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Abstracts: The article provides an analysis of the bearing capacity of barrett piles in difficult geological conditions at a construction
site in the city of Hanoi, Vietnam based on the results of analytical calculations according to Russian building codes, mathematical
modeling and field full-scale tests. The paper describes a numerical test of a single barrette for Mohr-Coulomb and Hardening Soil
models in the Midas GTS NX software package. The bearing capacity of a barrette in soft soils is also proposed to be determined
by an analytical solution for calculating the settlement of a single pile, taking into account the unloading of the pit after soil
excavation. The results of full-scale tests at the site of future construction, graphs of "load-settlement" of the barrette head from
the applied vertical load and the general assessment of the bearing capacity of the barret pile by various methods are shown.
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AHHOTALMS: B CTaThe PUBOIUTCS AaHAIN3 HECYILIEH CIIOCOOHOCTH CBali-0apeTT B CIOKHBIX HHKEHEPHO-TEOIOTHUSCKHX
YCIIOBHSIX HA CTPOHMTENBHOM IUIOIIA IKE B TOpozie XaHoii, BeeTHaM 1o pesybraraM aHaIMTHYECKUX PacyeToB 1o Poccuiickum
CTPOHTEIEHBIM HOPMaM, MaTeMaTHYECKOTO MOCIUPOBAHKS U ITOJICBBIX HATYPHBIX HCIBITaHUH. ONHCHIBACTCS IPOBENICHIE
YUCIICHHOTO MCIBITAHUS OWHOYHOI OapeTTsl st Moaeneit TpyHToB Mohr-Coulomb un Hardening Soil B mporpamMmvuOoM
rxomrutekce Midas GTS NX. Hecymryro ciocoOHOCTE OapeTTsl B CIAOBIX TPYHTAX TaKXKe IPeIIaracTcs OnpeAessaTh M0
AQHATUTHYCCKOMY PELICHHUIO PacyeTa 0Ca K1 OIMHOYHON CBaK C y4eTOM pas3rpy3KH KOTJIOBaHa rociie pa3padoTkH. [TokazaHsl
Pe3yIIBTaThl HATYPHBIX HCIIBITAHMH Ha IUTOMIAIKe OYIyIero CTpOUTEIbCTBA, IPadHKU «HArPy3Ka-0CaIkay OroJI0BKa OapeTThl
OT NPUJIOXKEHHOI BEPTUKAIBLHON HArPY3KH 1 001ast OL[CHKa HECyIel cloCOOHOCTH CBau-0appeThl 10 Pa3IMYHBIM METOHAM.

KuaroueBble ciioBa: cBas-0aperTa, 3aBHCHMOCTb O0CajKa-Harpy3Ka, Hecyas cnocooHocts, MKDO,
AQHAJMTHYECKOE PELICHHE, MaTEMaTHIECKOE MOJICIINPOBAHHUE

INTRODUCTION areas of the world [1]. Difficult geotechnical

conditions dictate special requirements for the
Currently, the demand for the construction of high-  design of zero cycle structures for such facilities
rise buildings is very high in large metropolitan  [2]. Therefore, piles-barrettas are gaining great
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popularity as deep foundations, which can
perceive significant longitudinal and transverse
forces due to the increased bearing capacity both
in material and in soil compared to alternative
types of pile foundations [3]. At the preliminary
design stage, when full-scale tests of piles have
not yet been carried out, in order to assign the
main structural parameters of foundations, a
computational design method is used based on
analytical and numerical calculations for limit
states [1]. Taking into account the base formed
by a layer of weak soils, the great depth of the
excavation and the laying of barrett piles, a special
approach to the calculation of the bearing capacity
of the piles, taking into account the stress-strain
state of the enclosing soil mass, is required [4,5,6].
On the construction site of a high-rise building
with a developed underground part in the city
of Hanoi, Vietnam, barrettas with a section of
800x2800 mm and a length of 37 meters were
designed as foundations. In order to determine
the bearing capacity of a single barrette on the
ground, analytical calculations were carried out
according to the method of Russian standards
and mathematical modeling in the geotechnical
software package. After assigning the parameters
of the pile foundation, at the construction site,
full-scale tests of a single barrette with a static
indentation load were made and carried out.

GEOTECHNICALCONDITIONS OFTHE
CONSTRUCTION SITE

According to the results of engineering and
geological surveys, the geological zone under the
well has a depth of 61 m, consists of 9 soil layers:
IGE-1: compacted embankment; IGE-2: fluid clay,
brownish-gray, mixed with organic inclusions;
IGE-3: loose sand, ash-gray, medium brown
of medium density, unimportant IGE-4: fluid-
plastic clay, brownish-gray, mixed with organic
inclusions; IGE-5: fine, gray and yellowish-gray
sand, medium density, unimportant; IGE-6: soft-
plastic loam, brownish-gray; IGE-7: fine sand,
medium size, unimportant; IGE-8: fluid-plastic
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loam, brown-gray, dark gray, mixed organic;
IGE-9: gravel and pebble soil. The engineering
and geological conditions of the construction site
are relatively difficult with layers of weak soils
and a high level of groundwater at an elevation of
-4.50 m from the earth's surface. The physical and
mechanical properties of soils are shown in Table 1.
A barrette with a section of 800x2800 mm and a
length of 37 meters rests on a strong layer of IGE-
9 — gravel-pebble soil (Figure 1).
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Figure 1. Layout of the pile-barrets in the ground

