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Abstract

Introduction: Saint Petersburg is characterized by complex engineering and geological conditions due to the
presence of a significant mass (with a thickness of 20...30 m or more) of highly deformable soils with deformation
moduli of 5...10 MPa. Besides, due to long-term geological processes that took place in the territory of Saint Petersburg
thousands of years ago, these soils are extremely unevenly distributed in depth and area of occurrence. However,
according to modern requirements for city development, deeper underground structures and higher buildings are
needed. In terms of geotechnical solutions, it is possible to meet these requirements by using deep piles. Purpose
of the study: The authors of the paper made an approximate brief classification of the geological conditions of Saint
Petersburg based on the genesis, depth of occurrence, and physical and mechanical properties, and developed a
method for more accurate calculations of the bearing capacity of deep bored piles. Methods: In the course of the
study, the authors performed statistical processing of 600 values of the bearing capacity of bored piles, calculated
according to the requirements of standards and determined by the results of field tests. In addition, they performed
a non-linear extrapolation of side friction and resistance values (for soils with a depth of up to 100 m). Results:
The paper presents the assessment of the bearing capacity of bored piles depending on their depth in glacial
moraine and pre-quaternary vendian deposits. Using the nonlinear extrapolation, the authors calculated the side
friction and resistance under the toe of bored piles for further design of pile foundations with deep bored piles (at
a depth of up to 100 m). Discussion: According to statistical studies, the actual bearing capacity of bored piles is
significantly higher than the design one calculated according to the requirements of corresponding standards (by
1.6...2.6 times). This is due to the fact that soils with significantly differing strength and deformation characteristics
are located along the side and under the toe of bored piles. The stronger the soil where the most part of the pile is
located, the more the bearing capacity error is (towards underestimation). The paper presents studies confirming
this statement.

Keywords
Glacial moraine and pre-quaternary vendian deposits, side friction, resistance under the pile toe, bearing capacity
of bored piles at a depth of up to 100 m.

Introduction

The authors of the paper conducted a large-scale
analysis of archival materials related to engineering and
geological surveys performed by GUP “Trest GRII” (State
Unitary Enterprise “Geodetic and Engineering Survey
Trust”) and ZAO “LenTISIZ” (Closed Joint-Stock Company
“Leningrad Engineering and Construction Survey Trust”)
in Saint Petersburg over the past 50 years. Following the
analysis results, an approximate classification of soils was
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made based on their genesis, depth of occurrence, and
physical and mechanical properties. In general, in terms of
genesis, soils in Saint Petersburg can be divided into four
main sedimentary complexes (Dashko et al., 2011; Filippov
and Spiridonov, 2009; Shashkin, 2014):

0. Technogenic deposits (tg,) — located in the
upper part of the soil mass, starting from the level of the
grade elevation of the ground. They are characterized
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by extremely uneven stratification in depth and area of
occurrence. Due to heterogeneous configuration, their
strength and deformation properties differ significantly.
As a rule, during surveys, these soils are not assigned
any characteristics, which is why they are usually
not used as load-bearing soils and bases under the
foundations of buildings and structures. Their thickness
usually does not exceed 1.5...5 m (but it may be higher in
some areas).

1. River and marine deposits (al,, ml,) —
located under technogenic deposits. As a rule, they are
represented by water-saturated silty sands and sandy
loams, sometimes clay loam. Silty sands are usually
characterized by medium strength and deformability
(in contrast to lower values of sandy loams and clay
loams’ characteristics). These soils are located under
the foundation bottom of most historical buildings in
Saint Petersburg (with a construction and operation
period of more than 100 years). Their thickness is
usually insignificant and amounts to 1...5 m (however,
it can be higher). It should be noted that, according to
modern design requirements, these soils cannot be
used as the bearing layer or the base for foundations of
permanent facilities in every instance. This is due to their
insignificant thickness and presence of highly deformable
lake-glacial deposits underlying the base of river and
marine deposits.

2. Lake-glacial deposits (/g, ) — can be located
directly under technogenic deposits or under river or
marine deposits (although they may interstratify with those).
They are mainly represented by sandy loams and clay
loams. Their strength and deformation characteristics are
extremely unfavorable: these soils are highly deformable,
poorly permeable, overmoistened, thixotropic and creeping.
Long-term geological processes of their formation and
historical processes of Saint Petersburg development and
construction are responsible for the fact that lake-glacial
deposits represent the underlying layers of bearing soils
under most of the foundations of buildings and structures
constructed on a natural base (from the foundation of Saint
Petersburg in 1703 to the present time). It is a consequence
of the long-term development of differential settlements
in the foundations of historical and modern buildings
constructed on a natural base or on short piles (placed in
such soils).

