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Abstract. The current waterfront of Ukrainian ports includes structures that have been
developed in the past and have over 50 years of experience. Open-piled quay walls and sheet-pile
quay walls are the most common types of quay walls used for berths in Ukrainian ports. However,
there are gravity-type quay walls. The share in the total the waterfront is not large. They were built
in the past and require modernization and reconstruction. Most of these berthing structures have
defects in concrete and reinforcement, which reduce the durability and bearing capacity.

Furthermore, the development of freight and passenger maritime traffic and the construction
of modern ships led to the need to increase the depths at existing berths and define the operational
loads meeting modern requirements.

Thus, the issue of reconstruction of gravity-type quay walls is relevant for many ports of
Ukraine. The choice of the reconstruction method depends on the correct estimation of the actual
technical condition of an existing structure. Gravity-type structures are those that rely primarily on
their weight and grip on the foundations to resist any possible adverse load combinations. The
requirements for such structures lead to the solution of one of the main tasks — the determination of
the reactive capacity of the soil base.

The reactive capacity calculation of the soil bases for considered structures is essential. The
purpose of the calculation is to provide both strength and stability of soil bases. An improved
method for determining the reactive capacity of the soil base of gravity-type quay walls has been
developed. This method allows determining the reactive capacity of the soil base in conditions of
the mixed stress state (limit and sublimit stress state zones in the soil base are considered).

This paper reviews some results of applying the proposed method for the reactive capacity
estimation of the soil base of gravity-type quay walls. The obtained results have been used to analyze
the preliminary reconstruction options for the mentioned structures and determine operational loads.

Keywords: the reactive capacity, gravity-type quay wall, limit and sublimit stress state,
reconstruction and operational loads.

Introduction. The sea ports are the most important component of Ukraine's transport
infrastructure and export potential. The transport complex competitiveness in the world market
depends on sea ports functioning efficiency, the level of their technological and technical equipment,
the management system and the development of infrastructure with modern international requirements.

The main conditions for the development of sea ports are the reconstruction and renovation of
existing ones and also the construction of new deep-water transshipment complexes that allow the
serving of large sea vessels. The current waterfront of Ukrainian ports includes structures that have
over 50 years of experience. Open-piled quay walls and sheet-pile quay walls are the most common
types of quay walls used for berths in Ukrainian ports. However, there are gravity-type quay walls. The
share in the total waterfront accounts for approximately 10%. They have been built in the past and
require modernization and reconstruction.

The constantly growing cargo turnover affects the size of the marine fleet. Construction of
modern vessels with drafts 12.0-17.0 m leads to the necessity of increasing the depths at existing
berths and updating operational loads. Thus, the issue of reconstruction of gravity-type quay walls
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is relevant due to the growing number of berths that do not meet modern requirements as well as
having an exceeded design life and physical deterioration.

Statement of the problem. For the development of Ukraine as a transit state in the global
transport system, it is necessary to take measures to increase transit cargo flows and solve the
problem of the functioning and development of seaports.

Seaports of Ukraine have an advantageous transport and geographical position to strategic
directions of cargo flows and proximity to European and Middle Eastern markets. Ports with developed
infrastructure, sufficient depths, and a high level of mechanization of loading and unloading work
make it possible to consider seaports of Ukraine as convenient transshipment points for transit cargo
flows. Thus, the reconstruction of berths and dredging works for the renewal and development of
Ukrainian port infrastructure will solve some key issues that are relevant and need to be resolved. The
reconstruction method depends on the constructive scheme of the existing structure and its actual
technical and deformable states.

As mentioned above, a great variety of gravity-type quay walls has been developed in the past
and require modernization and reconstruction. Gravity-type structures are those that rely primarily on
their weight and grip on the foundations to resist any possible adverse load combinations. The
requirements for such structures lead to the solution of one of the main tasks — the determination of the
reactive capacity of the soil base.

Analysis of research and publications. The traditional design method of foundations of
gravity-type structures is based on the concept of bearing capacity. The fundamental basis of
methods for the bearing capacity assessment of the soil bases is limit equilibrium theory. It should
be noted that the practical significance of the solutions of limit equilibrium theory is used until now
despite the widespread use of different elastic-plastic deformation analysis methods of soils. Static
solutions of limit equilibrium theory are repeatedly tested in practice and allow reliably determine
limit load value on the soil bases [1]. Therefore, the results of these solutions are included in the
regulatory documents for performing calculations of the soil bases of structures [2].

