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ABSTRACT

Introduction. Calculation and analysis of pile resistance to loads remains to be a relevant problem in geoengineering. The
design of pile foundations is currently performed using diverse analytical, empirical and numerical methods. However, the
reliability of these methods remains to be a topic of interest among researchers and designers. This research paper analyses
methods used for calculating the lateral-load capacity of piles in comparison with field-test data.

Materials and methods. The paper dwells upon the development of reliable analytical expressions based on mathematical
models of the pile—soil interaction. Main existing mathematical models of the soil environment, including the Mohr — Coulomb
elastic ideal plastic model and the hardening soil model (HSM) were analysed. A particular attention was paid to a variety of
factors affecting the pile—soil interaction, such as natural factors, pile types, pile sinking depth and technology, configurations
of loads, as well as time-changed processes. A comparison of methods for calculating the lateral-load capacity of piles was
conducted. To that end, calculations using the Mohr — Coulomb model and the local elastic strain theory (still required by
building codes) were performed. High-level solid elements were used to develop and compute a finite-element pile-in-soil
model in a spatial setting. Another model on the basis of parametric pile elements was designed using the MIDAS software.
Results. It is established that the use of numerical calculation methods for evaluating the capacity and movements of pile
foundations provides results comparable to those of field tests. These methods demonstrate a higher reliability compared to
standardized analytical techniques.

Conclusions. The reliability of numerical calculations of pile resistance to lateral impact is shown to be sufficiently high, thus
being feasible for use in geoengineering. The use of these methods should be based on advanced non-linear soil models,
such as HS, CamClay, etc.
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CpaBHHTEIbHAS OIIEHKA METOIOB pacyeTra cBai
HA TOPU30HTAIBLHYIO HATPY3KY
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AHHOTALUUA

BBeaeHue. Pacuet n aHanus conpoTuBneHns cBai BO3OENCTBUIO HAarpy3ok 4O CUX Nop SIBMSIETCS akTyanbHOW 3afaven
COBpPEMEHHOW reoTexHn4Yeckomn Hayku. CerogHs cyecTByeT 6omnbLIOe MHOXECTBO BCEBO3MOXHBIX aHaNMTUYECKUX, SMMNU-
PUYECKMX U YNCTIEHHBIX METOAMK MO pacyeTy CBanHbIX pyHaameHToB. OIHAKO YpOBEHb MX 4OCTOBEPHOCTU — MpeaMeT Mo-
BbILLUEHHOTO MHTEpPEeca B Hay4YHOW U NPOeKTHOW cpeae. Llenb nccnenoBaHns — cpaBHEHWE Pa3NUYHbIX PACHETHBIX METOAMK
no OoLEeHKe Hecylleln CnocoBHOCTM CBau Ha ropu3oHTanbHOE BO3AENCTBME M COMOCTaBIIEHNE 3TUX PACHETOB C AaHHLIMU
noneBbIX UCMbITAHWIA.

