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

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Геология және 
техникалық ғылымдар сериясы» ғылыми журналының Web of Science-тің жаңаланған 
нұсқасы Emerging Sources Citation Index-те индекстелуге қабылданғанын хабарлайды. Бұл 
индекстелу барысында Clarivate Analytics компаниясы журналды одан әрі the Science Citation 
Index Expanded, the Social Sciences Citation Index және the Arts & Humanities Citation Index-ке 
қабылдау мәселесін қарастыруда. Webof Science зерттеушілер, авторлар, баспашылар мен 
мекемелерге контент тереңдігі мен сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және 
техникалық ғылымдар сериясы Emerging Sources Citation Index-ке енуі біздің қоғамдастық 
үшін ең өзекті және беделді геология және техникалық ғылымдар бойынша контентке 
адалдығымызды білдіреді.

НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и технических 
наук» был принят для индексирования в Emerging Sources Citation Index, обновленной версии 
Web of Science. Содержание в этом индексировании находится в стадии рассмотрения 
компанией Clarivate Analytics для дальнейшего принятия журнала в the Science Citation Index 
Expanded, the Social Sciences Citation Index и the Arts & Humanities Citation Index. Web of 
Science предлагает качество   и  глубину   контента   для   исследователей,  авторов,  
издателей  и  учреждений. Включение Известия НАН РК. Серия геологии и технических 
наук в Emerging Sources Citation Index демонстрирует нашу приверженность к наиболее 
актуальному и влиятельному контенту по геологии и техническим наукам для нашего 
сообщества.
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Бас редактор
ЖҰРЫНОВ Мұрат Жұрынұлы, химия ғылымдарының докторы, профессор, ҚР 

ҰҒА академигі, Қазақстан Республикасы Ұлттық Ғылым академиясының президенті, АҚ 
«Д.В. Сокольский атындағы отын, катализ және электрохимия институтының»  бас директоры 
(Алматы, Қазақстан) H = 4

Редакциялық алқа:
ӘБСАМЕТОВ Мәліс Құдысұлы (бас редактордың орынбасары), геология-минералогия 

ғылымдарының докторы, профессор, ҚР ҰҒА академигі, «У.М. Ахмедсафина атындағы 
гидрогеология және геоэкология институтының» директоры (Алматы, Қазақстан) H = 2

ЖОЛТАЕВ Герой Жолтайұлы (бас редактордың орынбасары), геология-минералогия 
ғылымдарының докторы, профессор, Қ.И. Сатпаев атындағы геология ғылымдары институты-
ның директоры (Алматы, Қазақстан) Н=2

СНОУ Дэниел, Рһ.D, қауымдастырылған профессор, Небраска университетінің Су ғылымдары 
зертханасының директоры (Небраска штаты, АҚШ) H = 32

ЗЕЛЬТМАН Реймар, Рһ.D, табиғи тарих мұражайының Жер туралы ғылымдар 
бөлімінде петрология және пайдалы қазбалар кен орындары саласындағы зерттеулердің 
жетекшісі (Лондон, Англия) H = 37

ПАНФИЛОВ Михаил Борисович, техника ғылымдарының докторы, Нанси 
университетінің профессоры (Нанси, Франция) Н=15

ШЕН Пин, Рһ.D, Қытай геологиялық қоғамының тау геологиясы комитеті директорының 
орынбасары, Американдық экономикалық геологтар қауымдастығының мүшесі (Пекин, Қытай) 
H = 25

ФИШЕР Аксель, Ph.D, Дрезден техникалық университетінің қауымдастырылған 
профессоры (Дрезден, Берлин) Н = 6

КОНТОРОВИЧ Алексей Эмильевич, геология-минералогия ғылымдарының докторы, 
профессор, РҒА академигі, А.А. Трофимука атындағы мұнай-газ геологиясы және геофизика 
институты (Новосибирск, Ресей) H = 19

АБСАДЫКОВ Бахыт Нарикбайұлы, техника ғылымдарының докторы, профессор, 
ҚР ҰҒА корреспондент-мүшесі, А.Б. Бектұров атындағы химия ғылымдары институты 
(Алматы, Қазақстан) H = 5

АГАБЕКОВ Владимир Енокович, химия ғылымдарының докторы, Беларусь ҰҒА 
академигі, Жаңа материалдар химиясы институтының құрметті директоры (Минск, Беларусь) 
H = 13

КАТАЛИН Стефан, Рһ.D, Дрезден техникалық университетінің қауымдастырылған 
профессоры (Дрезден, Берлин) H = 20

СЕЙТМҰРАТОВА Элеонора Юсуповна, геология-минералогия ғылымдарының
докторы, профессор, ҚР ҰҒА корреспондент-мүшесі, Қ.И. Сатпаев атындағы Геология ғылымдары 
институты зертханасының меңгерушісі (Алматы, Қазақстан) Н=11