The methods of the bearing capacity calculation of the soil bases based on limit equilibrium
theory are described in well-known works by M.V. Malyshev [3], P.I. Yakovlev [4], S.G. Kushner [5],
Yu.K. Zaretskiy [6], V.G. Fedorovskii [7], N.K. Ameta [8], J.M. Raut et al. [9].

A Literature review has been done that gives the idea of new methods for the bearing capacity
calculation of the soil bases. Y. Guang-hua et al. [10] proposed a new method for determining the
bearing capacity of the soil base that considers the size, buried depth, and settlement of the foundation.
New solutions for the bearing capacity calculation of the soil bases with the use of modern numerical
methods based on limit equilibrium theory have been analyzed by A.M Karaulov et al. [11]. However,
the use of the finite element method to describe the limit state of soils remains understudied, despite its
widespread use in geotechnical calculations. Researchers [12] provided information about the
significant impact of soil inhomogeneity on the reactive bearing estimation of the soil base.

Based on the above, it should be noticed that a number of fundamental issues related to the
development and improvement of practical methods for the reactive capacity estimation of the soil
bases of gravity-type quay walls remain unresolved.

The purpose of the studies is to apply the proposed method of the reactive capacity calculation
of the soil base for some gravity-type quay walls [13, 14]. Special attention is given to the reconstruction
issues of gravity-type quay walls and clarification of the scheme of permissible operational loads.

The research method is theoretical with the development of a calculation model of the
"structure — soil base" system, which allows determining the reactive capacity of the soil base of a
gravity-type berthing structure as well as estimating the reserves of its bearing capacity.

The results of the research. According to the instruction of the document [15], one of the
important factors affecting the choice of reconstruction scheme of a gravity-type quay wall is the
reactive capacity estimation of the soil base. The strength and the reactive capacity of soil bases of
mentioned structures during the operation depend on operational load values.

Based on the above, the method of the reactive capacity calculation of the soil base has been
developed [13, 14]. The method is based on the theory of limit stress state but compared to other
approximate methods, considers two zones of stress state (limit and sublimit) and the friction on the
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contact of the base of the foundation structure and the soil base. In the paper, concrete blocks quay
wall with the immersed stone bed in the soil is considered. Here, the friction on the contact of the
stone bed and the base of the foundation structure is taken into account (Fig. 1).

Where b, — the width of the contact zone of the stone bed interacting with the base of the
foundation structure in limit stress state; B — the width of the base of the foundation structure interacting
with the stone bed; /™ — the intensity of the friction forces on the contact of base of the foundation

structure within the width of limit stress state zone; f* — the intensity of the friction forces on the contact

base of the foundation structure within the width of sublimit stress state zone; E — the lateral backfill
pressure.
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Fig. 1. The calculation scheme for determining the width of limit and
sublimit stress state zones of the soil base

The resultant of the reactive capacity of the soil base N can be determined as the vector sum of
two components: limit N, acting within the wide b, and sublimit N’ acting within the wide B-b, . In
this case, the resultant of the reactive capacity of the soil base N can be expressed by the equation
N =[NZ+N2+2-N,-N-cos(s, - &)

The design scheme for determination of the resultant of the reactive capacity of the soil base
N is shown in. Fig. 2. It should be noted that the equilibrium conditions of each zone of strain stress

should be consistently considered for the determination of limit N, and sublimit N’ components of

the reactive capacity of the soil base. The definition of all necessary components of the design
scheme is described in the work [14].
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Fig. 2. The sliding surfaces and the outlines of limit and sublimit stress state zones
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The cohesive soil characterized by specific cohesion ¢ can be taken into consideration by
loading of an uniformly distributed load acting downward on the top surface of the soil base. The
intensity of the load within limit stress state n2e = c2/tg¢p2e the intensity of the load within

sublimit stress state n2' = c2/tgp2 as shown in Fig. 2. The angels s and Og, determine as
tgs5'=E /G and t9d, = E, /G, where E,,G, and E,G horizontal and vertical components of the

resultants N, and N' accordingly in the range of limit and sublimit stress state zones.

There are two phases of the interaction of a gravity-type quay wall and the backfill. First is
the phase of structure construction. It includes the process of formation of the backfill. Second, is
the operation phase. The paper studies the second phase. In this case, the growth of a uniformly
distributed load q leads to an increase of the lateral backfill pressure and a decrease of the reactive
capacity of the soil base (due to the appearance and development of limit stress zone in the soil
base). This process will continue until the reactive capacity of the soil base does not reach of limit
value. Further increase of load q will lead to loss of stability of the structure due to the exhaustion
of the bearing capacity of the soil base.

