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Abstract. In the article multi-story buildings steel frames in the fire before and after the first
destruction is investigated, the frames vitality in the fire is investigated. It is emphasized on the
relevance of the research during the war of the russian federation against Ukraine. An overview of
previous domestic and foreign scientists’ studies, devoted to the multi-story buildings steel frames
vitality, in particular in a fire. The frame model for research was selected and simplifications was
required in the study for the clarity of comparisons in research. There were compared different
mechanisms of multi -story buildings steel frames collapse in a fire. It is proved that with the first
destruction in the steel frame beam the vitality loss time will be longer than with the column first
destruction.

Various measures vitality increasing frames are considered and investigated. Outrigger
systems were investigated as a measure vitality increasing, and their impact on the forces
distribution in the frame during heating of frame elements under the action of temperature loads
from a fire. The dependence of various measures vitality increasing of multi-story buildings steel
frames in the fire from the frame geometric sizes is established. It is established that the load -
bearing capacity factor at the fire beginning in the most loaded column should be smaller than the
most loaded beams. It is proved that the difference between the initial load-bearing capacity factor
in the beam and column that necessary to increase the vitality loss time, is different for different
ratios of beam span to the column height. It is revealed that the frame elements cross-sections shape
affects its vitality in the fire. The importance of the limited plate deformations development in the
frame elements cross-sections is emphasized. Recommendations for civil engineers to enhance the
of multi-story buildings steel frames vitality in a fire are formed.

Keywords: vitality, fire, steel frame, multi-storey building, physical nonlinear, war, russian
aggression.

Introduction. The lack of land plots in cities in dense construction conditions is increasingly
leading to multi-storey construction. As the number of floors increases, the complexity of buildings as
systems increases. Due to scientific and technical progress, the complexity of systems increases, but
their reliability and vitality do not always increase accordingly. Various threats can cause complete or
significant destruction of buildings: impact and explosion as a result of military operations, fire,
earthquake, etc. It is impossible to design the load-bearing structures of the building in such a way that
they withstand the effects of all threats. However, it is possible to investigate various ways of increasing
the vitality of the building's load-bearing structures: so that local destruction does not lead to progressive
collapse (or vitality loss). The fire in Sdo Paulo (Brazil, 2018, Fig. 1, a) and Madrid (Spain, 2005, Fig. 1,
b) are examples of the a multi-story building progressive collapse due to fire. After the beginning of the
full-scale war of the russian federation against Ukraine, fires due to missile strikes or UAVs or falling
debris after being shot down by air defense systems also became relevant. Such an example is the fire
on June 27, 2022 in Kremenchug after a missile hit the shopping center building (Fig. 2).

Fire is a rather complex factor from the point of view of taking it into account in the design of
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buildings load-bearing structures, as it depends on many components [1]. However, there is a
requirement in domestic regulations: all objects of the CC3 consequence class should be expected to
vitality, in particular, vitality in the event of a fire [2]. Modeling the effect of fire on the buildings load-
bearing structures and multi-storey buildings steel frames vitality increasing is no longer an
engineering, but a scientific task.

Fig. 1. Buildings progressive collapse consequences from fire:
a —in Sao Paulo; b — in Madrid

Fig. 2. The result of building progressive collapse from a missile strike and fire in the shopping
center in Kremenchug

Analysis of the latest research. Modeling of the fire effect on the multi-story building frame
finite-element model was carried out in studies [1]. The steel structures fire protection, which was
designed taking into account their load capacity ratio, was taken into account. Temperature loads
were determined taking into account the premises layout (the fire compartments dimensions) and
the corresponding parametric temperature-time dependences. The maximum temperature load was
120°C with fire protection R180. It was found that, even taking into account fire protection, in the
case of static linear calculation, such large forces arise that after frame elements cross-sections
design for the forces, the metal frame weight increased by 50%. This indicates that the calculation
of fire action cannot be simulated with one maximum load (peak for the fire heating stage), and it is
necessary to perform a nonlinear calculation taking into account geometric nonlinearity, which is a
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scientific problem.

In [2], a review of Ukrainian and foreign normative documents was carried out on measures
to steel frames vitality increasing in case of fire. Neither methods nor recommendations for this
were found in any documents.

