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Pospobaero memoo eusnauenns umosipnocmi 0ocseHenns 2pa-
HUMHO20 3HAYMEHHS HABAHMAIICEHD 610 8AHMAINCY, WO 30epieacmbCs Ha
CKIa0ax nopmo6020 mepminany, Ha 6EPMUKAILHY CIMIHKY NpU4ay 6
YMOBAX HEGUSHAUEHOCMI MOMEHMIE Npudymms cyoen ma ix HA6AH-
masicenns. Ilepedoaraemocs, wo npouec npubymms cyoen is éanma-
JHCeM ONUCYEMBCA MOOCILIIO CKAAOH020 NYACCOHIBCHK020 npouecy, a 3i
CKIIa0Yy 8aHMANC BUBOZUMBCS 3A 0ONOMO2010 HA3EMHOZ0 GUOY MPAH-
cnopmy pisHOMIpHO i3 NOCMIUHOI0 iHmMeHCUsHicmI0. 3a 00nOM02010
Memodie Mmamemamuunoi meopii pusuxy nooydoearo UMOGIpHICHY
Mo0enb poGomu cucmemu <«CKAA0-NpudaL> K CKAA0060i NOPM0o6020
mepminany. Chopmyavosano xpumepiii 6esneunoi pobomu npuvany
npu 0ii Ha 1020 KOHCMPYKMUBHI eJleMeHmU 6UnA0K06020 HAGAHMA-
JHcenns 6i0 eanmasicy, wo 30epieaemocsa Ha CKAAOL Y MUY NPULATLY,
3 Memoro BU3HAUEHHS UMOBIPHOCMI HENnepeCUUEHHS ePAHUMHO NPU-
NYCMUMO20 3HAMEHHS MUCKY HA JUUbOSY CMIHKY npuuany (32i0Ho
saxony Kynona), moomo aeapii npunany. /{ns 3naxoosicenns umo-
eiprocmi agapii npuuany y cmanomy pesrcumi 1020 podomu 6usedeHo
inmezpanvhe piHAHHA muny 3zopmru. Piwenns yvozo inmeepanviozo
pisnanna 00360aUN0 3HAUMU aHAIMUMHUL 6UPA3 O UMOGIpHOCHI
0e3610M06HOi pobomu npurany 0as piznux QyHKUiU po3noodiny Haean-
masicenns cyoer, wo 0an0 3mozy KiAvKiCHO OUTHUMU PUSUK HACMAHHSA
asapii npuvany. 3a 00nomoz010 3uatidenoi umosiprocmi asapii npuna-
a1y chopmyavosano ma eupiueno 06i npaxmuuni 3aoaui. Illo-nepue,
BU3HAMEHO 3HAMEHHS THMEHCUBHOCMI BUBE3CHHS GAHMAdICY 3i CKIA-
0y, sixe 3a0e3newye i3 00cMamHbLO MANOI0 UMOBIPHICMIO i0CYmHicHb
asapii. Ilo-0pyze, chopmyvosano kpumepii exoHOMIMHOT 00UINLHOC-
mi cmpaxyeanns 36umxie enacaidox asapii npuuany (1020 panmogoi
6i10M06U) 6HACIVOK NepesUeHH HABAHMANCEHb 610 8AHMAICY NPU-
NYCMUMO20 3HAMEHHA Y OAHUI NPOMINCOK HaCY.

3anpononosanuil y cmammi memoouuHull nioxio 00 6U3HAMEHHS
HaoiHOCMi npu4aNbHOT CROPYOU HA NOPMOBOMY MEPMIHAIL, HA BIOMI-
HY 610 iCHY10MUX Mem0o0ie PO3PAXYHKY NPUHATILHUX CROPYO, 0036015€
0l 0OTPYHMOBANHO OUTHIOBAMU BENUMUNY PEATTLHUX eKCNIYAMAUiil-
HUX HABAHMAICEHD (8EPMUKANILHUX MA 20PUIOHMATILHUX) , W0 0itomb
HA 0CHOBHI KOHCMPYKMUBHI eTleMEeHMU NPU1ATY

Kmouogi crosa: nopmosuii mepminan, cyona 3 eanmaicem, epa-
HUuHe HABAHMANCEHHS, TUUBLOBA CMIHKA NPUMATY, PUSUK ABapii npu-
YAy, CMPaxy8anis pusuxy
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Specification of only separate of the listed models is not

likely to give any practically acceptable recommendations,

The adequacy of the methods for evaluating the reliabil-
ity of a structure is known to be determined by reliability
and accuracy of the models of loading, models of operation
of materials, from which the elements of berth structures are
made, and the models of occurrence of failures (accidents).

unless the level of accuracy of the other remains insufficient.

