International Journal for Computational Civil and Structural Engineering, 14(3) 103-113 (2018)

DOI:10.22337/2587-9618-2018-14-3-103-113
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Abstract: This paper focuses on the methods of calculating load-bearing systems in the case of a failure of a
structural element. This kind of failure makes it necessary to assess further behavior of the structure with a possi-
bility of the progressive collapse development. The stress-strain state analysis of a load-bearing system in the case
of a failure of a structure is carried out by two main methods — static and dynamic calculation. It is shown that the
static calculation (quasi-static analysis using the dynamic amplification factor) is not a universal method. This
paper justifies the application of the direct dynamic calculation in the mode of direct integration of motion for the
design analysis of load-bearing systems with high rigidity stories (protection structures for a load-bearing system).
It also gives recommendations for selecting parameters of the direct dynamic calculation in the case of a failure
analysis of a bearing structure.

Keywords: modeling, numerical methods, calculation model, strain-stress state, progressive collapse

Ob AHAJIM3E COIIPOTUBJIEHUSA HECYHIUX CUCTEM
IHPU OTKA3E KOHCTPYKTUBHOI'O 9JIEMEHTA

A.B. ITepenvmymep ', O.B. Kabanyes ’
'HITO CKAJ Codr, r. Kues, YKPAMHA
2 HaumoHaJIbHBII MCCleI0BaTe bCKUi MOCKOBCKHIT TOCYJapCTBEHHBIN CTPOMTENbHBIN YHUBEPCHTET,
r. Mocksa, POCCU A

AHHOTanus: PaccMaTprBaioTCsl BOIPOCH! METOAMKH pacyeTa HECYIINX CHCTEM IPH O0TKa3e KOHCTPYKTHBHOTO
anemenTa. OTKa3 Takoro poja MPHUBOAUT K HEOOXOIMMOCTH OICHHTH JajbHEHIIee MOBEACHNE KOHCTPYKIIUH C
BO3MOYKHOCTBIO Pa3BHTHS MIPOTPECCUPYIOIIETO Pa3pyLIIeHUS. AHAIN3 HANPSHKEHHO-Ie(GOPMHUPOBAHHOTO COCTOS-
uus (HC) Hecymeit cucteMsl B yCIOBHAX 0TKa3a KOHCTPYKIIMHU BBITTOIHIETCS IO IBYM OCHOBHBIM METOIUKAM —
CTaTUYeCKNUU U TUHaMu4ecknii pacdet. [Toka3aHo, 4To craTndecknii pacyeT (KBa3UCTaTHYECKUH aHAIH3 C HCIIOIb-
30BaHMEM KO3((HUIMEeHTa TUHAMUYHOCTH) HE SBJSIETCA YHHBEPCATBHBIM MeTozoM. IIpuBeneHs 000CHOBAaHUS
TOTO, YTO JUISl PACYETHOTO aHAJIN3a HECYIIIUX CUCTEM C 3Ta)KaMH ITOBBIIIEHHON KECTKOCTH (KOHCTPYKIIMH 3aIIUTHI
HecyIlel CUCTEMBbI) LeJIeCO00pa3HO MPUMEHSTh MPSMOM INHAMUYECKHH pacueT B PeKUME MPSIMOTro HHTErpUpo-
BaHMs ABWXKeHUs. [IpuBeneHbl pekoMeHJaluy Mo BIOOPY MapamMeTpoB MPSIMOr0 AMHAMUYECKOTO pacyera MpH
aHaJIu3e O0TKa3a HEeCYyLIei KOHCTPYKIUU.