САҒЫНТАЕВ Жанай, Ph.D, қауымдастырылған профессор, Назарбаев университеті 
(Нұр-Сұлтан, Қазақстан) H = 11

ФРАТТИНИ Паоло, Рһ.D, Бикокк Милан университеті қауымдастырылған профессоры 
(Милан, Италия) H = 28

«ҚР ҰҒА Хабарлары. Геология және техникалық ғылымдар сериясы».
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Меншіктеуші: «Қазақстан Республикасының Ұлттық ғылым академиясы» РҚБ (Алматы қ.).
Қазақстан  Республикасының  Ақпарат  және  қоғамдық  даму  министрлiгiнің  Ақпарат  комитетінде
29.07.2020 ж. берілген № KZ39VPY00025420 мерзімдік басылым тіркеуіне қойылу туралы куәлік.
Тақырыптық бағыты: геология, мұнай және газды өңдеудің химиялық технологиялары, мұнай 
химиясы, металдарды алу және олардың қосындыларының технологиясы.
Мерзімділігі: жылына 6 рет. 
Тиражы: 300 дана.
Редакцияның мекен-жайы:  050010, Алматы қ., Шевченко көш., 28, 219 бөл., тел.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© Қазақстан Республикасының Ұлттық ғылым академиясы, 2021

Типографияның мекен-жайы:  «Аруна» ЖК, Алматы қ., Мұратбаев көш., 75.
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ЖУРИНОВ Мурат Журинович, доктор химических наук, профессор, академик 

НАН РК, президент Национальной академии наук Республики Казахстан, генеральный 
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ЖОЛТАЕВ Герой Жолтаевич, (заместитель главного редактора), доктор геолого-
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СНОУ Дэниел, Ph.D, ассоциированный профессор, директор Лаборатории водных наук 
университета Небраски (штат Небраска, США) H = 32 

ЗЕЛЬТМАН Реймар, Ph.D, руководитель исследований в области петрологии и 
месторождений полезных ископаемых в Отделе наук о Земле Музея естественной истории 
(Лондон, Англия) H = 37

ПАНФИЛОВ Михаил Борисович, доктор технических наук, профессор Университета Нанси 
(Нанси, Франция) Н=15

ШЕН Пин, Ph.D, заместитель директора Комитета по горной геологии Китайского 
геологического общества, член Американской ассоциации экономических геологов 
(Пекин, Китай) H = 25

ФИШЕР Аксель, ассоциированный профессор, Ph.D, технический университет Дрезден 
(Дрезден, Берлин) H = 6

КОНТОРОВИЧ Алексей Эмильевич, доктор геолого-минералогических наук, профессор, 
академик РАН, Институт нефтегазовой геологии и геофизики им. А.А. Трофимука СО РАН 
(Новосибирск, Россия) H = 19

АБСАДЫКОВ Бахыт Нарикбаевич, доктор технических наук, профессор, член-
корреспондент НАН РК, Институт химических наук им. А.Б. Бектурова (Алматы, Казахстан) 
H = 5

АГАБЕКОВ Владимир Енокович, доктор химических наук, академик НАН Беларуси, 
почетный директор Института химии новых материалов (Минск, Беларусь) H = 13

КАТАЛИН Стефан,  Ph.D, ассоциированный профессор, Технический университет
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СЕЙТМУРАТОВА Элеонора Юсуповна, доктор геолого-минералогических наук, профессор, 
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САГИНТАЕВ Жанай, Ph.D, ассоциированный профессор, Назарбаев университет 
(Нурсултан, Казахстан) H = 11

ФРАТТИНИ Паоло, Ph.D, ассоциированный профессор, Миланский университет Бикокк 
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ZHOLTAEV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical 
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev 
(Almaty, Kazakhstan) Н=2
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Zeltman Reymar, Ph.D, head of research department in petrology and mineral deposits in the 
Earth sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University 
(Nancy, France) Н=15
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professor, academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS 
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TAPERED-PRISMATIC PILE: DRIVING ENERGY CONSUMPTION 
AND BEARING CAPACITY

Abstract. The laboratory tests of models of driven pyramidal-prismatic and prismatic piles for pressing 
vertical loads are presented. Laboratory tests were carried out on reduced piles models (M 1:10) with different 
lengths and cross-sections of the pyramidal segment. It was found that with an increase in the length of the 
pyramidal segment of pile models, the energy costs for driving them increase by 7.12-27.26%, the bearing 
capacity of the pile models increases by 28.36-55.38%. It was revealed at the same driving depth and the 
same settlements, the bearing capacity of the models of pyramidal-prismatic piles is 1.5-4.01 times higher 
than the model of a prismatic pile with a cross-section of 20 × 20 mm, and compared to the model of a 
prismatic pile with a cross-section 30 × 30 mm can be either 1.23-1.92 times more or 8-35% less, depending 
on the length and size of the cross-section of the pyramidal segment of the experimental pile models. A 
correlation dependence has been obtained, making it possible to predict the bearing capacity of pyramidal-
prismatic piles with known values of traditional prismatic piles’ bearing capacity. The revealed features of the 
behavior of pyramids-long-distance-prismatic piles allow to reasonably assign the length and dimensions of 
the cross-section of their pyramidal segment.