As regards berth facilities, in the course of formalization
and modeling actual operational loads that influence them,
the additional difficulty is to take into consideration the
probabilistic nature of loads. The models of failures under




the influence of different type of operational loads remain
particularly insufficiently explored in the theory of reliabil-
ity of berth facilities. As a result, probabilistic calculation
methods have been used over the past three or four decades
in the research that addresses the development of methods
for qualitative assessment of operational reliability of berth
facilities. It was predetermined by the desire to clarify the
pre-existing procedures for calculating the indicators of
reliability of berth facilities, which did not take into consid-
eration the dynamic and stochastic nature of operational and
environmental loads that influence the structural elements
of berths and the soils that underlie berth facilities. Howev-
er, this created specific problems on evaluating the probabil-
ity of exceeding some critical values by the selected type of
a random process, which can lead to the partial or complete
destruction of a structure.

In addition, in some major seaports of the world, there
has been a tendency over recent years to place too large
amount of cargo in the rear zone of berths without taking
into consideration the actual technical condition of the berth
structure. This can lead to loads exceeding the residual
strength of a structure and, as a result, to a berth failure. The
practice of operation of docking facilities suggests that it is
much cheaper to regularly monitor and predict the loads on a
berth and the state of its elements than to overhaul the berth
after its complete and even partial destruction.

That is why an important scientific problem is the devel-
opment of the methods for quantitative assessment of indi-
cators of the reliability of berth facilities, in which the listed
three groups of models have the same level of accuracy. This
determines the relevance of the examined problem.

2. Literature review and problem statement

The main types of operational loads influencing the
berth structures include the following:

a) loads from allision of vessels at their moorings and
during their stay during the period of the action of adverse
hydro-meteorological factors (wind, waves, etc.);

b) loads transmitted to the constructive elements of a
structure through the soil as a result of pressure of the cargo
stored in the rear zone;

¢) loads from the cordon transshipment machinery and
rolling stock (railroad cars, automobiles), located at the berth.

The specified loads under actual production conditions
at any moment of time are random by magnitude, by mo-
ments of occurrence, points of application, as well as by
the duration of exposure. Prediction plays an exceptionally
important role for the safe operation of berth facilities. In
the operation of berths, residual deformation is accumulat-
ed in the elements of a structure, and the berth throughput
is generally considered to be constant over its operation
period [1, 2].

In the special literature devoted to assessing the oper-
ational reliability of berthing facilities, the specified range
of problems has not been sufficiently explored so far. Thus,
in [3], chapter 10 contains only general information about
the “bolverk” type of structures, including schemes of soil
pressure, while chapter 13 gives only the general information
about port container terminals in general.

Paper [4] proposed the simulation model for the predic-
tion of the wear of the surface of nodes of a concrete berth
structure under the influence of sea water and found the

