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OPTIMAL DESIGN OF STEEL FRAME STRUCTURES
SUBJECT TO LEVEL OF MECHANICAL SAFETY

Abstracts. The approach to the design of steel frame structures is considered, taking into ac-
count the potential risk of occurrence of emergencies associated with their mechanical local damage,
and possible material losses. It is proposed to classify these systems according to the safety level of the
solution. In accordance with the introduced classification, methods for finding solutions are proposed
based on the use of evolutionary modeling with subsequent risk assessment from the onset of an emer-
gency. These methods include a combination of two-level stochastic optimization procedures. At the
first level, a search is performed on discrete sets of design parameters of a design variant with a mini-
mum cost. As constraints in the absence of emergencies, regulatory requirements of limit states are ac-
cepted, and the strength ratio is regulated. In a possible emergency for the construction is considered a
limitation on survivability. At the second level, a heuristic search is performed for the design variant for
which the risks of receiving material damage from an accident are minimal while ensuring a minimum
of capital investments on the considered stages at building life cycle. Examples of the steel frame design
with different levels of safety are given, which demonstrate the efficiency of the proposed approach.

Keywords: evolutionary modeling, accident risks, mechanical safety, survivability, optimization,
strength, stiffness, steel frames, building life cycle, emergency actions.

A.B. AJIEKCEMLIEB?

1 o o o
MockoBckmit rocy1apCTBCHHbIN CTPOUTCIIbHBIM YHUBCPCUTCT, T MOCKBa, Poccus

OIITUMAJIBHOE ITPOEKTUPOBAHUE CTAJIBHBIX PAMHBIX
KOHCTPYKIMH C YYETOM YPOBHSI MEXAHUYECKOMH
BE3OINTACHOCTH

Annomauusn. Paccmompen nooxo0 Kk npoexmuposanuio CMAibHbIX PAMHbIX KOHCMPYKYULL C
yuemom NOMeHYUAIbHO20 PUCKA HACTYNIICHUS ABAPUUIHbIX CUMYAYULl, CES3AHHbIX C UX MEXAHUYECKUMU
JIOKQJIbHBIMU NOBPENCOCHUSAMU, U BOZMONCHBIX NPU dMOM MAMepuaivbHolx nomepo. Ilpednacaemcs
Kraccuguyuposams 3mu cucmemvl N0 YPOGHIM 0Oe30NACHOCMU NPOeKmMHO20 peuieHus. B coomeem-
cmeul ¢ 66e0eHHOl Kiaccupurayuell npediazaiomes: Memoobl NOUCKA PEUeHUll, OCHOBAHHbIE HA NPU-
MeHEeHUU IBOTIOYUOHHO20 MOOCIUPOBAHUSL C NOCAEOYIOUeil OYEHKOU PUCKA OM HACMYNJICHUsL A8APULIHOU
cumyayuu. Imu Memoovl 6KIOUAIOM COBOKYNHOCHb O8YXYPOGHESbIX NPOYeoyp CMOXACMUYEcKou on-
mumuzayuu. Ha nepeom ypoeHe 6blnoinsemcst NOUCK Ha OUCKPEMHbIX MHOJCECMBAX NAPAMempos npo-
EeKMUPOBAHUST BAPUAHMA KOHCMPYKYUU C MUHUMATIbHOU CMOUMOCIbIo. B kauecmee ocpanuuenuti npu
OMCymemeuy agapuiiHblX CUMyayull NPUHUMAIOMCS. HOPMAMUGHble Mpedo8anus. NPeOeibHbIX COCMOsL-
HULL, NPU SMOM Pe2yIupyencst 3anac npoyHocmu. B 603mooichotl asapuiinoi cumyayuu 0t KOHCIMpPYK-
Yuu paccmampueaemcs ocpanudenue no xcusyvecmu. Ha emopom ypoene vinonnsemes sspucmuye-
CKUTL NOUCK MO20 BAPUAHMA KOHCMPYKYUU, OISl KOMOPO20 PUCKU NOJLYYEHUST MAMEPUATbHBIX Yiyuepbos
om asapuu sGISOMC MUHUMATIbHOIMU NPU OOHOBDEMEHHOM 00eCneveHuu MUHUMYMA KAnUMAaibHblX
GILOJCEHUTL HA PACCMAMPUBAEMBIX IMANAX HCUSHEHHO20 Yukia 30anusi. [Ipusedenvt npumepvi npoexmu-
POBAHUSL CMATLHOU PAMbL C PA3IUYHBIMU YPOSHIMU O€30NACHOCMU, KOMOpble 0eMOHCIPUpYiom pado-
mocnocobHocmy u IhdexmusHocms npedazaemozo nooxood.