Key words: Small-scale modeling, Sand, Pile foundation, Tapered pile, Pile driving, Bearing capacity, 
Settlement.

Introduction. Piles of various longitudinal shapes are widely used, including tapered piles, conical piles, 
and piles with broadening (widening) of the shaft.

When driving traditional prismatic piles in the soil layer’s upper zone at a depth of 1.0-1.5 m, there is 
asignificant loosening of the soil around the lateral surface of the pile. Decompaction of the soil occurs due to 
the impact on the soil by horizontal vibrations on the top of the pile from hammer blows. Within the specified 
depth between the surface of the pile and the soil layer (in the contact zone), cracks are formed up to 2-3 cm 
wide and up to 40-50 cm deep (Medvedeva et al. 2000). Violation of the soil structure, adecrease in its natural 
density, and the formation of cracks in the soil’s upper zone cause a decrease in the pile’s bearing capacity 
along its lateral surface. 

The experiments on driving piles into sandy soils carried out by Anusich et al. (2019) showed an increase 
in piles’ bearing capacity with an increase in the number of impacts. The authors attribute this to the fact that 
a high frequency of impacts contributes to achieving the maximum «long-term» bearing capacity of the pile.

Kupchikova et al. (2017) note that the upper spreading of the pile promotes the expansion of the contact 
zone of the pile’s lateral surface with the surrounding soil and ensures their close contact a positive effect on 
increasing the bearing capacity of the pile. Such soil entrainment occurs in cohesive soils since spreading 
piles can compact the surrounding soil (Hosseiniet al. 2017) and, as a result, increase the overall bearing 
capacity. Pusztai (2014) show the increase in bearing capacity of the small spreading piles driving into an 
incompressible layer of sandy soil.

According to Isaev et al. (2016), tapered piles make it possible to increase its vertical load-bearing capacity. 
Movahedi (2018) comes to the same conclusions, speaking about the increase in piles’ load resistance with 
inclined edges. The author connects this with the depth of the pile’s immersion and the pile’s compression by 
soil in the spreading segment of the pile (Movahedi Rad, M. 2017).
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Bekbasarovet al. (2020) study indicates a greater bearing capacity of piles with flat tapered spreading. 
Comparative studies of spreading piles and prismatic piles have shown that spreading piles’ bearing capacity 
increases 1.09-1.56 times in clay soils.

Sorochanyet al. (1993) studied the regularities of the operation of tapered piles in swelling soils: the 
dependence of their rise on the taper angle, pile length, and transmitted load. The authors investigated the 
layer-by-layer soil deformations around the pile and the soil deformation’s dependence on the pile immersion 
depth.

Several studies (Kamran et al. 2008, Hassan et al. 2019, Zotcenko et al. 2018, Esmaili et al. 2013) indicate 
the economic feasibility of using piles, in which the upper cross-section is larger than the lower cross-section. 
The test results showed that piles with inclined edges (with an angle of inclination from 0.95 to 1.91) have a 
higher (up to 50%) bearing capacity than conventional straight piles. Investigation of the behavior of tapered 
pile foundations in loose sandy soils with different inclination angles (20°, 30° and 45°) revealed a decrease 
in sedimentary deformation of the foundations. So, the coefficient of bearing capacity of such a foundation 
reached 88.5%, and the coefficient of subsidence reduction - 37.3%. Besides, it was revealed that piles’ 
settlement with inclined edges in clayey soils is close to the value of the settlement of a group of straight piles.

In comparison with prismatic piles (with the same material consumption), conical piles’ use increased the 
proportion of the load taken by the side surface of the pile up to 75%. At the same time, the bending stiffness 
of conical piles was 2-2.5 times higher. The cost of foundations made of such piles was evaluated as less than 
prismatic piles foundations up to 60% (Bartolomei et al. 2001).

Khabbaz and Shafaghat (2015, 2020) shown that for the soil with a high angle of internal friction, conical 
piles’ bearing capacity is larger than other piles of the same volume.

The driven reinforced concrete piles with spreading in the upper part were developed in the Taraz 
Regional University (Taraz, Kazakhstan) for the foundation of hydraulic engineering structures (Bekbasarov 
et al. 2019). The developed pile structures had a combined (tapered-prismatic) shape, containing both a 
tapered (upper) and a prismatic (lower) part. Considering the effectiveness of these piles, the authors carry 
out experimental and theoretical analysis. It was confirmed (Shanshabayev 2020) that tapered-prismatic piles 
are more effective than prismatic piles under static vertical loads.