KioueBble c10Ba: MOJICIIUPOBAHKE, YHCICHHBIE METO/IbI, PACYETHASI MOJIEIb,
HAaIpsHKeHHO-1e(hOPMUPOBAHHOE COCTOSIHKE, TPOTrPEecCHpYIollee 00pyIeHue

1. INTRODUCTION AND TASK
STATEMENT

Stability evaluation of the load-bearing system in
the event of individual load-bearing structure
failure or when a local defect is created in the
structural system is one of the most important

tasks when assessing the safety level of the build-
ing bearing system in its entirety. In some cases,
this task is formulated as an estimate of the struc-
ture survivability [1,2,3] which seems to be one
of the justified approaches. The legislative docu-
ment in force [4] outlines requirements to ensure
mechanical safety of buildings and structures in
the event of an emergency design situation:
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‘when designing a facility of an increased criti-
cality rating, an emergency design situation must
also be taken into account, which has a low
chance of appearance and short-term duration,
but ... which is crucial from the point of view of
the consequences of reaching the limit states that
may be generated in this situation (including the
limit states arising in connection with explosion,
collision, emergency situation, fire, and also right
after the failure of one of the supporting struc-
tures)’.

Following further description of the require-
ments [4], the state standard [5] outlines the re-
quirements with regard to the stress-strain fore-
cast of the bearing systems: ‘When performing
structural design, the following design situations
should be taken into account: ‘emergency’ being
a situation which implies exceptional conditions
of the building operation and which can lead to
significant social, environmental and economic
losses’. The state standard [5] introduces a new
kind of limit state: ‘special limit states, namely
the states arising from particular impacts and sit-
uations exceeding of which leads to the failure of
structures with disastrous consequences’. It
should be mentioned that previously the regula-
tory documents did not cover ‘special limit
states’.

The definition of special effect sis thoroughly
studied in the regulatory document [6], where in
the definition is follow sis given: ‘Special loads
are those loads and impacts (e.g., explosion, col-
lision with vehicles, equipment failure, fire,
earthquake, certain climate-relevant impact, fail-
ure of a structural element) which result in emer-
gency situations with eventual catastrophic con-
sequences’. Code of Practice [6] defines that the
impact caused by particular emergency effects
needs to be taken into account in modeling to de-
termine the structures progressive collapse.
Along with the wording of the aforementioned
state standard [5], the following is defined: ‘Cal-
culation model for the structures progressive col-
lapse may be considered not compulsory if spe-
cial measures are ensured and which exclude pro-
gressive collapse of the structure or part thereof’.
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The standard [5] requires as follows: ‘For every
limit state there should be taken into account the
design models of the structure, its structural ele-
ments and bases which can characterize their be-
havior under the most unfavorable conditions at
the time of their construction and operation.

As a matter of fact, evaluation of the bearing sys-
tem resistance in the event of failure of the struc-
tural element can be reduced to an analysis of the
development of fracture processes in the bearing
system due to a local cause (failure of an individ-
ual structural unit). This approach corresponds to
the modern interpretation of the well-known and
frequently used concept of a‘ progressive col-
lapse’ which is considered to be a‘ dispropor-
tional’ destruction owing to a local failure. It
seems that the term ‘disproportional’ in view of
destruction more closely corresponds to a phe-
nomenon that the norms require to prevent,
namely: it is deemed compulsory to avoid ad-
vancement (development) of destructions in the
bearing system due to occurrence of the initial
failure of an individual structural unit.

To evaluate the bearing system resistance against
a local structural failure, various methods are
proposed. For instance, in [7] it is proposed to
employ the survivability index /rc:

(1

where Rqx 1s the maximum possible failure; R is
the failure caused.
The source [8] thus defines the quantitative index
of survivability K:

m

> k,(N,—n,)

K= i=1
2N,

i=1

)

where ; is the total of the structural elements in
this group; m is the total of the groups of ele-
ments; k; is the weight factor for i-th of the group
of elements; 7; is the total of the damaged ele-
ments of the i-th group.
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About the Problem of Analysis Resistance Bearing Systems in Failure of a Structural Element

It should be noted that the proposed methods of
resistance of the bearing system (evaluation of
‘survivability’ as the terminology proposed by
the authors) imply the information on the extent
of destruction. In order to estimate the surviva-
bility of the designed buildings using the meth-
ods as above, a forecast of the extent of damage
needs to be carried out and which can be sup-
ported by the outcome of the design analysis.