Knrwouegvle cnoea: ssonioyuonnoe mooenuposanue, pucku aeapuil, mMexaxHuveckas 6e3ondac-
HOCHb, JHCUBYYUECTNb, ONMUMUZAYUS, NPOYHOCHb, JHCECNKOCHb, CIANbHbIE PAMbL, JHCUSHEHHbIU YUK, 3a-
npoexkmuvie 6030€UCmEus..
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Introduction

In modern socio-economic day-to-day realities, the objective of materials saving can be rel-
evant only while ensuring the safety of buildings. The spate of accidents at construction sites asso-
ciated with man-made impact, including terrorist attacks, domestic negligence, industrial errors,
poses the problem of minimizing losses in emergency situations for researchers and designers. One
of the quantitative measures giving a comprehensive assessment of the severity of such losses is the
risk of an emergency occurrence. The subject of research in the direction of structures calculation
taking into account the risk both several decades ago and now is especially relevant. The founda-
tions of this theory, its development and application to various types of structures and structural
systems in domestic construction science were laid in the works [1-5] and many others. Foreign sci-
entists are also conducting active research in this field. A number of works [4, 6, 7] are devoted to
the search for rational options and the frequency of measures to maintain the functional perfor-
mance of a structure. Many researches are deal with the risk assessment both in the course of nor-
mal operation and when occurring various scenarios of emergency actions [6, 8-14], etc. Among
them there are considered wind loads [14], seismic loads [6, 7, 9, 10], and the damage of individual
basic (key) structural members [15-21]. An accident risk assessment is performed for corrosion-
damaged reinforced concrete [19, 20] and steel [21] structures. When assessing risks, both the over-
all life cycle of a building and its individual part can be considered [4, 7]. The research level
achieved today makes it possible to solve the urgent problem of the optimal design of load-bearing
structures considering the specified level of their safety. We know the works those are dedicated to
finding optimal solutions for structures with minimal cost. In this case, the probability of failure in
structures and, as a consequence, the possible consequences of accidents are not taken into account.
The decreasing in the bearing capacity of the elements can lead to significant risks of failures and
cannot be considered objectively as the optimum solution throughout the life cycle of the facility.
This article proposes an approach to solving this problem for steel structures based on a set of
methods that allow obtaining an optimum design solution in terms of cost / risk ratio. Evolutionary
modeling is used as a tool for searching solutions at intermediate stages of the computational pro-
cess [22, 23].

Problem definition

The steel frame system is considered, which is operated under normal conditions. When as-
sessing the stress-strain state of this structure, taking into account only regulatory requirements.
When assessing the risks of material losses, possible emergencies associated with local damage to
the supports or their parts, as well as failures due to the statistical nature of the physical and me-
chanical characteristics of the materials and the variability of the loads, are considered. Let us intro-
duce the following safety levels of the design solution: I - minimum, Il - medium, 11l - high. The
criterion for classifying the structure to the level of safety is the value of the “danger” of invest-
ment, estimated by relative risk:

n

=2 (Ri/C),ielln], (1)

i=1
where R; — is an indicator of the absolute risk of an emergency occurrence, accompanied by finan-

cial loss; C; — is the amount of the capital investments; i — is the number of the life cycle stage;

n — is the number of such stages considered in the risk assessment.

When assessing the stress-strain state of the structures, we take into account the active con-
straints for strength and stability of the frames, structural rigidity and flexural stability for girders.
The local stability of the flanges and webs of the open section rods is a passive constraint (it is
checked outside the main computing process). The search for solutions for which the calculation of

the value ¢ is performed with a set of sizes and types of the frame sections using the modification
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of the genetic algorithm [23].