MaTtepuansi u metoabl. PaccmoTpeHbl MeToabl pa3paboTky 4OCTOBEPHbIX aHANUTUYECKMX BbIPAXKEHUIN, OCHOBAHHbIX Ha
MaTemMaTU4eCcKon MoAeny B3auMOAENCTBUSI CBAHOW CUCTEMbBI C OKPYXKatoLLMM FpyHTOBLIM MaccuBoM. [poBeaeH 0630p
OCHOBHbIX MaTemaTU4ecKkux Mofenew rpyHToBol cpeapl (ynpyro-ngeansHo-nnactnydeckas mogens KynoHa — Mopa; mo-
Aenb ynpoyHsiowerocs rpyHTa). OTaenbHO uccrnefoBaHbl akTopbl, BNUSIOWME HA MeXaHW3M B3anMoQencTBUS CBaun 1
OKpY)KatoLLero rpyHTa (MpupogHble hakTopbl, TUMbl CBaK, ryOWHbI U TEXHONMOMMU UX NOTPYXEHUS, KOHUIypaLmmn Harpy3ok
1 BO3OENCTBMI, OENCTBYIOWMX HA CBal0, MPOLIECChl, U3MeHsoLWmnecsi BO BpeMeHu). NponsseaeHa cpaBHUTENbHAs OLEHKa
METOOOB pacyeTa HecyLleln CNOCOBHOCTY CBal Ha ropu3oHTarnbHY0 Harpy3ky. [Ins conocTtaBneHns pas3nuyHbIX pacyeTHbIX
MeTOAVK BbINOMHEHbI YNCMEHHbIE pacyeTbl Npu NpuMeHeHun mogenu KynoHa — Mopa, 1 pacyeTbl o MeToavKe TeEOpUN MeCT-
HbIX YyNpyrx gecpopmanuii, 4O CUX NOP pernaMmeHTMpyeMon CTPOMTENbHBIMU HOPMaMu 1 npaBunamMu. KoHe4yHo-anemMeHTHas
MOZienb CBau B rpyHTe pa3paboTaHa u paccuMTaHa B NPOCTPaHCTBEHHOW NOCTAHOBKE NPU UCMONb30BaHUM TBEPAOTENbHbIX
3MEeMEHTOB BbICOKOrO YpoBHS. Takke Oblnia nocTpoeHa 1 paccumMTaHa Mogernb Npy NPUMEHEHUW NapaMeTpUYECcKMX CBanNHbIX
3M1eMeHTOoB B nporpammHom komnnekce MIDAS.
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Pe3ynbraTthbl. [oka3aHo, YTO MPUMEHEHNE YUCMIEHHbIX PAacYETOB B OLIEHKE HecyLLe CNOCOBHOCTH CBalHbIX (hyHAAMEHTOB
1 NepeMeLleHnin No3BoNAeT NonyyaTb pe3ynbTaThbl C BbICOKOW CTEMEHBIO NPUBNIMKEHNS K AAHHBIM NOMEBbIX 9KCNEPUMEHTOB,
YPOBEHb JOCTOBEPHOCTU KOTOPbIX BbILLE, YEM MPY UCMOMNb30BaHUM HOPMATUBHBIX aHANMUTUYECKUX METOAUK.

BbiBoabl. Pe3ynbraThl nccnegoBaHns nokasanu, 4To JOCTOBEPHOCTb YMCMEHHBIX PacveToB AN aHannsa ConpoTUBNEHUs
CBall rOpM3OHTaNbHOMY BO3[ENCTBMIO CBUAETENLCTBYET O LienecoobpasHOCT MPUMEHEHNS AaHHOW METOAVKN AN peLleHns
NpaKTUYecKknx 3aAay reoTexHuku. [pn ncnonb3oBaHNM A4aHHBIX METOANK MPUOPUTETHBIM ABNSETCH UCNONb30BaHWE NPOABU-
HYTbIX, Bonee coBepLUEHHbIX, HENWHENHbIX MoAenen noseaeHus rpyHTos (HS, CamClay v gp.).

KNIOYEBbIE CITOBA: cBaiHbIi hyHAAMEHT, HecyLlasi CiocoOB6HOCTb, MeToA KOHEYHbIX 3NEMEHTOB, FOPU3OHTanbHas
Harpyska, mogens Mopa — KyrnoHa

Ona UNWTUPOBAHWUA: Kypaysos K.B., ®omeHko U.K. Piles and lateral loads: comparison of calculation methods //

BectHuk MI'CY. 2019. T. 14. Buin. 10. C. 1280-1291. DOI: 10.22227/1997-0935.2019.10.1280-1291

INTRODUCTION

The creation of strong foundations has been the
topic of continued research attention in the field of con-
struction industry. In this respect, deep foundations,
including those on piles, have found wide application.
The construction of such foundations frequently in-
volves the development of a pile system that is capable
of sustaining significant lateral impact.

Methods used at the beginning of the 20th century
for lateral-load resistance calculations were developed
for sheet piles under the assumption of an absolutely
rigid rod that would rotate when exposed to a lateral
load, in which case the soil would be displaced in the
upper zone [1-3]. Soil resistance was then calculated
using the classical theory of the ultimate stress state
of the soil [4]. However, numerous experiments have
proven these methods to be unreliable [5, 6].

