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Abstract. The problem of assignment of optimum level of dependability is not new and has
not yet been solved. The requirement of complete dependability is noted to be erroneous.
However, insufficient dependability of buildings is fraught with significant social and economic
losses. Hence is the problem of definition of the required, optimal level of dependability. In
Russia, there are no quantitative guidelines for the dependability of buildings and structures.
At the same time, the strengths of the materials of ferroconcrete structures are regulated by
GOST 34028-2016 for rod reinforcement and GOST 18105-2010 for concrete, as well as by
building regulations SP 63.13330-2012 Concrete and ferroconcrete structures. In this paper,
the dependability of the “Loads - design” construction system is suggested to be defined
using the total probability formula. We assume that the mechanical characteristics of a struc-
ture’s materials and the loads are independent and joint random values: the emergence of one
random value does not depend on the emergence of another one; change of load changes
the stresses in the structural section. Probabilistic calculations showed that over the period
of 10 years facilities designed in accordance with SP 38.13330.2012 for operation in the Gulf
of Finland, will be destroyed almost with the 100% probability. For normal consequence class
facilities (KS-2) the required dependability must tend to 3c (0.99865). In order to ensure the
required dependability of construction system of about 3c, the probability of loads of 0.99865
should be attempted to be ensured. The application of SP does not always guarantee the
required dependability of construction facilities. The application of probabilistic approaches in
solving engineering problems can prevent emergency situations.
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The problem of assignment of optimum level of de-
pendability is not new and has not yet been solved [1].
The Russian version of the Hiitte reference book [2] with
a developed system of dependability coefficients was pub-
lished in 1890. In 1926, professor M. Maier published the
paper [3], in which he criticized the calculation on allowed
voltage and proposed calculating structures assuming
an disadvantageous combinations of loads and material
resistances. In 1929, N.F. Khotsialov [4] elaborated upon
M. Meyer’s ideas. Noting the stochastic variability of
mechanical and geometric parameters of structures, he pro-
posed a new formula — “Building with a viable number of
destructions” — instead of “Building without destructions,
by all means”. According to N.F. Khotsialov, engineering
should take into account capital costs as well as possible
“defects” and amount of losses that an accident brings to
the state.

In 1945, in connection with the development of new forms
of calculation and engineering standards, the Commission
for calculation methods unification organized by Narkom-
tiazhprom (People’s Commissariat of Construction of Heavy
Industry), adopted a conventional scheme of estimated coef-
ficients proposed by I.I. Goldenberg, M.G. Kostyukovsky
and A.M. Popov. According to this scheme, the overall safety
coefficient depended on uniformity, overload coefficients
and operating conditions of the structure. In the future the
proposed scheme was included in the calculation method for
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limit states. It was assumed that structures were to meet the
relevant requirements with a reasonable level of risk.

The development of the dependability theory of engi-
neering structures is related to a number of socio-economic
issues. A.V. Gemmerling [5] noted the invalidity of the re-
quirements of absolute dependability. He supposed that no
matter which calculation methods were used, the real loads
and strength characteristics always remain random values
or functions. Therefore, there is a problem of determining
the required dependability level.

A.R. Rzhanitsyn in [6] took into account the economic
aspects of safety calculation. He determined a minimum of
the mathematical expectation of costs related to building
a structure and its possible damage over the life cycle, i.e.
defined the minimum of function:

R=C+VxD, 1

where C is the initial cost of the engineering structure;

V is the probability of its damage; D are the losses caused

by the damage, including renewal costs and loss caused by
disturbed operation.

A.P. Sinitsin in his works noted the nonlinear relationship
between the risk value and expected value and provided
statistical data on the risk value for various industries. Ac-
cording to A.P. Sinitsin [7], the risk, characterized by the
number of accidents 10 per person per year, is completely
unacceptable. The risk level of 10 * requires some measures
and can be accepted only if there is no other solution.
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For American conditions, the risk of car accidents can be
as high as 2,810 *. The risk level 10" corresponds to natural
accident events, for example, accidents during swimming in
the sea, for which the risk is estimated as 3,7x107°. Accidents
with the risk of 10 °belong to a low risk level as it is possible
to avoid this risk by observing basic precautions.

Outside of Russia [8], the following formula for failure
probability O(7) regulation became widespread:

O =10° & T/L, ()

where &;is the coefficient of social significance (Table 1);
T'is the estimated lifecycle in years; L is the average number
of people inside or around the building during the period for
which the risk is assessed.