Methods

To obtain a design solution with the target safety level, it is necessary to perform the follow-
ing sequence of actions:

1. Performing an optimal search for a solution considering the normal operation and risks
associated with failures of structural members as a result of statistical variability of materials and
existing loads. For this, it is necessary to form a discrete set of a parameter that regulates the value
of the structural safety reserve. Such a parameter can be the permissible equivalent stress deter-

mined by the designer o ={oy,..,0, }, where e — is an integer number of values of the permissible

stress. It is obvious that any of the permissible stresses should not exceed the design resistance of
the structure. Then for each of the elements of the set O it is necessary to perform the following
steps:

- parametric synthesis of the structure using the discrete sets of variable parameters with
constraints on the considered stress from the set O . The algorithm for such a synthesis is described
in the section of the evolutionary model for finding a solution given below in this paper;

- calculation of the probability of structural members failure;

- calculation of financial loss associated with an emergency in case of the failure;

- determination of the number of considered stages of the structure life cycle and calculation
of relative risks.

After that for the obtained structure options, the minimum value of F =C+ pr is deter-

mined. Here C is the cost of the structure, ['is the amount of the financial loss associated with its
failure, p the probability of failure. The structure for which the value F is minimal will be rational

in terms of costs and risks. For this structure, value { is calculated.

2. Assessment of the risk of accidents resulting from local damages. Initially, possible dam-
age scenarios is considered. We will form them proceeding from the following: the main scenario
(A) is a quick failure of the construction of one support. Such a scenario is already included in some
design standards for reinforced concrete structures. We also consider additional scenarios (B, C ...):
partial or complete damage to one of several supports together with the failure of one support.

To assess the risks resulting from emergency actions, we will follow these steps:

- analysis of dynamics of the damaged system. Two ways are possible here. With a simpli-
fied approach, it is possible to calculate dynamic coefficients for each of the possible options for lo-
cal damage. For this, it is convenient to use the method of G.A. Geniev [16]. If a detailed study of
the stress-strain state is required, then a damaged system can be calculated using approaches involv-
ing the analysis of local calculation schemes, for example [26], or other methods implemented in
software systems. Such calculations take into account possible non-linear effects and loss of stabil-
ity;

- parametric synthesis of design solutions subject to the constraints of the survivability of the
structure with emergency damage effects. The survivability criterion is defined in works [17, 18].
For the frame structures, we consider the survivability provided if the conditions are met:

ftOt < [ f ]np & < gizp ) (2)
where fi,; — is the maximum displacement in the damaged structure after damping oscillations;

[f],, —is the limiting displacement (deflection) of the structure, set by the designer due to the con-
dition of ensuring the possibility of evacuation of people and equipment; & — is maximum relative
deformation in the structure material under uniaxial tension; &,, — is ultimate plastic deformation

of the material.
Essentially, conditions (2) mean the prevention of relatively large changes in the geometry
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of the damaged structure, and the formation of plastic hinges in it during deformation is allowed.
For steel structures, the condition € < ,, means preventing the formation of cracks. Survival loss is

approximately determined by us as a violation of one of the inequalities of condition (2).

If the structure does not have survivability during the implementation of any or all of the
damage options from scenario A beyond the design basis effects, then it belongs to safety level I, if
it does, then to level 11. When providing survivability for one or more options of scenarios B, C, etc.
- safety level is I11.

- calculation of the risks of an emergency occurrence according to scenarios of emergency
actions. In calculating these risks, we will consider the financial loss. In the general case, the total
risk because of the occurrence of accidents consists of the risks calculated for each stage of the life
cycle:

Rt =(pé\1uél+...+ pé‘nuén)+...+(pg“l St pg‘nug“n), ©)

where pél— is the conditional probability of the emergency damage occurrence under scenario A
from m group of scenarios, provided that it is implemented at the stage C1of the life cycle consisting

of N stages; Uél — is the financial loss owing to the local damages under scenario A at the stage C1.
The remaining values in the formula have a similar interpretation. If the right-hand side for

Ryt attributed to the corresponding capital investments at the stages of the life cycle, then we get

the value (.

3. The choice of the optimum design solution with the specified level of mechanical safety.
For structures with safety level I, the design solution will be optimum if the conditions
F =C + pr — min, described in paragraph 1 are met. To select the optimum design solution from

the point of view of safety at levels Il and 11, one should consider as many hazardous options as
possible from the point of view of loss of survivability of local damage. That structure variant that
has survivability for any kind of emergency actions related to the corresponding group of scenarios
(A, B ... etc.) will be optimum from the point of view of safety. Obviously, this option will not have
a cost close to the cost of the structure, designed on the basis of the traditional approach.

