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Abstract. The review article analyzes the results of research and application of
various types of pile structures as part of hydraulic structures, including hammered,
bored, tongue-and-groove piles. The results of the analysis of the study of foreign and
domestic experts have shown the effectiveness of the use of piles in hydraulic
engineering. The applications of piles as anti-filtration curtains of dams, for blocking
riverbeds, the base of trough channels, aqueducts, mooring, embankments, fencing,
shore-strengthening and other hydraulic structures are described. The features of the
work of various types of driven piles (prismatic, wedge-shaped, conical, tongue-and-
groove) and pile foundations of various hydraulic structures (trough channels,
aqueducts, mooring, embankments, fencing, shore-strengthening, etc.) are
considered. structures). The use of bored piles in the construction of the base of
various hydraulic structures is described. The overall dimensions of the well piles for
the installation of drilling piles are given. The distinctive features of various
hydraulic structures on pile foundations under the influence of static, dynamic and
special loads are revealed. Methods for calculating the parameters of immersion,
deformability, stability and bearing capacity of piles and pile foundations are
considered, which allow taking into account the patterns of their joint work with
hydraulic structures. The analysis of the study shows a number of positive examples
of the use of piles as part of hydraulic structures: cost-effectiveness, manu-
facturability, quickness and efficiency, etc.
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IUAPOTEXHUKAJIBIK KYPBLIBIMIAP KYPAMBIH/IA
KAJIAJIAPJIBI MAMJIAJIAHY KOHE 3EPTTEY
HOTWKEJIEPIH TAJIJIAY

U.M. Bexdacapos!, H.A. [llanmadaes’* ®

'M.X. lynatu ateiagarsl Tapas eHipnik yausepcureri, 080012, Tapas, Kasakcran

Anpatna. [llony maxanacoelnoa eu0pomexHuKaivlk Kypaieimoapobly Kypambl-
HOa&bl Kaoanap KyYpolibIMOAPbIHbIY PMYPAi MypJepin 3epmmey HCoHe KONOAHY
Hamudcenepine manoay Hcacanowvl, OHblY iwiHoe Kadanap, OYpavliay, wnyHm, 0ypaul-
nan-kecy Kaoanapwl. Lllemenoix scane omaHOblK MamManoapovly 3epmmey HIMudice-
Jiepi 2uOpPOMexXHUKAIbIK KYpuliblcma Kaoaiapovl KOJLOAHYObly MUIMOLIICIH Kepcemmi.
Kaoanapowvr 6ecemmepoin cyzeice Kapcol nepoenepi peminoe, 63eH ApHANLAPbIH, HAYA
APHANAPBIHLIY, CY KYObIPIAPLIHbIY, AULAK, JHCA2ANAY, KOPULAY, HCALANAYObl HbIeAlM)
Jicone Oacka 0a 2UOPOMEXHUKANLIK KYPblLIblCmapoblly He2i3iH Jcady YuliH KOLOAHY
cunamman2an. Opmypii 2UOPOMEXHUKANLIK KYPbLIbICMApObly (Haya apuaniapul, cy
KYOwipaapul, auiiak, H#a2aniay, Kopulay, Hcazanayovl Hul2aumy HcaHe m.0. KYpblibvl-
cmap) apmypni munmezi Kadanapowvly (RpUsMaAmuKaiblk, cblHa mapizoi, KOHYCMbIK,
minoik, mindik) JHcoHe KaOaiapovly ipeemacmapulHblly JHCYMbIC epeKulenikmepi
Kapacmuipbliean. Op mypii 2uOpOMeXHUKAIbIK KYPbLIbICMAPObIY, He2i3iH Caly Ke3iH-
Oe Bypevinay xadanapwin Kondamy cunammanean. bypevinay xadanapvin opnamyea
APHANRAH YHRBIMANAD KAOANAPLIHLIY JHCAnsl oauemoepi kenmipineed. Cmamukanvix,
OUHAMUKATILIK JCIHE epeKule JcyKkmemenepee Yublpazan Kezoe Kaoaiapobvly ipeema-
CMapviHOagbl aPMYpPii SUOPOMEXHUKATLIK KYPbUIbIMOAPOblY AUPbIKUA ePeKUleniK-
mepi anvikmanodevl. Kaoanap men xadanapowiy ipeemacmapuvinwiy Oe@opmayusia-
HYbIH, MYPAKMbLUILIELIH JICOHe Komepeiwmicin bamvlpy napamempiepin ecenmey
a0icmepi Kapacmuipwvliaovl, OY1 01apobly SUOPOMEXHUKAILIK KYPbLILIMOAPMeH Oip-
JIeCKeH JHCYMBICLIHBIY 3AHObIILIKMAPLIH  ecKepy2e MYMKIHOIK Oepedi. 3epmmeyoi
manoay 2uOpOmMexHUKaIblK KYpoliblCmapobly KYpPamblHOA KAO0anapobl KOAOAHYOblH
Oipkamap HcagbiMObl HCAKMAPLIH KOpcemeoi: YHeMOLLIK, MeXHOLOSUSIbLIbIK, Me3
CANLIHAMBIH HCIHE NePCNEeKMUBANBIK HCaHe M. O.