distribution of the probability of the beginning of structure
destruction due to the formation of cracks. In this case, the
limit state is determined as the beginning of steel reinforce-
ment corrosion. Article [5] gives assessment of the effective-
ness of the method for reducing the damage to the wall of the
berth structure of the gravitational type that is based on the
sand compaction at the foundation of a structure. For this
purpose, it was proposed to use the method for simulation
modeling in conjunction with the finite element method.
Numerical simulation and monitoring tests revealed that the
displacement of the berth wall occurs mainly near the toe and
that the characteristics of the soil of the foundation affect the
size of the damage. In paper [6], the method for determining
the probability of the first going of the values of the main
parameters of a structure beyond the assigned region was
developed to assess the reliability of a structure subjected
to impacts of stochastic load. External load is described by
the multidimensional Gaussian distribution. The method is
based on the presentation of an event of “a structure failure”
as a sequence of instant failures on the discrete time scale.
An analysis of sensitivity of the probability for the first devi-
ation of a parameter vector beyond the assigned region was
performed. Paper [7] proposed the stochastic finite element
method to estimate the failure probability for various scenar-
ios of the application of external load to a berth structure (the
wind load was considered). The probabilistic properties of
the damage to berth piles are determined with the use of the
proposed method. The general problem of security of marine
transportation systems and reliability of their operation is
analyzed in [8]. An analysis of stress-strained state of a berth
with the use of the finite element method, but without taking
into consideration the random character of the influence of
operational loads on a berth, was performed in [9].

It should be noted that the methods of stochastic pro-
cesses have long been proposed for modeling external loads
on building structures [1]. However, there have not been
enough detailed research into the specificity of forming the
operational (that is, unnatural) loads.

At the same time, for the mathematical description of
operational loads acting on berths, it is advisable to use spe-
cial types of stochastic processes applied in the restoration
theory, reliability theory, stock theory, and the queuing
theory. Article [10] dealt with the basic types of load pat-
terns in relation to the conditions of operation of berths and
presented the appropriate formula for the calculation of reli-
ability function for the simplest models of servicing systems.
However, these results are based principally on the consid-
eration of the horizontal loads on a berth from mooring ves-
sels, acting instantly. In the actual operational practice, an
important role is also played by long-acting horizontal and
vertical loads from the cargo stored in the rear part of berths
and from reloading machines located at the cordon line of
a berth. Accounting for these types of loads in calculation
of reliability of a berth structure requires corresponding
generalization of the known methods for calculating the
probability of occurrence of a failure of a berth structure and
performing additional theoretical research.

Thus, an analysis of the special literature that we con-
ducted reveals that the models of failures under the influ-
ence of different types of operational loads have not been
sufficiently explored in the theory of reliability of berth
facilities. For formalized descriptions of this type of loads, it
is necessary to model those production processes that occur
at a port terminal.



3. The aim and objectives of the study

The aim of this study is to develop a method for deter-
mining the probability of a case when the amount of cargo,
stored in a warehouse at a port terminal, exceeds the max-
imally permissible value for the first time. Such an excess
could lead to that the maximum value for stresses and defor-
mation of the berth wall is exceeded, which could result in its
failure. In the general theoretical terms, we aim to develop
a method to control the compliance of the berth bearing ca-
pacity to its throughput capacity.

To accomplish the aim, the following tasks have been set:

— to develop a probabilistic model of port terminal opere
ation for taking into consideration random time-dependent
fluctuations in the cargo amount at a warehouse and the cor-
responding operational load on the main structural elements
of berth facilities;

— to state the criterion for safe operation of a berth when
it is influenced by a randomly changing load from the cargo,
stored in a warehouse in the rear of a berth;

— to find an analytical expression to calculate the probabilit
ty for the absence of a failure (or a failure probability) of a berth
when the amount of cargo in a warehouse exceeds the magni-
tude that results in the excessive pressure on the berth wall;

—to develop a criterion for the expedience of insuring
a berth against a premature failure due to excessive opera-
tional loads.

4. Key assumptions for the construction of the
probabilistic model of a port terminal and statement of
the criterion of safe operation of a berth under conditions
of fluctuation of loading from cargo

In paper [10—12], a series of models of operational loads
influencing the berth, based on using the methods of the
queuing theory and the stocks theory were developed. This
is explained by the fact that a port is a classic example of a
servicing system, and a berth is the main technological ele-
ment, that is, a service channel. Vessels, trains, cars arriving
at a port with cargo or for loading act as requests or require-
ments to be served.

