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Numerical analysis of pile foundations in seasonally freezing soil ground

Abstract. The article presents the results of numerical analysis for pile foundation in
seasonally freezing soil ground. This project uses the static tests of soil by piles at the
construction site of Cargo off-loading facilities (Prorva, Atyrau region, Kazakhstan). The
project area is located along the east coast of the Caspian Sea, both onshore and offshore,
near the Prorva oilfield, Kazakhstan. At present, the North Caspian Sea has a limited
water depth (max 8 m). According to the test results have been made design changes in
the pile foundation. Static tests (SCLT) were carried out on the piles with 16m in length
and precast concrete joint pile foundations with a total length of 22m to 27m. This
research is important for an understanding of the interaction mechanism of precast
composite joint piles with seasonally freezing soil ground of the Caspian Sea coastal area
of the site.
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Introduction

Seasonal freezing of soils is a problem soil. In the production of winter conditions, engineers are
faced with the problem of assessing frost-prone soils and making the right decisions to ensure the
strength, reliability, durability, and stability of buildings. The frost hazard of soils in construction is
understood as their ability to influence the stability of structures in the process of freezing-thawing
when interacting with piles. According to the construction standards, the choice of the method of
construction of the foundations should be determined based on engineering and geological studies. To
make technological decisions, additional data are needed to characterize the cryogenic properties of
soils in the process of freezing and thawing of soils.

Engineering and geological structure of site “Prorva”

Table 1 describes the engineering and geological conditions of the construction site. According to
the physical and mechanical properties of the soil and the results of laboratory tests in the geological
section, three engineering-geological elements (IGE) were identified. The standard values of the
physical and mechanical properties of soils are given based on the results of testing samples of all wells.

The table 1 presents a geotechnical structure of the site.

Tablel
Geological and lithological conditions of the construction site
EGE Layer Description C (0 Ynatural *), | Su, Eoed. ref
deg. kN/m3 kPa
EGE-2 Clay silt. 0.7 29,4 19.3 15 2.750
EGE-3 The sand is medium- 2.7 31.5 19.0 - 30.000
dense, dense

EGE-7 The clay is light, dusty | 20.8 24.7 19.1 80 2.000

EGE-8 The sandisdense 24 31.8 20.0 - 40.000

EGE-9 Clay 22.7 23.8 20.6 150 4.000

EGE-10 Clay 25 24.7 20.2 150 2.000
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Pile Integrity Test (PIT) research

Mainly to ensure the safety of the head of a solid reinforced concrete composite pile, since most
of the destruction is observed in its head part, even though 1.5 - 2.0 times higher than in the middle
part. This phenomenon is explained by the fact that during immersion, the strength of the pile in the
head part decreases due to the formation of microcracks, and then, as the number of impacts
increases, the destruction of the head part of the pile occurs, while the strength of the pile trunk
remains unchanged [1-5].

The quality of the pile is often determined by a low-stress continuity test, which is performed
immediately after driving. The tests allow you to find out which piles should undergo additional
inspection. The measurement is carried out by hitting the pile head with a hand hammer and
evaluating the reaction of the head using an accelerometer [9]. For continuous control, non-
destructive methods are used. To determine the actual pile lengths, locate defects (cracks, weak
sections), and evaluate the mechanical characteristics of concrete piles, seismic-acoustic (sound) and
ultrasonic control methods are used.

Working with seismoacoustic and ultrasonic devices is divided into two stages: testing piles on
the construction site and interpreting the information obtained using special software.

To ensure the registration of the second wave in the piles, it is carried out with the help of
special equipment, followed by leveling the surface of the head and mounting sensors
(accelerometers) in accordance with Figures 1, 2.

The accuracy of determining the pile length depends on the accuracy of the stress wave
velocity. When the pile length is known, the wave propagation velocity can be matched to the known
length.

The solution to the issue of guaranteed safety of the reinforced concrete pile structure during its
immersion in the ground is one of the main tasks of the developed problem.

The tests were carried out in seasonally freezing soils, the graphs show the integrity of the pile
foundations in Figure 3.