Tyiiin ce3nep: [ uopomexnukanvik Kypwiivic, Oypeviiama Kaoaiapwl, Oypaol-
Jay-Kecy Kaoanap, KagbliMabl Kaoaiap, WnyHmMmmelx Kaoaiap, HCyK Kemepaiumici,
9Hep2Usl CHIULIMOBLIBIYL.
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AHAJIN3 PE3YJIBTATOB UCCJEIOBAHUM U TPUMEHEHUS
CBAHM B COCTABE T'H/IPOTEXHUYECKHUX COOPY KEHUU

W.U. Bexbacapos!, H.A. Illanmacaes* ®

!Tapasckuii pernonansHbi yauepcureT um. M.X. ynartu, 080012, Tapa3, Kazaxcran

AHHOTAUUSA. B 0030pHOl cmambe 8bINOIHEH AHAIU3 Pe3YIbMAaAmos Uccied08a-
HUSL U NPUMEHEHUS. PA3TUYHBIX 8UO08 C8AUHBIX KOHCMPYKYULL 8 COCMA8e 2UOPOMEXHU-
YeCKUX COOpYHCeHUll 8KIYas 3a0usHvle, OYpoHabUBHble, WNYHMOBble, OYpOCceKyuue
ceau. Pezynomamol ananuza ucciedosanuii 3apyOediCHbIX U OMeYecmeeHHbIX Cneyua-
JUCMOB8 NOKA3ANU IPDeKMUBHOCMb NPUMEHEHUs. C8All 8 2UOPOMEXHUYECKOM CIMPOU-
menbcmee. Onucanvl NpUMeHeHUs C8atl 8 Kawecmeae npomueoYuIbmpayUoOHHbIX 3a6ec
NIOMUH, O NEePeKPblmusl pyceil peK, OCHOBAHUU JIOMKOBbIX KAHANO08, AKBEOYKOS,
NPUYATILHBIX, HADEPEIICHBIX, 02PAOUMENbHbIX, Depe2oyKPeniauux u opyeux cuopo-
MexHuyeckux coopyxcenutl. Paccmompenvl ocobennocmu pabomol paziuyHuix U008
3aOUBHBIX C8All (NPUSMAMUYECKUX, KIUHOBUOHBIX, KOHYCHBIX, WUNYHMOBLIX) U CEAUHBIX
@yHOaMEHMO8 U3 HUX PA3IUYHBIX 2UOPOMEXHULECKUX COOPYIHCEHUN (IOMKOBbIX KAHA-
J108, AK8EOYKO08, NPUUATbHBIX, HADEPEICHBIX, 02PAOUMENbHBIX, Oepe2oyKPenisiiouux u
op. coopydicenuti). Onucano npumerenue 6YPOHAOUBHLIX C8ALl NPU YCMPOUCMEe OC-
HOBAHULL PA3IUYHBIX 2UOPOMEXHUYECKUX coopyacenull. Ilpueedenvt cabapummbvie
pazmepvl céaily CKANCUH O YCmpoucmea OypoHaOusHwix ceall. Bviaenenvl omu-
yumenbHvle 0COOCHHOCMU PA3TUYHBIX SUOPOMEXHUUECKUX COOPYIHCEHUN HA CEAUHbIX
@dynoamenmax npu 6030eUcmeuy CmMamuidecKux, OUHaAMU4eCcKux U 0CoOeHHbIX Hazpy-
30K. Paccmompenvt memoowvl pacuema napamempos nozpysicenusiss 0eqopmupyemo-
cmu, yCmoudugocmu u Hecyuell CHOCOOHOCMU C8all U CEAUMHbIX (PYHOAMEHMO8, NO3-
gossIIOWUe YUUMbBIBANb 3AKOHOMEPHOCIU UX COBMECMHOL pabomul ¢ 2UOPOMexHuye-
CKUMU COOpYHCEHUAMU. AHATU3 UCCIe008aHULl NOKA3bIBAEN PO NOJONCUMENbHBIX
NPUMYWEeCms NPUMEHEHUs. C8All 8 COCMABE 2UOPOMEXHUYECKUX COOPYIHCEHULL: IKOHO-
MUYHOCMb, MEXHOLOUYHOCTb, DLICIMPOBO3800UMOCYH U NEPNEKMUBHOCb U Op.

KuioueBble ci10Ba: cuopomexnuueckoe cmpoumenbcmeo, 6ypoHadbusHas ceas,
bypocekywas ceas, 3a0U6HAs C8Asl, WNYHMOBAsL C8Asl, HeCYWds CNOCOOHOCb, dHep-
20eMKOCHIb.
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1 INTRODUCTION

Pile structures are widely used in the construction of hydraulic facilities for various purposes.
In many cases, this is the only possible rational solution for such structures erected in unfavorable
engineering-geological, natural-climatic and cramped conditions (

). In hydraulic engineering construction the most widespread are
bored piles, secant drilled piles, driven piles and tongue-and-groove piles. The results of studies and
experience of their application for the construction of a number of hydraulic structures are
considered below.

2 APPLICATION OF BORED AND SECANT PILES

Research results and peculiarities of designing, calculation and arrangement of bored piles for
erection of hydraulic facilities are reflected in works of Kruglitsky N.N., Milkovsky S.I,
Skvortsov V.F., Sheinblum V.M., Fedorov B.S., Smorodinov M.I., Baranov A.E., Pridanova O.V.,
Vdovenko A.V., Mityunina G.P., Unaibaev B.B. and etc.

The most widespread application of bored piles in hydraulic engineering construction is their
use as an impervious dam barrier. For the first time such a barrier drilled was arranged in 1948
during the construction of the Haleys Dam in the California, USA (

). A similar method of dam impervious blanketing was developed in the former
USSR by the Gidrospetsstroy Trust. This method was implemented by Soviet specialists in 1959
during the arrangement of the foundation of Sherubai-Nurinsk (Churubai-Nurinsk) reservoir of
Karaganda State District Power Station-II. In subsequent years the impervious curtains from bored
piles were also successfully erected in the foundation of the dams of the Yerevan HPP (Armenia)
and Sion HPP (Georgia) ( ).