Information on the extent of destruction that oc-

curred and was caused by the initial local failure

is also needed to assess the correspondence of
such an extent to the maximum admissible values
of the destruction in the building (structure)

which are outlined by the norms [6] (Item 5.7):

‘Under the action of design and emergency spe-

cific circumstances, the maximum allowable arca

of local destruction of the load-bearing structures
is determined as follows:

e for buildings with height of less than 75 m it
is up to 40 m%;

e for buildings with height of 75 to 200 m it is
up to 80 m?;

e for buildings with height of more than 200 m
it is up to 100 m?;

e for other facilities it is determined by the de-
sign brief and depends on the structure type
(large-span shells, bridges, cooling towers,
air-discharge pipes, etc.).

Thus, the task of the calculation model of the
bearing system in the absence of a local structural
element to provide a consistent result (namely the
process of development or neutralization of the
development of destructions and the scope of de-
stroyed elements) is by all means important from
the point of view of implementation of the re-
quirements of the existing laws and regulations.

It should be emphasized that the contemporary

best practice of designing the load-bearing sys-

tems provides an approach which proves to be
not entirely justifiable to allow the formation of
such significant ‘allowable’ degrees of structural
damage (re. Item 5.7 [6]). In order to block the
development of the destruction caused by the in-
itial local event, various types of ‘special
measures excluding the progressive collapse of
the structure or part thereof ([5]) or ‘... measures
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limiting the destruction area ([6])’ are proposed.
For instance, the source [9] suggests one method
of protection against progressive collapse based
on the arrangement of floors of increased stiff-
ness (outrigger floors) and which ensure certain
modification in the operation pattern of the verti-
cal load-bearing structure in the event of failure
of a lower-lying element; such structural unit is
suspended to an outrigger floor. The principle of
operation of the outrigger floor as a structure
providing for the ‘suspension’ of vertical bearing
structures is quite consistent with the definition
of ‘a special measure excluding progressive col-
lapse of the structure or part thereof” which
causes its extensive practical use when designing
high-rise reinforced concrete buildings.

As the above mentioned concise analysis of the
issues of estimating the resistance of a load-bear-
ing building system in event of failure of the in-
dividual load-bearing structural units shows that
the most important element ensuring the possibil-
ity to forecast the behavior of the bearing system,
as well as assessing the compliance of the system
with the regulatory requirements, represents the
method of calculating of the bearing system un-
der the special design situation. This method of
calculation should ensure that the particularities
of the processes occurring in the bearing system
are taken into account when the bearing element
locally fails and this requires the implementation
of a number of special numerical methods.

2. ANALYSIS OF METHODS

TO CALCULATE BEARING SYSTEMS
IN THE EVENT OF LOCAL
STRUCTURAL FAILURE

In line with the established practice of design
analysis of load-bearing systems in the special
design situation, two cases of failure of local de-
sign can be considered:

a) the structural element is not included into the
operation of the bearing system due to exter-
nal causes: failure to complete the design so-
lution of the node (absence of bracing ele-
ments, unacceptable plays and clearances,
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etc.); structural material not envisioned by the
design brief (when mixing concrete mortar
low-quality or defective cement is used); non-
fulfillment of the design solution for the struc-
tural element (underestimated longitudinal /
transverse reinforcement, low-quality rolled
products profile is used);

b) the structural element is included into the op-
eration of the bearing system structure; still
owing to some external impact it gets de-
stroyed and loses its bearing capacity.

Case (a) corresponds to a design model which

features no defective structure, and this leads to

the formation of an adequate stress-strain state
for this kind of a bearing system in its entirety.

Case b) illustrates a more complicated situation;

therein should be considered several stages of ex-

istence of a calculation model of the bearing sys-
tem:

1. A calculation model corresponding to the de-
sign state with a full set of structural elements
and formed stress-strain state;

2. A calculation model corresponding to the
changed state of the bearing system (without
a failure of a structural element), which leads
to alteration of the original stress-strain state
and, consequently, may lead to subsequent
(secondary) destructions of the bearing sys-
tem elements;

3. A calculation model corresponding to the
modified state of the bearing system with con-
sideration for secondary destructions which
also lead to alteration of the original stress-
strain state formed at stage 2, and, conse-
quently, may lead to further subsequent de-
structions of the bearing system elements.