The publications discussed above have shown that the presence of inclined side faces increases the pile’s 
bearing capacity. However, the influence of pile segment’ parameters with inclined lateral faces (length, 
width, angle of inclination, etc.) remains not fully investigated. This motivates laboratory studies of models 
of pyramidal-prismatic piles with variable parameters of a segment with inclined edges.

This study aims to evaluate the influence of the length and cross-section size of the tapered segment of 
tapered-prismatic piles on their driving energy intensity (submersion) and bearing capacity in laboratory 
conditions using piles’ models. 

The research object was driven piles of variable cross-section, consisting of a prismatic bottom and tapered 
upper segments.

The study’s subject was the piles’ bearing capacity and the energy consumption of pile driving at different 
geometrical dimensions of the taped segment of the pile.

Methods and materials. Models of piles were made by fused deposition (FDM) and printed on a CreatBot 
DX PLUS 3D printer (Henan Suwei Electronic Technology Co., LTD. Zhengzhou City, Henan Province, 
China). The consumable material of the models is ABS Plus plastic (China). The modeling scale is taken 
equal to 1:10, the deviations of the sizes of modelsarising in the technological process of 3D printing do 
notexceed 0.02 mm.

Models of experimental piles were made with tapered segments 10 and 20 cm long. The cross-sections of 
the top of the tapered segment were 30 × 30 mm, 40 × 40 mm, and 50 × 50 mm, and the cross-sections of the 
bottom of the tapered segment was 20 × 20 mm. 

The length of the prismatic segment of the pile models was 40 and 30 cm, and the cross-section was 20 × 
20 mm. The length of the pile models was 50 cm.

The following control (compared) models were made: a prismatic pile with a cross-sectional at 20 × 20 
mm and 30 × 30 mm. Table 1 presents the pile models’ sizes and their mass.
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Figure 1.General view (a), a fragment of pile pressure test (b) and diagram (c) of pile models 
 
1-model of a prismatic pile with a cross-section of 20 × 20 mm; 2- model of a prismatic pile with a cross-

section of 30 × 30 mm; 3- model tapered-prismatic pile with cross-sectional dimensions on top of 30 × 30 
mm and tapered segment 10 cm long; 4- model tapered-prismatic pile with a cross-section on top of 40 × 40 
mm and a tapered segment with a length of 10 cm; 5- model tapered-prismatic pile with cross-section 
dimensions on the top 50 × 50 mm and tapered with a 10 cm long segment; 6- model tapered-prismatic pile 
with cross-sectional dimensions on top of 30 × 30 mm and tapered segment 20 cm long; 7- model tapered-
prismatic pile with a cross-section on top of 40 × 40 mm and a tapered segment with a length of 20 cm; 8- 
model tapered-prismatic pile with cross-section dimensions on the top 50 × 50 mm and tapered with a 20 cm 
long segment. 
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section of 30 × 30 mm; 3- model tapered-prismatic pile with cross-sectional dimensions on top of 30 × 30 mm 
and tapered segment 10 cm long; 4- model tapered-prismatic pile with a cross-section on top of 40 × 40 mm 
and a tapered segment with a length of 10 cm; 5- model tapered-prismatic pile with cross-section dimensions 
on the top 50 × 50 mm and tapered with a 10 cm long segment; 6- model tapered-prismatic pile with cross-
sectional dimensions on top of 30 × 30 mm and tapered segment 20 cm long; 7- model tapered-prismatic pile 
with a cross-section on top of 40 × 40 mm and a tapered segment with a length of 20 cm; 8- model tapered-
prismatic pile with cross-section dimensions on the top 50 × 50 mm and tapered with a 20 cm long segment.

Table1 - Sizes of pile models and their mass

Pile model number and type

Sizes, mm Mass,
gShaft 

length, 
mm

Tip 
length,

mm

Shaft cross-
sectional 

dimensions, mm
Control models:
1. Prismatic
2. Prismatic

500 15 20×20
30×30

270
560

Test models:
3. Tapered-prismatic pile with cross-sectional dimensions. 
30 × 30/20 × 20mm and tapered by a 10cm long segment;
4. Tapered-prismatic pile with a cross-sectional area of 
40 × 40/20 × 20 mm and a tapered segment with a length of 10 cm;
5. Tapered-prismatic pile with cross-sectional dimensions 
50 × 50/20 × 20 mm and tapered segment 10 cm long;

500 15 -

300

330

360
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6. Tapered-prismatic pile with a cross-sectional area of 
30 × 30/20 × 20 mm and a tapered segment with a length of 20 cm;
7. Tapered-prismatic pile with a cross-sectional area of 
40 × 40/20 × 20 mm and a tapered segment with a length of 20 cm;
8. Tapered-prismatic pile with cross-sectional dimensions 
50 × 50/20 × 20 mm and a tapered segment with a length of 20 cm;

330

360

460

Note: there are the cross-sectional dimensions of the tapered pile segment in the upper part before the slash, 
and there are the cross-sectional dimensions in the lower part after the slash.