Pile structures of these first impervious curtains are arranged by preliminary drilling of holes
with diameter of 0.6-1.0 m and their subsequent filling with concrete. In order to form a continuous
pile wall, the works were carried out in two stages ( ). The first
phase of works included preparation of wells at a certain distance and their concreting. In this case,
the distance between the wells of the first phase was taken no more than their diameter. The second
phase of works consisted in drilling wells between the prepared piles and concreting them. As a
result, a solid wall of bored piles of the required length and depth was made. So the length of the
pile wall-curtain of Sherubay-Nurinsk dam made 950 m, and its depth - 23 m. The curtain under the
dam is arranged in sandy-pebble soils with a thickness of 7-40 m. At the Yerevan and Sion
hydropower plants the depth and length of the impervious curtains were smaller.

Drilled piles are often used as foundation structures for a number of hydraulic facilities. So
foundations made of two rows of bored piles are arranged under the supports of the Zaragskaya
HPP water pipeline. The length of the water pipeline is 649 m, and the inner diameter of the pipes is
7.5 m. Each 40-meter long section of the water pipeline weighed 150 tonnes. The use of bored pile

foundations helped to reduce uneven settlements of the structure ( ).
Bored piles were also arranged at the base of the foundation slab of the head of the bottom
spillway - the outfall of the Yumaguzinsky waterworks ( ). At this site, piles

with a diameter of 0.5 m and a length of 20 to 44 m were used, which increased the bearing capacity
of the foundation and eliminated the appearance of uneven settlements of the foundation.

( ) during the construction of Yumaguzinskiy waterworks along with the
developed anti-cast measures to ensure stability and durability of the tower water inlet, it was
proposed to install redundant bored reinforced concrete piles in its base. This design proposal
implemented at this site was aimed at increasing the level of safe operation of the structure in
conditions of karst manifestations. The results of the relevant monitoring have confirmed the
effectiveness of the adopted solution.

80



QazBSQA Xa6apumbicel. Kypbuibic. Ned (90), 2023

Traditionally, bored piles used in the construction of buildings and structures are made of
concrete and reinforced concrete. Pridanova ( ) performed experimental and theoretical
assessment of the possibility of using bored piles made of ash-and-slag mixtures as part of hydraulic
structures. The use of ash-and-slag mixtures as the material for bored piles gives them undeniable
advantages in comparison with traditional concrete piles. Indeed the increase of ash-and-slag
material durability in the course of 15-20 years increases the bending (by 30-35%) and compressive
(40-50%) strength of pile structures. This in turn improves the carrying capacity of piles. It is also
significant that in the manufacture of these piles is not required the use of traditional building
materials such as sand and gravel. The bored piles made of ash-and-slag mixtures are recommended
to be used to reduce the active pressure of backfill soil on the quay embankment walls. The research
showed that the arrangement of pile rows in the backfill back body (in the reversal prism area)
relieves the quay sheet wall, reducing the efforts in its anchor rods by 14%, deflections - by 27%
and displacements of the wall top - by 17 mm. Thus, the use of ash-and-slag bored piles reduces the
stress-strain state of the quay walls and contributes to improving the environmental safety of areas
with ash-and-slag wastes.

Specialists ( ) recommended to use a diaphragm made of
bored piles instead of concrete bored piles, but of bored piles made of clay-cement concrete for the
arrangement of the impervious element of the rock-fill cofferdam. Such decision is substantiated by
the results of the studies on the stress-strain state of the concrete diaphragm under the action of
seismic forces. It is established that the effect of horizontal seismic load increases bending
deformations of concrete diaphragm and causes the appearance of tensile stresses in it, which may
exceed the tensile strength of concrete piles. The most dangerous (vulnerable) place of the
diaphragm under the action of seismic load is the conjugation zone between the piles and the rock
foundation. For this reason, the authors have proposed to increase the slip resistance of the
diaphragm by means of a special "cushion" of glycement concrete to connect it with the rock
foundation.

In the practice of hydraulic facilities construction and research there is an experience of using
bored piles for overlapping river channels, providing preservation and stability of slopes, banks,
hillsides, etc. For example, 25 cm diameter bored piles were used to cover the Huanhe River bed
(China). The pile row is arranged for the whole length of the river bed with the length of 28 m. The
lower ends of the piles were sunk 2.0 m into the bedrock. The piles have been strengthened with
metal chocks and anchored into the river bank to increase their settling ability (

( ) presented a variant of anti-slide structure from bored piles.
The peculiarity of this design is that the bored piles are interconnected by two tiers of inclined slabs
that perform unloading functions. To ensure stability, the piles are anchored with steel ties
embedded in ground anchors at the bottom of the slope. At the top of the slope, the piles are secured
with wedge-shaped anchors. Unloading plates are threaded onto the piles through holes in the piles
and fastened to them by means of embedded parts. In contrast to the driven pile structures, bored
piles as part of the landslide prevention and shore protection structures can be arranged in cramped
conditions, with the exclusion of industrial noise and shock and vibration effects on the subgrade
and nearby objects ( ).
( ) are described the results of studies on the arrangement of bored piles
in the base of the retaining wall, erected on the Koktobe mountain (Almaty). Piles with a length of 4
m and a diameter of 0.4 m are arranged with a protective silicate shell in saline soils. Comparative
experiments revealed that the bearing capacity of piles with a protective silicate shell in 2.5-3.2
times higher than the bearing capacity of conventional bored concrete piles. It is also found that the
process of moistening of saline soils causes a decrease in the bearing capacity of bored piles under
the static indentation load. Furthermore, for piles with a protective silica casing the share of bearing
capacity reduction is 8.9%, and for the conventional pile - 27.7%. The bored piles with a protective
silicate shell, giving a higher bearing capacity, are recommended for use in saline silt-clay soils.
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Along with the traditional bored piles in hydraulic engineering construction, for the erection
of impervious barriers and elements, secant piles are also successfully used, which can be referred
to their varieties. Secant drilled piles, like bored piles, are arranged in two technological stages, but
differ in size and are made with a partial overlap of the cross sections of the neighboring piles. The
reinforcement of such piles can be volumetric or rigid (from profile elements). Both concrete and
other materials are used as pile filler.

