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Numerical simulation of the reconstruction
bank-protection type grillage on canals and
rivers of St. Petersburg
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Abstract. Reconstruction of urban waterfronts in St. Petersburg, built in the beginning of the last century, is rele-
vant. In the technical literature and departmental document each type of mooring hydraulic structure has its own
method of calculation. Shown the practical implementation of engineering universal method of calculating berthing
quays. The proposed generalized model piles in the soil, which under the action of horizontal load rotates as a rigid
body and at the same time bends as a flexible rod. Kind of movement depends on the flexural rigidity of the piles and
stiffness of the soil. The position of the elastic line of the pile depends on the nature of the upper sealing. The stiffness
of soil from the entire cycle, the load on the piles is determined from the curve the load- displacement
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I  INTRODUCTION

Embankments of the city St. Petersburg are many
of kilometers designs in the form of pile foundation,
built at the beginning of the last century. Restoration
of the historic appearance of buildings and structures
of the city requires the preservation and renovation of
the specified type of finishing off the coast and ca-
nals.

Refinement calculation reconstruction bank protec-
tion in the form of low-pile raft foundation is the
actual problem

Fig. 1. Winter Canal with a bridge hanging over him and Arch.

II  DESCRIPTION OF THE OBJECT OF STUDY

The object of study is the construction in the form
of a low piles raft foundation in the ground. Figure 1
presented on the coast canal to St. Petersburg using
shore protection structure in the form of low-pile raft
foundation.

Arch of two bank protection combines two build-
ings — the Old Hermitage, built Y. Felten in 1771 —
1787, respectively, and the Hermitage Theatre, built
by Giacomo Quarenghi in 1783-1787 years. City
boardwalk, preserving the building is of rubble con-
crete grillage on wooden piles. Obviously, this is a
beautiful architecture, but still associated in the public
mind with the "Queen of Spades" and not so much of
Pushkin as Tchaikovsky must be maintained forever.
In modern cities in a dense housing is becoming in-
creasingly urgent problem of high-rise buildings,
requiring load transfer to the deeper layers of soil
base. A number of cities, including St. Petersburg,
with its numerous channels, have complex conditions
for the construction of modern buildings and urban
waterfronts, due to the presence of a thick layer (15-20
m) of weak clay soils. It makes use of pile foundation.

Enhancing the relevance of this topic is due to the
rapid growth of the number of storeys of buildings,
including the installation of pile foundation. In rela-
tion to the city waterfront of St. Petersburg practical
interest as the reconstruction of existing embankment
rivers and canals so and the construction is of con-
crete grillage on piles.
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Il THE AIM OF THE WORK

In the technical literature [1, 2, 3] and in the de-
partmental normative documents [4, 5], each type of
ports hydraulic structure has its own method of calcu-
lation. When translating the manual is based on a
significant portion of the computers calculation is
made on the terms and assumptions that were laid in
the era of the lack of computers [6- 8].

To simplify the understanding of the mechanism of
interaction of structural elements with the ground and
maximize the use of computers was proposed in 2002,
the engineering universal method of calculation,
which can be applied to any structure mooring quay
[9] and with utilization in the work [10,11].

The essence of the calculation is that any mooring
quay consists of separate elements — joist of different
stiffness from perfectly flexible (anchor rod) up to
absolutely rigid ( rigid rigel).

Condition rod interaction with other elements of the
mooring quay can be various. They include different
types of supports and the subgrade. Specific combina-
tion of rods connected to each other as a condition of
joint deformation of structural elements so and the
structure itself whole, each of which has different
forms of interaction between them. This approach
unifies computational methods and thus eliminates the
need of some simplifications adopted in exist in cal-
culation.

For example, bolverk is a system from fixed by a
flexible rod and of two vertical rods.

Wall - a balk of finite stiffness, with the top sup-
port and in the lower part, respectively — in the
ground. Anchor rod - flexible rod which leans on the
sandy soil. Anchor wall - balk finite stiffness, which
is located in a homogeneous or inhomogeneous
ground.

The purpose of this paper is the practical implemen-
tation of engineering universal method of calculation
of mooring quays in relation to the urban waterfront as
a low pile raft foundation so and the possibility of
using the method in the pile foundations of the high-
rise buildings. Assesses the impact of the assumptions
used in the departmental document.

IV REVIEV OF THE LITERATURE

N. Gersevanov first gave a general solution to the
problem of calculating pile of the embankments
grillage type, treating them as a frame on the racks
with fixed sealing up (1913). He received three canon-
ical equations of method deformation, taking the un-
knowns displacement vertical, horizontal and rotate of
the structure. The solution of the equations allowed us
to obtain all forces in the piles.