Thus, the failure of the load-bearing structure in

case (b) predetermines the need for a multi-stage

design analysis accounting for the inherited
stress-strain state from stage to stage. Calculation
techniques for a multi-stage design analysis
should provide an accurate solution to the prob-
lem under the conditions of stiffness degradation
in individual elements of the design model; sim-
ilar questions of multi-stage calculations are con-
sidered in the source [10].
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The most important provision in the event of fail-
ure of the bearing structure in view of the design
analysis in case (b) is the possibility to correctly
consider the mechanism of ‘removal’ of the
stressed-strained element out of the design model
composition, which leads to the formation of a
certain dynamic effect. It is certain that problems
of this sort can be successfully solved within the
process of a direct dynamic calculation (when it
comes to the field construction, the modules of
direct dynamic calculation are included in all the
main computational software). Nonetheless, the
direct dynamic calculation technique is quite
comprehensive, and requires generation of a vari-
ety of special raw data inclusive of the structural
materials performance characteristics under dy-
namic influences, etc.

For the purposes of impact mitigation in the di-
rect dynamical modeling problems it is proposed
to employ the quasi-static calculation method us-
ing the ks dynamic factor (see, for instance,
sources [11, 12]). By virtue of its simplicity, the
calculation based on the dynamic factor usage
has gained popularity. It is due in no small part
to the fact that for a system with one degree of
freedom which is acted upon by a short-time
loading the values of the dynamic coefficient
[13] and its ceiling limit (ks~=2) are known.

It is known that making a quasi-static calculation
with the account for the dynamic coefficient is
justified only for systems with one degree of
freedom when this coefficient is defined as a ra-
tio of displacements triggered by the same load
at its dynamic and static actions (Figure 1).
When it comes to multi-element systems, quite
good results can be obtained in those cases when
the system motion mode is close to the form of
its static equilibrium without a remote element.
Only then one can discuss the ratio of displace-
ments common to all nodes of the system.

International Journal for Computational Civil and Structural Engineering



About the Problem of Analysis Resistance Bearing Systems in Failure of a Structural Element

Figure 1. Determination of dynamic coefficient.

In critical cases it is natural to check the dynamic
behavior of the system. This can be achieved and
illustrated by means of a simplified model of a
truss (Figure 2) which is studied in the sources
[14, 15].
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Figure 2. Design model to illustrate
the example.

*

The truss elements are made of square pipes:
belts 160x5, braces 140x5, racks 80x5. The main
weight is assumed to be concentrated in the upper
nodes of the truss; the weights are shown in Fig-
ure 2.

Based on the static loading of the truss with all
elements in the diagonal rod of 6-12, the force
value equals to N = 27,274 t.

If the truss is studied with no consideration of the
diagonal rod of 6-12, in order to restore the static
equilibrium for the nodes of 6 and 12 of the finite
element model, it is compulsory to apply the load
equal to the force acting in this diagonal rod. In
Fig. 3 such a load is represented by means of
components directed along coordinate axes. In
this case (units of measurement are tons) the fol-
lowing is valid:

N =27,274=1/16,362* +21,819° (3)
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Figure 3. Elements replaced by reactions.

The physical withdrawal of the diagonal rod 6-12
is associated with a sudden (very rapid) dump of
the loads shown in Figure 3 which in the calcula-
tion model is implemented by generation of a
new load with the forces directed in opposite di-
rections (Figure 4) and which increase in time
from zero (at the beginning of the loading pro-
cess) to their full value.

16,364
21,819 \ 4
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; y
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F igure 4. Impact from the element withdrawal.

In theory, the pattern of time variation of this con-
ditional loading should be established by trial and
error, and can be different for different forces; still
taking into account the high failure rate, the con-
nection can be assumed as a piecewise linear one
and remaining identical for all forces.

Hence, it is essential to make a dynamic calcula-
tion to assess the forces arising from a sudden re-
moval of the element. In this case, the dynamic
effect can be described by the bilinear time-de-
pendent forces (Figure 5) where 74 is the failure
time during which the structure once received a
‘negative impulse’ at first ‘gets stuck’ in its ini-
tial position due to the inertia forces and then
starts to move yet in a defective state.