( ), ( ) the first experience in the
use of bored piles in Russia is outlined. So, in 2016, for the arrangement of the impervious element
in the form of a diaphragm of the stone-and-earth dam of the Nizhne-Bureisk HPP, the bored piles
were used. When constructing the diaphragm, 417 main wells and 47 additional wells were drilled
and filled with clay-cement concrete. The height of the bored piles from the specified filtration-
resistant material, within the dam, was 37 m. The thickness of the diaphragm was 1.2 m. The lower
ends of the piles were sunk into the rocky soils. The piled diaphragm was arranged instead of the
dam core of loamy soil.

The effectiveness of using clay-cement concrete as a material for pile impervious diaphragm
is confirmed by studies of ( ). The authors found that the type and
properties of the diaphragm material have a significant impact on its resistance to bending under the
action of hydrostatic pressure. It was found that in the bored pile diaphragm made of clay-cement
concrete tensile stresses at its bending are not manifested (at the strain modulus of clay-cement
concrete less than 1000 MPa). At the same time, this ensures reliability and stability of the dam's
impervious elements.

The use of bored piles in construction, including hydraulic engineering construction, is known
to have limitations, which are primarily related to the depth of their installation. So the depth
(length) of bored piles traditionally does not exceed 30-40 m. At greater depths it is difficult to
ensure the integrity of the pile shaft. Therefore, the use of bored piles for impervious elements of
high dams is a great risk, which often leads to rejection of their use. Considering this circumstance,
the specialists of JSC "Gidrospetsproekt" suggested to arrange a multilevel impervious diaphragm
during the construction of Gotsatlinsk HPP (Russia) with a height of 69 m (

). According to the idea of experts, such a diaphragm should consist of several pile tiers (rows)
in height. The lower tier of bored piles is sunk into the soil base, and each subsequent pile tier is
arranged with the surface of a monolithic slab that is laid on top of the underlying pile tier. The
height of each yard should not exceed 30 m. Both bored piles and the slabs between them are
proposed to arrange of clay-cement concrete. Researches (

).

Specialists (

), including numerical modeling, established that the use of multilevel and one-tier
impervious elements of bored piles made with the use of soil-cement concrete increases their
reliability. The closer the material of bored piles is to the ground of the dam in terms of
deformability, the higher the operability of impervious diaphragms.

The dependence of deformability and hence the serviceability of pile impervious elements on
the properties of clay-cement concrete led to the conduct of ( ) a set of tests of
samples of different composition of clay-cement concrete, called by them composite materials.
Studies were carried out to select the optimal composition of composite material for bored piles
according to its physical and mechanical characteristics exhibited in the design of Gotsatlinsk dam.
It was found experimentally that the composite material which includes sulfate-resistant Portland
cement 400, crushed stone with a fraction of 5-10 or 5-20 mm, washed sand with grain modulus
3.32, bentonite clay powder PBN, powder sodium lignosulfonate and superplasticizer C-3 is the
most rational for bored piles. The cement consumption should be 180 kg/m?. To verify the results of
studies, as well as to refine the technology of manufacturing bored piles, experts have also carried
out pilot works. The results of the works showed a good borehole filling with the optimal
composition of the composite material as well as its sufficient density and strength.
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The results of studies on the composition and properties of clay-cement concrete for pile and
trench impervious elements of dams are presented by Radzinsky (2014). Based on the analysis of
experimental results and data of some foreign specialists, the author states that the amount of
cement used to produce clay-cement concrete piles should be not less than 100 kg/m?* and not more
than 200 kg/m>, and the amount of bentonite clay - not less than 15-20 kg/m? and not more than 100
kg/m>. It has been revealed that instead of bentonite clay, ordinary clay, or its mixture with
bentonite clay, can be used. It is also noted that with stronger compositions of soil-cement concrete
in piles there is an increase in vertical operating stresses, almost 5-7 times. This is caused by a
higher deformation modulus (100 MPa and higher) of strong pile material compositions. The results
of the study show that for large values of the filtration coefficient of foundation soils it is advisable
to use bored piles.

Secant drilled piles, in addition to the arrangement of the impervious elements of dams, are
also used for the construction of protective structures of hydro-technical facilities (Rus Hydro
Dagestan branch). Thus, during the construction of the Zaramagskaya HPP-1 in the Republic of
North Ossetia, the bored piles are used for the construction of the enclosing wall. This pile wall is
designed to protect the excavation of the HPP building from filling with water during construction
and installation works. The wall was erected as an integral structure of 580 concrete piles ranging in
length from 9 to 40 m (Fig. 1). During the construction of the mentioned HPP the bored piles were
also used as foundation structures of the retaining wall. More than 500 piles with a length of 24 m
were installed under the retaining wall. The retaining wall was erected as a protection structure of
the hydropower plant building from rockfall.