The experiments were carried out in tray equipped with multipurpose-hinged laboratory equipment based 
on the laboratory «Nanoengineering Research Methods» Taraz Regional University named after M.Kh. 
Dulati (Taraz, Kazakhstan). Features, principles, and order of operation of the used equipment outlined in 
Bekbasarov et al. (2020).

Sandy soil preparation was carried out as follows. The pre-dried soil was sieved through a sieve with a hole 
diameter of 2 mm. Before lying, the sandy soil was moistened to a uniform moisture content. The prepared soil 
was laid in a tray in layers, with a thickness of each layer equal to 10 cm. Each layer of soil was thoroughly 
leveled and rolled. A total of 7 layers of soil were laid. The soil’s physical and mechanical characteristics 
were determined in each series of experiments using the PSG MG-4 device (OOO Special Design Bureau 
Storeypribor, Chelyabinsk, Russia). Table 2 presents the physical and mechanical characteristics of sandy 
soil. 

Table2 - Physical and mechanical characteristics of sandy soil
No Characteristics The values
1 Humidity W,% 9.98-10.32
2 Density ρ, g/cm3 1.33-1.41
3 Maximum resistance to penetration Pmax, MPa 0.270-0.275
4 Compaction factor K 0.81-0.84
5 Moisture index (degree) I 0.91-0.93
6 Deformation modulus E, MPa 15.1-15.9
7 Internal friction angle f, degrees 13.0-13.1
8 Specific adhesion c, MPa 0.0109-0.0110

The pile models were driven into the ground with a striker to approximately the same depth at a constant 
energy of each impact. The mass of the striker was 600 g, and the height of its dropping - equal to 500 mm. 
The immersion depth of the pile models was 441-447 mm (maximum difference - 1.34%).

Results. Tables 3 and 4 show the results of the driving of the test models and control models of piles. At 
the same time, the comparison of the energy consumption of driving pile models was assessed according to 
the following indicators:

- the specific energy consumption of driving Еv, taken as the ratio of the total potential energy of strikes of 
the striker spent on driving the model to the volume of its submerged part in the ground;

- coefficient of the relative power consumption of driving KE, taken as the ratio of the total potential energy 
of striker impacts spent on driving the experimental model of the pile to a similar energy parameter of the 
control model of the pile.

Table3 - Pile model driving results

Pile cross-
section, cm

Tapered 
segment 

length, cm

Total energy 
of blows spent 
on driving E, J, 

(number of blows)

Immersion 
depth L, mm

The volume 
of the immersed 

part V, cm3

Specific energy 
consumption of 

plugging Ev, J/cm3

30×30/20×20 10 123.6 (42) 471 200.9 0.615
40×40/20×20 10 129.5 (44) 471 214.1 0.605
50×50/20×20 10 167.7 (57) 471 229.6 0.703
30×30/20×20 20 132.4 (45) 470 220.8 0.560
40×40/20×20 20 164.8 (56) 470 264.1 0.624



57

ISSN 2224-5278                                                                  Series of Geology and Technical Sciences 6. 2021

50×50/20×20 20 188.3 (64) 470 316.7 0.595
20×20 0 117.7 (40) 470 190.0 0.619
30×30 0 294.3 (100) 470 427.5 0.688

Notes. The cross-section of the pyramidal segment of the pile in the upper part is indicated before the slash. 
The dimensions of the lower part are indicated after the slash. Two bottom lines of the table correspond to 
prismatic piles.
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Figure 2. Dependence of the immersion depth of pile models on the number of blows 

 

 
Figure 3. Dependence of the immersion depth of pile models on the number of blows 

Table4 - Relative energy intensity of driving КE of pile models

Coefficients of the relative 
energy intensity of driving 

pile models

Tapered segment sizes

30×30/
20×20
(10сm)

40×40/
20×20

(10 сm)

50×50/
20×20

(10 сm)

30×30/
20×20

(20 сm)

40×40/
20×20

(20 сm)

50×50/
20×20

(20 сm)
КE1 1.05 1.10 1.42 1.12 1.40 1.60
КE2 0.42 0.44 0.57 0.45 0.56 0.64

Notes.
1. Coefficients KE1 and KE2, respectively, refer to the prismatic pile models with a cross-section size of 20 × 
20 mm and a prismatic pile with a cross-section size of 30 × 30 mm;
2. The cross-section sizes of the tapered segment of the pile in the upper part are indicated before the slash. 
The dimensions in the lower part are indicated after the slash;
3. The length of the tapered segment of the pile is shown in brackets.
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Static tests were carried out for the action of vertical indentation loads to assess the pile models’ 
bearing capacity. The pressing load was transferred to the pile models in a step-by-step mode to provide 
conditional stabilization of their settlement following Russian State Standard GOST 5686-2020 «Sоils. Field 
test methоdsbурiles» 2014. This standard applies to methods of field-testing of soils with full-scale piles, 
reference piles, probe piles, carried out during engineering surveys for construction, for control tests of soils 
with piles during construction, and reconstruction. Static loading of the models was carried out up to a draft 
of at least 40 mm.