Russian scientists B. Lozovskiy, F. Dimentberg,
V. Khristophorov et al. proposed graphics solutions.
Methods of calculation, developed N. Vyunshem,
C. Nekkentvedom are special cases of solutions
N. Gersevanov. These decisions involve the transfer
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of the coordinate in the elastic center, which reduced
the number of canonical equations of deformation.

V. Skuratov and N. Shaposhnikov offered calcula-
tion flexible pile grillage. Pile design with an elastic
fastening regarded as an ordinary multi-span frame
with elastic supports, in which each node has an inde-
pendent vertical displacement and rotation, and also
are common to all nodes of the frame horizontal
movement.

Approximate methods of calculating these struc-
tures proposed by V. Skuratov, F. Dimentbergom,
N. Smorodinskii, S. Antonov and others used before
the advent of computers. In order to simplify the cal-
culations used different assumptions, which do not
give a correct picture of the construction work and
creates significant errors in the effort elements.

The author of this article proposed an approximate
calculation of a pile structures irrespective of the
hardness of the top structure, the development of ideas
N. Smorodinskii  (1949).The calculation uses the
method of separation of design elements and their
subsequent gluing and the superposition of loads..

Method N. Gersevanov in relation to low grillage

used in regulatory guidance on the design of pile
foundations and as adopted by the coefficient of sub-
grade serves the secondary purpose for finding the
estimated depth of seal piles [12].
In recent years, associated with the calculation of
pilegrillage, typically use a classic design scheme
[13]. Works of foreign scientists, devoted to the calcu-
lation of piled embankments [14 — 17].

Significant progress has been made in recent years
in methods of calculation, design and construction of
pile foundations. New or improved methods of analy-
sis and design of pile foundations designed, based on
extensive experience with the use of piles in various
soil conditions. Method of calculation of pile founda-
tions under the first and second limiting conditions has
important theoretical and practical importance.

Work in the field of soil mechanics scientists
B. Berezantseva, M. Goldstein, M. Gorbunov-
Posadowa, B. Dolmatova, N. Tsytovich and many
others provided a basis for improvement of the meth-
ods of calculation of piles. Systematization of research
results and improvement of methods of calculation of
piles  foundations performed V. A. Barbashov,
A. A. Bartholomay , G. I. Glushkov, V. N. Golubkov,
A. A. Meadows, etc.

However, in many cases, the projects pile founda-
tions are with large stock, reducing the economic
efficiency of the use of piles, indicating the need for
further improvement of methods of their calculation.

V ~ THE MECHANISM OF PILE FOUNDATION
WITH GROUND

The author proposed a generic model of the behav-
ior of piles in the ground. Pile under horizontal load
action rotates as a rigid balk and simultaneously bends
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as a flexible rod. The offset of the top of the pile is the
sum of:

A=A+ A, (1)
where A is the displacement of the piles from turning;
A, - displacement piles from bending.

The amount of movement depends on the ratio of
flexural stiffness of the piles and deformation charac-
teristics of the soil (stiffness) (Fig. 2, a). Experiments
A. H. Zarkhi (1954), shows which increase the flexi-
bility of the wall causes an increase in jet pressure of

the soil in the upper layers, more passive pressure
(Fig. 2, b).

A4,
y:

I

Fig. 2. Generalized model of behavior of the piles in the ground. a,
b) The position of the elastic line and curve of earth pressure on the
pile of finite stiffness from the force P; ¢, d) Also from the force P
and moment Mz; e, f) Too from force P in a rigid piles; g, h) Too
from the force P in a flexible piles.

The rigel creates in the piles bending moment in the
sealing. The position of the piles in the depends on
the stiffness of the beams, piles and soil. (Fig. 1c). For
example, short rigid piles, embedded in the ground
can be displaced parallel to the axis under the action
of horizontal load. In another case, they are rotated
relative to the zero point changing the sign of the plot
of pressure on the pile. (Fig. 2 (d).

If you change the bending stiffness of the piles in
the limit co > EI > 0 and consequently — the stiffness
of soil from 0 < K,,< o behavior of piles in the soil
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varies from rigid (Fig. 2, e, f) to flexible piles (Fig. 2,
g, h).

In the interests of practical range rigidity of the
rigel, piles and the soil there are a large number of
options that have different meanings efforts in piles.
In the interests of practical range rigidity of the rigel,
piles and the soil there are a large number of options
that have different meanings efforts in piles.