Consider a port terminal, consisting of berths for accept-
ing and loading the cargo onto the vessels, and a warehouse
in the rear part. We assume that the homogeneous cargo is
delivered to the terminal by vessels. We believe that the time
intervals between successive arrivals of vessels are mutually
independent random magnitudes having the exponential
law of distribution with parameter A. In other words, the
flow of vessels is described by the model of homogeneous
Poisson process with parameter A. Net loading capacities
of all vessels are also assumed to be mutually independent
random magnitudes distributed according to the same law
of distribution G(x). The total cargo is unloaded from vessels
to a warehouse, from where it is transported by road trans-
port (such as motor vehicles or railway trains) evenly with
constant intensity equal to W.

Let us introduce the following designations: y; is the
loading of the &-th vessel that arrived, in this case

P{y,<x}=G(x);

14 is the random time interval between the arrival of the
(k—1)-th and k-th vessel, in this case

P{t <t}=1-¢™.

Random sequences 1,,T,,.... and v,,7,,... are assumed to
be independent in totality.

For the simplicity of research, we will assume that the
mean interval between the neighboring arrivals of vessels
1/ is considerably larger than the mean time of cargo re-
loading from a vessel to a warehouse, that is we will neglect
the time of vessels’ unloading.

The block schemes of the described port terminal is
shown in Fig. 1.
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Fig. 1. Block schemes of a port terminal operation
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The cargo stored in a warehouse puts certain pressure
through the soil of the foundation on the berth wall, which
pose a threat of its deformation (that is, failure) and tem-
porary putting a berth out of operation. The maximum
permissible magnitude of stress from the side (vertical)
pressure o is determined by the Coulomb law and is calcu-
lated from formula

G,=A,0,, )

where A, is the coefficient, determined from formula

A =tg? E—E);
(-5

B is the angle of internal friction (Fig. 2); o, is the maximum
value of vertical stress of the soil, created by the cargo stored
in a warehouse. If we consider that the cargo in a warehouse
is evenly distributed around its area, it is possible to estimate
approximately magnitude oy in the following way

; 2)

GV:S

where E and S designate the capacity and area of the ware-
house ground of the terminal.

If a berth front of the terminal is an embankment ramp,
using formulas (1), (2), it is possible to express the criterion
of failure-free operation of a berth wall in case of one berth
can be expressed by inequality

Z(t)<So,=A\,E, 3

where Z(t) is the amount of cargo in a warehouse at mo-
ment Z.

Since cargo shipment from vehicles to a warehouse and
loading the cargo from the warehouse onto them generally
occur at random times, and vessels arrive at the terminal un-



evenly in time, amount of cargo Z(¢) stored in the warehouse
can be considered as a random process.
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Fig. 2. Block schemes of soil pressure on the face wall
considering operational load (g1, g2, g3 are the amount of
cargo in a warehouse)

From the point of view of the operational safety of a
berth, the moment of the first achievement by process Z(¢)
of its maximum admissible value A E=Q is of the greatest
interest (see (3)). This random event can be considered as
the moment of occurrence of the risk event that is associated
with the damage to a berth structure, as well as losses to the
port terminal operator.

5. Development of the method for calculating the
probability of a berth failure at exceeding the maximum
admissible load from the cargo stored in the warehouse

To solve the specified problem based of the above scheme
of modeling the port terminal operation, it is necessary to
construct and explore a probabilistic model of the process
of the fluctuation in cargo amount in the warehouse of the
terminal (berth). As noted above, the probability of the first
achievement of a certain maximum value by the cargo stock
in a warehouse is primarily of interest. For this purpose, we
will use the methods of the risk theory (ruining) [13], with
some modification.

Based on above assumptions, it is clear that event Z(£)>Q
can occur only at the time of the arrival of a successive vessel
with the load. We will write down mathematically the condi-
tion that the amount of cargo in a warehouse will first exceed
value Q at some point of time at the cargo unloading from
a successive vessel (we consider that at the initial time, the
first vessel reloaded cargo to the warehouse). This condition
takes the following form:

1:=Q,
_WTQ + 7+, SQ’

= W(t,+.t+71,)+7, +..+7,<Q,
= W (T4t Ty )+ Y+t Yy > Q- (4)

We will designate through R,(Q) the probability that
the first overloading the warehouse (Ieading to a berth fail-
ure) will happen at time when the cargo is unloaded from the
(n+1)-th vessel. By definition, when considering condition
(4), it can be written down