DETERMINATION OF THE BEARING
CAPACITY OF PILES BY ANALYTICAL
METHODS

In accordance with Russian standards [7], the
bearing capacity of hanging piles is determined
depending on the physical and mechanical
properties of the foundation soil and the depth of
the pile. Analytical calculations have shown the
value of the total bearing capacity of this barrette
equal to F, . = 27285 kN. At the same time,
77% fell on the heel of the pile and only 23% on
the side surface.
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Table 1. Physical and mechanical properties of soils

No. Soil h, v, IL e o, c, E,
layers M KH | epao. (;;ga Mlla
m) | (Nmd) (degree) | “TY | (Mpa)
| Compacted 1.6 16.00 - - - - -
embankment
2 Fluid clay 16.1 17.00 1.408 | 1.246 6.30 7.00 1.5
3 Fine sand 5.1 19.00 0.350 | 0.771 | 30.00 - 135
4 Fluid-plastic clay 10.2 17.20 0.811 | 1.171 18.00 9.10 15.0
5 Fine sand 3.0 19.20 0.350 | 0.746 | 30.00 - 135
6 Soft-plastic loam 34 17.80 0.695 | 1.002 7.40 9.60 5.0
7 Fine sand 1.0 19.10 0.035 | 0.755 | 30.00 - 13.5
8 Fluid-plastic loam 4.8 17.50 0.930 | 1.082 8.00 9.50 3.0
9 Gravel and pebble soil | >15.8 20.10 0.300 | 0.524 | 38.00 2.00 50.0

Taking into account the significant thickness of soft
soils with a low modulus of deformation within the
barrette shaft, the deformability of the pile under
load will play a significant role. Therefore, in the
calculations, it was decided to limit the bearing
capacity on the ground by the limiting settlement of
a single pile, equal to 40 mm, similar to full-scale
and numerical tests. The method for determining the
settlement of a single pile depending on the average
value of the soil shear modulus G within the pile and
under its lower end is also described in the provisions
of the Russian standard [ 7]. According to the results of
the analytical calculation, it was found that the bearing
capacity of the barrett from the condition of limiting
the settlement to 40 mm was decalcz = 18450 kN.
The depth of the projected pit is almost 15 meters.
At depths of more than 5 meters, the effect of
"unloading-reloading" becomes most pronounced
for a certain thickness of the base as a result of
excavation of the pit. This phenomenon will
manifest itself especially in foundations composed
of weak soils with a low modulus of deformation.
Therefore, tocalculate the settlementofbarrettindeep
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pits, it was proposed to determine the shear modulus
G taking into account the unloading of the base.
For this purpos, a new term Hur is introduced,
which means the depth of the unloading strata. The
lower boundary of the unloading stratum is taken
atadepthz=H_, where the condition is fulfilled:
o,=050,, (1)
where ¢_ is a vertical stress from the own weight
of the soil, selected when cutting the excavation,
at a depth z from the level of the bottom of the
excavation, kPa. Determined according to the
provisions of the Russian standard for geotechnical
construction [8].
o,, Isavertical stress due to the own weight of the
soil at a depth z from the level of the bottom of
the excavation, kPa.
In this case, the depth of the unloading thickness
H . should be no more than H__, equal to (4 +
0.1b) at 10 <b <60 and 10 m at b> 60 m, where b
is the width of the pit.
In the problem under consideration, H = 10 m.
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To calculate the settlement when determining the
average value of the soil shear modulus, within
the unloading thickness H _for soils, the elastic
shear modulus Gur is taken, defined as

o,
o 2(1+v

=

where E  is a modulus of soil deformation upon
removal / reapplication of the load,

v, 1s a coefficient of lateral deformation of the soil
when removing / reapplying a load.

According to the results of the analytical calculation,
taking into account the unloading of the soil in the
excavation, it was found that the bearing capacity
of the barrette from the condition of limiting the
settlement of 40 mm was F =24600 kN.

d,calc3

MODELING

Numerical modeling of changes in the stress-strain
state of the soil mass in the process of virtual testing
of the experimental barrette pile was carried out
using the geotechnical software package Midas
GTS NX in a spatial setting. A finite element
model of the test barrette-surrounding soil mass
system in Midas GTS NX is shown in Figure 2.

The dimensions of the computational area are taken
in terms of 30.8 x 32.8 m and a depth of 66.2 m.