Figure 1 — Installation of secant drilled piles to protect the excavation of the Zaramagskaya HPP-1 building
https://osetia.rushydro.ru/hpp/zaramagskaya-ges-1/

Secant drilled piles used as the main load-bearing structures of dams' impervious elements
may be damaged during operation in the form of cracks, spalling, etc. This may be caused by
changes in the temperature regime of dams, the impact of seismic loads and a number of other
natural and man-made factors. Kotlov et al. (2014) and Orishchuk (2019) present the results of
studies on self-healing of secant drilled piles of impervious diaphragms of soil dams. It is proposed
to fill inclined and horizontal cracks in the shaft of piles by means of a special protective (healing)
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layer of sand along their lateral surface. When opening a crack in the pile, sand from the healing
layer gets (washed) into the crack and moving inside it fills its cavity. On the reverse side, the crack
is closed by the material of the downstream transition zone of the dam. As a result of field
experiments, facts of washing out (filling) of holes in the body of diaphragm piles to the depth of
33-44 cm were fixed.

Drilled secant piles in hydraulic engineering construction are used not only in the construction

of new facilities, but also in the liquidation of emergency situations of operating structures.

( ) the peculiarities of arrangement of an impervious diaphragm made of
bored piles at the emergency section of the Kureyskaya HPP dam are considered. At this section,
the core of the dam was in extreme cracking condition, which was the reason for repair works.
Works on clay concrete piles were performed from the crest of the dam. Piles 35 m long crossed the
core of the dam, cut through mesko-grained sands at the base of the dam and were sunk 3-5 m into
dense loamy and sandy loam soils. Piles were built using casing pipes. The length of the
constructed diaphragm was 140 m. The impervious diaphragm made of bored piles was made
without reducing the water head acting on the dam.

In the whole on the basis of the results of researches of Russian and other foreign scientists
the specialists of “Vedeneev VNIIG” JSC together with the specialists of JSC "Lengidroproekt"
developed recommendations for design, calculation and construction of impervious elements of
clay-cement concrete bored piles ( ( ). The publication of these
recommendations allowed to systematize and regulate the issues related to the use of bored piles as
part of ground dams.

3 APPLICATION OF DRIVEN PILES AND TONGUE-AND-GROOVE PILES

The issues of research and application of driven piles and foundations made of them for
hydraulic facilities in different years were dealt with by many scientists, among them it should be
noted Kovalev V.A., Abdul Karim S.R., Kaganov G.M., Kubenov R.T., Kadirov O., Glagovsky
B.B., Bakhtin B.M., Bekbasarov L.I., Usmanov R.A, Salimov S.V., Korovkin V.S., Rakharinusya
A.P., Kostromin F.S., Sosnin S.A., Shekhovtsev V.A. A brief overview of their research results is
presented below.

( ) considers the issues of improving the reliability, as well as reducing material
costs and reducing the duration of construction of flume channels and network HS constructed on
subsident loess soils, through the use of pile foundations of piles of different longitudinal shape.
The prismatic, wedge-shaped and cone-shaped reinforced concrete piles with a length of 3-5 m
were the object of research. Experimental piles were tested for the action of vertical indentation and
horizontal loads. The author conducted a total of 27 experiments with twofold repetition, which
indicates the sufficient reliability of the results. Experimental studies have shown that the bearing
capacity of piles in subsidence soils largely depends on the compaction of soil around the pile
during its driving. This is how, when driving a prismatic pile, the width of soil compaction zone in
the upper part reached 10-15 cm and in the lower part - 35-40 cm. The maximum width of the soil
compaction zone was 150 cm under the pile tip. The dimensions of compacted soil zones around the
lateral surface of wedge and cone piles were larger than those of prismatic piles. Based on the
results of static testing of piles, it was found that the resistance on the lateral surface of wedge and
cone piles is up to 50% greater than the same resistance of the prismatic piles. Considering the
identified features of the behavior of piles of different shapes, developed and proposed a method for
calculating their carrying capacity in subsidence soils.

In addition to the experimental assessment of the carrying capacity of piles of different forms
Kovalev V.A. conducted systematic long-term observations (over 15 years) of deformations of pile
foundations of water-conducting flume channels. It was found that deformations (settlements) of
flume structures on traditional supports are more than 20 cm, and on pile foundations - less than 3-4
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cm. These data testify to the reliability of pile foundations. The author proposed a methodology for
calculating the deformations of flume channels and network HS on pile foundations. The method
allows to take into account the joint work of piles with the surrounding soil. The reliability of pile
foundations in subsidence soils is shown, as well as the possibility of saving construction materials
and reducing the construction period due to the use of pile foundations.

( ) studied the behavior of piles and pile foundations of hydraulic facilities
in subsidence soils, taking into account the negative friction that occurs along the side surface of
piles during their settling due to soaking of the soil with water. On the basis of theoretical studies
the author has developed a generalized method of calculating the carrying capacity and settlement
of piles, taking into account the forces of negative friction. To match the calculated and
experimental results, coefficients characterizing interaction of the pile with the surrounding soil
have been introduced into the method. We have obtained tabular values of these coefficients that
allow to perform a preliminary calculation of piles bearing capacity. The developed method was
tested as applied to the pile foundation of an aqueduct prohibited in loess subsidence soils.

( ), ( ), ( ) presents the results
of studies of the operation of pile foundations, which he considers as foundations of multi-arched
low-pressure dams. Studies carried out on the models allowed to reveal that the strength of piles and
strain-strain characteristics of soils of nonrock foundation of dams affect the carrying capacity of
piles and the fractibility of pile cross-sections. Thus, it was found that under the action of horizontal
load, the strength of the pile material has a significant impact on the bearing capacity of the flexible
pile. It was found that an increase in the tangent angle of internal friction of loose sand by 60% (due
to the addition of a rubber crumb) causes an increase in the bearing capacity of piles with a free
head by 25%. A similar pattern is typical for a pile with a pinched head. However, the bearing
capacity of the pile with the pinched head part is 25-30% higher than the bearing capacity of the
pile without pinched head part. The experiments revealed a qualitative picture of the failure process
of piles in the rooftop. Failure of piles in the rooftop occurred with the formation of more often two
and less often one "plastic joint" along their length. The first joint was formed in the area of pile
embedding in the ridge, and the second - at some depth from the bottom of the ridge. And the
collapse of all piles in the dike occurs simultaneously. Based on the minimum values of horizontal,
vertical and angular displacements, it was found that the more preferable of the pile foundations are
foundations in which the piles are not arranged vertically and not inclined, but according to the
gantry scheme, when the lower ends of the piles are spread in opposite directions.

