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Abstract. The problems in the design of foundations of wind power plants are presented. The
purpose of the article is to develop experimental and theoretical recommendations for the
calculation and design of foundations of wind power plants. A complex of theoretical, analyt-
ical, and numerical modeling of the foundations were used: analysis of natural-climatic and
socio-economic zones of Agmola region; collection of loads on the foundation of wind power
plants using SCAD software and estimation of bearing capacity of foundation and soil-base. In
total 3 design scenarios were adopted: slab, driven pile and bored pile foundations. The results
revealed that the highest bearing capacity is in bored pile foundation with the value of 570 kN
(960 kPa working load capacity), which is slab (580 kPa) and driven (470 kN, 770 kPa working
load capacity) pile foundation. In terms of materials resources the most efficient appeared to

be the scenario of driven pile foundation.
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Introduction

In the «Kazakhstan - 2050»: a new politi-
cal course of an established state energy secu-
rity was named one of the ten main problems
of this century. The relevance of this problem
is justified by the holding of the internation-
al exhibition in Astana, which is dedicated to
green, renewable and safe energy. The regions
of Northern, Central, Western and Southeast-
ern Kazakhstan have a significant resource,
especially the Dzungarian Gate and the Shelek
Corridor, where the average annual wind speed
is 7-9 m/s and 5-9 m/s, respectively, as well as
Astana, Fort Shevchenko and Arkalyk. At the
moment, 22 wind turbines have been put into
operation, which are connected to the Ekibas-
tuz power line and supply electricity to the city
of Yerementau, the village of Yerkenshilik, as
well as partially to Astana. Generation of elec-
tric energy in the amount of more than 172
million kW per hour per year without the con-
sumption of hydrocarbon fuel will save more

EX than 60 thousand tons of coal and increase the

reliability of electricity supplies in the region.
Analyzing the energy infrastructure of the Re-
public of Kazakhstan, a regional shortage of
energy capacity is revealed. In this regard,
the question arises: the construction of wind
power plants that will provide the necessary
energy to the population of the Republic of Ka-
zakhstan.

Within the framework of this issue, there
are tasks for calculating and analyzing the
operation of the foundations of wind power
structures, for ensuring the reliability and opti-
mization of foundations. An analysis of the lit-
erature data on this topic allows us to conclude
that the study of this topic has not been fully
completed. As shown by numerous studies [1-
7], the collection of loads and the analysis of
the state of the soil state are the main crite-
ria in the calculation of the structure. Some
sources [7-8] offer a calculation method and
a method for evaluating the safety for crack
resistance using the double K crack propaga-
tion criterion, which differs from [9-13]. To en-



sure rigidity and stability, suggests using piles
at an inclination of 90°/90°/60° (the inner-
most/middle/outer pile) and 90°/90°/45°. And
the most standard refers to this problem, us-
ing standard design methods according to EN
standards. The problem from here is the lack of
an analogue in Kazakhstan. The research data
can be used as recommendations in the design
of foundations, as well as in the development
of technical and regulatory documents. And
also here are economic data of different types
of foundations, which play an important role.

Materials and methods

A complex of theoretical, analytical studies,
numerical modeling of the object of study are
used.Calculation and analysis consist of the
following steps:

- Collection of loads on the foundations of
wind turbines;

- Calculations of foundations and bases of
wind power plants (limit states);

- Digital modeling based on the results of
the study;

- Identify cost-effective options.

Windy weather is a characteristic feature of
the local climate. The greatest number of days
with strong winds falls on the winter and spring
months. All climate data were taken from SP
RK. The average monthly and annual wind
speed (m/s) is given in Table 1. As an existing
wind power device, the 2MW Vindkraftverk of
the Swedish company is used, the geometric
dimensions of which are shown in Figure 1.

The highest wind speeds (m/s) of various
probabilities are given according to observa-
tional data in Table 2.

A characteristic feature of the local climate
is its sharp continentality and dryness. Abso-
lute minimum air temperature is -52.0°C, the
absolute maximum is 41.3°C.

To facilitate the marking of soil models,
EGE is used. EGE - engineering and geological
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element. Base consists of the following geolog-
ical section of the soil:

EGE-1 is a soil-vegetation layer - loam with
plant roots.

EGE-2 is a loam of light brown color, solid
consistency, with the inclusion of a dredge.

EGE-3 is a clay of brownish-brown, yel-
low-gray color, solid and semi-solid consisten-
cy, with layers of multi-grained sands, includ-
ing soils up to 5-10%.

EGE-4 is a sandy soil with a loamy filler up
to 30%.

EGE-5 - crushed quartzite soil with loamy
aggregate up to 30% and the inclusion of
blocks.

EGE-6 is an eluvial loam of light gray, pink
and ochre yellow color, solid consistency, with
the inclusion of gravel and crushed stone up to
20-30%.

