
improves the structural performance of the system, enhances stress distribution, and reduces
deformations under both service and ultimate loads. However, in practical engineering, there is
still no unified methodology for evaluating the effectiveness of the mechanism, the quality of
design, and the operational performance of such reinforcement systems in terms of durability,
strength, and economic efficiency.
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