( ) presented the fact of unsuccessful application of driven piles in subsidence
soils under the network hydraulic structures of South Kazakhstan. Since the author points out that as
a result of unexpected subsidence occurring in the medium subsidence soils of the Kzyl-Orda
region, there was a massive destruction of the flume irrigation network built on driven piles. The
flume structures, built in 1984, almost a year later turned out to be unusable due to excessive
uneven subsidence deformations of pile supports. At the same time, the maximum subsidence was
20-40 cm. Costs of repair and restoration of flume structures almost 1,5 times higher than the cost
of new construction of similar structures. Proceeding from the described negative fact it has been
suggested to consider subsidence in the design of structures on subsidence soils as one of the
mandatory design situations of the first group of limiting states.

( ) carried out studies of combined dams on models in which the head is
arranged through from driven piles-shells, united by a rostrum. It is noted that combined dams, due
to the presence of through part (of piles), in comparison with deaf dams have a smaller depth of
erosion during operation. This is due to the passage of some water through the through part of the
dam (through the space between the piles). Another important advantage of such dams is the use of
prefabricated piles, the use of which reduces construction time and improves the quality of works.
The optimal ratio of the size of the blind part of the combined dam to the size of its through part
was established by the author.
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( ) developed and proposed methods for static and dynamic calculations of
foundations of power and hydraulic structures. The author has developed a technique for
determining displacements and rotation angles of shell piles in stratified soils. On the basis of this
technique, a program for calculating similar parameters of piles has been compiled. The results are
obtained on the basis of the theoretical solution of the problem about the deformation of the pile-
shell under the action of the horizontal load considering the elastic-plastic model of the foundation
soil. A method for calculating the load-carrying capacity of drawn piles widely used for securing
offshore hydraulic structures has also been developed. Estimated effect on the bearing capacity of
drawn piles of such factors as the size of piles, the depth and direction of application of the load on
them, as well as the heterogeneity of soils of the base has been carried out. In addition, based on the
results of the studies performed, a method of calculating the deformations of the pile foundation of
a turbine unit, which allows taking into account its stiffness in the upper part, as well as the pile
interaction features in the foundation.

( ) presents the results of studies on the dynamic interaction of non-soil
and soil elements of hydraulic structures erected on piles in seismic areas. The issues of optimal
modeling of piles are considered in the studies. New criteria for modeling of pile structures
allowing to increase reliability of research results are offered. The hypothesis describing the
character of work of the system "pile-soil" under the action of dynamic load is also offered. The
correctness of the hypothesis is confirmed by the results of tests of natural and model piles. It was
found that the ratio of pile length and diameter has a direct impact on the accuracy of the results
obtained. The optimum ratio of these pile parameters is determined, in which the discrepancy
between the calculated and experimental data does not exceed 25%.

( ) reviewed the issues of piling and pile foundations for linear hydraulic
structures such as aqueducts, mudflows, pipelines, flume structures, etc. The author took as an
object of research the driven reinforced concrete prismatic piles of continuous section. On the basis
of experimental and theoretical studies the author has developed and implemented a methodology
of rational arrangement of reinforced concrete prismatic piles and pile foundations of them for
supports of water and mud structures. The use of the method allows to design the pile foundations
of structures taking into account the integrity of concrete piles when driving them, achieving their
required carrying capacity and depth, as well as the sufficient capacity of hammers used for pile
driving and a number of other important factors. The technique includes calculation methods,
allowing to determine such parameters of pile-driving process as compressive stress in their head
part during hammer strikes, hammer impact energy during pile immersion, the height of the
protruding surface of the near-pile soil during pile-driving and a number of other parameters. The
economic analysis of designs of a foundation part of water conducting hydraulic structures is
carried out, by the results of which the correlation dependences are offered, allowing to carry out an
operative estimation of cost of arrangement of pile foundations for such constructions. The main
results of researches are included in some republican normative-technical documents on pile
foundation construction.

Pile structures are also widespread in port construction, due to the extraction of energy
resources from the seabed and the intensive development of logistics in the field of water transport.
In port construction, driven wooden, steel and reinforced concrete piles are used for the construction
of hydraulic structures ( ). In studies (

), the results of research
and experience in the use of piles in this area are presented.

( ) shows the results of studies to assess the load-carrying capacity of
eccentrically compressed two-layer tube-cement piles under short-term and long-term loads. The
piles were used as anchors and were intended for supporting marine hydro-technical structures.
Along with the theoretical studies the author conducted and full-scale experiments using 38 samples
of two-layer pipe-cement piles. Samples of piles were made of two pipes, external and internal. The
diameter and thickness of the outer tube was respectively 159 and 6 mm, while the diameter and

86



QazBSQA Xa6apumbicel. Kypbuibic. Ned (90), 2023

thickness of the inner tube was respectively 114 and 7 mm. The length of the pile samples was
taken to be 1.0, 2.6 and 3.4 m. Two-layer pipe-cement pile specimens were filled with tamped
Portland cement in two variants (in the first variant completely, and in the second variant - only the
interpipe space). Off-center longitudinal and transverse loads were applied to the piles. The
processing and analysis of experimental results show that in case of large eccentricity of load
application the deformation covers the compressed and stretched zone of piles. On the basis of the
obtained data the method of calculation of bearing capacity of two-layer tube-cement piles under
short-term and long-term loads has been proposed.