When analyzing the design options that are survivable when implementing the number Vg of

emergency actions from the considered group of scenarios, but do not have survivability when im-
plementing other variants from this group, the risk value should be adjusted. For this, a coefficient

of K =V, / Vi is introduced, Vio; — is the total number of local damage options in the scenario. The

risk is adjusted by dividing by this coefficient.

4. The evolutionary model of finding a solution.

In the case of designing separate relatively simple constructions, it is advisable to use a
modification of a simple genetic algorithm containing such computational procedures:

- generation of the initial group of design solutions using a discrete set of variable parame-
ters of the sections of the frames. These sets are defined by integral geometric characteristics. For
steel structures, these values are selected by assortment or calculated by direct calculation, and for
reinforced concrete structures, these characteristics are reduced to concrete using a coefficient that
reflects the ratio of the elastic moduli of concrete and reinforcement.

- then the iterative process begins, including work with two groups of design solutions. The
first group contains current solutions (CS) that are changed during the evolutionary search, and the
second group contains the best or elite solutions (ES). During the iteration process, the following
steps are performed:

- the structure efficiency check, taking into account the established constraints for strength,
rigidity, stability. In this case, the calculation is performed on the basis of the finite element method
or on the basis of mathematical models set forth in the design standards;
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- editing an ES group according to the conditions for including the best solutions and exclu-
sion of the worst ones (elitism strategy) [22];

- modifications of the CS group by genetic operators.

As genetic operators from a variety of their diversity, we use single-point crossover and mu-
tation.

- checking the condition for termination of the search.

The criterion for ending the iterative process is the absence of change in the ES group for
several tens or hundreds of iterations. This number is established empirically depending on the total
number of possible structure options. If the search termination condition is fulfilled, then after satis-
fying the passive constraints, we consider the solution obtained. If not, a new iterative process cycle
begins. If passive constraints are not fulfilled, then the evolutionary search process must be repeated
by correcting the set of variable parameters.

Results and discussion
Example 1.Design of a double-span steel frame of the first (1) safety level. The considered
frame structure (figure 1) consists of welded rods of the I-beam section.

Figure 1 —The steel frame of the structure

The supporting nodes are considered as hinged ones, the other ones are rigid. The frame is
made of structural steel C245. Elemental load on beams is g = 90 kN/m. The support assembly units

are hinged-fixed. In the process of parametric synthesis, combinations of sizes of welded I-beam

sections of the rods were varied. Moreover, within each group G;,G,,Gsthe cross-section of the

rods is assigned the same. The grouping takes into account the symmetry conditions of the object
relative to the vertical axis. For the beams of the frame, the permissible profiles for selection in sec-
tions are shown in the table 1, for - columns in table 2.

The conditions of strength and stiffness were taken into account in accordance with the re-
quirements of the code of SP 16.13330.2017. The calculation is performed according to the finite
element method, discretizing the object into spatial rod elements of 1 m long for girders and 1.16 m
long for racks. When varying the parameters, the change in the height H of the profile was taken in-
to account by the size e = H/2 of the vertical rigid insert for the finite elements of the beam.

The structure at two stages of the life cycle is considered: erection (E) and operation (O).
When calculating the risks associated with failures caused by the variation of mechanical character-
istics, the methodology was used [24]. Statistical data on the variation of the mechanical character-
istics of structural steel was obtained according to the data of the supplier plant, according to the
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loads by the method of statistical tests. For normally distributed values of the calculated resistance
Ryand load q the dispersions Sg =7,8 MPa, S, =3,5 kPa are calculated. When calculating finan-

cial loss, we take into account the cost of damaged frame elements and the presence of equipment
worth 1 million rubles in each of its span. The cost of the beams material, taking into account weld-

ing work, is accepted 60,000 cu for 1 t. The set is formed: o ={80, 120, 160, 200, 235}. For each
of the elements of this set, is performed a parametric synthesis of the structure based on the evolu-
tionary model of finding a solution by the criterion of minimizing the cost (p.4).

Table 1 — Permissible combinations of beams cross-sectional sizes

L Pa3mepsl, cM
Combination .