Subsequent studies proposed to calculate pile pa-
rameters assuming that each pile was a beam on an elas-
tic basis; these calculations relied on the Winkler — Fuss
hypothesis [7, 8]. This approach is based on the differ-
ential equation of a deflection curve:

4
Er9Y -
'

(1

where E is the elastic modulus, MPa; [ is the moment of
inertia, cm*; & is the subgrade reaction modulus (SRM).

This approach has gained popularity due to sim-
plified analytical calculations even compared to the
general elastic strain theory, while being acceptably re-
liable provided that the SRM is accurate enough. Vari-
ous modifications of this approach have been proposed,
mainly those aiming to adjust the SRM for depth. This
method is still widely applied in Russian design practic-

es and is recommended by the Russian Building Code
22.13330"

However, the method of calculating lateral loads
on the basis of the local elastic strain theory has
a number of significant disadvantages, including the
following:

+ the method neglects the strain emerging at points
in the soil immediately adjacent to the load application
area but lying in a different plane;

* SRM values cannot be experimentally obtained for
a particular construction site [9] and, subsequently, are
frequently derived from standardized tables. Such an
approach cannot be considered correct, because stan-
dardized values cannot represent a broad spectrum of
physical and mechanical soil properties, the variety of
pile-soil interaction mechanisms across a wide range
of technological, geometric, force-related and other
factors;

* various empirical modifications that attempt to
model a quasi-linear function of the SRM versus depth
are somewhat artificial by nature and have not thus far
been confirmed experimentally;

 the method ignores a number of boundary con-
ditions that affect the actual non-linear character of
changes in the stress and strain of the anisotropic soil
environment.

As a result, the restricted mathematical capacity
of this methodology has pre-determined the failure of
numerous attempts to improve it by introducing various
empirical adjustment factors.

In the view of the abovementioned, the develop-
ment of reliable analytical expressions based on a math-
ematical model of pile — soil interaction remains to be

'SP 22.13330. Foundations of Buildings and Structures.
Updated revision of SNiP 2.02.01-83*
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of importance. This apparently requires a more accurate
calculation of soil properties. In order to describe the
behaviour of soils, use should be made of models that
consider the mechanical properties of the soil as func-
tions of its physical properties under the effect of di-
verse loads, as well as the plastic and rheological prop-
erties. Such models should rely on the instruments of
continuum mechanics and be realized in software pack-
ages, including those based on finite elements. Another
prospective approach seems to be the application of
discrete mechanics instruments within the framework
of a microstructural approach.

MATERIALS AND METHODS

In order to analyse the performance of piles under
lateral loads, we used numerical methods based on such
fundamental models describing the soil behaviour, as

+ the Mohr — Coulomb elastic ideal plastic model;
+ the hardening soil model (HSM).

Mohr — Coulomb elastic ideal plastic model

This is the most widely used model in today’s en-
gineering [10] due to a relative simplicity of obtaining
the input information, which can always be derived
from geotechnical reports:

E is the elastic modulus, MPa;

v is Poisson’s ratio;

¢ is the internal friction angle, deg.;

C is specific cohesion, kPa;

v is the angle of dilation, deg.

This model demonstrates the linear nature of de-
struction and comprises two strength components, i.e. the
specific cohesion C and the internal friction angle @, thus
describing the tangent stress (shear strength) as a func-
tion of the acting normal stresses. In general, the model
is represented as the slope o of the destruction line to the
stress axis (the X-axis) at the angle ¢ (2) (Fig. 1).

t=0-tgp+C, 2)

m

cctgp 0 c

s

Fig. 1. Mohr — Coulomb graphical model
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Hardening Soil Model (HSM)

This is a hyperbolic model that takes into account
soil hardening induced by shear or isotropic load-
ing [11]. Shear-induced hardening (frictional harden-
ing) is the criterion that differentiates HSM from the
Mohr — Coulomb model, i.e. implying that the destruc-
tion area is not constant but rather a function of plastic
(shear) strain, see Figs. 2 and 3.