Table 1. Coefficient of social significance, &

Structure type Es
Public places, dam 0.005
Apartments, office and commercial build-
. . . oo 0.05
ings, industrial buildings
Bridges 0.5
Towers, pillars, offshore buildings 5

The required dependability on (2) for buildings with
normal level of criticality is the following:

1 - Q) =107 x0.5% 50 / 50 = 0.999995 or 0.9°5.

Professor Ryush (Table 2) proposed to standardize struc-
tures dependability P(7) based on their failure probability

O(t), where O(t) = 1 — P(2).

Table 2. Standardization of ferroconcrete structures
dependability

Failure type and characteristic o®)

Failure without warning sign (brittle failure,

7 5
buckling etc.) 107 ... 10

Loss of carrying capacity with warning sign 10

Inoperability with no loss of carrying capac-

. . . 107 ... 107
ity (similar to the 2-nd group of limit states)

In the Russian Federation, the significance of buildings
and structures dependability is not quantified [9]. At the
same time, the strengths of the materials of ferroconcrete
structures are regulated by GOST 34028-2016 for rod re-
inforcement and GOST 18105-2010 for concrete, as well
as by building regulations SP 63.13330-2012 Concrete and
ferroconcrete structures. According to these documents,
the dependability (reliability) of characteristic strength of
materials is 0.95 (1.64c), and the probability of calculated
strength of materials is near 0.99865 (35): standard strengths
are divided into dependability coefficients on materials that
are above 1. Therefore, the dependability value is P(4AxB) =
0.99865 (A, B are random events; A is the structural carrying
capacity and B is the loads) should be assigned to engineer-
ing structures with normal level of criticality.

The dependability of the “Loads — design” construction
system is suggested to be defined using total probability
formula (3). We assume that the mechanical characteristics
of structure’s materials and loads are independent and joint
random values: the emergence of one random value does
not depend on the emergence of another one; change of load
changes the stresses in the structural section.

P(AxB) = 1—[P(4')+ P(B') — P(4)P(B))], 3)

where P(4') and P(B') are the probabilities of opposite

events of 4 and B: P(4) =1 - P(4)=1-0.99865=0.00135,
P(B)=1-P(B)=1-0.95=0.05.

Let us substitute the known values to formula (3) and
define P(AxB):

P(AxB) =1 — (0.00135 + 0.05 — 0.00135 x 0.05) =
0.94872.

To increase the system dependability to about 3o, it is
required to increase the non-exceedance probability of loads,
for example, up to 0.99865. Then the system dependability
will be as follows:

P(AxB)=1-(0.00135 + 0.00135—10.00135 x 0.00135)
=0.9973 or 2.780.

The low exceedance probability of loads for the Gulf
of Finland is defined, for example, by SP 38.13330.2012

[11]:

F,,=126"10°V h,(m A k,k,R.p tgy,"” = 1.26°10° x
x 0.87 x 1.002 x (0.83 x 330.75 x 4.529 x 3.18 x
x 0.3 x 1000 x 2.7475)"* = 1.505 MH, 4)

where V is the movement speed of the ice field; V'=3%
x 29 m/s = 0.87 m/s; m is the shape factor of the supporting
structure in plan view, m = 0.83; A is the maximum area
of the ice field, m” that can affect the calculated structural
element, identified through field observations or adopted
depending on the lateral dimensions of the span as 4 = 3/
=3x10.5" = 330.75 (where / is the span); k, and k, are the
factors 18 and 19 [11], respectively (according to tables):
k,=3.18, k,=0.3; R_=4.529 MPa; p is the water density,
p = 1000 kg/m’; tg(70°) = 2.7475.

According to [11] the load F, ,, determined by formula
(4), cannot be greater than the load F, , MH, determined by
formula (5):

F,,=mk,k R bh,=0.83 x 3.18 x 0.3 x 4.529 x
x 1.22 x 1.002 = 4.386 MH, )

where b is the lateral dimension of the supporting struc-
ture at the ice level, b= 1.22 m.

According to [11], a lower value of the ice load should
be adopted in calculations, 1.505 MH.

The wind speed for the entire observation period at the
Saint Petersburg weather station is taken into consideration
in formula (4). According to the Saint Petersburg weather
station, the wind distribution is approximated by the Pearson
curve type [ [12]:
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The value of the wind speed with the probability of 0.99
is 29 m/s. The average long-term value of the sum of the
frost degree-day according to the Saint Petersburg weather
station for the period between 1881 and 1980 is 775°C.
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Figure 1. Freezing index distribution

Figure 1 shows the freezing index distribution for the
Gulf of Finland. The freezing index distribution is also ap-
proximated by the Pearson curve type I. With the probability
of 90% the freezing index is 983.9. Freezing indexes with
the probability of 99% and 99.9% are 1274.2 and 1358.2
respectively.