The cross-section shape
mark h1 81 h2 62
W1 y 16 2,0 15 0,8
W2 5 20 2,0 18 0,8
W3 7 25 3,0 20 1,0
Vit o 2 30 2 LD
W6 i‘ h, 32 3,0 29 1,0
W7 ; 34 3,0 31 1,0
W8 \ - 36 3,5 33 12
W9 — = _T_—p 38 3,5 35 1,2
W10 e N O, 40 4,0 36 1,2
W11 - 42 4,0 38 1,2
W12 W 46 4,0 42 14
W13 N 50 4,0 46 14
W14 4 ~ 55 5,0 50 1,6
- T8

S | 50 55 18

Table 2— Permissible combinations of column cross-sectional sizes

Combination Th i h Dimensions, cm
mark e Cross-section snape hl 81 h2 62
w1 16 2,0 15 0,8
W2 20 2,0 18 0,8
W3 We'gzglglb)eam 25 2.0 20 1.0
W4 28 3,0 25 1,0
W5 30 3,0 27 1,0

Moreover, for the final options based on the finite element method, we check the overall
stability of the facility. The obtained solutions are presented in table 3.

Table 3 - Results of an optimal search for frame assigned to safety level |

Combination mark
Project No. o , MPa C .cu pr, c.u. for the group
Gl GZ G3
D1 80 220631 -2 9 2 w1
2.1-10
D2 120 174345 0,67 W7 W1 W1
D3 160 158519 9,52 W5 W1 w1
D4 200 150607 2133 W4 W1 W1
D5 235 137607 843686 W3 W1 w1
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Obviously, in this case, under the abstract condition of zero probability of emergency ac-
tions for the first level of safety, the solution D4 will be the most rational. A further desire to reduce
material consumption leads to a significant increase in the risk of failure, see solution D5 table 3.

If local damage effect occurs, then this solution will have even greater risks, and obviously,
to increase the level of structure safety, an additional increase in the material consumption of the
system is required.

Example 2. Design of the structure of Il and Il safety levels. We form scenarios of local
structural damage. For an object of safety level II, in the case of a calculation with the main surviv-
ability constraint, we provide the following options for local damage (scenario S1):

- exclusion of the support A (see figure 1);

-exclusion of the support B.

The destruction of the joints C and D for this structure is considered conditionally equally
hazardous to the corresponding damage to the supports. An object of safety level Il must maintain
the survivability property during the implementation of scenario S1 and such emergency actions
(scenario S2):

- exclusion of the support A and the single support connection of the support B in the x-axis
direction of the global coordinates (see figure 1);

- exclusion of the support B and the single support connection of the support A in the x-axis
direction of the global coordinates. When considering other options for excluding support connec-
tions, the system either turned out to be geometrically variable, or these schemes were similar in
degree of danger.

When assessing the stress-strain state of objects with local damage, we restrict ourselves to
the quasi-static method for taking into account dynamic effects on the basis of the method proposed
in the paper [25]. The analysis of the static states of the frame under consideration showed that for
all types of local damages, the dynamics coefficient turns out to be close to 2.0. Therefore, we per-
form the stage of parametric synthesis of the damaged structure with the value of the effective load
of 180 kN/m. In this case, the formation of plastic hinges in the rods was allowed, and the maxi-
mum displacements of the damaged system were limited to 300 cm, which ensured a free span of
2.8 m, ensuring the evacuation of people and equipment. The design schemes of objects and those
obtained as a result of parametric synthesis of the grade of rod sections in cases of their local dam-
age are shown in figure 2.

a) b)

Wi3 Wi3 wi2
w4 Wi w4 w2 l l'
c) d)

Wi4 Wi4 Wi3

/41
w4 w4 Wi
77

Figure 2 — The results of calculations for local damages in the implementation of scenario S1 (a, b)
and scenario S2 (c, d)
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As a result of the analysis of figure 2, we obtain solutions with survivability under any effect
within the framework of the specified level of safety (see table 4). When calculating the risks for an
object of I, 11, 111 safety levels, empirically selected values of the probabilities of emergency actions
presented in tables 5, 6, 7 were taken into account.