The main features of this model are as follows:

* the stiffness of the soil m depends on the stresses
present therein;

* consideration of the plastic shaping strain induced
by deviator stresses, which depend on the elastic modu-
lus given deviator loading E.7;

* consideration of the plastic linear strain induced
by volumetric stresses, which depend on the odometric
elastic modulus £'7;

+ a mechanism of elastic behaviour under unloading
or reloading, which depends on the unloading modu-
lus E/7;

* a soil destruction mechanism determined by the
Mohr — Coulomb model parameters (o, ¢, y).

Factors affecting the pile — soil interaction
The pile—soil interaction is a complex process af-
fected by multiple various factors [4, 12, 3, 13]:

* natural factors, including the background history
of the soil (affecting, in particular, its density), the cur-
rent and predicted state of the soil (including its stress-
strain state), the complexity of geotechnical elements,
the composition and structure of surrounding soils, as
well as their physical and mechanical properties;

 type of piles, their physical and geometric pa-
rameters;

* pile sinking depth;

* pile sinking technology;

+ configuration of pile-sustained loads;

* processes changing overtime, etc.
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Fig. 3. Hardening soil stiffness graphical model

The pile type and design play an important role in
the pile—soil interaction. Thus, a number of experiments
were carried out in the UK in 1969? with the purpose
of analysing the pile-soil interaction. The experiments
used 5.6-meter-long driven piles made of @168 mm
steel pipes. The piles were sunk in solid clay soils. The
tests were being performed during a year after the piles
had been immersed. It was found that setting the piles
by driving created a technological gap near the top of
the pile, at the wellhead. This gap could be as deep as
8x pile diameter. Further observations of the soil in the
gap over the year revealed that the gap had not been
diminished by rheological soil recovery processes. Ac-
cording to measurements, the pile—soil adhesion was
weak at depths from 8 to 14 pile diameters. At greater
depth (>16d), the soil adhesion peaked, exceeding the
non-drained shear strength by 20 % or greater (Fig. 4).
Therefore, under similar conditions, the resistance to
any lateral load on the soil surface will be mainly deter-
mined by the pile material.

The obtained experimental data also showed that
the lateral-load capacity of piles was also affected by
the over-consolidation ratio (OCR) and the pile shaft

2 Research Association of civil engineers. URL: https://

WWww.ciria.org

Shear hardening
1

Volumetric hardening

stiffness (flexibility). The over-consolidation ratio
(OCR) is herein a quantitative measure that reflects the
specific of formation and the age of dispersed soils. This
parameter directly affects the effective lateral stress in
the soil, thus determining the lateral stress, which can
be expressed as a function of the lateral standby pres-
sure coefficient K [14, 15].

According to [16, 17], the soil strain in sandy or
clay soils shows different values, which fact also points
to the importance of natural (geotechnical) factors. In
sands, displacing a pile causes the soil to deposit on its
rear face and shift forward, then in different directions
from the front face. In cohesive soils, loading causes soil
consolidation; in the limiting state, there emerges a cav-
ity, while the vertical wall near the rear face remains [5].

Another important factor is the configuration of
loads having an impact of the pile. Apparently, load-
induced pile displacement will be affected by the di-
rection of the load with respect to the main pile axes,
by the repetitive character of such a loading, by the ra-
tio and intensity of different loads, as well as by many
other factors. Thus, the intensity of the load affects the
pile resistance, altering the proportion of friction forces
on the pile surface. It was shown that the proportion of
friction forces reached 36 % of the total pile resistance
in some experiments [5].
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Fig. 4. Load transfer from pile to soil

Comparison of methods for calculating the lateral-
load capacity of piles

The high labour intensity of manual calculations
when using non-linear mathematical models of the soil
behaviour determined the development of simplified
empirical methods. Advancements in the digital indus-
try and the widespread use of numerical computations
in engineering have enabled researchers to use and de-
velop complex continuous and discrete mechanics mod-
els [18]. The current level of computational resources
allows unreliable simplified empirical methods based on
the Winkler-Fuss hypothesis either to be entirely aban-
doned or to be limited to first-approximation estimates.