The test results are shown in Fig. 4 and 5 and in Tables 5-6. A comparative assessment of the resistance of 
pile models to the action of an indentation load was carried out according to the following indicators:

- bearing capacity Fd, determined in accordance to Interstate Standard «Sоils. Fiеld tеst mеthоdsbурilеs» 
2014;

- specific bearing capacity , taken as the ratio of the bearing capacity of the pile model to the volume 
of its submerged part in the soil;

The coefficient of the relative efficiency of the models by the bearing capacity KN was used for piles 
efficiency evaluation. This coefficient was taken as the ratio of the pile’s experimental model’s bearing 
capacity to the similar pile’s control model’s bearing capacity.

Table5 - Bearing capacity Fd and specific bearing capacity  of pile models.
Pile cross-
section, cm

Tapered 
segment 

length, cm

Bearing capacity of the pile 
model, Fd, N,
at settlement

Specific bearing capacity of the pile 
model, , N/cm3,

 at settlement

20 mm 40 mm 20 mm 40 mm

30×30/20×20 10 151.2 176.3 0.752 0.877
40×40/20×20 10 193.2 226.1 0.902 1.05
50×50/20×20 10 284.0 332.1 1.24 1.44

30×30/20×20 20 200.1 226.3 0.906 1.02

40×40/20×20 20 300.2 332.5 1.14 1.26
50×50/20×20 20 430.0 470.1 1.36 1.48

20×20 0 105.1 117.2 0.553 0.617

30×30 0 231.3 245.1 0.541 0.573

Table6 - Coefficients of the relative efficiency of pile models by the bearing capacity KN at a settlement 
at 20 and 40 mm

Coefficients of the relative 
efficiency of pile models by 

the bearing capacity

Tapered segment sizes, cm

30×30/
20×20

(10 cm)

40×40/
20×20

(10 cm)

50×50/
20×20

(10 cm)

30×30/
20×20

(20 cm)

40×40/
20×20

(20 cm)

50×50/
20×20

(20 cm)
at settlement20 mm

КN1 1.44 1.84 2.70 1.90 2.85 4.10
КN2 0.65 0.83 1.23 0.86 1.30 1.86

at settlement40 mm
КN1 1.50 1.93 2.83 1.93 2.84 4.01
КN2 0.72 0.92 1.35 0.92 1.36 1.92

Notes:
1. Coefficients КN1 and КN2, respectively, refer to the model of a prismatic pile with a cross-section size 

of 20 × 20 mm and a model of a prismatic pile with a cross-section size of 30 × 30 mm;
2. The upper part dimensions of the tapered segment are given before the slash. The lower part 

dimensions of the tapered segment are given after the slash;
3. The length of the tapered segment of the pile is shown in brackets.
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Figure 4. Dependence of settlement of pile models on static indentation load 
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5- model tapered-prismatic pile with cross-section dimensions on the top 50 × 50 mm and tapered with a 

10 cm long segment. 
 

 
 
 
 
 
 
 

Figure 4. Dependence of settlement of pile models on static indentation load

1-model of a prismatic pile with a cross-section of  20 × 20mm; 
2- model of a prismatic pile with a cross-section of  30 × 30mm; 
3- model tapered-prismatic pile with cross-sectional dimensions on top of 30 × 30 mm and tapered segment 

10 cm long; 
4- model tapered-prismatic pile with a cross-section on top of 40 × 40 mm and a tapered segment with a 

length of 10 cm; 
5- model tapered-prismatic pile with cross-section dimensions on the top 50 × 50 mm and tapered with a 

10 cm long segment.

60 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Dependence of settlement of pile models on static indentation load 
 

1- model of a prismatic pile with a cross-section of  20 × 20 mm;  
2- model of a prismatic pile with a cross-section of  30 × 30mm;  
3- model tapered-prismatic pile with cross-sectional dimensions on top of 30 × 30 mm and tapered 

segment with a length of  20 cm;  
4- model tapered-prismatic pile with a cross-section on top of 40 × 40 mm and a tapered segment with a 

length of 20 cm;  
5- model tapered-prismatic pile with cross-sectional dimensions on top of 50 × 50 mm and tapered 

segment with a length of 20 cm. 
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formula (1) are equal to 1.0, which indicates its high reliability. The formula can be used to predict the 
bearing capacity of test piles with known values of the bearing capacity of the control piles. 
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where: KN is the coefficients of the relative efficiency of pile models by the bearing capacity of the tapered-
prismatic pile; n is the cross-sectional dimension of the top of the tapered portion of the tapered-prismatic 
pile: a, b and c are the coefficients taken according to table 7.