The solution to the problem is found using the
SCAD software complex [16] performing in the
Direct motion integration mode. At that, the re-
quired procedural modeling is carried out in ac-
cordance with the requirements of the design
mode: a special static load is gained, a file de-
scribing the law on variation of forces arising
from the sudden removal of an element is gener-
ated, a value of the modal damping action is spec-
ified, integration spacing (0.01 sec.) is recorded
a well as the action period (2 sec.).
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Figure 5. Time-depended load increase
(force P is given on the vertical axis).

In order to analyze the state of the elements of the
structural design, it is prerequisite to consider the
graphs illustrating the change in forces in the el-
ements. SCAD features this function in the query
mode to obtain data on an element

(Figure 6 can be referred to as an example).
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Figure 6. Track record on time-dependent
change in force in the design model elements.
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The stress-strain analysis of the elements of the
model in time shows that the utmost force values
generated in the elements of the system (as well as
the movements of the nodes) are not achieved
simultaneously (for reference see an example of
the change in forces in individual elements in Fig-
ure 7). Thus, in element 8 the extremum is reached
attime t=0.21 sec., in element 11 att=0.17 sec.,
and in elements 20 and 31 at t=0.16 sec.

Likewise, it should be taken into account that all
motions of the system occur around the displaced
equilibrium which was gained by the structure at
the moment preceding the element destruction.
Therefore, the results of the dynamic calculation
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obtained at direct integration of the equations of
motion should be added up with the results of a
static calculation of an intact structure.
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Figure 7. Time-dependent change in forces
for some elements of the design model.

The research problem to study the stress-strain
state of the design model elements as shown in
Figure is also solved in quasi-static mode em-
ploying the dynamic factor ks = 2.0 (at the utmost
theoretical value). Correlated values of the solu-
tion results obtained through various methods are
given in Table 1.

Juxtaposition of the obtained results with the nu-
merical method in [15] proves good agreement of
results. When it comes to the quasi-static solution
obtained employing the dynamic factor ks = 2.0,
strong divergence gets to the surface. Such fun-
damental difference in results can be explained
through the incongruity of the static equilibrium
model form without a removed element and the
first form of self-induced oscillations (Figure 8).
Thus, the very concept of dynamic factor as a
multiplier to the static deformation bears no sig-
nificance. It should be noted that the idea of a
quasi-static calculation employing the dynamic
factor and based on the energy approach (ref.
[11]), is widely used by various authors in view
of the structures made of materials in which the
stress-strain state is not linear. At that, the re-
searchers of the stress-strain state for the bearing
system in the mode of failure of its individual el-
ements highlight that if there is inelastic defor-
mation detected in the construction material (and
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Table 1. Correlated values of the solution results obtained through various methods.