( ) considered the issues of improving the strength and durability of port
hydraulic structures on a pile foundation. To assess the effect of soil moisture, as well as its freezing
and thawing on the state of the piles, the author conducted seminatural studies on the territory of the
embankment of the Volga Reservoir. On the basis of the research results a calculated method of
predicting the reduction of bearing capacity of the pile base of quay structures, which takes into
account the physical and mechanical characteristics of soils, was proposed.

The author also performed an examination of the Tyumen embankment structures, which
revealed that their pile bases of reinforced concrete piles-shells 60 cm in diameter with wall
thickness of 10 mm had multiple cracks of different nature. At the time of the survey the proportion
of piles with cracks reached 70% of their total number. It was determined that the main causes of
cracking in the piles were temperature changes and freezing of aggregates (hydrophobic mixtures)
of the shell-piles during the winter period.

( ) outlined the features of the use of steel tubular piles with open bottom
end for the construction of port hydraulic structures. It was found that the height of the soil core,
which is formed in the cavity of piles during their immersion, for steel tubular piles is greater than
for reinforced concrete pile-shells, and can reach their immersion depth. The influence of pile
diameter, pile wall thickness and soil density on the formation of soil core in its cavity has been
evaluated. The coefficients of soil conditions under the lower end and on the side surface of the
piles to calculate their carrying capacity using the design resistance of soils have been suggested. It
is recommended to use non-traditional Mises-Botkin strength parameters to determine the carrying
capacity of piles using the strength characteristics of soils. In addition, we obtained dependences
which allow us to determine settlements of steel tubular piles by constructing "settlement-load"
diagrams both with and without using the results of static tests.

( ) presented the results of theoretical and experimental studies aimed at
developing methods for calculating hydraulic structures of gravity-pile type taking into account
their interaction with the soil base. A physical picture of the operation of a gravity pile foundation
in soils of different moisture content has been established. The parameters necessary to assess the
interaction of the foundation and the base under the force impact have been determined. On the
basis of studies wusing various modifications of models of foundations of structures,
recommendations for the assignment of optimal parameters of the pile field, stiffness, conditions of
fixing and location of piles under the foundation slab have been developed. Overall, the conducted
research allowed us to form the basic principles of designing ice-resistant gravity-pile platforms for
the joint action of external force factors under nonlinear soil conditions, as well as to make an
algorithm for their calculation, with consideration of the mutual influence of the slab and piles.

The work performed by ( ) includes studies on the development of a
methodology for calculating the bearing capacity of steel tubular piles used to secure offshore
hydraulic facilities on the shelf. The studies consider several types of anchor-type piles used to
secure platforms in the Arctic shelf of Russia. Using flat models of piles, the influence of pile
diameter, their immersion depth, places of cable fastening and the direction of force on their
carrying capacity was studied. The results of FEM calculations have revealed a 1.7-fold increase in
the carrying capacity of the pile being sucked, if the cable is fixed in its lower part, as compared to
fixing it in the upper part. This effect can be attributed to the movement of the pile in the soil
without turning it around its axis. The experimental and numerical research results testify to high
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carrying capacity of the drawn piles and possibility of their application in marine hydraulic
engineering construction. An author, on the basis of research results, has proposed a methodology
for calculating the carrying capacity of single piles and pile clusters under the influence of
combined loads.

( ) presents the results of studies to determine the strength and stability of
pipe-concrete structures and support blocks of offshore stationary platforms under different loads.
Static and dynamic calculations of TP-4 platform with dimensions of 46x18x0.8 m were performed.
The platform is built on a pile foundation consisting of 28 vertical and 16 inclined piles of 1.22 m
diameter. Piles made of tubular concrete filling, and immersed in the soil to a depth of 27.25 m.

The results of calculations show that TP-4 platform structures are designed with a large
carrying capacity reserve. The author presents design features and examples of suction piles
application for permanent or temporary securing of offshore hydraulic structures at great depths.

A methodology has been developed to assess the carrying capacity of the suction piles. The
possibility of using retractable piles for fixing on the seabed platform designed for one of the
deepwater fields of the Arctic shelf of Russia was substantiated. The influence of pile sizes, the
magnitude of the pile load application point, the direction of the load, as well as heterogeneity of
soils on the carrying capacity of piles has been revealed. The influence of the suppleness of the
bearing layer under the lower ends of the piles on the deformation of the pile foundation of the
platform was also studied. A method of assessing deformations of the pile foundation taking into
account the interaction between the piles and the upper structure is proposed.

Along with driven piles, tongue-and-groove piles are widely used in hydraulic engineering
construction. The main purpose of sheet piles is to be used as boundary constructions to hold back
ground movement or prevent the ingress of moisture. They are also widely used to strengthen the
banks of water bodies embankments and wharfs, as well as to build a number of other hydraulic
engineering facilities (

).

Tongue-and-groove piles are made of metal, reinforced concrete, PVC and composite
materials. The most effective among the reinforced concrete sheet piles are flat reinforced concrete
sheet piles with overall section dimensions of 50x45 cm and wide-striped sheet pile of T-section
width of 1.6 m. The height of these sheet piles can reach up to 24 m ( ).
Composite sheet piles are less common in practice. Composite sheet piles are close to PVC sheet
piles in terms of quality characteristics. The experience of the successful application of composite
sheet piles is presented by ( ). For example, the 22.0 m long anti-filtration
diaphragm of the White River Dam (USA) was built with composite sheet piles, and the breakwater
at the Marina in Austin (USA) was made of composite sheet piles.