The ice thickness is calculated using formula (7) after
substitution of known values with the freezing index, R =
1358.2, with the probability of 99.9%:

h,=0.034nR"* = 1.002 m, (7)
where 7 is the coefficient of the local conditions; we take
the larger value: n = 0.8.

The ice strength under compression, R, is calculated

using formula (48) from [11]:

N
. / Y (C +A,) =4.529 MPa. (8)
N i=1

The ice load 1.505 MH calculated by the formula (5)
causes the shearing load of the one pile relative to the founda-
tion frame of the conventional leading mark 1.172 MH.

In 2013, several leading beacons, designed for the load
of 1.505 MH, were destroyed as a result of shearing of 80%
of piles relative to the foundation frames. Piles were rein-
forced 16J254500. The pile load capacity by the shearing,
N,,, with an average (not with calculated) resistance of steel
was 2.104 MH. Let us assume that this is a shearing with an
average value of the ice load.

The average value of the ice load is calculated using
formula (9):

F.,,=N,/(1-325/14.7)=
=2.104 /(1 —-3.25/14.7)=2.701 MH. ©)]

where 3.25 and 14.7 are the dimensions of the pile in m

above the water surface and under water.
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With the variation coefficient of 0.15 of the ice load the
mean-square deviation will be as follows:

Cie= F.,n xv=2.701 x0.15=0.405 MH. ~ (10)

As 80% of the pile was destroyed, the specified average
value and the mean-square deviation of the ice load will be
respectively: 2.701 + 0.405 = 3.106 MH and 3.106 x 0.15
=0.466 MH.

Then the ice load with the probability of 0.99865 will be:
F, 5=F,,,30,=3.106+3 x 0.466=4.504 MH. (11)

Thus, the probability of the ice load calculated by [11]
in the Gulf of Finland is:

t=1(1.505—-4.504) / 0.466] = -6.44. (12)

That means, that the facilities designed per [11] for the
Gulf of Finland will be destroyed with the 100% probability
within 10 years.

In our opinion, in [11] formula (50): F,,=1.26 10°Vh,
(m A k,k,R_p tgy)'"?, should be modified.

Experience shows that the force, £, ,, increases in direct
proportion to the growth of the ice strength, R . Therefore,
the variable R_ should be taken outside the radical sign.

The ice thickness is not homogeneous, therefore, F,
has a hyperbolic dependence on variable /,. Therefore, the
variable /4, should be taken inside the radical sign.

The wind influence on the hydraulic structure should be
taken into account with the ice massifs which in form of
variable 4 and coefficient &, are inside the radical sign in
the formula (50) [11]. Therefore, the wind speed also should
be taken inside the radical sign.

The variable of the water density (p = 1000 kg/m’) prac-
tically doesn’t change, so it should be removed from the
formula (50). Then, the coefficient 1.26:10° will change to
0.04:1.26°10°° x (1000)"* = 0.04. This coefficient was used
to determine £, in SNiP 2.06.04-82*.

After the transformations formula (50) in [11] will be
as follows:

F,,=0.04R, (mk,k,AVh, tgy)"’. (13)

Then the force from the ice load, £, ,, will more accurately
correspond to the phy51ca1 meaning, and its d1mens1on F.,
will be: ms/m*> x (m* x m/s x s x m)'"* = ms/m* x m* = ms
Using formula (50) [11] it is possible to obtain “at the output”
the following dimension: m/s x s x m x (m* < ms/m* x ms/
m3)1/2 — ms X (m)l/z

The new value of the ice load F, ,, determined by (13),
Will be:

=0.04%x4.529%(0.83% 3.18% 0.3x 300% 0.87% 1.02x
2. 75) ?=4.538 MH.

The value F, ,, determined by (5), is 4.386 MH. Thus,
we obtain the comparable values of the ice load. For further
calculations we will use not a lower ice load value, as recom-
mended in [11], but a higher one, 4.538 MH.

The probability of the ice load will be:

P[(4.538 —3.106) / 0.466 = 3.073] = 0.99894. (14)

Conclusions. The problem of assignment of optimum
level of dependability is not has not yet been solved. In
order to ensure the dependability of construction system of
about 3o, the probability of loads of 0.99865 (35) should
be attempted to be ensured.
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The application of SP does not always guarantee the
required dependability of construction facilities. The ap-
plication of probabilistic approaches in solving engineering
problems can prevent emergency situations.
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