Table 7- Coefficients a, b, and c in approximation (1) at the settlement at 20 and 40 mm

Coefficients of the relative 
efficiency of piles by the bearing 

capacity

Coefficients a, b, and c in approximation (1)
а,

1/m2,
(10cm)

b,
1/m,

(10cm)

с
(10cm)

а,
1/m2,

(20cm)

b,
1/m,

(20cm)

с
(20cm)

at 20 mm
КN1 0.23 0.29 1.5 0.15 0.5 1.25
КN2 0.11 0.15 0.69 0.06 0.26 0.54

at 40 mm
КN1 0.235 0.275 1.54 0.13 0.52 1.28

КN2 0.115 0.145 0.75 0.06 0.26 0.6

Note: the length of the prismatic segment of the pile is indicated in brackets.

The indices of the value of the reliability of approximation R2 of the experimental data according to the 
formula (1) are equal to 1.0, which indicates its high reliability. The formula can be used to predict the bearing 
capacity of test piles with known values of the bearing capacity of the control piles.

Discussion. 1. Comparative analysis of the values of the total energy consumption E and the specific 
energy consumption Ev of the models of the experimental and control piles allows us to distinguish the 
following regularities (tables 3, 4):

- an increase in the length of the tapered segment of the test piles by 10 cm is accompanied by an increase 
in the total energy costs for their driving by 7.12-27.26%;

- an increase in the size of the upper cross-section of the tapered segment of the test piles by 1.33 and 
1.66 times leads to an increase in the total energy costs for their driving by 4.77-24.47% and 35.68-42.22%, 
respectively;

- among the experimental piles, the highest total energy costs are typical for piles with a tapered segment 
length of 20 cm and an upper cross-section size of 50 × 50 mm.

- the total energy costs for driving experimental piles are 1.05-1.6 times higher than for driving a prismatic 
pile with a cross-section of 20 × 20 mm and 36-58% less than for driving a prismatic pile with a cross-section 
of 30 × 30 mm;

- the specific energy consumption of piles with a tapered segment length of 10 cm (0.605 to 0.703 J/cm3) 
is slightly higher than that of piles with a tapered segment 20 cm long (0.560-0.624 J/cm3).

2. Comparison of the values of the bearing capacity of the models of the experimental and control piles 
allows us to establish the following features (tables 4-6):

- an increase in the length of the tapered segment of the test piles by 1 m causes an increase in their bearing 
capacity by 32.34-55.38% at a settlement of 20 mm and by 28.36-47.06% at a settlement of 40 mm;

- an increase in the size of the cross-section of the tapered segment of the test piles by 1.33 and 1.66 times 
is accompanied by an increase in their bearing capacity, respectively, by 27.77-50.02 and 87.83-114.95% at 
settlements of 20 mm, and by 28.25-46.92 and 88, 37-107.73% at 40 mm precipitation;

- an increase in the length of the tapered segment of the test piles by 10 cm leads to an increase in their 
specific bearing capacity by 9.68-26.38% at a settlement of 20 mm and by 2.77-20.0% at a settlement of 40 
mm;

- an increase in the size of the cross-section of the tapered segment of the test piles by 1.33 and 1.66 times 
provides an increase in their specific bearing capacity, respectively, by 19.95-25.83% and 50.11-64.89% at 
settlements of 20 mm, and by 19.73-23.53 and 45.1-64.20% at precipitation of 40 mm;

- the specific bearing capacity of the test piles is1.36-2.46 times higher than the specific bearing capacity 
of a prismatic pile with a cross-section size of 20 × 20 mm, and 1.30-2.58 times higher than that of a prismatic 
pile with a cross-section size 30 × 30 mm;
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- the bearing capacity of the test piles exceeds the bearing capacity of a prismatic pile with a cross-section 
size of 20 × 20 mm by 1.44-4.1 times at a settlement of 20 mm and by 1.5-4.01 times at a settlement of 40 
mm;

- depending on the length and dimensions of the cross-section of the tapered segment, the bearing capacity 
of the test piles can be 1.23-1.92 times higher or 8-35% less than the bearing capacity of a prismatic pile with 
a cross-section size of 30 × 30 mm.