On the whole, metal tongue-and-groove piles are the most common of all sheet piles. Their
share in the total volume of tongue-and-groove sheet piles used is more than 50% ( ).
For example, during the construction of the Volgograd hydroelectric power station on the Volga
River, 34,000 tons of metal sheet piles were driven ( ). Steel sheet piles of flat and
trough types (Larsen type) are manufactured in lengths from 8 to 22 m, which allows their use at
hydroelectric facilities. For example, in the area of Pavshinskaya floodplain on the left bank of the
Moskva-river in Krasnogorsk, Russia. Krasnogorsk (Russia) a sheet piling embankment was built
(Fig. 2 (a)). The sewage collector is coupled with the embankment to ensure water outlet. The
junction of the collector with the embankment is accepted in the form of sheet piers made of Larsen 5
UM sheet piles. The openings are covered with a reinforced concrete slab. The overlap is supported
by both sheet piles and steel pipes (426 mm in diameter, 10 mm thick and 10-10.5 m long). The piles
are sunk into the soil backfill of sheet pile openings ( ).

Larsen-5 sheet piles were also used to build a pier at the seaport in Zarubino village
(Primorsky Krai of the Russian Federation) located on the shore of the Pacific Ocean. The wharf
with a total length of 650 m was erected in the form of a shanked metal bolver made of sheet piles
12-15 m deep ( ).
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In Kazakhstan, steel sheet piles of the Larsen-5 type were used during the construction of a
pier at the Kazakhstan Offshore Industries (KCOI) Ltd production base in the Akshukir village on
the eastern shore of the Caspian Sea (Nosenko, 2016) (Fig. 2 (b)). The sheet piles were used to
strengthen the shoreline of the wharf structure. The piles were driven by the domestic company
"UnexStroy" to a depth of more than 5 m. Similar sheet piles were used in the reconstruction of the
river port in Atyrau.

a) b)

Figure 2 — Installation of tongue-and-groove piles on the left bank of the Moskva River embankment in Krasnogorsk,
Russia (a). Krasnogorsk (Russia) (a) https://arcticgs.ru/stati/stroitelstvo-prichalov and on the shoreline
of the Kazakhstan Offshore Industries production base in Akshukir (Kazakhstan) (b)
https://www.instagram.com/p/CU7Af8XILkT/?img_index=1

The issues of improving the design of sheet piles are reflected in the works of Nosenkov O.P.,
Novak Yu.V., Nemololotnov A.G. and others.

Nosenko (2016) developed the "U" shaped profile of the Larsen type sheet pile of increased
carrying capacity. The author proposed a new concept of designing bending sheet pile profiles. In
accordance with this concept, the steel sheet pile profile "Larsen-7H" was patented. Numerical
investigations on prediction of the strength of U-profiles of sheet piles in bending under load have
shown their efficiency in comparison with Larsen-5S steel sheet pile designed in accordance with
Euro standards. It was found that 1 m of the new profile sheet pile wall provides 1.62 times higher
moment resistance.

Novak et al. (2018) conducted work to assess the technical conditions and economic
feasibility of using metal sheet piles as load-bearing elements of hydraulic structures. Analysis of
the research results showed that beam and sheet piles have high strength and their use as elements
of hydraulic structures is a rational solution.

Nemolochnov (2019) presented the results of comprehensive research on the improvement of
sheet piles made of composite material. Laboratory tests of composite sheet piles bending bearing
capacity were carried out. The results of semi-informational tests of the sheet piles as a part of the
retaining wall of the shore protection structure showed that the movement of the sheet pile top
under the horizontal impact reaches up to 4,39-4,47 cm, exceeding the admissible norms. Test
vibro-dipping of sheet piles 8 and 12 m long has defined the limits of their defect-free sinking as
well as the possibility of their use as a bearing structure. The analysis of the stress-strain state of
composite sheet piles under load has determined the permissible stresses in them and the values of
their material elasticity modulus, at which their safe operation is ensured.

89



QazBSQA Xao6apubicbl. Kypbuibic. Ne4 (90), 2023

4 CONCLUSIONS

The presented analysis of research experience and application of pile structures for erection of
hydraulic structures allows drawing the following main conclusions:

1.

Bored piles piles in hydraulic engineering constructions are used as impervious blankets
for dams, for overlapping riverbeds, providing safety and stability of slopes, banks, slopes,
etc. In addition, they are successfully used for construction of bases of hydraulic structures.
In addition, they are successfully used in the construction of bases of hydraulic structures.
The diameter of the piles used is 0.6-1.0 m and the depth is up to 40 m. In recent years, in
addition to bored piles, bored piles are actively used as an impervious blanket for dams, as
well as for the construction of protective structures of hydraulic structures. Such piles are
arranged with a diameter of up to 1.20 m, and a depth of 40 m or more.

. The secant-drilled piles are widely used in hydraulic engineering construction, which are

characterized by such qualities as efficiency, manufacturability, fast construction and
reliability. The features of various types of driven piles (prismatic, wedge-shaped, cone-
shaped) and pile foundations for construction of a number of hydraulic structures (flume
channels, aqueducts, sea and river piers, embankments, fencing, shore protection
structures, etc.) are studied. Methods of calculating parameters of piles and pile
foundations immersion, deformability, stability and bearing capacity, which take into
account the regularity of their joint work with hydraulic structures, have been developed
and used.

. Along with other pile structures, tongue-and-groove sheet piles made of different materials,

including composite ones, are effectively used in hydraulic engineering construction. Steel
sheet piles of different profiles and lengths are most commonly used. Research is
underway to develop new sheet piles that provide high carrying capacity and reliability of
erected structures in the form of piers, embankment fences, slope protection, etc.
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