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Abstract. The paper presents the main stages of designing the strengthening of shallow foundations with piles
made in clay soil (injection and bored-injection) for reconstructed buildings. Such foundations are often called
combined foundations. The basic methods for installing these piles as part of reinforced foundations are present-
ed, including injection cylindrical piles, bored-injection cylindrical piles of Titan and Atlant types, and bored-
injection conical piles. The methodology of foundation strengthening design with the use of such piles is dis-
cussed. As a result of investigations of soil properties, lithologic structure of the base and other parameters the
procedure of evaluation of soil conditions of construction sites is shown. The data on assessment of technical
condition of bases and foundations of reconstructed buildings are presented. The article presents the main results
of tests of injection piles, provides guidelines for determining their load-bearing capacity. It provides infor-
mation on verification calculations performed while designing foundations reinforced by injection (bored-
injection) piles, including the determination of the design resistance of the compacted soil of the base. An engi-
neering method for calculating the settlement of reinforced foundations with injected, bored-injected piles in clay
soils, which can be used in the design practice of reconstructed buildings, has been presented. The method al-
lows accounting for the displacement (settlement) of the soil due to its weakening in the places of wells for the
piles and data on the change in the stress state of the base under the bottom of the slab part of the foundation.

Keywords: strengthened foundation, injection and bored-injection piles, reconstruction of buildings,
assessment of soil conditions of construction, foundation strengthening solutions
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Annotanust. [IpuBesieHbl OCHOBHBIE JTAllbl IPOSKTUPOBAHMS yCUICHHS (DYHIAMEHTOB MEIIKOTO 3aJI0’KEHHUSI CBa-
SIMH, M3TOTaBIMBAEMBIMU B TJIMHUCTOM TpyHTE (MHBEKIIMOHHbIE U OypOMHBEKIHMOHHBIE) ISl PEKOHCTpyUpye-
MbIX 3/aHuil. Takue (yHAaMEHTHl 4acTO Ha3bIBAIOT KOMOMHUPOBAaHHBIMHU. [IpencTaBiieHbl OCHOBHBIE CIIOCOOBI
yCTpOiCcTBa yKa3aHHBIX BBIIIE CBAalf B COCTABE YCHJIMBAEMBIX (DYHIaMEHTOB, BKJIIOYass MHBEKIMOHHBIC LIMJIMH-
JPUYECKHE CBaH, OYpPOMHBEKIMOHHbBIC HMIMHAPUYECKUE CBaW KOHCTpYKUMH «Titan», «Amuanmy, OypOUHbBEK-
LIMOHHbIC KOHUYECKHE cBau. JlaHa METO/IMKa MPOEKTUPOBAHMS YCHIICHNSI (DYHIAMEHTOB C HCIOJIBb30BaHUEM Ta-
kux cBail. [1o pe3ynbraTaMm MccaeOBAHUN CBOICTB TPYHTOB, JTUTOJIOTHYECKOTO CTPOEHHS OCHOBAHUS U IPYTHX
MapaMeTpoB MOKa3aH MOPSIOK BBIMOIHEHHS OLEHKH IPYHTOBBIX YCIOBUH ILIOMAN0K CTpoUTeNnbeTBa. [Ipencras-
JICHBI JIaHHBIE IO OIIEHKE TEXHUYECKOTO COCTOSHHS OCHOBAHUH M (hyHIaMEHTOB PEKOHCTPYHPYEMBIX 3IaHHM.
IIpuBeaeHBI OCHOBHBIE PE3YIIBTATHI UCIIBITAHUY MHBEKIIMOHHBIX CBal, JaHbl YKAa3aHUS 10 ONPENEICHUIO UX He-
cymeil ciocoOHOCTH. IIpuBezeHBI CBENEHMSI O IOBEPOYHBIX pacyeTax, BBIIOIHAEMBIX HPH MPOCKTHPOBAHUH
(YH/IaMEHTOB, YCHJIMBAaEMbIX HHBEKIIMOHHBIMU, OYPOMHBEKIIMOHHBIMU CBasMHU, B TOM YHCIIE 1O OINPEACICHHUIO
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pacdyeTHOTO CONPOTHUBICHUS YINIOTHEHHOTO rpyHTa OCHOBaHUs. [IpecTaBieH HHKeHEpHBII METO pacdera oca-
JIOK YCHJIMBAeMbIX ()YHIAMEHTOB C MHBEKIIMOHHBIMH, OYpPONHBEKIIMOHHBIMU CBAasIMU B TJIMHUCTBIX TPYHTaX, KO-
TOPBIII MOXKET HCIIOJIL30BAThCS B MIPOCKTHOM MPAKTHKE PEKOHCTPYHPYEMBIX 3AaHUH. MeToJ1 MO3BOISAET yUUTHI-
BaTh NEpeMEIIeHNs (0Ca/IKN) TPyHTA 3a CUET €ro ociaaliieHHs: B MecTaxX yCTPOWCTBA CKBaKUH I10]] paccMaTpHBa-
eMble CBaW U JIlaHHbIE 00 M3MEHEHHMM HAIPSHKEHHOTO COCTOSHMSA OCHOBAHMS I10] MOAOLIBOM NJIMTHOHN 4acTH

(hyamamenra.