3. Glacial moraine deposits (g,) — represented
mainly by sandy loams and clay loams; located, as
a rule, under lake-glacial deposits. These soils are
characterized by medium strength (as compared with
overlying soils). However, characteristics of glacial
deposits vary significantly due to different genesis,
structure, composition, depth, thickness, and extension.
Glacial deposits can be classified as mainly medium-
deformable but, in some cases, they can also be highly
deformable for the reasons outlined above. The majority
of buildings and structures on pile foundations (both
constructed and under construction) in Saint Petersburg
have glacial moraine deposits as bearing layers under the
pile toe.

4. Pre-quaternary vendian clays (vkt,) — the
most durable and reliable layer, which is represented
by solid and semi-solid clays. The top of this layer is
extremely uneven in depth (usually at significant depths
from 20 m and deeper). However, when penetrated,
the top of this layer is usually homogeneous in terms
of its properties: engineering and geological elements
below have strength and deformability not less than those
of overlying elements, and sometimes these values even
increase in depth. We can state that the foundations based
on undisturbed pre-quaternary Vendian clays will have
a significant bearing capacity and low deformations. As
already mentioned above, the main disadvantage of this
complex is the uneven depth of the top and the significant
depth of occurrence in some areas of Saint Petersburg
(up to 60...80 m or more).

Figures 1 and 2 below show schematic maps of
Saint Petersburg indicating the depth of the top of
glacial moraine and pre-quaternary Vendian deposits.
Table 1 shows the approximate values of the physical
and mechanical characteristics of the main geological
deposits in Saint Petersburg depending on their
genesis (highly deformable, medium- deformable and
poorly deformable soils are highlighted in different
colors).

Subject, tasks, and methods

The subject of the study is the bearing capacity of
deep bored piles subjected to a vertical compressive
load. To perform the study, the authors developed a brief
classification of genetic complexes of Saint Petersburg
soils (Figures 1, 2, Table 1). Then, they set and solved the
following tasks:

- classified results of 600 field tests of bored piles,
performed by OO0 “PKTI Fundament-Test” for the
period from 2000 to 2020, and performed their statistical
processing;

- constructed comparative diagrams for the bearing
capacity of bored piles, calculated according to the
requirements of standards and obtained as a result of
field tests;

- determined the side friction of sandy and clay soils
depending on the soil properties and pile depth of up to
100 m;

- determined the resistance of sandy and clay soils
under the pile toe depending on the soil properties and pile
depth of up to 100 m.

As the main research methods, the authors used
statistical processing of 600 values of the pile bearing
capacity, calculated according to the requirements of
standards and obtained as a result of field tests (using
the least square method). Besides, they performed
a non-linear extrapolation of friction and resistance
values to a depth of 100 m, depending on the physical
properties of soils (based on the corresponding tables in
Regulations SP 24.13330 “Pile foundations”, limiting the
pile length to 40 m).

37



Architecture and Engineering Volume 5 Issue 1

Prospekt Prosveshchey

Grazhdanskiy Cm
Prospekt * % v

Staraya Derevnya
B Ghomaya rechkf

( Komendantskly
prospekt  *
o .

Novokrestovskaya[ &
Krestovskiy,oslrov y)

p) Chkalovskaya
oo S9!
Primorskaya 1SPOT VY2

Sadovaya
Spasska
Sennaya pﬁhcnau‘

Prospekt Bol'shevikov

Uiitsa Dybenko
P 5

No moraine

Yelizarovskaya

3 2 ) Rybatskny’
X

Figure 1. Schematic map of Saint Petersburg with color representation of the depth of the top of glacial Moraine deposits
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Figure 2. Schematic map of Saint Petersburg with isolines for the depth of the top of pre-quaternary vendian deposits, m
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Table 1. Approximate values of physical and mechanical characteristics of soils in Saint Petersburg depending on
their genesis (red color indicates highly deformable soils, yellow color indicates medium-deformable soils, and green
color indicates poorly deformable soils)