Analysis of wave passing in the pile
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Figurel.Test results of piles TP-02by the method of PIT
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Analysis of wave passing in the pile

002, TS Pile: TP-03. 1. #11 MA:  20.00
MD: 8.00
LE: 9.50
WS: 4400
LO: 0.00

0.01}- HI: 20
PV: 0
T1: 48

0.00L~ = ———

T Toe
-0.01"- l : ' vl

Figure 2. Test results of piles TP-03 by the method of PIT

The peculiarity of modern technology is the presence of docking units, which must retain their
strength and shape after clogging each section. Thus, for the conditions of modern technology, it is
necessary to introduce another condition, where the total number of blows of the pile-breaking
equipment (or vibrations of the vibration loader) (N), capable of loading the pile at a given mark or
before reaching its value of the effective load perceived by one pile, should be less than the impact

resistance of the butt joint (Ncr), which is in the worst conditions (1) [1-4]:

N<Ner

Fugure3. PIT pile testing

M
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Numerical simulation by the finite element method in the Plaxis 2D

Currently, numerical calculation methods are used to quantify the VAT (stress-strain state) of
inhomogeneous ground masses interacting with underground structures of buildings and structures,
including FEM (finite element methods) [10]. The basis of these methods is the joint solution of a system
of differential equations of equilibrium, continuity, and physical equations. The latter determine the
dependence of the soil deformation on the stress state. Currently, there are different methods for
describing physical equations, depending on the need to consider the linear, nonlinear, and rheological
properties of soils.

The Plaxis 2D program has the advantages of relative simplicity and ease of use, as well as the
availability of a soil model that is optimal for the task of this dissertation research [10].

The geometric dimensions of the composite pile model with a width of 0.4 m and various lengths
from 22 to 27 meters were used in the calculation.

On the contact surface of the pile with the ground, interface elements were used to consider the
displacement of the places of contact of the soil with the pile model.

The current version of PLAXIS 2D allows you to use only a linear color scale. In this regard, due
to the large difference between the minimum and maximum shear deformations, it turned out that it
was impossible to display them simultaneously in the same drawing.

Since the pile foundation is symmetrical to the vertical axis, only half of the area of the soil mass
and the pile foundation were considered in the calculation scheme. The calculation scheme was
automatically divided into triangular finite elements. The number of considered types of elements
(layers) is 6 (the sequence of layers of the soil mass is shown in Figure 4).
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Figure 4. Diagram of the arrangement of the sequence of layers of the soil mass and the pile
foundation
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Piles of different lengths from 22 to 27 meters were tested using various simulations (Figure 4):

a) Pile 22m-the total length of the composite piles is 22 meters, the length of the first section is 16
meters, the length of the second section is 6 meters;

b) Pile 23m-the total length of the composite piles is 23 meters, the length of the first section is 16
meters, the length of the second section is 7 meters;

c) Pale 24m-the total length of the composite piles is 24 meters, the length of the first section is 16
meters, the length of the second section is 8 meters;

d) Pile 25 m-the total length of the composite piles is 25 meters, the length of the first section is 16
meters, the length of the second section is 9 meters;

e) Pile 26m-the total length of the composite piles is 26 meters, the length of the first section is 16
meters, the length of the second section is 10 meters;

e) Pile 27m-the total length of the composite piles is 27 meters, the length of the first section is 16
meters, the length of the second section is 11 meters.

Numerical simulation of testing of composite piles with a length of 22 to 27 meters

This section discusses the calculation of the pile foundation draft. The general methods of creating
a geometric model, constructing a finite element grid, performing calculations using the finite element
method, and evaluating the results obtained are considered in detail.

The load-bearing capacity of the piles was determined based on the results of numerical
simulation of each pile operation in the PLAXIS 2D software package. The stress-strain state of the base
was calculated using the Mora-Coulomb elastic-plastic model. The calculations were carried out in an
axisymmetric setting.

Step-by-step pile loading was modeled by increasing the applied load on the pile, and the
maximum vertical load was 3,278 kN. The main parameters tracked for the results are the amount of
applied load and the pile draft. As a result of the calculation, the "load-draft" graphs were constructed.

Geometric models of numerical simulation of composite driving piles with a length of 22 meters
to 27 meters (Pile 22 m-Pile27 m) are shown in Figure 5.

N

Figure 5. Geometric model of a composite pile with a length of 27 m
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The finite element meshes generated automatically by the Plaxis 2D program for composite piles
with a length of 22 meters to 27 meters (Pile 22 m - Pile27 m) are shown in Figure 6.