Computer analysis in geoengineering facilitates
consideration of various factors affecting the output
while being time-effective. Such calculations are de-
void of numerous empirical coefficients set forth in
regulatory documents. The reliability of numerical cal-
culations is not determined by the pile stiffness, sinking
depth, etc. Numerical calculations can be adjusted to
a variety of factors: pile impact configuration, physical
and geometric nonlinearity of above-ground structures
or foundations, rheological properties, etc.

State-of-the-art finite-element software packages
(Plaxis, Midas, RS3, etc.) rely on parametric pile mod-
els that offer certain user advantages: a faster and less
labour-intensive pre-processor modelling; simplified
geometric modelling; a higher probability of problem
convergence; wider opportunities of the post-process-
ing stage, providing data not only on the stress-strain
state but also on the values and distributions of inter-
nal forces, etc. It seems important that both the lateral-
surface capacity f; and the base capacity R, values as
found by the currently standardized methodology, Code

1284

24.13330.20113, can be used as the input information.
Despite the aforementioned advantages for engineers,
parametric modelling of pile foundations has a num-
ber of disadvantages. Thus, these approaches are based
on a simplified mathematical function of the element
behaviour, with the volumetric solid element being re-
placed with a unidimensional one. In other words, the
distribution of forces and stress-strain calculations take
an approximate form [13, 19]. Essentially, algorithms
first compute the parametric element behaviour func-
tion, which is set (and hidden) by the software devel-
oper and normally linear, and only then (separately) de-
scribe how the element interacts with the finite element
of the surrounding mesh representing the soil. Due to
such double calculations, algorithms consecutively gen-
erate and calculate two matrices of stiffness, each with
different values, e.g. the stiffness set forth in the SP or
found experimentally, and the stiffness of the adjacent
soil. Multiple studies have shown that such an approach
produces significantly distorted results.

Thus, reliable calculations require the use of high-
level (16, 32, or more nodes) volumetric solid finite ele-
ments in a spatial problem statement using mathemati-
cal soil behaviour models. Reliability can be improved
by modelling the pile-shaft interaction with the adjacent
soil, i.e. the “friction effect”, e.g. by adding interface
elements [14].

Input information for computational modelling
In order to compare different calculation methods,
we performed a number of numerical calculations using

3 SP 24.13330 Pile Foundations. Updated revision of SNiP
2.02.03-85.
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the Mohr-Coulomb model and the hardening soil model Experiments aimed at assessing lateral loads used
(HSM), as well as those based on the local elastic strain  a single-beam metal stand rested against two piles. The
theory so far required by building codes (SP 22.13330).  experimental pile was loaded by a DG-200 hydraulic
The comparison basis was formed by the results of jack. The lateral force was recorded by a gauge placed
experiments, in which a bored and cast-in-place pile in the hydraulic system in front of the jack. Pile dis-
(25 meters long, 800 mm in diameter) was exposed to  placement was measured using Maksimov’s deflection

lateral loads at a high-rise construction site. meters attached to an independent reference system.
P, mc
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Fig. 5. Diagram of experimental pile loading
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Table 1. Physical and mechanical properties of the soils

GTU Geotechnical unit (GTU) Yield, | Porosity | Young’s Specific Internal Soil density
N 1 factor, e | modulus E, | cohesion C, friction p, g/em?
MPa kPa angle ¢, deg
37 | Dusty loessial solid loam 0.04 0.70 20 30 25 1.70
39 | Dusty loessial solid loam with gravel —-0.10 0.70 15 22 20 1.87
40 |Heavy brown solid loam with gravel —-0.10 0.65 22 25 12 1.85
55 | Moist heavy brown solid loam with -0.20 0.67 15 33 25 1.85
gravel
57 | Solid dusty brown clay with gravel -0.20 0.52 24 35 29 1.85
g
g o - k=
= = +—
82| 2% | == g
(t% g ﬁ % EE § Soil description P, Tf 012803
37 | 15520 | 4.10 | 4.10 | Dusty loessial solid loam
5.50
39 | 151.90 | 7.40 | 3.30 | Dusty loessial solid loam with gravel
37 | 150.70 | 8.60 | 1.20 | Dusty loessial solid loam $.80
39 | 145.70 [ 13.60 | 5.00 | Dusty loessial solid loam with gravel
40 | 143.20 | 16.10 | 2.50 | Heavy brown solid loam with gravel 17 17
57 | 141.20 | 18.10 | 2.00 | Light dusty brown solid clay with gravel
55| 138.40 1 20.90 | 2.80 | Moist dusty brown solid loam with gravel
57 | 137.20 [ 22.10 | 1.20 | Light dusty brown solid clay with gravel
=25
134.3
551 129.30 1 30.00 | 7.90 | Moist dusty brown solid loam with gravel