Conclusions. Based on the presented research results, the following main conclusions can be formulated:
- energy costs for driving tapered-prismatic piles, as well as their resistance to the action of a vertical 

indentation load, depending on the length and dimensions of the cross-section of the top of the tapered 
segment, with an increase in which the energy intensity of immersion and the bearing capacity of the test 
piles increase;

- it was revealed that the energy consumption of driving tapered-prismatic piles (depending on the length 
and size of the upper cross-section of the tapered segment) is 1.05-1.6 times higher than that of prismatic 
piles with a cross-section of 20 × 20 mm and 36-58% lower compared with a pile with a cross-section of 30 
× 30 mm;

- with the same driving depth and with the same pile settlements, the bearing capacity of tapered-prismatic 
piles is 1.5-4.01 times higher than that of a prismatic pile with a cross-section of 20 × 20 mm, and in comparison 
with a prismatic pile with a cross-section of 30 × 30 mm it can be, both 1.23-1.92 times more and 8-35% less, 
depending on the length and size of the tapered segment of the test pile;

- the obtained correlation dependence makes it possible to predict the bearing capacity of tapered-prismatic 
piles with known values of the bearing capacity of traditional prismatic piles.

The revealed characteristic features of tapered-prismatic piles’ behavior will make it possible to reasonably 
assign the length and dimensions of the cross-section of their tapered segment.

The results of the field tests of the tapered piles are presented in Bekbasarov et al. (2021).
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ПИРАМИДАЛЫ-ПРИЗМАТИКАЛЫҚ ҚАДАЛАР МОДЕЛЬДЕРІНІҢ ЭНЕРГИЯ 
СЫЙЫМДЫЛЫҒЫ ЖӘНЕ ЖҮК КӨТЕРУ ҚАБІЛЕТІ

Аннотация. Пирамидалық-призмалық және призмалық қадалардың модельдерін қағу бойынша 
және тік батыру жүктемелеріне зертханалық сынақтар жүргізілді. Зертханалық сынақтар пирамидалық 
бөлігінің ұзындығы мен қимасы әртүрлі қадалар модельдерімен (М 1:10) жүргізілді. Қадалық 
модельдердің пирамидалық бөлігінің ұзындығы ұлғайған сайын оларды қағуға жұмсалатын энергия 
шығындары 7,12-27,26%-ға артады, қадалар модельдерінің жүк көтергіштігі 28,36-55,38%-ға өседі. 
Пирамидалы-призмалық қадалар модельдерінің жүк көтергіштігі көлденең қимасының өлшемі 20 × 
20 мм призмалық қадалар моделіне қарағанда 1,5-4,01 есе жоғары, ал көлденең қимасының өлшемі 
30 × 30 мм призмалық қадалар моделімен салыстырғанда, эксперименттік қадалар модельдерінің 
пирамида бөлігінің көлденең қимасының ұзындығымен мөлшеріне байланысты 1,23-1,92 есе артық 
немесе 8-35% кем болуы мүмкін екендігі анықталды. Дәстүрлі призмалық қадалардың белгілі 
жүктеме мәндерімен пирамидалық призмалық қадалардың жүк көтеру қабілетін болжауға мүмкіндік 
беретін корреляциялық тәуелділіктер ұсынылды. Пирамидалық- призмалық қадалардың анықталған 
ерекшеліктері олардың пирамидалық бөлігінің көлденең қимасының ұзындығымен өлшемдерін 
дұрыс таңдауға мүмкіндік береді.

Түйінді сөздер: шағын көлемді модельдеу, құм, қадалық іргетас, пирамидалы-призмалық қадалар, 
қадақағу, жүк көтеру қасиеті, шөгу.
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ЭНЕРГОЕМКОСТЬ ЗАБИВКИ И НЕСУЩАЯ СПОСОБНОСТЬ МОДЕЛЕЙ 
ПИРАМИДАЛЬНО-ПРИЗМАТИЧЕСКИХ СВАЙ

Аннотация. Проведены лабораторные испытания моделей забивных пирамидально-призматических 
и призматических свай забивкой и навдавливающие вертикальные нагрузки. Лабораторные испытания 
проводились на моделях свай (М 1:10) с различной длиной и сечением пирамидального участка. 
Установлено, что с увеличением длины пирамидального участка свайных моделей затраты энергии 
на их забивку увеличиваются на 7,12-27,26%, несущая способность моделей свай возрастает на 28,36-
55,38%. Выявлено, что при одинаковой глубине забивки и одинаковых осадках несущая способность 
моделей пирамидально-призматических свай в 1,5-4,01 раза выше, чем у модели призматической сваи 
сечением 20 × 20 мм, а по сравнению с моделью призматической сваи сечением 30 × 30 мм может быть 
в 1,23-1,92 раза больше или на 8-35% меньше, в зависимости от длины и размера поперечного сечения 
пирамидального участка экспериментальных моделей свай. Получена корреляционная зависимость, 
позволяющая прогнозировать несущую способность пирамидально-призматических свай с 
известными значениями несущей способности традиционных призматических свай. Выявленные 
особенности поведения пирамидально-призматических свай позволяют обоснованно задавать длину 
и размеры поперечного сечения их пирамидального участка.

Ключевые слова: мелкомасштабное моделирование, песок, свайный фундамент, пирамидально-
призматическая свая, забивка свай, несущая способность, осадка.
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