KaioueBble ciioBa: ycuianBaeMblid yHIAMEHT, HHBEKIIMOHHBIE N OYPOMHBEKIINOHHBIE CBaH,
PEKOHCTPYKIHA 3aHUH, OIIEHKA TPYHTOBBIX YCIOBHI CTPONTEIBCTBA, PEIICHHS 110 YCHICHHIO (DyHIAMEHTOB

BASIC PROVISIONS

A way to increase the load-bearing capacity of
shallow foundations is to change the scheme of
operation by transferring part of the load from
the building to the piles. The foundation thus
formed is often called a combined foundation.
In this case, the piles can be arranged under the
footing of the foundation through its slab part or
adjacent to its perimeter (Fig. 1).

In recent years, injection and bored-injection
piles have been increasingly used to strengthen
the foundations of reconstructed buildings. In-
jection piles are defined as structures that are
formed in prepared (ready-made) boreholes by
injecting into them under pressure a mixture of
fine-grained concrete with subsequent pressure
testing of the system “pile - base soil”
(Polischuk A.I., Petukhov A.A. et al., 2003). In
the case of such piles, the borehole is construct-
ed by preliminary pushing into the ground steel
tubular injectors of special design (Fig. 2) [1, 2,
3]. If the borehole is drilled using auger or other
equipment such piles are usually called Titan
cylindrical bored injection piles [4, 5]. [4, 5].
They were introduced in construction by
Ishebek (Germany, 1956). The considered
bored-injection cylindrical piles are used mainly
for the action of vertical compressive and pull-
ing (anchor) loads. Sometimes they are called
Titan bored-injection anchor piles (Fig.3). In
Russia, the Titan piles have been used since
about 1985-1990. As a development of Titan
bored-injection piles, the company In-
zhProektStroy (Russia) in 2006-2008 proposed
a design solution of Atlant bored-injection piles
for compressive and pull-out (anchor) loads, as
well as for moment forces (Fig. 4).
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Figure 1. Foundations reinforced by injection
(bored-injection) piles: a - under the bottom of
the existing strip foundation; b - adjacent to the
slab part of the existing separate foundation; 1 -
existing strip foundation, 2 - existing separate
foundation; 3 - injection (bored-injection) piles;
4 - cone hole in the slab part of the foundation;
5 - reinforced concrete cage; 6 - bearing layer
of the foundation soil

As part of the development of design solutions
for bored-injection cylindrical piles, D.A.
Chernyavskiy, O.Y. Yeschenko (2010), and
later G.G. Solonov, D.A. Chernyavskiy et al.
(2024) proposed a device and a method for
manufacturing bored-injection conical piles,
which are now increasingly used in new con-
struction and building reconstruction (Fig. 5)
[6, 24].
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Figure 2. Injection piles and schemes of their
formation in the soil (authors A.I. Polishchuk,
A.A. Petukhov et al.).: a - Injector immersion, b -
Arrangement of injection pile by injecting fine-
grained concrete, 1 - Injector section without
perforation; 2 - Well side surface; 3 - Air gap
between injector and well wall; 4 - Injector
section with perforation, 5 - Injector pipe
widening at the bottom of the injection pile for
air gap arrangement,; 6 - Cutting plates; 7 -
injection pipe widening along the injection pile;
8 - well plugging; 9 - expandable part of the
injection pile during concrete mixture injection;
10 - lower end of the pile; 11 - injector push-in
force; 12 - direction of concrete mixture injection
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Figure 3. Structural elements of Titan cylindri-
cal (anchor) bored injection pile (Germany)
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Figure 4. General view of constituent structural
elements of the Atlant bored-injection pile (Russia)

Figure 5. Scheme of bored-injection conical pile
(authors D.A. Chernyavskiy, O.Y. Yeschenko):
1 - drill bit; 2 - connecting coupling;,

3 - fine-grained concrete mixture; 4 - lateral
surface of the borehole; 5 - hollow steel rod; 6 -
drill bit with drilling blades

METHODOLOGY FOR FOUNDATION
STRENGTHENING DESIGN AND PILE
PERFORMANCE STUDIES

The design methodology for strengthening of
shallow foundations of reconstructed buildings
includes the following stages: selection of ex-
perimental sites for testing of full-scale injection
( bored-injection) piles; performance of engi-
neering and geological surveys; manufacturing
of structural elements of piles; preparation of
fine-grained concrete mixture and its experi-
mental injection into boreholes; construction of
injection, bored-injection piles at the selected
site; investigation of physical and mechanical
properties of soils in the pile space; testing of
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injection (bored-injection) piles by static inden-
tation load. The experience of the above meth-
odology can be borrowed from the authors' pub-
lications and technical literature [1, 7, 8, 9] for
the period from 2003-2023.