Classic calculation of piles constructions of the N.
Gersevanov, using rigid fixation of the piles in the
ground without regard to its stiffness, can be viewed
as a individual case, when Kx,y = o in the sealing,

Experimental studies show that from the action of
the horizontal force is short piles rotates as a rigid
body with respect to the zero point hy of rotation.
Distance h, from this point to the surface is about 0,7
h (Fig. 2, e). Flexible piles gets wavy bending, and the
first zero point for approaching them to the surface
(Fig. 2, g). Hard short piles considered in relation to
the depth of driving h to the diameter d of up to 10 -
12. Flexible long piles considered respectively with a
ratio of more than 10 [18].

Analysis and generalization of results of experi-
mental studies allowed to develop and propose to use
in practice engineering calculation method of pile
foundation, reflecting the basic laws of their interac-
tion with the soil foundation established of the empiri-
cally [19].

VI  SOLUTION OF THE PROBLEM

Pile grillage can be viewed as a system of a finite
number different rods, which linked as joint defor-
mations of structural elements so and deformations
the structure as a whole.

Rigel - the rigid balk, which leans on the pile
foundation. This balk loaded as external loads, so and
internal forces from impact of the pile foundation.

Pile foundation is a system of balks of different ri-
gidity, rigidly fixed embedded in the rigel, and im-
mersed in the soil foundation. Settlement scheme uses
of the frame construction with different stiffness
crossbar and uprights. The nature of the work struc-
tures in the soil is determined by the stiffness charac-
teristics of the rigel, uprights and ground. Additionally
taken into account the beneficial effect of between the
pile space , which is ignored in the standard method of
calculation..

Deformation characteristics of soil. In port hydrau-
lic engineering calculations of constructions interact-
ing with the ground, early was performed only with
regard to the first limiting condition. Experiments
have shown that not accounting for the deformation
characteristics of the soil when you interact with it
design distorts the calculation scheme structures.

The software system using continuum model more
accurately reflects the actual behavior of the soil under
load. However, they are not sufficiently adapted to the
calculation of berthing waterworks, due to not taking
into account many factors in their work. In the prac-
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tice the calculation of berthing waterworks are use
over a simple model Fuss-Winkler using coefficient of
subgrade resistance.

Theory analysis of structures lying on the ground
with a deformed one and two coefficients of subgrade
resistance was developed in the works of A. Dinnik,
P. Pasternak, A. Krylov, N. Snitko, V. Vlasov and
many others. Among foreign scientists engaged in this
task H. Westergaard, H.Bufler, H.Lieb, G.Meier [20],
Y. Cheung, O. Zienkiewicz [21], C. Desai, J. Christian
[22] and others.

Using in calculations a variable coefficient of
subgrade resistance (soil stiffness coefficient) better
reflects the operation of the foundation. It is sufficient
to choose the law of variation coefficient of subgrade
resistance, which provides the desired character of
rainfall. However, there are some difficulties, because
for this purpose it is necessary to solve the problem in
the theory of elasticity. Then select the desired ratio,
that makes no sense. The coefficient of stiffness are
devoted studies of B. Kositsin (1963), V. Lishak
(1964), S. Rivkin (1969), V. Fedorovsk (2000) and
others.

Using the program «CROSS» successive approxi-
mation procedure applied to foundations can more
accurately determine the stiffness coefficient of soil
[23]. «CROSS» program is part of the package SCAD
Office and provides independent work, and the ex-
change of data with the integrated strength analysis of
structures Structure CAD (SCAD) [24]. The above
procedure of successive approximations, in our opin-
ion, is acceptable at low loads to the foundation. Since
there is no law changes the stiffness of soil from the
full load cycle and is not considered a redistribution of
the contact pressure from the edge of the plasticity
region.

Author represented the mechanical model of the
combined stiffness of the soil (subgrade resistance)
for pile foundation. The model has the elastic body
Hooke (H) and of the plastic body of the Saint-Venant
(SV), besides include structural element (S), which
taking of the different degrees of hardening or
softening the soil. The model on Fig. 3, what similarly
the model adopted for the foundation [25].