In [3], the multi-story buildings steel frames stress-state before the first destruction was
investigated in order to determine the most unacceptable location of the fire source. The multi-story
buildings steel frames stress-state in case of fire was investigated for the fire source location in
different frame spans on different floors. For the frame in question, it was established in particular that:

— in the event of a fire, the time to the first destruction under the fire scenario in the internal
span is longer than in the external one;

— in case of fire on the upper floor, the destruction occurs later than on the lower one;

— on the lower floor, the columns are more likely to collapse earlier than the beam, than on the
upper floor;

— in the internal span, the beams are more prone to collapse earlier than the column, than in
the external one.

In [4], the steel frames stress-state during a fire under various initial conditions was analyzed,
such as: types of joints connecting beams to columns, the initial load capacity ratio, allowing/not
allowing the development of limited plastic deformations in the beams. In frames with hinged
joints, the loss of the the first frame element load-bearing capacity takes longer than in frames with
rigid joints.

British scientists in [5] investigated the fire resistance of steel frame joints and their effect on
vitality. It was established that connections can be destroyed due to fire earlier than frame elements.

Japanese scientists in [6] determined that the load capacity ratio in the columns should be 0.25
to prevent progressive collapse in the fire, which significantly increases the frame metal weight.
This factor should be specified for different frame geometry. The difference between beam and
column load capacity ratios from the point of view of the potential mechanism of destruction also
needs research.

To increase vitality in case of fire and earthquake resistance, it is recommended to use
combined outrigger systems (super frame), which combine vertical and horizontal outriggers along
the frame contour [6]. Such systems significantly increase the frame metal weight and limit
architectural solutions.

In the studies of compatriots [7-10], the frames stress-state after the column removal in the
frame was analyzed. Emphasis is placed on the importance of taking into account physical
nonlinearity and the dynamic effect due to the column collapse when calculating the vitality.

Preliminary studies show that existing measures to the vitatiy increase of multi-story
buildings steel frames require a more detailed study. It is necessary to investigate the frame after the
first element destruction under the action of fire under the most unfavorable location of the fire
source, taking into account the nonlinearity and dynamic effects of the destruction.

Research tasks. The following tasks were performed in these studies:

— to compare various multi-story buildings steel frames collapse mechanisms during a fire and
to choose the most durable ones;

— investigate various measures to increase the vitality of multi-story buildings steel frames;

— check the dependence of measures to increase the vitality of multi-story buildings steel
frames on their geometric dimensions.

Research materials and methodology. Based on [3], it was taken as a basis that the fire source
location on the lower floor in the external span is the most unfavorable from the point of view that the
most probable destruction of the column earlier than the beam will be in this case (Fig. 3).

A frame finite element model of a 2d steel frame (without fire protection) with three floors and
three spans was adopted as the research model. The dimensions are adopted in such a way that the span
of the beam is 2 times greater than the height of the column: the span of the beam is 7.2 m, the height
of the floor is 3.6 m. The columns are unfastened from the frame plane at the level of the abutment of
the beams, the beams are unfastened from the frame plane with a step of 2.4 m. The load capacity ratio
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of beams and columns was assumed to be the same — 0.5 in order to make a visual comparison of the
change in their load during the fire. Column bases are adopted with a rigid connection. Beam-to-
column connections are hinged. The load on the frame was set vertically on the beams — 6t/m
(simulating the effect of dead and live load) and horizontal on the columns (simulating the effect of
wind load) according to [11]. Steel elements C255. The design and cheking of frame elements cross-
sections is carried out according to [12]. The effect of fire is simulated by temperature loads
determined according to [13]. The sections of all frame elements are designed in such a way that the
hinge plastic occurs earlier than the local buckling.

777 7T rrr7i 7Tl

Fig. 3. The adopted calculated fire scenario for a frame with hinged beam-to-column connections

The effect of the fire was simulated by temperature loads. Step by step with an interval of 30
seconds in a non-linear calculation (taking into account geometric non-linearity) the temperature
increase was set. The temperature loads values were determined according to [13] for the standard
temperature-time fire dependence. It was accepted that the fire heats the column from 4 sides, and the
beam — from 3. At each step, the change in strength and deformation steel characteristics depending on
temperature was taken into account according to [13].

Simplifications are made. During the calculation, it is assumed that the temperature is
distributed evenly along the length of the element and across the cross-section. It is also assumed
that the frame elements do not perceive other temperature actions except fire. Connections have a
greater bearing capacity reserve than frame elements.

The criterion for the frame element destruction is the occurrence of a hinge plastic in it. The
very process of element destruction is modeled by removing it from the frame calculation scheme,
and instead of it, forces equal to the reactions in this element, with the opposite sign, are applied to
the joints (taking into account the dynamic effect). In the next step of nonlinear loading, these
forces disappear. The phenomenon, when the frame upper floors fall on the lower ones, is proposed
to be called vitality loss. The time from the first frame element destruction to the vitality loss is
proposed to be called vitality time. The time from the fire start to the time of vitality loss is
proposed to be called the vitality loss time.