1-R,(Q)= P(ﬁ{% +ot Y <Q+W(r, +...+rk)). (5)

We will note, that 1-R,(Q) is the probability that the
warehouse will not be overloaded after the arrival of the first
n vessels. Subsequently, from the formula of full probability
from (5), we obtain

oo

1-R,(Q)=A]e ™[ P, (x,0)dG(x)dz, ©)

0

where

P (x0)=P Q1{Y1+"'+Yk}g . -

SQ+W(t, 4.1y, =21, =1

Provided that yi=x<Q, to=t, the first event under the
sign of crossing in the right part of (7) is true.
At k>2, event

i+ 47, <Q+W(t,+..+17,)}.

Can be rewritten as

i+ A7 <Q +W(t +..+7,_ )}
where

’Yz,' = YnUT: = Tz‘+17Q,=Q_9‘f"""Vt'

Because random magnitudes v;, 1; are independent in
totality, sequence Y7,Y5,...=Y,, Vs coincides by distri-
bution with sequence yi, ys,... For this reason, sequence
T),T5,.. = T,,T,,... coincides by distribution with sequence 1y,
T9,... Therefore,

P(x,0) =P(O{Y; +. 47 SQ + W (T +..+T)}) =
:P(E{yl+...+yi QW (T, +. 4T, (8)

Comparing this probability with the right-hand side of
formula (5), we see that it is equal to

1-R, (Q)=1-R, (Q-x+Wr).

Then the following recurrent ratio follows from (6) to (8):
“ 0

1-R,(Q)=Afe™][1-R,_ (Q-x+Wt)]dG(x)dt, n22,
0 0

1-R (Q)=6(Q). ©

Using ratio (9) and a mathematical induction, it is not
difficult to show that

R, ()=0, n=12,. (10)

We will consider the terminal operation in a steady
mode, that is, at n—oo. It should be noted, however, that such
a mode exists not always and only under certain assump-
tions. We will assume that average intensity of cargo arrival

at the warehouse (it is equal to AMy,) is strictly lower than
the intensity of its removal from the warehouse, that is



AMy, <W.

an

Meeting the so-called unsaturation condition (11) for the
explored system “warehouse — berth” is necessary to ensure
that over time the cargo amount in the warehouse should not
increase unlimitedly. In this case, ratio AMy;/W<1 has the
sense of warehouse usage over time.

We will note that R(Q) is the probability of the event
“at some point of time the cargo amount in a warehouse will
not exceed the value that would lead to the formation of the
critical value of stress in the side wall of a berth, that is, to
its failure”.

From (9) at n—o0, we derive the following linear integral
equation of convolution type to find the probability that a
warehouse will never get overloaded, that is 1 — R(Q):

1—R(Q)=kaD—R(Q—x+Wt)]e*“dG(x)dt. (12)

We will note that the equality follows from (10) at n—o0
R(e2)=0. (13)

We will find the solution to equation (12) for some par-
ticular cases:

1) Loadings of all vessels are the same and equal to g.

In this case, equation (12) will take the following form:

1-R(Q)=AJe ™ [1-R(Q - g+Wr)]dr. (14)

After changing a variable by formula

y=Q-g+Wt

equation (14) is reduced to the form:

(1-R(Q))e " :%e’“”/w i (1-R(y))e ™" dy, Q=g. (15)

Q-8

After differentiation of the both parts of the equation
(15) by Q, we will come to such linear differential equation
of first order with retarded argument:

R(Q)=(R(Q)-R(Q-8)) Q>¢

At 0<Q<g we consider that R(Q)=1. The solution to this
problem has the form of:
R(Q)=e7, Q2g, (16)

where p is the only positive root of the equation (considering
equation (11))

p=%(eog ~1),

2) Loadings of all ships are random and distributed by
the exponential law, that is

G(x)=1-¢"%, x20,

where now g=My is the mean value of the vessel loading.