EGE-7 - rocky soil-quartzites, red-brown,
light brown and dark gray, weathered, strong-

Table 1 — Average monthly and annual wind speed (m/s)

| ] 1l v Vv Vi Vil

Vil IX X Xi Xi year

6.6 6.2 6.1 5.1 4.7 3.8 3.5

3.6 4.1 5.4 6.8 7.1 5.3

Table 2 — The highest wind speeds (m/s)

Wind speed (m/s) possible 1 time per

Period
year

5 years

10 years 20 years

Agmola 26-27

30-32

33-35 36
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ly fractured, medium strength, with pockets of
weathering (crushed stone soil).

EGE-8 - rocky soil-mudstones, light gray,
weathered, strongly cracked, weak with pock-
ets of weathering (crushed stone ground).

Figure 2 shows the static calculation of the
structure for permanent and temporary loads
is performed.

Then, using these data, pre-calculations of
several types of foundations were carried out
using the FE method and layer-by-layer sum-
mation. 3 variants of the foundation are con-
sidered, as well as their effectiveness and eco-
nomic feasibility.

The first foundation of the wind power plant
(wind turbine) adopted a slab monolithic rein-
forced concrete round shape in plan. The di-
ameter of the foundation plate is 22.0 m. The
thickness of the plate is from 0.92 to 2.40 m.
The height of the pedestal is 0.50 m, the diam-
eter is 6.50 m. The total height of the founda-
tion is 2.90 m.

The design soil resistance of the base is
R =5,76 kg/cm?. Ground load P =70 kPa.
P = 70 kPa < R = 580 kPa.

The calculation and scheme of the pile
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foundation for wind turbines (driven piles) are
given. When analyzing the engineering and
geological conditions of the construction site,
we select a layer of soil for supporting the driv-
en piles. Such a layer is clay of a solid and
semi-solid consistency of EGE-3. The calcula-
tion scheme is shown in Figure 3.

Bearing capacity of the pile is N = 470 kN.
Working bearing capacity of the foundation is
Py =72 kPa < R = 770 kPa.

The calculation and scheme of pile founda-
tions for wind turbines are also given (bored
piles). The calculation of bored piles differs
from driven piles. The main problem is the
manufacturing technology, since the reliabili-
ty and strength coefficients of this foundation
depend on it. The building structures of the
foundation of the wind turbine are represented
by a monolithic grillage (foundation plate) in
the form of a circle with a diameter of 11 m in
plan, as well as 12 drill piles with a diameter
of 600 mm, with a depth of immersion of 12
m instead of C-8-30 on driven piles. The di-
ameter of the circumference of the upper face
of the grillage (the support base of the carrier
tower) is 6.5 m.

l MocTnpoyeccop

Figure 2 — Structure model
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Figure 3 — The scheme of calculation of the pile foundation

Bearing capacity of the pile is N = 570 kN.
Working bearing capacity of the foundation is

Results and discussion

The results data were presented in graph-
ical form for more visual analysis. Figure 4
shows the indicators of the bearing capacity
of piles. The bearing capacity of the bored pile
exceeds by 28%.

The bearing capacity of piles affects the
working bearing capacity. The working bearing
capacity of each foundation is shown in Figure
5.

Three different foundations for a wind pow-
er plant were designed for one soil model. Eco-
nomic benefit is the first requirement for this
type of design. The payback time for the cost
of the structure should not be longer than the
expected service life of the structure. Cases
when a cheap design option is technologically
complex are very rare.

An important factor is their economic effi-
ciency. Technical and economic indicators are
given in Figure 6.

The total cost of the work was: for the slab

foundation - 66.8 min. KZT, the pile-slab foun-
dation (driven piles) - 17.3 min. KZT and the
pile foundation (bored piles) - 28.8 min. KZT.

Conclusion

Pre-calculations on load-bearing capacity,
pre-calculations of precipitation and general
stability for each type of wind turbine founda-
tion were performed. The results of analytical
calculations of the slab foundation of the wind
turbine, the pile-slab foundation of the wind
turbine with the use of driven piles, as well as
the pile-slab foundation with the use of bored
piles are obtained.

The comparison of technical and economic
indicators for three types of foundations is car-
ried out: slab, pile-slab foundation with the use
of driven piles, as well as for pile-slab founda-
tion with the use of bored piles. The calculation
of the local estimate has been completed. All
structural solutions of wind turbine founda-
tions are taken from the same conditions of re-
liability in terms of load-bearing capacity, pre-
cipitation and overall stability. However, based
on these conditions, for the slab foundation of

the wind turbine, the cost indicators for ma-
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Figure 4 — Comparison diagram of bearing capacities of piles

960

770
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Slab foundation Driven pile foundation Bored pile foundation

Figure 5 — Comparison diagram of working bearing capacity
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Slab foundation Driven pile foundation  Bored pile foundation