Table 4 — The results of parametric synthesis

Combination mark
Project No. Safety level C . cu. for the group
G, G, G,
DS1 1 361147 W13 W3 W4
DS2 1l 461523 W14 W4 W4

Table 5 — Estimated probabilities for calculating the risks of accidents at projectD4
| safety level)

Failure Scenario p p(O) p(E) Conditional probability
Normal operation SO 10°8 0,05 0,05 p(O|SO) ~0 p(E|SO) ~0
Scenario S1 0,(3) 1 005 | p(O|S1)=0,47 p(E[S1)=0.23
Scenario S2 0,(3) 1 0,05 p(0[S2) =0,47 p(E|S2)=023

The following designations are used in the tables: p —probability of the accident; p(O),
p(E) — the probability that any event from the group of failure scenarios is realized at the stage of

operation (O) or erection (E) of the life cycle; p(O|SO)—the conditional probability that the acci-
dent from scenario SO (if it is successfully implemented) will occur precisely at stage (O).

Table 6- Estimated probabilities for calculating the risks of accidents at projectDS1
(11 safety level)

Failure Scenario p p(O) p(E) Conditional probability
Normal operation SO ~0 ~0 0,05 p (O S0) =0 p( E |SO) =0
ScenarioS1 10°® ~0 0,05 p(0Js1)=0 p(E[S1)=0
ScenarioS2 0,(3) 1 0,05 p(Ols2)=05 | p(E[S2)=05
Table 7— Estimated probabilities for calculating the risks of accidents at projectDS2
(IlIsafety level)
Failure Scenario p p(d) p(B) Conditional probability
Normal operation SO ~0 ~0 0,05 p(O|SO) =0 p(E|SO) =0
ScenarioS1 ~0 ~0 0,05 p(OJs1)=0 p(E[S1)=0
ScenarioS2 1076 106 0,05 p(O|S 2) ~0 p(E|S 2) ~0

Since the object DS1 has survivability during the implementation of local damage from the
scenario S1, the probability of significant damage is close to zero. The probability of failure in the
SO0 scenario is also close to zero, because the object during normal operation should have significant
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safety margins. In the table 7 the probabilities of an accident for an object of level 111 safety are giv-
en. Object DS2 has survivability for all variants of emergency actions; therefore, the probability of
the risk of an emergency in all cases is close to zero.

When calculating financial loss, the same conditions were taken into account as in example 1. Dur-
ing the operation of the structure, the costs of maintaining their operability were also taken into ac-
count. It was believed that the period of operation of the structure is 50 years, and the costs of main-
taining the structure take place from the 5" year of operation and are equal to 8,000 cu per year. At
the same time, the change in these costs over the years was taken into account. The results of the
calculation of relative risks for the objects with the considered safety levels are presented in table 8.

Table 8 - Indicators characterizing the safety of design solutions

. . . Relative risk during
Project Saety Relative operational risk the construction phase é/ s
No. level R(O)sop | R(O)s1 | ROs2 | R(E)sg| R(E)s | R(E)s,
C(0) C(0) O\ cEy | cE) | )
114 [ 6,3 159,8 159,8 4,3 4,3 4,3 338,8
1161 1 0 0 152 31,3 31,3 31,3 2459
1162 11 0 0 0,1 50,4 50,4 50,4 151,3

The following legend is used in table: R(O)gq... R(O)s, — the absolute values of the risks as-
sociated with financial losses resulting from failures at the operation stage according to scenari-

0550-52; R(E)sq...R(E)s, — the same for the construction erection stage; C(0) — the amount of

capital investment, including the cost of the structure and the maintenance of its operability at the
operation stage; C(£) —the cost of the structure installation. The obtained structure options for the

frame D4, DS1, DS2 are optimum in terms of cost-risk ratio at their safety level. Moreover, if we
globalize the goal of minimizing possible risks, obviously we need to choose the project DS2. The
cost of this option compared with the object D4, designed with the assumption of a significant risk
in case of accidents, is 3 times higher.

Conclusions

1. A methodology for the calculation and optimum design of steel frame structures is pro-
posed taking into account their safety level, including criteria for minimizing risks associated with
possible key-elements failures leading to significant financial loss. The methodology is based on the
joint application of the methods of evolutionary modeling and structural analysis subject to the con-
straints of ultimate conditions and survivability under emergency actions.

2. A proposal has been formed to classify the safety levels of structures, based on the calcu-
lation of the integral values of relative risk, taking into account the initial design reliability and the
degree of survivability of the facility.

The considered example of the design of a steel frame confirms the operability of the pro-
posed methodology and indicates that the design of structures of this type based on only the criteri-
on of minimizing the cost can significantly reduce its level of safety both during normal operation
and during accident conditions.
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