In this case, we obtain the following equation from (12):
« . Q

1-R(Q)=(1/g)[e™ [[1-R(Q—x+We)]e/5dxde. (17)
0 0

It follows from (17) at Q=0 that R(0)=1. After substi-
tuting the variable of integration in the inner interval in the
right-hand side of equation (17)

y=Q—-x+Wrt

After a series of transformations, we will reduce it to the
form:

ROz (1—R(Q))=(k/g)];e’(““’/g”?[i—R(y)]ey/gdydt.

After two-time differentiation of both parts of the last
equation by Q, we will come to the following second-order
linear homogeneous differential equation:

R”(Q)+(1—;”,)R’(Q) =0.

8

Solution to the last equation under initial conditions
(see (10), (13)) R(0)=1, R(~)=0 takes the form:

R(Q)=exp[—(;—;,)Q}-

Thus, in the explored cases, the probability that a berth
failure will ever happen is determined from simple formulas
(16) and (18). It is important to note that the specified prob-
ability depends on controllable magnitudes, particularly, W
and Q, which enables the management of the terminal to
control and predict the probability of occurrence of a berth
structure failure due to its overloading.

(18)

6. Some practical applications of the methods for
assessment of the probability of a berth failure

To illustrate the obtained results, consider two practical
problems:

1) Assessment of the intensity of the load transportation
from the warehouse, guaranteeing a sufficiently small prob-
ability of a berth failure.

Probabilistically guaranteed value of parameter W en-
suring berth failure ¢ with low probability is determined
from the condition

R@Q)=e.

If we use formula (18), the desired value of parameter W
is found from formula

I .

1+ élne
If we rewrite the last formula in the form

W(1+Slne):Xg,



It is possible to note that expression (-Wg/Q)In ¢ in
the left part of equation (19) has the sense of the reserve of
the throughput of a warehouse, providing for meeting the
so-called condition of unsaturation of the analyzed “ware-
house — berth” system or the condition of its statistically
balanced (steady) operation (11), as well as guaranteeing a
small probability of occurrence of a berth failure. It should
be noted that formula (19) makes sense only under condi-
tion that

1+§1n£>0.
Q

Let us assume, for example, that E=100 thousand tons,
g=5 thousand tons, A=0,06 ships/day, €=0,01, and the
backfill soil consists of fine sand with different porosity
(characterized by different values of angle of internal fric-
tion B). Table 1 gives the probabilistically guaranteed values
of the intensity of cargo transporting from warehouse W,
guaranteeing the probability of the failure occurrence due
to berth overloading €=0.01, for different values of angle of
internal friction.

Table 1

Values of intensity of cargo transportation from warehouse
at different values of angle of internal friction of backfill soil

Angle of Intensity of cargo
internal soil |5 _ o04c 5 /9 Q=nkE, transportation from
friction, |"o~ '8 (45-B/2)| thousand warchouse W,
degrees tons thousand tons/day

37 0.249 24.9 3.984
35 0.271 27.1 1.995
33 0.295 29.5 1.367
31 0.32 32.0 1.070
29 0.347 34.7 0.892

Data from Table 1 show that under conditions of con-
siderable fluctuations of loading capacity of vehicles and at
using sand with considerable porosity (that is at an increase
in angle of internal friction from 29° to 37°) as backfill, to
ensure the probability of a berth failure at the level of 0.01,
the intensity of cargo transportation from a warehouse
should be increased almost by four times.

2) Substantiation of appropriateness of insuring the
damage from a berth failure.

The found probability of the failure-free operation of the
berth R(Q) also makes it possible to solve the problem of
the appropriateness of insurance by the port administration
or the terminal operator of the risk of a berth failure due to
exceeding the maximum admissible value Q by the cargo
amount in the warehouse. In this case, it is assumed that
the magnitude of the expected damage from a failure can
be evaluated and makes up 7 Let the agreement about the
insurance of this damage be concluded with the insurance
company for period T, and the amount of the insurance pre-
mium within this period under the contract be equal to c.
We will compose the function of the gain for a port for either
of the two variants of solution: to insure or not to insure the
risk. Let us designate the value of the gain function for the
two specified variants respectively as Py and P,, the event
“a berth failure happened within period T” as A. It is not
difficult to notice that

P =—cI(A)+rI(A), P,=cI(A)=rI(A), (20)

where I(A) is the indicator of event A. Since the probability

of occurrence of event A is equal to R(Q), from (20), we de-
rive the mean gain of the port at every solution:

MP, =—cR(Q)+r(1-R(Q)),
MP, =cR(Q)-r(1-R(Q)).