Name of soil genesis
. . . 3. Properties of
Parameter Designation, unit glacial moraine
sandy loams and
clay loams (g,
Specific weight 7, KN/m3 18...20
Moisture W, % 30...20
Void ratio e, unit fraction 0.8...0.5
Liquidity index I, - 0.75...0.25
Specific cohesion
c, kPa 20...50
Internal friction
angle 9 ° 15...30
Deformation
modulus E, MPa 15...40
Scheme | Il I Schemel [ 1 [

Results and discussion

The bearing capacity of a bored pile mainly depends
on two components: side friction forces and soil resistance
under the pile toe (Gotman et al., 2017; llyichev and
Mangusheyv, 2016; Konyushkov et al., 2019; Mangushev
et al., 2010, 2014; Osokin et al., 2019; Shulyatyev, 2016;
Shulyatyev et al., 2017; Ter-Martirosyan, 2009; Ter-
Martirosian et al., 2017; Ter-Martirosyan et al., 2015):

F,=fQfR) (1)

With an increase in the pile depth (Figure 3), the
side friction and the resistance under the pile toe can
be classified into three characteristic cases as shown in
expressions (2) and (3):
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Figure 3. Provisional classification for the bearing capacity
of bored piles (three main schemes) depending on the pile
depth in weak soils, moraine and vendian deposits

We analyzed the extensive results of the field tests
of bored piles, performed in Saint Petersburg by OOO

Figure 3 shows a provisional classification for the
bearing capacity of bored piles (three main schemes)
depending on the pile depth in weak soils, moraine and
Vendian deposits.

“PKTI Fundament-Test” during 2000-2020. In total,
approximately 600 tests were processed. After that, we
calculated the bearing capacity of bored piles using the
method suggested by Regulations SP 24.13330 “Pile
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foundations”. Then, we constructed comparative diagrams
for the bearing capacity of piles based on the field tests
and the bearing capacity of piles calculated according
to the requirements of standards. Figures 4, 5, 6 show
results of statistical processing of bearing capacity ratios
obtained by the least square method. All comparative
diagrams clearly show that, depending on the location
of a pile in the ground (schemes |, Il, lll in Figure 3), the
actual bearing capacity of a pile determined based on the
results of the field tests, increases by 1.6...2.6 times. This
fact indicates that the greater the pile depth is (especially
if it is a solid ground, e.g. pre-quaternary Vendian clay
according to scheme Ill), the more the actual bearing
capacity of the pile differs from that calculated according

Volume 5 Issue 1

to the requirements of standards. We expanded the well-
known table of soil frictions and resistances depending
on the physical properties of soils from Regulations SP
24 13330 “Pile foundations”. This table is characterized by
a pile depth limit to 40 m. Using a nonlinear extrapolation,
we constructed graphs for the distribution of side friction
and soil resistance under the pile toe up to a depth of
100 m. Tables 2, 3 and Figures 7, 8 show results of such
nonlinear extrapolation of friction and resistance values.
Taking into account the fact that pile foundations for high-
rise buildings currently require a depth of more than 40
m (e.g. piles for the Lakhta Center have a depth of 85 m
from the grade elevation of the ground), these tables and
graphs can be very useful for designers and builders.
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Figure 4. Comparative diagram for the bearing capacity of bored piles based on the results of field tests
and bearing capacity of bored piles calculated according to standards (scheme I)
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Figure 5. Comparative diagram for the bearing capacity of bored piles based on the results of field tests
and bearing capacity of bored piles calculated according to standards (scheme II)
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Figure 6. Comparative diagram for the bearing capacity of bored piles based on the results of field tests
and bearing capacity of bored piles calculated according to standards (scheme Ill)
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Table 2. Side friction of sandy and clay soils

Design side friction f, kPa

coarse and medium i‘ 0.2 f=34.7162°2%" R?=0.9936

8 fine E 0.3 f = 24.349702002 R?=0.9898
& silty 2 0.4 f= 16.917200% R? =0.9820
3 - El 0.5 f= 14.2592024 R? = 0.9477
S - < 0.6 f= 10.503z02%" R? =0.8386
E - E 0.7 f=5.60882°2" R? =0.8369
g - S 0.8 f= 5175320109 R? =0.6849
- z 0.9 f= 4.1482020% R? = 0.6752

- © 1.0 f= 324120272 R? = 0.6844

Notes:

1. zis the average depth of the soil layer, m.

2. fis the design side friction, kPa.