This paper reviews the results of reactive capacity calculation of the soil base of some gravity
berthing structures for the choice of the reconstruction scheme and determination of operational
loads. The design of the reconstructed gravity-type quay wall is shown in Fig. 3. The quay wall
comprises four courses of concrete blocks on a stone bed and a superstructure made of reinforced
concrete elements of an L-shaped type. The backfill material — stone and gravel filter.

The reconstruction scheme of the berth has been chosen based on the reactive capacity of the soil
base calculation of the existing berth. The reconstruction of the existing berth provides the construction
of a new high pile grillage structure on the seaward side and carrying out dredging works.

A high pile grillage with steel sheet pile wall and back steel pipe piles is shown in Fig. 3. The wall
and steel pipes are rigidly embedded in the grillage. The grillage is a monolithic reinforced concrete
element. The front crane rail is designed on a pile foundation and consists of one row of vertical and
inclined steel pipe piles. The rear crane rail is laid along a reinforced concrete beam on piles.
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The reactive capacity calculation of the soil base of concrete block quay walls by two
methods (the traditional method accordingly [1, 2] and the proposed method described above [13,
14]) have been performed. The calculations have shown that the value of the reactive capacity of
the soil base obtained by the proposed method is 1.35 times greater than the value obtained by the
traditional method. It allowed increasing the uniformly distributed load intensity in the rear zone of
the berth: in zone C from 60 to 80 kN/m? and in zone D from 100 to 120 kN/m?. The scheme of
operational loads is shown in Fig. 3.

Berths 24 and 21 of Odessa Commercial Sea Port are considered. Cross-sections of berths are
shown in Fig. 4, 5. The berth design is an open-piled quay wall with a concrete block gravity wall
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on the coastward side. The reactive capacity calculation of the soil base of a concrete block gravity
wall made it possible to clarify the values of operational loads on the berthing structures. The
reactive capacity of the soil base has been calculated by the methods described above.
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For berth 24, the calculations have shown that the value of the reactive capacity of the soil
base obtained by the proposed method is 1.36 times greater than the value obtained by the
traditional method. It allowed increasing the uniformly distributed load intensity within the
superstructure of an open-piled quay wall from 5 to 10 kN/m?, behind a concrete block gravity wall
from 20 to 30 kN/m?.

For berth 21, the calculations have shown that the value of the reactive capacity of the soil
base obtained by the proposed method is 1.42 times greater than the value obtained by the
traditional method. It allowed increasing the uniformly distributed load intensity within the
superstructure of an open-piled quay wall from 30 to 40 kN/m?, behind a concrete block gravity
wall from 10 to 20 kN/m?.

Conclusions. The development of foreign trade and the export orientation of strategic sectors
of the Ukrainian economy lead to the development of maritime transport infrastructure. The rational
direction for its development is the construction of new ports and cargo terminals, as well as the
reconstruction of existing ones. The results of the research have been used to evaluate the developed
method for the reactive capacity calculation of the soil base of a gravity-type quay wall for
particular operating conditions. The most important conclusions are:

1. For the selection of a reconstruction scheme of gravity-type quay walls, it is necessary to
evaluate its actual technical condition, considering the results of the reactive capacity calculation of
the soil base. The safe operation and the durability of the operated berthing structures depend on the
values of the operational loads.

2. The method of the reactive capacity calculation of the soil base of a gravity-type quay wall
is proposed. The method is based on the theory of limit stress state but compared to other
approximate methods, considers two zones of stress state (limit and sublimit) and the friction on the
contact of the base of the foundation structure and the soil base.

3. The application of the proposed method for the reactive capacity calculation of the soil base
of gravity-type quay walls made it possible to consider reconstruction schemes and clarify
permissible operational loads.