We will also note that from (20), there follows the equa-
tion

DP =DP,
Thus, insurance will be advisable if the condition is met
MP, >MP,

or

r

R(Q)<

21

r+c’

If loading of vessels obey the exponential distribution
law, the condition (21) based on formula (18) will take the
following form:

1 A r
[g—WJQ< —lnm.

If, for example, Ag/W=0.5, Q=5g and ¢=0.57, according
to this condition, it is not advisable to insure a berth from
failure (2.5>0.405), and at Ag/W=0.8, Q=2g it advisable to
insure the risk of a failure (0.4<0.405).

The given examples show the probability of the practical
use of the developed method for assessment of probability of
occurrence of a berth failure to prevent it.

For the practical use of the above theoretical recommen-
dations, in practice of the port operation, it is necessary not
only to conduct periodic inspections of the technical condi-
tion of the main structural elements of a berth, in particular
its supporting wall, but also to keep statistical account of the
fluctuations of the cargo amount in a warehouse, arrival and
parking of vehicles along the berth.

6. Discussion of results of studying the assessment of a
probability for the occurrence of a berth structure failure

The proposed above methodological approach to deter-
mining the reliability of a berth structure of a port terminal,
unlike existing methods, makes it possible to estimate more
reasonably the magnitude of actual operational loads that
influence the main structural elements of a berth. This is
achieved through mathematical modeling of the processes of
cargo arrival at the terminal warehouse and its transportation
from a warehouse by vehicles based on the use of such sections
of studying operations as the queuing theory and the stock
theory. This approach is the development and continuation of
the research previously carried out by the authors related to
the assessment of the operational reliability of the port berth
facilities. The research resulted into the development of the



method for assessing the probability of a berth failure due to
exceeding the maximum admissible load on it, which makes
it possible to minimize potential losses of a port, associated
with the elimination of the berth failure consequences and
additional idling of vessels standing at berths for unloading.
The method was developed for the case of unloading the cargo
arriving on vessels, which is why it is of scientific and practical
interest for solving a similar problem for the case when the
cargo arrives at the terminal by the land transport, and is
transported from a warehouse by seagoing vessels.

The proposed method for the assessment of the proba-
bility of a berth failure can be used for subsequent research
into this problem, taking into consideration the specifics of
the operational and structural features of berths, as well as
probabilistic properties of the soil at the foundation of the
berth. A more accurate method for assessment of the prob-
ability of occurrence of a berth failure will enable the port
administration to reduce the losses caused by the liquidation
of the consequences of the failure of berth facilities, as well
as to improve safety of loading and unloading operations at
the port terminal.

7. Conclusions

1. Using the methods of the risk theory, we constructed
the probabilistic model of the operation of the “warehouse —

berth” system at the port terminal, taking into consideration
a random approaching of vessels for cargo loading and even
delivery of the cargo to a warehouse by the land transport.
This model makes it possible to calculate more reasonably
the actual operational loads and can be used as a basis for
determining the probability of occurrence of a berth failure
as a result of exceeding the maximum admissible magnitude
of the stress on the front wall of a berth.

2. We stated the criterion of safe operation of a berth
when its structural elements are influenced by random load,
stored in a warehouse in the rear of a berth, as the probabili-
ty of not exceeding the maximum admissible pressure on the
front wall of a berth.

3. To find the probability of occurrence of a berth
failure due to its overloading, the linear integral equation
of the convolution type was derived. The solution to this
equation made it possible to find the analytical expression
for the probability the failure-free operation of a berth for
different functions of distribution of the vessels’ loading,
which makes it possible to assess quantitatively the risk of
a failure.

4. The criterion of economic viability of insuring a berth
from a sudden failure due to exceeding the maximum admis-
sible values by operational loads within an assigned period of
time was stated. This criterion enables reducing the losses of
a port associated with the elimination of the consequences of
occurrence of a berth failure.
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