3. When calculating the design side friction f, the soil layers shall be divided into homogeneous layers with a thickness
not exceeding 2 m.

4. The design side friction values f for dense sands shall be increased by 30% compared with the values given in the
table.

5. The design friction values for sandy loams and clay loams with a void ratio e < 0.5 and clays with a void ratio e < 0.6
shall be increased by 15% compared with the values given in the table at any values of the liquidity index.

Design side friction f, kPa
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0 .
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Figure 7. Graph for the distribution of side friction forces up to a depth of 100 m

Average depth of the soil layer, m

Table 3. Resistance of sandy and clay soils under the toe of bored piles

Design resistance under the toe of bored piles R, kPa
® Gravelly - 0.0 R =0,7287z? + 67,372z + 636,88 R?=0,9998
% Coarse % 041 R =0,4504z2 + 69,632z + 500,81 R?=10,9996
> - £ . 0.2 R =0,2499z + 67,026z + 408,23 R2=0,9984
I% Medium § % 0.3 R =0,0403z%+ 65,742z + 302,9 R?=0,9998
'; Fine o2 0.4 R =-0,20192% + 66,531z + 171,75 R?=0,9991
o
(2]
% Silty > 0.5 R =-0,0861z% + 59,195z + 110,29 R2=0,9985
= O
- 0.6 R =-0,22762%+ 51,595z + 99,61 R?=0,9985
Notes:
1. zis the depth of the pile toe, m
2. Risthe design resistance under the toe of a bored pile, kPa
3. forintermediate values of the liquidity index /L for clay soils, the R values in the table are determined by interpolation.
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Figure 8. Graph for the distribution of soil resistance under the toe of a bored pile up to a depth of 100 m

Conclusions

Based on the archival materials of geological surveys
performed by GUP “Trest GRII” (State Unitary Enterprise
“Geodetic and Engineering Survey Trust”) and ZAO
“LenTISI1Z” (Closed Joint-Stock Company “Leningrad
Engineering and Construction Survey Trust”), the
authors developed the schematic maps for the depth of
the top of glacial moraine deposits and pre-quaternary
Vendian clays, which are typically load-bearing soils of
pile foundations. At the stage of preliminary design of
foundations, it is possible to use these maps and determine
the length of piles based on the location of a construction
site in Saint Petersburg.

Based on the statistical processing of the results
of 600 field tests of bored piles, performed by OO0
“PKTI Fundament-Test”, it was found that the actual
bearing capacity of bored piles significantly exceeds the
design one, calculated according to the requirements of
corresponding standards (by 1.6...2.6 times). With an
increase in the depth of piles in stronger soils, the actual
bearing capacity and the design one can differ by 2.6
times.
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For more accurate calculations of the bearing capacity
of deep bored piles, the authors performed the nonlinear
extrapolation of side friction and resistance (under the
toe of piles up to a depth of 100 m) values depending
on the physical characteristics of soils where the piles
are located. The results of the nonlinear extrapolation are
summarized in tables and graphs, the use of which will
make it possible to perform more accurate calculations of
the bearing capacity of deep bored piles.
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COMNPOTUBNEHUE NECYAHbIX U TMUHUCTBLIX FPYHTOB NO EOKOBOM
NMOBEPXHOCTU U NOA OCTPUEM BYPOBbIX CBAN MYBOKOIO
3ANOXEHUA

Bnagumup Buktoposuy KoHtowkos', BaH YoHr J1e?

2CaHkT-MNeTepbyprckuii rocyaapCTBEHHbIN apXUTEKTYPHO-CTPOUTENbHbIA YHUBEPCUTET
2-asa KpacHoapwmeiickas yn., 4, CaHkT-IleTepbypr, Poccus