4. The calculation results can be used for the assessment of the bearing capacity reserves of
operated berthing structures.
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AHoTanisi. AHam3 0coOIUBOCTEN MPUYATBHOTO (PPOHTY MOPCHKUX MOPTIB YKpaiHU CBIYHTH
PO 3aCTOCYBAHHSI, TOJIOBHUM YHHOM, CIIOPY[l SIKi 3B€/ICHI, B OCHOBHOMY, y mepion micis [pyroi
CBITOBOiI BiiHH. [IpW 1mbOMY HAHMOIIMPEHIIIUMH KOHCTPYKTHUBHUMH pIIICHHAMH OyJd MaabOBI
€CTaKa/Iu, BKIIFOYal0uu OOJISAMIBKH 1 00JIbBepKH 31 mimyHTa. OHAK € CIIOPYAH TPaBiTAIHOTO TUITY,
saKi Oynu moOynoBaHI B MHUHYJIOMY Ta IMOTpeOyIOTh MoJepHizamii W pexkoHcTpykilii. YacTka y
3arajJpHOMY IPHYAILHOMY (POHTI TakWX CHOPYHA ckiagae npuOim3Ho 10%. Binbmicte Takux
MPUYATBHUX KOHCTPYKIIH MaroTh AcheKkTH OEeTOHy Ta apMaTypH, IO 3HUXKYE IOBTOBIUHICTH 1
HeCcydy 37aTHicTh. KpiM TOro, pO3BHTOK BaHTXHHX 1 MACaXHPCHKUX MOPCHKUX IIEPEBE3CHH Ta
OYIIBHHMIITBO CyYaCHUX CYJICH NMPHU3BEIM J0 HEOOX1IHOCTI 30UIbIIEHHS IMMHOMH Ol mpHYamiB i
BU3HAYCHHS €KCIUTyaTalliiHIX HaBaHTa)XEHb, 10 BiNOBIIAIOTh Cy9aCHHUM BHUMOTaM. BaxmuBumu i
aKTyaJlbHUMHU HampsMaMy MOJAIbIINUX JIOCHIIKEeHb, CIPSIMOBAHUX HA BIOCKOHAJICHHS 1 PO3BUTOK
MpUYaIbHOTO (POHTY MOPCHKUX IMOPTIB YKpaiHU, € po3poOKa 1 BIPOBAIKEHHS B TPAKTHKY
MOPTOBOTO TIAPOTEXHIYHOTO OYIIBHUIITBA BJOCKOHAJIEHUX METOJIIB MPOEKTYBaHHSA, OYIIBHUIITBA 1
PEKOHCTPYKIIIT TPATUIIIHHUX KOHCTPYKIIA TPUYAILHUX CIOPY/I.

Bubip mMeTony peKOHCTPYKIIIi 3aJIeKUTh BiJl MPABHJIBHOI OIIHKA (DaKTUYHOTO TEXHIYHOTO
CTaHy peKOHCTpyHoBaHOi cropyau. Jlius 3a0e3rmedeHHs MIHOCTI Ta CTIHKOCTI  CIIOPYH
rpaBiTalliiHOTO THUIY Ba)XJIUBUM € PO3PAaXyHOK BIAMOPHOI 3JaTHOCTI IPYHTOBHX OCHOB.
[IporoHyeThCsl po3paxyHKOBa MOJENIb «CIOpyJa — IpyHTOBa ocHoBa». Ha ocHOBI 1mi€i mozeni
pPO3pO0JIEHO METOJl PO3PaxyHKY BIJIIMOPHOI 31aTHOCTI I'PYHTOBHUX OCHOB HPUYAIBHHUX CIIOPYX
rpasitauiinoro tuny. el MeTron A03BoJisi€e BUSHAUUTH BIAMOPHY 3JaTHICTh T'PYHTOBOI OCHOBHU Y
paMKax Mojedl 3MIIIAHOTO HaNpyKeHOro craHy (OoOJiK TpaHWYHOTO Ta JOrPaHHUYHOIO
HaNpYy>KEHOTO CTaHy I'PYHTY OCHOBH).

Posrnsimatotbess Jesiki pe3yNnbTaTd 3aCTOCYBAaHHS 3alpOIIOHOBAHOTO METONY MMl OLIHKHU
BIJIMOPHOI 3/1aTHOCTI IPYHTOBOI OCHOBHM MNPUYAJIBHUX CTIHOK TIpaBiTauiiHoro tumy. OTpuMaHi
pe3yabTaTH BUKOPUCTAaHI JUIsl aHali3y MONEpeIHIX BapiaHTIB PEKOHCTPYKLII Ta YTOYHEHHs
eKCIUTyaTal[ifHIX HaBaHTaKEHb.

KurouoBi cioBa: BiAmopHa 31aTHICTh, TPYHTOBa OCHOBA, CIIOpYAa TPaBiTalliifHOTO THILY,
IPaHUYHUIA Ta JOTPAaHUYHUN HaIMpYyXEHO-Ae(POPMOBAHHUM CTaH, PEKOHCTPYKIIS, €KCILTyaTaliiHi
HABaHTAKCHHS.

Cratta Haaidnuia 1o penakuii 12.11.2023
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