Quantity springs in the model are located on a lat-
eral surface of the pile. The number of turns of the
springs depends on the depth of the active zone of the
soil (Fig. 3,a). The spring resists compression more or
less of elastic, when a small external loads. The load
increases to the limiting value and changes of the
value resistance to compression of springs due from
the structural element (S). This leads to a nonlinear
plot reactive pressure of the soil. The nature of chang-
es in the relative deformation characteristics of the
resistance of the soil on the pile from the load shown
in Fig. 3, b.
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Fig. 3. a) Mechanical model of the combined stiffness of soil, taking
into account the structural element. b) Schedule changes in the
relative stiffness from the dimensionless curve deformation.

Piles divide the height by the number of plots. Each
plot corresponds of the interval on the relative curve
deformation depending on the load (Fig. 3 b, top). In
the Interval of the curve determines the relative stift-
ness of the soil K, . (Fig. 3 b, bottom).

Values of force P and deformation piles A allow
you to find the coefficient of stiffness of the soil de-
pending on the load.

Example. To calculate the reconstructed waterfront
on the canal Griboyedov in St. Petersburg.

Fig. 4. a) Cross-section of piles grillage. b) Design scheme.
c) Bending moment of the diagram in piles.

Initial data. The old quay in the form of hard rub-
ble concrete masonry grillage rests on three rows of
wooden piles. The new hard grillage with variable
cross-section of reinforced concrete on the pile foun-
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dation of two rows of 0.6 m diameter bored piles. Step
across the line cordon of piles 2.35 m, respectively,
and along the cordon 1.4 m.

The strength characteristics of soils are shown in Fig.
3 and the deformation characteristics respectively,
taken from [11]. In calculating the existing wooden
piles in a margin of safety facilities not taked into
account. Results of the comparison of calculations are
given in table 1.

Table 1.
Results of calculations'
Name Calculati | Calcula- Program
fora SNP | tion fora | " Plaxis"
[11]. generic
method

Bending moment in | -135.23 -131.21 -129.43
the topic sealing of the
first piles, [kKNm]
Bending moment at | -135.23 -131.61 -129.50
the topic sealing of the
second pile, [kKNm]
Bending moment in | - 58.23 51.54
the span of the first
pile, [kNm]
Bending moment in | - 58.46 51.9
the span of the second
pile, [kNm]
The effort in the first | -470.0 -417.92 -410.34
pile, [kN]
The effort in the | 64.16 12.02 9.08
second pile, [kN]
Horizontal  displace- | - 4.87 6.16
ment of the top, [mm]

1.The calculation
. Melentev.

VII  ANALYSIS OF THE
CALCULATION RESULTS

Stiffness of characteristics soil, interacting with the
piles, and increased flexural rigidity of the piles
changed the designs scheme, featured SNP [11]. In
particular the moment of fix the bottom of the piles is
not apparent. Efforts in piles obtained as in the generic
method, using SCAD, so and in Plaxis, were less
than in the calculation of the SNP. This had resulted
from accounting stiffness characteristics of the soil,
interacting with piles.

Comparative calculations of the promenade with
various values of the stiffness characteristics of the
soil, shows that in the case of flexible piles and dense
soil settlement efforts more or less comparable with
the calculation SNP 2.02.03-85. In other conditions

was performed by student
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the computational scheme used in the normative doc-
ument may not be manifest that, as shown by calcula-
tions using the deformation characteristics of the soil,
leads to distortion of the forces in piles.

VIII CONCLUSIONS

1. In the current technical literature and regulations,
each type of port hydraulic engineering has its
own method of calculation. In first N. Gersevanov
was given a general solution to the problem of cal-
culation grillage type of the pile embankments.
Treating them as a frame construction with abso-
lutely rigid grillage on racks with rigid bottom
seal.

Shows the mechanical model of coefficient soil
stiffness based on structural element.

Shows the method of determining the stiffness of
the soil from load on the curve deformation..
Shows the practical implementation of the pro-
posed above engineering universal calculation
method berthing quays in the low of pile grillage,
using the program SCAD. In calculating the de-
formation characteristics used in the form of hori-
zontal and vertical coefficients stiffness of the soil.
Comparative calculations of the promenade with
various values of the stiffness characteristics of the
soil, shows that in the case of flexible piles and
dense soil settlement efforts more or less compara-
ble with the calculation SNP 2.02.03-85. In other
conditions the computational scheme used in the
normative document may not be manifest that, as
shown by calculations using the deformation char-
acteristics of the soil, leads to distortion of the
forces in piles.

When calculating the structures using a model
coefficient bed, special attention should be paid to
the reliability of the characteristics of the soil on
which depend essentially on efforts and defor-
mation in structural elements. Meanwhile, their
values recommended in Rules, have a fairly wide
range of values and require adjustments.
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