'E-mail: v.konyushkov@yandex.ru

AHHOTauuA

CaHkT-lMeTepbypr xapakTepmnsyeTcs CMOXHbIMU MHXEHEPHO-reorIorM4eckuMmn yCnoBnuaMn mM3-3a Hanmyius
3HayuTenbHou Tonwwm (20...30 m 1 6onee) cnnbHogedOPMUPYEMBIX TPYHTOB C MOAYNAMK obLen gedopmauun 5...10
MMa. Kpome aToro, BcneacTsne ANUTENbHbIX re0NorM4ecknx npoLeccoB, MPOUCXOAMBLLMX Ha TeppuTopun CaHKT-
MeTepbypra TbiCcAYM NET Ha3ag 3TV rPYHTbI KparHe HepaBHOMEPHO pacnpeaeneHbl No rmybuHe 1 nnowaamn 3aneraHus.
OpHako coBpeMeHHble TpeboBaHus No pa3BuTuo ropoda TpebytoT bornee rnyBoKnX NOA3EMHbLIX COOPYXEHUN U
Bornee BbICOKMX 34aHMIN. BbINONHNTE 3TN TPeBOBaHNS C TOYKN 3PEHNSA TEOTEXHUYECKUX PeLIEHNIn BO3MOXHO NyTemM
npumMeHeHuns cean rnybokoro 3anoxeHus. Llenb nccneposaHua. Kpatkasa npnbnusntenbHas knaccudumkauus
reonornvyecknx ycnosun CaHkrt-lNetepbypra no reHesncy, rmybuHe 3aneraHns U OpUEeHTUPOBOYHBIM PU3NKO-
MeXxaHU4eCcknum CBOMCTBaM U pa3paboTka MeToanKM Aris Bonee TOYHbIX pacyeToB HecyLlen cnocobHOCTU BypOBbIX
cBan rnybokoro 3anoxeHus. Metoabl. B nccnegosanunm 6eina npumeHeHa ctatuctnyeckas obpabotka 600 3HayveHun
HecyLlen cnocobHOCTN CBal, BbIMUCNEHHOM NO TpeboBaHMAM HOPM W OnNpedeneHHon No pesynbratam noneBbIX
ncnoiTaHun. Kpome atoro, Obina BbINONHEHA HENWHENHas AKCTPanonsauns TPEHNN N CONPOTUBINEHNI TPYHTOB 0
rny6uHbl 100 M. Pe3ynbTaThl. B cTaThbe npeacTtaBneHbl pe3ynsratbl UCCNefOoBaHNS: OLEHKa HecyLlen cnocobHOCTH
OypoBbIX CBalN B 3aBMCUMOCTU OT FMyBUHbI X PpacnonoXeHUs B NeAHNKOBbBIX MOPEHHbIX U A0YETBEPTUYHBIX BEHOCKNX
oTnoxeHunsax. [lanee nytem HeNMMHENHON AKCTPaNoONALUN onpeaereHbl pacyeTHble TPeHMs Mo BOKOBOW NOBEPXHOCTH
N COnpoOTMBMEHNSA Nof ocTpuem BypoBbIX CBav AN NPOeKTMPOBaHUsS CBalriHbiXx OYHOAMEHTOB M3 BYpOBbIX CBan
rnybokoro 3anoxeHns. O6cyxaeHune. PakTnyeckas HecyLlas cCnocoBHOCTb BypOBbLIX CBal 3HAYUTENBHO NpeBbiaeT
pacyeTHYIo, BblMUCIIEHHYIO Mo HopMaM (B 1,6...2,6 pasa). Ha aTane npegsapuTenbHOro NpoekTMpoBaHusa yHaaMeHToB
MOXHO MCNONb30BaTb KapTbl rMy6bUH 3aneraHns KpoBnAW NegHUKOBBIX MOPEHHbIX OTIOXEHUA N A0YETBEPTUYHbIX
BEHACKMX [MMH U MPOEKTMPOBaTb ANIMHY CBal UCXOASA U3 MecTopacnonoxeHns obbekta ctpoutenbcTBa B CaHKT-
MeTepbypre. Pe3dynbraTbl HEMMHENHOW AKCTPANONSAUUN CONPOTUBMEHUS TPYHTOB CBeAeHbl B Tabnuubl 1 rpaduky,
NPUMeEHeHNe KOTopbIX NO3BONUT Bornee TOYHO paccyMTbiBaTb HECYLLY CNOCOBHOCTL BypoBbIX cBan rnybokoro
3anoxeHus.

Knro4yeBble cnoBa

INepHunkoBble MOPEHHbIE M A0YEeTBEPTUYHbIE BEHACKUE OTIIOXEHWS, TPEHME FPYHTOB N0 6GOKOBOW MOBEPXHOCTM CBaMN,
COMPOTMBIIEHNE FPYHTOB NOA4 OCTPUEM CBan, HecyLas cnocobHOCTb BYpOBbLIX CBal MO rPyHTY ¢ AnmHon oo 100m.
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