# of Forces in element Divergence of results
element through SCAD (%)

Intact Dynamics | Dynamics | Quasi-statics vs. the vs. the results

system [15] [SCAD] ka=2,0 results of ofquasi-
[15] statics k4=2,0
1-2| -28,778 -36,21 -36,404 -20,116 0,54 44,74
2-3 4,862 18,18 18,539 13,717 1,97 26,01
3-4 23,916 34,86 34,676 31,932 -0,53 7,91
4-5 23,916 35,03 35,597 39,712 1,62 -11,56
5-6 4,862 -20,29 -19,869 -52,084 -2,07 -162,14
6-7 | -28,778 -30,66 -30,203 -13,16 -1,49 56,43
8-9 | -11,822 -18,81 -17,202 -13,094 -8,55 23,88
9-10 | -52,847 -66,68 -67,555 -53,93 1,31 20,17
10-11 | -71,127 -87,93 -87,725 -73,05 -0,23 16,73
11-12 | -71,127 -80,11 -80,171 -65,271 0,08 18,59
12-13 | -52,847 -94,54 -94,811 -119,731 0,29 -26,28
13-14 | -11,822 -13,74 -13,983 -6,134 1,77 56,13
1-8| -15,866 -22,18 -22,445 -16,82 1,19 25,06
2-9 7,498 12,00 12,257 5,733 2,14 53,23
3-10 5,019 7,39 7,514 2,767 1,68 63,18
4-11 5,309 9,20 9,712 8,264 5,57 14,91
5-12 5,019 -19,29 -18,779 -40,75 -2,65 -116,99
6-13 7,498 -10,22 -10,32 -38,4 0,98 -272,09
7-14 | -15,866 -17,14 -17,244 -11,6 0,61 32,73
1-9| -43,556 -59,77 -59,558 -41,968 -0,35 29,53
2-8 14,777 23,06 22,293 16,367 -3,33 26,58
2-10 | -27,274 -56,63 -54,172 -25,923 -4,34 52,15
3-9 7,726 14,49 14,477 9,079 -0,09 37,29
3-11 ] -16,091 -19,99 -20,04 -13,692 0,25 31,68
4-10 -4,424 -8,88 -8,616 -2,023 -2,97 76,52
4-12 -4,424 -13,38 -14,217 -11,751 6,26 17,35
5-11 | -16,091 -24,5 -25,052 -23,415 2,25 6,53
5-13 7,726 48,32 47,918 91,332 -0,83 -90,60
6-12 | -27,274 — — — — -
6-14 14,777 17,03 17,203 7,667 1,02 55,43
7-13 | -43,556 -58,02 -57,717 -50,664 -0,52 12,22

with due regard to their consideration while per-
forming the analysis), the dynamic factor de-
creases substantially and reaches the value of 1
(for reference see the studies by V.A. Almazov
and his students).

The grounds of choosing the quasi-static meth-
ods are preconditioned by constant total energy
for the element under consideration. Still it must
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be borne in mind that the total potential energy is
a constant for the system in its entirety, and for
the multi-element system it is very much likely
to observe the shift of this value from one ele-
ment to another in the process of deformation. In
other words, it is not only a system with one de-
gree of freedom, for which the concept of a dy-
namic factor appears worthwhile but also, on top
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a)

b)

Figure 8. Juxtaposition of the deformation
forms: a) static equilibrium form of the model
without a removed element; b) the first form of

self-induced oscillations of the model.

of everything, it is also a system with one de-
formable element.

The use of quasi-static methods for the system
analysis which include ‘special measures to pre-
vent progressive collapse of the structure or part
thereof” [5], e.g., outrigger floors (the overall
view is shown in Figure 9), does not in principle
enable us to obtain a correct result to be proved
by the reasons given above.

Some aspects influencing the selection of time-
dependent load increase.

First of all, this concerns the choice of the failure
time 74 value. Owing to the ambiguity of this pa-
rameter, for structures of the increased criticality
rating it is recommended to perform a series of
calculations spotting a variation of 7;s from 0.001
to 0.01 sec.

In the American regulatory document [17] it is
indicated that 74<0, T faiture. Here T failure 1S the
timeline of the initial stage of the self-induced os-
cillations detected in the failure-impacted design
model, namely the design model from which the
failed element under consideration has already
been removed.

Some foreign sources [18, 19, 20] recommend
considering the general integration time as no
less than0,5% T failure. This recommendation arises
from the fact that the utmost values of internal
forces upon the failure in the majority of cases
act till the moment in time calculated as0,5x 7T,
failure, WhereT milure 1S the oscillations cycle at i-th
frequency of design model affected by failure in
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that way of oscillations which is the most proxi-
mate to the type of deformation upon the element
failure (as per the type shown in Figure 8a).

Figure 9. Overall view of the bearing system
with outrigger floor: 1 — outrigger floor;
2 — local failure of a structural element.

3. CONCLUSIONS

Methods of design analysis of the bearing sys-
tems operation in the event of failure of an indi-
vidual element should accurately account for the
processes occurring in actual design. The failure
of the local element leads to a realignment of not
only the design analysis and the associated forces
redistribution, but also results in rather complex
dynamic phenomena. The application of simplified
methods of the design analysis, i.e. a quasi-static
method employing the dynamic factor does not en-
sure the conditions for modeling accuracy and, thus,
the reliability of the design analysis outcome.
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