Research results. As a measure to the frame vitality increase in the event of a fire, X-shaped
outrigger systems on the upper floor were investigated, as recommended in [7-10] (Fig. 4).

Fig. 4. The frame with outrigger systems
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The first destruction occurs at 1080s=18min. The internal unheated column of the frame
lower floor is collapsing (Fig. 5). The reason for the destruction is the increase in axial force. In the
heated internal column, the axial force decreased from -130tf to -51tf, and in the destroyed one it
increased from -130tf to -262tf. This frame forces distribution is due to the presence of outriggers,
which redistribute forces from the heated (less stiff due to the decrease in the modulus of elasticity)
to the stiffer unheated column.

Fig. 5. Frame calculation scheme after the destruction of the unheated internal column

The frame vitality loss occurs at 1110s=18.5min due to the destruction of the external
unheated column of the lower floor, the internal heated column of the lower floor, the beams of the
upper and intermediate floors above the destroyed column. The reason for this is the change in the
lateral force in the beams reaches from -40tf to -202tf (beam of the upper floor), from -40tf to 196tf
(beam of the middle floor), and in the columns of the lower floor from -16tf to -270tf (external
unheated column), with -50tf to -338tf (average heated column).

Destruction beyond the location of the fire source is undesirable from the point of view of
evacuating people from the building. However, outrigger systems are necessary to redistribute
efforts from the destroyed column to others. Therefore, the option of including the outrigger
elements in the work of the frame only after the column destruction was considered (Fig. 6).
Practically, such work can be achieved by attaching outriggers to the frame on connections with
oval holes for bolts in the vertical direction.

The first destruction occurs at 1260s=21min. The internal heated column is destruction. The
destruction occurred due to the buckling from the bending plane. The reason for the decrease in the
column bearing capacity is a decrease in the steel yield strength due to heating, as well as a decrease
in the steel modulus of elasticity and, accordingly, an increase in slenderness. In this case, the first
destruction occurs within the fire source location, so not including the outrigger in the frame work
before the column collapse is a justified measure.

Fig. 6. The frame scheme at the fire beginning
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At the next stage (1290s=21.5min), outriggers are introduced into the frame work and the
destroyed column is removed from the calculation scheme (Fig. 7). Effort increases from -138tf to -
312tf. The external heated column cannot withstand the dynamic effect and collapses. After that
(1320s=22min), the frame beams collapse and the vitality loss occurs.

Fig. 7. Frame scheme of the after the column collapse

To increase the vitality time, it was decided to design the frame in such a way that the first
failure occurs in the beam, not in the column, and that all frame elements withstand the dynamic
effect of the column failure. Calculations were made for this frame, where the column has a lower
load capacity ratio (herein after LCR) than the beam, with a gradual increase in the difference and
calculation of the frame for fire vitality. The following results were obtained in the frame, in which
the difference in the LCR of the beam and column is 20%.

The first destruction occurred in the heated beam at 1320s=22min The destruction occurs
according to the bending strength inside the span. The reason for the destruction is a decrease in the
steel strength characteristics by 60% (from 255MPa to 103.3MPa). At the next stage, the beam was
removed from the calculation scheme and reactions from it with the opposite sign were applied instead.
The internal heated column at 1350s=22.5 min has a LCR of 0.746, the heated external column —0.708
(Fig. 8). The reason for the jump in the LCR of the external column is an increase in the buckling
length in the frame plane by two times, since the beam was the anchorage for the column.

As of 1620s=27min, the heated internal column collapses due to the buckling from the frame
plane. LCR of the external column is 0.601.

Fig. 8. Frame calculation scheme with a destroyed beam

After removing the internal column (Fig. 9) at 1650s=27.5 min and applying reactions with the
opposite sign to it, the heated external column collapses due to the buckling from the bending plane.
The reason for the destruction is an increase in axial force (from -47tf to -142tf) transmitted from the
destroyed internal column through the outriggers. The internal unheated column is not destroyed (LCR
0.718). The external heated column cannot withstand the dynamic effect of the destruction of the
internal heated column, but it is worth paying attention to the fact that the steel yield strength at this
moment in the column is 63.5 MPa, that is, 25% of the initial value of 255 MPa. As of 1680s=28min,
the frame vitality loss occurs due to the beams on different floors destruction.
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Fig. 9. Frame scheme of the after the column collapse

The calculation results of this frame (with the ratio of the span beam to the column height the
I/h = 2) with different vitality increasing measures are given in Table. 1.
From Table 1 it is possible to see that the considered vitality increasing measures in the fire of
multi-story buildings steel frames make it possible to increase the vitality loss time by 40%, and the
time frame work after the 1st destruction by 12 times. Also, the reserve material strength when it
decreases during heating is used 2.34 times (149.1MPa/63.5MPa) more.