For example, experimental studies at the
experimental sites in Tomsk and Kemerovo were
grouped into series of experiments [1, 10]. Injection
piles with lengths of 1.5, 3.5, 5.0 m without
widening injectors and with extensions at the level
of their lower ends in the form of tips to form an air
gap were applied (Fig. 6). Each injector pipe had
two sections: a “blind” section, usually up to 1.5 m
long, and a section with 15-20 mm diameter holes
staggered at 80-100 mm spacing. At the boundary
between these sections, a ring of the same diameter
as the tip widening was provided.
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Figure 6. Design solution of tips for 57 mm (a,
b, ¢) and 108 mm (d, e, f) diameter injectors
used in the production of injection piles.

a, d - tips for piles without widening;

b, e - the same with widening diameter (1.37-
1.4)D; c, f - the same with widening diameter
(1.75-1.8)D, where D is the injector diameter

Injectors were immersed up to the design level
using a hydraulic long-rod jack due to the
cramped conditions at the experimental site in
Tomsk and a drilling rig UGB-1BC at the ex-
perimental site in Kemerovo. Injection of fine-
grained concrete was carried out with the help
of a CO-49 m and CO-180 pump, providing a
constant rate of its supply of about 2.5 m*/h.
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The maximum pressure created by the pump
was 1.5-2.0 MPa. The concrete mixture was in-
jected into the boreholes in portions of 0.1 m’
with technological breaks for 5-10 min for “in-
termediate” pressing of the soil mass with work-
ing pressure (Fig. 7). The concrete mixture was
injected up to the specified volume calculated
on the basis of the geometry of the piles being
constructed. After injection of the concrete mix-
ture, the soil in the pile space was pressurized
by maintaining the working pressure in the
borehole for a specified period of time to ensure
soil compaction around the pile shaft.

KEY RESULTS AND THEIR ANALYSIS

Results of assessment of soil properties and soil
conditions of construction. The evaluation of
base soils enables designers to choose the most
rational solution for the reconstruction of build-
ings in terms of their reliability and cost-
effectiveness [1, 11]. Studies of changes in physi-
cal and mechanical properties of soils around the
shaft of injection piles were carried out on the se-
lected soil monoliths from pilot sites (Kemerovo,
Tomsk). The change of soil density p in the sur-
rounding massif along the length of the pile was
revealed. In the natural state, the soil density (p)
was 1.70-1.73 g/cm?, while at the boundary of the
pile shaft with the soil mass the soil density
changed and reached 1.97-1.98 g/cm’.
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Figure 7. Changes in injection pressure p
(MPa) of the concrete mixture for injection

piles: 1 - 5.0 m long piles (site 1), 2 - 3.5 m long

piles (site 1); 3 - 1.5 m long piles (site 2); 4 - 5.0

m long piles (site 1 - with soil fracturing)
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The specific cohesion of the clayey soil after pile
placement increased from 13.3-15.0 kPa to 18.2-
18.6 kPa within a distance of up to 500 mm from
the lateral surface of the piles. At the same time,
the angle of internal friction of clayey soil
increased insignificantly, by 1-3 deg [1, 9, 10].
According to the results of static soil probing, it
was found that after pile arrangement the soil
resistance under the probe tip within the length of
the arranged pile gc increased 1.5-2.0 times and
amounted to 1.5-2.2 MPa. Soil resistance on the
lateral surface of the probe f. within the depth of
the pile increased by 1.4-1.5 times. Based on the
results of studies of soil properties, lithologic
structure of the foundation and other parameters,
the soil conditions of the test sites under
consideration were evaluated [20, 22].

Assessment of the technical condition of foun-
dations. For reconstructed buildings, the condi-
tion of foundations shall be established based on
the results of inspection, including the examina-
tion of the base soils and verification calcula-
tions [1, 12]. Based on the results of the work
performed, considering the identified defects,
damages and verification calculations, their
technical condition can be assessed in accord-
ance with the requirements of GOST 31937-
2011 and other technical literature [13, 14].
Since 2011 there have been 4 groups for as-
sessing the category of technical condition of
building structures, including base soils, ac-
cording to GOST 31937-2011 in Russia. Ac-
cording to this standard, load-bearing building
structures and foundation soils may be in:
normative technical condition, serviceable
condition, limited serviceable condition and
emergency condition.