Fugure 6. Finite element grid (Pile 22, 27m)

Isolines of total ground movements under vertically static loads for composite piles with a length
of 22 meters to 27 meters (Pile 22 m — Pile27 m) are shown in the figure 7.
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Fugure 7. Full displacement (Pile 22, 27 m)

Vertical movement isolines for composite piles with a length of 22 meters to 27 meters (Pile 22 m -
Pile27 m) are shown in the figure 8.
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Figure 8. Vertical movement (Pile 22, 27m)

Isolines of horizontal ground movements under vertically static loads for composite piles with a
length of 22 meters to 27 meters (Pile 22 m-Pile 27 m) are shown in the figure 9.
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Figure 9. Horizontal movement (Pile 22, 27 m)

Comparison of numerical simulation results

Figure 10shows a comparison of the test results the "Load-Settlement" curve obtained by the SLT
method, the length of the composite piles is from 22 meters to 27 meters [1, 4-9].
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Figure 10.Load-Settlement graph based on Plaxis 2D results

The superposition of the curves showed that the convergence of the graphs is observed only at
the initial stage of loading, then there is a change in the trajectory of the curve depending on the length
of the pile. For a pile with a length of 22 meters, the draft was 30.58 mm, and for a maximum length of a
composite pile of 27 meters, the draft was 25.43 mm.

For the partial value of the maximum resistance of the pile to the indentation load Fu, it is
necessary to take the load under the influence of which the tested pile will receive a draft equal to S and
determined by the formula 2 [10]:

S ={Syme=02-8=16Mm @)

Sumt=8cm-the limit value of the average foundation draft of the projected building, set according
to the instructions of the SNiP 5.01-01-2002 [6-8];

where: C is the transition coefficient from the limit value of the average foundation sediment of a
building or structure Su, mtk to the pile sediment obtained during static tests with conditional sediment
stabilization, according to the requirements of the SNIP 5.01-101-2003 the value of the coefficient should
be taken as (=0.2.

The results on the maximum resistance of the piles to the indentation load under the influence,
in which the tested pile received 16 mm of precipitation from the dependence of the length of the pile,
can be seen in Table 2.

Table 2
Determination of the load-bearing capacity of piles at a fixed settlement
No Pile number The load-bearing capacity of the pile at a fixed draft of 16 mm
1. No pile 22m 1727 kN
2. Ne pile 23m 1815 kN
3. No pile 24m 1883 kN
4. No pile 25m 1975 kN
5. No pile 26m 2139 kN
6. No pile 27m 2229 kN
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Conclusion

The estimated load-bearing capacity of the driving pile with a cross-section of 40x40 cm and a
length of 25 m was 2400 kN, which confirms the sufficient load-bearing capacity of the foundation
soils for piles of this depth of immersion.

The section has developed geometric models of composite driving piles with a length of 22
meters to 27 meters (Pile 22 m — Pile27) musing numerical simulation in the Plaxis 2D environment.
The calculation of the stress-strain state of the base is based on the elastic-plastic Mohr-Coulomb
model in an axisymmetric formulation. The piles were gradually loaded by increasing the applied
load on the pile, resulting in a maximum vertical load of 3,278 kN.

Vertical displacements for composite piles with a length of 22 meters to 27 meters (Pile 22 m —
Pile27 m) after the calculation stage in the Plaxis 2D environment ranged from 25 mm to 30 mm, this
is consistent with the results of field tests.

The load-bearing capacity of the piles was compared at a fixed draft of 16 mm and the change
in load-bearing capacity per one linear meter of the depth of immersion of the pile was calculated.

The method of testing composite piles by the SCLT method is performed in accordance with
the ASTM standard. According to the results of field tests of composite piles by the SCLT method, the
load-bearing capacity of the piles was 2067 kN, 2042 kN and 2333 kN, respectively, for pile lengths
from 23 m to 26.75 m, and these values do not exceed the values of the maximum load-bearing
capacity according to the Davisson limit method.

On the basis of conducting a series of field tests of composite piles in the conditions of
complex multi-layered soils of Western Kazakhstan, it is recommended to use non-destructive
methods for controlling the continuity of composite piles. The low-stress continuity test (PIT method)
identifies pile defects that may reduce load-bearing capacity.

Geometric models of composite driving piles with a length from 22 meters to 27 meters (Pile
22 m - Pile 27 m) were developed using numerical modeling in the Plaxis 2D environment and the
stress-strain state of the base was calculated using the elastic-plastic Mohr-Coulomb model in an
axisymmetric formulation. As a result, vertical displacements were determined for composite piles
with a length of 22 meters to 27 meters (Pile 22 m-Pile27 m) from 25 mm to 30 mm, which is
confirmed by the results of field tests, and the load-bearing capacity of piles with a fixed settlement of
16 mm was compared.
Based on the results of numerical simulation of construction sites Prorvain seasonally freezing soil
ground bearing capacity of pile foundations have a slight deviation of the pile settlement.
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I'.T. Taeyaenosa, A.)K. XKXycynoekos, JK.A. I[llaxmos, A.P. OmMapos
/A.H. I'ymuaes amoindazor Eypasus yammeorx yrueepcumemi, Hyp-Cyaman, Kasaxcman