For the formation of finite elements, a hybrid mixed
mesh, mainly hexahedral types of finite elements, was
used. The grid step is condensed in the area where the
barrets are located and is discharged to the boundaries
of the computational domain. Consideration of
the behavior of the soil at the contact between the
barrett and the base mass was modeled using special
interface contact elements. The stiffness parameters
are assigned taking into account the reduction in
contact strength, taking into account the reduction
factors given in the Russian design standards [7].
Mathematical modeling of the test was carried out
step by step in several stages:

1. Formation of the initial stress-strain state of
the soil mass;

2. Development of the foundation pit;

3. Barretta device;

4. Loading the barrette (Figure 2). Gradual
application of a vertical indentation load to the
test barrette of 2500 kN at each stage.

To calculate the bearing capacity of a barrette in
the Midas GTS NX program, two subgrade models
were considered:

— Ideal-elastoplastic Mohr-Coulomb model.

— Elastoplastic model of the hardening soil
“Hardening Soil”.

The deformed model diagram and vertical
displacements at an intermediate stage of testing
(at P = 20,000 kN) for various soil models are
shown in Figure 3.

Figure 2. Mathematical FE-model
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a)
Figure 3. Deformed diagram and vertical displacements of the model under a load of 20,000 kN: a)
Mohr-Coulomb model, b) Hardening Soil model

The criterion for ensuring the bearing capacity of
the pile on the ground is the vertical displacement
of'the barrette head, equal to 40 mm. This condition
is met at the calculated vertical load equal to F, -
= 16440 kN for the Mohr-Coulomb model and
Fyus = 23600 kN for the Hardening Soil model.

FULL-SCALE TESTS

Experimental barrette piles were made on the site
for the construction of a high-rise building in the
city of Hanoi. Tests of a single barrette with a
section of 800x2800 mm and a length of 37 meters
with a vertical static load were carried out using
hydraulic jacks up to a maximum load of 30 MN
using the Top-Down method.

The condition of the maximum settlement of
the pile head under a load of 40 mm is achieved
under a vertical load F, ;.= 27500 kN (Figure 4).
This value is taken as the bearing capacity of the
barrette on the ground.

RESULTS

The results of determining the bearing capacity
of a barrette on the ground by analytical and

b)

numerical methods, as well as the results of field
tests, are presented in Table 2.

The combined load-settlement graph for various
considered methods for determining the bearing
capacity of a barrette is shown in Figure 5.

DISCUSSION

As it is well known, the ideal-elastoplastic soil
Mohr-Coulomb model does not describe the
behavior of the soil during unloading [9]. The same
applies to the analytical method for determining the
settlement of a single pile according to the Russian
standard, where the soil is considered as a linearly
deformed half-space, characterized by the shear
modulus and Poisson's ratio. The results obtained
by these methods are in good agreement with each
other. The values of the bearing capacity differ
by about 10% (Table 2), and at the initial stage
of loading (at P <12500 kN) the graphs exactly
coincide. However, the solutions based on these
techniques do not agree well with the results of field
tests and cannot be applied for practical purposes
for conditions of soft soils and deep pits.

The proposed modification of the analytical method
for calculating the settlement of a single pile in
order to take into account the unloading of the base
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Figure 4. Results of full-scale static tests of barrette piles

Table 2. Bearing capacity of pile-barrets by different methods

Methodology for calculating the bearing capacity of a | Bearing capacity of the pile

pile on the ground on the ground, kN
Field test results, F g sie 27500
Analytical classical method [7], Fdcaler 27285 (-1%)
Taking Midas GTS NX software for Hardening Soil model, Fg

; 23600 (-14%)
into HS

account Analytical method for settlement criterion (modified),
unloading | 7,

Midas GTS NX software for Mohr-Coulomb model, Fg
excluding | ac

unloading | Analytical method according to the criterion of
settlement [7], Flacale2

24600 (-10%)

16440 (-40%)

18450 (-33%)

load, P, kN
0 2500 5000 7500 10000 12500 15000 17500 20000 22500 25000 27500 30000 32500

Settlement, S, mm

3 %
', e 8
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Figure 5. Combined load-settlement graph based on the results of analytical calculations,
numerical modeling and field tests
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during the development of a deep excavation made
it possible to describe the behavior of a barrette
under load with sufficient accuracy. The bearing
capacity with a limiting settlement of 40 mm is in
good agreement with the numerical solution (with
the adopted Hardening Soil model), the analytical
method for strength characteristics, and the results
of full-scale static tests.

CONCLUSIONS

1) Complex design solutions of the zero cycle and
difficult geological conditions of the construction
site require a special approach to the design of
deep foundations.

2) When using different soil models (MC and HS)
in mathematical modeling of the test of a barrette
in a deep pit, the graphs of barrett displacement
under load are significantly different. For
numerical calculations of piles in soft soils and
deep pits, it is recommended to use the Hardening
Soil model, which takes into account the work of
the soil along the secondary loading branch. This
solution, with sufficient accuracy for practical
purposes, describes the results of field tests.
3) A good convergence of the value of the bearing
capacity of the barrett on the soil is shown by the
analytical solution for determining the settlement,
where the reduced shear modulus G is determined
taking into account the thickness of the base
unloading, for which the soil deformation modulus is
applied when removing / reapplying the load Eur. This
technique is applicable for preliminary calculations
of settlement and bearing capacity of piles.
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