Fig. 6. Geology site profile
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The pile was loaded in increment, with the first P = 50.0 tf, while the stabilized displacement totalled
and last two increments being 12.5 and 6.25 tf, respec- AH =16.80 mm.
tively. The soil strain was deemed stabilized if the dis- The value of ultimate pile resistance was taken at
placement rate did not exceed 0.1 mm over an hour of the pile head displacement AH = 10 mm and reached
observation. Piles in the test reached a lateral load of 37.0 tf as shown in the test curve (Fig. 5).

Fig. 7. Representative finite element model

Fig. 8. Results of numerical calculations (MIDAS) of pile deflection

1287

6L0Z ‘0L @NSS| "L DWIN|OA « 3INJO8}IYJJY PUB UOIIONIISUOD) UO [BUINOL AJYJUOIA « NSDIN HIUISIA
610Z ‘01 ¥oAuiag "L woL . (8UlUO) 0099-70E€Z NSSI (1uld) SE60-2661 NSSI » ADJIN ¥MHLOD9g



BectHuk MI'CY ¢ ISSN 1997-0935 (Print) ISSN 2304-6600 (Online) « Tom 14. Beinyck 10, 2019

Vestnik MGSU - Monthly Journal on Construction and Architecture « Volume 14. Issue 10, 2019

K.B. Kypay3oe, U.K. ®omeHko

Table 1 presents the calculated physical and me-
chanical soil properties at the construction site.

Fig. 6 shows the geology profile of the lateral-load
pile testing site.

High-level solid elements were used to develop
and compute a finite-element pile-in-soil model in
a spatial setting, see Fig. 7.

It should be noted that we also developed and
computed a model using parametric pile elements.
However, the obtained results are not presented in the
current paper, because they deviated significantly from
other calculations.

Fig. 9. Comparative analysis results

Table 2. Model accuracy factor, K

RESULTS

Fig. 8 displays the results of finite-element mo-
delling.

The graphs in Fig. 9 compare the results obtained
by: the analytical method (SP 22.13330), finite-element
analysis using the Mohr — Coulomb (MC) model and
the hardening soil model (HS) against the experimental
field-test results (XPR). The accuracy factor was found

RXPR

from the ratio K = , where R are the results of

M
mathematical calculations, R, . are the experimental

results. The accuracy factors are given in Table 2.

Method K
Analytical method per SP 22.13330 0.5075
Mohr — Coulomb model 0.7716
Hardening soil model 2.1518
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Fig. 10. Graphical representation of numerical results (MC, HS) with analytical calculations (SP) and with experiments (XPR)

CONCLUSIONS

Our research has produced the following findings:

1. The actual pile — soil interaction mechanism is
affected by multiple factors [20, 21]. The existing meth-
ods of pile foundation calculations are based on a lim-
ited set of boundary conditions, resulting in diverse
estimates of pile resistance to loads. The reliability of
such methods depends on the pile type, as well as on
the geotechnical conditions. To date, no single versatile
method has been developed that could take into account
the complexity of the pile—soil interaction under various
loads [22, 23];

2. The use of numerical calculations for assessing
the capacity and movements of pile foundations pro-
vides results comparable to those of field tests. How-
ever, the reliability of numerical calculations is signifi-
cantly dependent on the choice of a soil model [24];

3. A high reliability of numerical calculations
makes them feasible for assessing the capacity and
movements of pile foundations. The choice of a calcu-
lation model should take into account the mathematical
formulation of the pile — soil interaction, the geoengi-
neering of the construction site, the availability of the
input information, design cconditions, etc.
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