TonbpIpakThIH MayCbIMABIK KaTybl Ke3iHAeri KagaablK ipreracrapabl CaHABIK Taajay

Anaarna.MakaaazaTonblpaKThIHMay ChIMABIKKaTY>KaFAalibIHAaFbIKaAaAbli preTacTh HHITIKe Ae
pikearipiaren. byakobOagakaiitaTueykypblabicrapbiably, — (IIpopsa, ATtbipayo0Oasicel, Kasakcran)
KYpblablcalaHblHAaKadalapMeHTOIIbIpaKThIHCTaTKaAbIKChIHay Aapblillaiijadanbiaaapl.  JKoba aysaHbI
Kacrmit TeHi3iHiH cOATYCTiK-IIBIFBIC JKaFaAaybiHBIH OoitbiHAa, [Tpopsa, Kasakcran MyHall KeH OpHBIHA
JKaKbIH >Kepae opHaaackaH. Kasipri yaksirra Coatycrik Kacnniigig Tepenairi mekreyai (Makcumym 8
M). CpIHaK HaTV>Keaepi OOMbIHINIA KaJaAblK ipreTacka KOHCTPYKTUBTI e3repicrep eHrisiai. CTaTmkaablk
ChIHAKTap >KaAIlbl Y3BIHABIFRI 27 MeTpre AeifiH 16 MeTpaik Kadadap MeH KypacThIpMaabl TeMipOeToH
0aliAaHBICTBIPFBIIT KajadapAa Kyprisiagi. bya seprreyaep kKypama KagaadapabiH Kacnmir Temisi
y4yacKeciHiH >KafaJay aiiMarbIHBIH IIpo0.JeMaAbl TOIBIparbIMeH e3apa dpeKeTTecy MeXaHWU3MiH TYCiHy
YILIiH MaHBI3ABI.

TyiiiH ce3aep:kadasap, caHABIK ChIHaKTap, >KykreMe-oTeipy, PIT.

I'T. Taeyaenosa, A.)K. Xycynoekos, XK.A. Illaxmos, A.P. Omapos
Espasuiickuil nayuonarvruiil yrusepcumem um. A.H. I'ymuresa, Hyp-Cyaman, Kasaxcman

UncaeHHDBIN aHaAM3 CBaliHbIX (yHAAMEHTOB B yCAOBMSX CE30HHOTO IIpOMep3aHus IpyHTa

Annoranms. B craThe npeacraBaeHbl pe3yabTaThl paOOTHI CBaltHOTO (pyHAAMeHTa B YCAOBUAX
Ce30HHOIO ITpOMep3aHMsI TPyHTa. B gaHHOM IpoekTe MCIIOAB3YIOTCS CTaTMYeCcKUe UCIIBITaHUs IPyHTa
CBasMM Ha CTPOUTEABHOI ILA0LIajKe Ieperpysodnbnix coopy:kenuit (ITpopsa, ATbipayckas oOaacTs,
Kasaxcran). Palion mnpoekra pacroaoXkeH BA0Ab BOCTOuHOro mnobepexnsi Cesepo-Bocrounoro
Kacnimitckoro Mopsi, Kak Ha cyIile, Tak 1 Ha 11eabde, He4aaeko OT HepTAHOTO MecToposkaeHns ITpopsa
(Kasaxcran). B nacrosiee spems Cesepuoiii Kacrinit nmeeT orpaHMueHHYIO TAyOMHY (MaKCUMyM 8 M).
Ilo pesyabTataM MCHBITaHMI OBLAM BHECEHbI KOHCTPYKTMBHBIE M3MEHEHMS B CBailHbI (PyHAaMEHT.
CraTnueckne UCIBITaHNS ITPOBOAMANCH Ha 16-MeTPOBLIX CBasiX M COOPHBIX KeA1e300eTOHHBIX
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COeAVMHUTEABHBIX CBasX oOOIIell AaMHON A0 27 M. DTM MCCAeAOBaHMS BasKHBI AAs TOHUMAaHMS
MexaHM3Ma B3aMOAENICTBISI COOPHBIX COCTABHBIX CBall C MPOOAEMHBIM I'PYHTOM ITpMOPE’KHON 30HBI
yuactka Kacrmmiickoro mopst.

Karouesble caoBa: cBasi, 4MCAeHHBIN aHaAMU3, Harpyska-ocaaka, PIT.
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