Figure 6 — Total cost of foundation types
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terial intensity and labor intensity significantly slab foundation as a more economical and reli-
exceed the other two types of foundations. In  able type of foundation for the future develop-
this regard, it is recommended to use a pile- ment of this project.
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AHpaTtna. )Xen 371eKTp CTaHUMSAapbIHbIH IPreTacbiH xobasnayaarbl MaCeeep KOPCETI/IreH.
MaKanaHbIH MaKcaTbl — TOXIpUOEHI AaMbITY, XKeJ1 S/IEKTP CTaHLUMSI/IapbiHbIH IpreTacbiH ecentey
JKOHE xobanay 60/bIHLLIa TEOPUS/IbIK YCbIHbICTap 6epy. Herizaepai TeopussibiK, aHaIMTUKAa IbIK,
JKOHE CaHAbIK MOAENBLAEY YLUIH Ke/leCi KeLleHAep nanganaHbligbl: AKMosaa 06/1bICbIHbIH Tabu-
FU-K/IMMATTbIK XXOHE 9J1€YMETTIK-9KOHOMUKAIILIK ariMakTapbiH Tanaay; SCAD 6argapriamaribik,
KypasiblH nanfanaHa OTbIPbIf KeJl S1EKTP CTaHLNSIaPbIHbIH IPreTacbiHa XYKTeMenepal XxnuHay
JKOHE ipreTac rneH TOMbIpakThbl HEri34iH KeTepriwTiriH 6aranay. bapabifbl 3 xo0basblK HycKa
KabbligaHAabl: NaMTa, Karbl/iMasbl KaAa XXoHe OypfbliaHraH Kagasibl ipretac. EH xofFapbl Ke-
TepriwTik Kabineti 570 kH (960 Klla >XyMbiIC XXYKTEMECI) 6ypFbliaHFaH Kajasbl ipretacra, o4aH
KeviH TakTa-namtanbl (580 klla) xoHe Kafbl/iMasibl Kafasbl ipretacta 60/1atblHbl aHbIKTasaabl
(470 kH, 770 Klla »yMbIC XYKTEMECI). MaTepuangbiKk pecypcrap, TEXHUKa-3KOHOMUKAE/IbIK KOp-
ceTkilTep 60kbIHILIA eH TUIMAICI KaFbliMasbl KaAallbl ipretac HyCKacbl eKeHi aHbIKTanabl.

KinT cesgep: xen sHepreTuKkasibliK KOHAbIPFbIAAPbl, Xes TypbuHanapbl, ipretac, reoTexHuka,
TOMbIPaK.
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AHHOTaywms. [lpescTaBieHb! npobieMbl MPOEKTUPOBaHUS yHAAGMEHTOB BETPOSIHEPIETUYECKMNX
YCTaHOBOK. L{enibio cTaTbu SIBASETCS pa3paboTKka IKCrEPUMEHTA/IbHbIX M TEOPETUYECKUE PEKO-
MeHAauni o pacyeTy U MpPoOEeKTUPOBAHMIO PYyHAAMEHTOB BETPOIHEPrETUHYECKMNX YCTaHOBOK.
Ucrionib30Basicsi KOMIMJIEKC TEOPETUYECKOIo, aHaIMTUYECKOro M YUC/IEHHOrO MOAE/IMPOBaHMS
GyHAaGMEHTOB: aHasan3 MpPUPOAHO-KIMMATUYECKOM M COLMAaIbHO-OKOHOMMYECKOHU 30H AKMO-
JIMHCKOM 0bs1actn; c60p Harpy30K Ha pyHAaMEHT BETPOIJIEKTPOCTaHLMM C TOMOLLbHO M1POorpam-
Mbl SCAD n oueHKa HEeCyLL e CrioCObHOCTH (yHAaMEHTa 1 rPyHTOBOIro OCHOBaHus. Bcero 6b1/10
MPUHSATO 3 pacyeTHbIX CLUEHaPUS: MJIMTHbINA, PyHAAMEHT Ha 3abUBHbIX CBasix U QyHAAMEHT Ha
6ypoHabuBHbIX CBasix. Pe3yibTatbl NoKa3asiv, 4YTo HanmbosibLLIer HECYLLEN CrTOCO6HOCThIO 0bia-
Aaet bypoHabuBHOUM CBauHbIVi pyHAaMEHT cO 3Ha4YeHnem 570 kH (paboyasi Hecylyas criocob-
HocTb 960 Klla), 3a HuM caeayroT nanTHbid (580 klla) n 3abuBHov (470 kH, paboyasi HecyLyas
criocobHocTh 770 klla) cBaviHbie pyHAaMEHTbI. C TOYKM 3PEHNST MATEPUAsIbHbIX PECYPCOB Haun-
6os1ee 3¢heKTNBHBIM OKa3asicsi cLueHapuii ¢ 3abuBHbBIM CBalHbIM yHAaMEHTOM.

KnroueBbie c/10Ba: BETPOSHEPreTUYECKNE YCTaHOBKM, BETPOTYPOMHA, DyHAAMEHT, re0TEXHM-
Ka, rpyHT.
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