Test results of injection piles and justification
of their bearing capacity. Tests of injection
piles were carried out in accordance with GOST
5686-2020. Analysis of the results of injection
pile tests allowed to reveal the nature of their
operation performance under load. For example,
in the considered tests at pilot sites (Kemerovo,
Tomsk) it was found that for injection piles with
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injectors without tips (Fig. 6) the bearing
capacity Fa was the lowest. For piles having
injectors with bottom end extensions in clayey
soils their bearing capacity Fq increases.
Significant increase of up to 20-30 % and more
in the bearing capacity Fq of injection piles was
detected if the diameter of the widening Dy
exceeded the injector diameter D by a distance
C=(0.37-0.4)D.

To substantiate the bearing capacity of injection
piles, the requirements of regulatory documents
and technical literature (SP 24.13330.2021;
Mangushev R.A. et al., 2015; Handbook of
Geotechnical Engineering, 2023; Polishchuk
A.L et al., 2023) have been utilized. The value
of external load N = Fq4, which corresponded to
their settlement equal to 10 mm, was taken as
the bearing capacity Fa of injection piles at the
pilot sites in the cities of Kemerovo and Tomsk
[1]. In the absence of data on in-situ tests of
piles, their bearing capacity can be determined
using formulas and methods presented in
regulatory and technical documentation and
publications of authors [2, 9, 14, 15, 16, etc.].

Loading assessment of strengthened founda-
tions. Loading assessment of strengthened (com-
bined) foundations means the analysis of initial
data and calculation results, which reveals the
compliance of their design solution with the cur-
rent loads (N, M, Q) and ground conditions of
the construction site of the building being recon-
structed [17, 18]. During the loading assessment,
verification calculations are first performed for
shallow foundations before they are strengthened
(before the building is reconstructed). In particu-
lar, the design resistance of the compacted base
soil Rup must be determined and compared with
the pressure at the bottom of the shallow founda-
tions p (p < Rup) before and after reconstruction
[22]. In addition, the foundation settlement S and
its irregularity AS are also determined. If the
pressure p exceeds the design resistance Rup (p >
Rup) or the settlement S or the irregularity of set-
tlement AS of the foundations exceeds the per-
missible limits, the foundation should be
strengthened with piles (“strengthened founda-
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tion”) [9, 19]. The strengthened foundation is
then designed [7, 14, 22].

Verification calculations of the final settlement
of the foundation S strengthened by injection
(bored-injection) piles should be performed
according to the requirements of SP
22.13330.2016. The engineering calculation
method developed by the authors can also be
utilized, according to which the foundation
settlement Sreq (mm) of the reconstructed
building is determined considering the nonlinear
relationship between stresses and deformations in
the soil [2, 21, 23] using the formula:

Srec= So "knt Sf(ktech - 1), ()

where S, is the final settlement of single injection
piles (injection pile), mm [19, 20]; S is the design
settlement of the existing shallow foundation
(before strengthening with piles), determined by
calculation mm; ko, = 1.01 —1.13 is the
coefficient, which takes into account soil
displacement (settlement) due to soil shrinkage
along the borehole walls during injection pile
installation; k,, = 0.93-0.98 — coefficient, which
takes into account the data on the change in the
stress state of the soil in the basement under the
bottom of the slab part of the foundation after the
installation of injection piles.
Thus, the proposed sequence of actions in the
design of foundation reinforcement with the use
of piles (injection, bored-injection) allows to
properly organize the main stages of work of
specialists and create an effective design
solution that ensures its reliable operation for
reconstructed buildings in clay soils.

CONCLUSIONS

1. The paper provides data on the performance
of reinforced concrete foundations formed from
shallow foundations when their slab part is
reinforced with injection or bored-injection piles
of 3...8 m length. The scope of application of
the considered structural solutions of
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foundations extends mainly to reconstructed
buildings in clay soils, including weak soils.

2. It has been found that injection and bored-
injection piles made of fine-grained concrete are
now increasingly used for strengthening
foundations of reconstructed buildings. In
particular, the introduction of injection piles was
carried out at the objects of reconstructed
buildings in Tomsk and Kemerovo (2005-2008),
and bored-injection piles at the objects in Sochi
and Krasnodar (2020).

3. The proposed engineering method for
calculating  settlements  of  foundations
strengthened by injection, bored-injection piles
@h)clayey soils can be used for the conditions of
building reconstruction. The method allows to
account for the displacement (settlement) of the
soil from the external load at the locations of
wells and data on the change in the stress state
of the foundation soil under the bottom of the
slab part of the foundation.
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