Table 1 — Calculation results for the frame

Percentage of

holes for bolts; LCR in the beam
is 20% larger than in the column

Increasing vitality measures st de_structlon V'tal.'ty loss Vitality time |use of material
time time
strength
Outrigger sys]Eleorgf on the upper 1080s=18min [1110s =18.5 min| 30s =0.5 min 43
Outrigger systems on the upper
floor with connections with oval | 1260s =21 min [1290s =21.5 min| 30s =0.5 min 53
holes for bolts
Outrigger systems on the upper
floor with connections with oval |, 354 —55 1in | 16805 =28 min 3605 =60 min| 75

Similar calculations were carried out for the ratio I/h=1, 3, 4. Based on the calculation results
(Table 2), the relationship between the required difference in the LCR of the beam and the column
to increase the vitality time was established from the ratio of the beam span to the column height.

Table 2 — The necessary difference of LCR depending on the frame geometry

I/h (the ratio of the beam 4 3 5 1
span to the column height)
Difference in the LCR of the
beam and the column, % 30 25 20 15

It was also found that the frame element cross-section shape plays an important role in the
vitality increasing of multi-story buildings steel frames. The section factor (fire protection
characteristic (A/V)s,) depends on the cross-section section shape, which in turn depends on the
element steel temperature. A frames were compared, where the column cross-section steel temperature
is higher than that of the beams and vice versa. The calculation results are given in Table. 3.

As can be seen from the Table. 3, the steel frame element cross-sectional shape is no less

important from the point of view of the frame's vitality in case of fire.
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Table 3 — Comparison of the calculation with and without taking into account the shape of the section

Outrigger systems on the upper

Outrigger systems on the upper | floor with connections with oval
Increasing vitality | floor with connections with oval | holes for bolts; LCR in the beam
in the fire measures | holes for bolts; LCR in the beam | is 30% larger than in the column;
is 30% larger than in the column | the section factor in the beam are
greater than in the column

1st destruction time 1530s=25.5min 1380s=23min
Vitality loss time 15905=26.5min 2040s=34min
Vitality time 60s=1min 660s=11min

Percentage of use

of material strength 60 7

Conclusions. On the basis of the above calculations, a technique was developed to multi-
story buildings steel frames vitality increasing of in the fire event:
— the minimum difference in the LCR in beams and columns must be taken depending on the
ratio of the beams span and the column height according to Table 2;
— the frame element fire-resistant cross-section shape must be taken in such a way that the
cross-section factor of the beam must be greater than that of the column in order for the beam
temperature to be higher:

A A
(Psns > GFsh
— elements cross-sections must be design as such, in which the plastic hinge is formed earlier
than local buckling occurs (1 class cross-section according to Euro code [14]);
— in the frame on the upper floor, it is necessary to provide X-shaped outrigger systems with
their fastening on connections with oval holes for bolts so that they perceive vertical forces only in
case of column destruction.
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3BVIBIHEHHA )KUBYYOCTI CTAJIEBUX KAPKACIB BAI'ATOIIOBEPXOBHUX
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AHoTanif. B crtarti mocnimkeHo poOOTy CTalleBUX KapKaciB 0araTonoBepXOBHX Oy/iBelb
IpU TOXEeX1 710 1 MICHs MEepIIoro pyHHYBaHHS, JOCHIIKEHO >KMBYYICTh KapKaciB MPHU TMOXKEKI.
AKIICHTOBaHO Ha aKTYaJbHOCTI TEeMH JIOCIIDKCHHS B 4ac BiiiHM pd mporm Ykpainu. Bukonano
OTJISIT TIOTIEPE/IHIX JIOCHIKEHb BITUYM3HSAHUX 1 3aKOPJOHHUX BYEHMX, L0 MPUCBSUEHI >KUBYYOCTI
CTaJIeBUX KapKaciB 06araTonoBepXoBHX Oy/iBesb, 30KkpeMa MnpH mnoxexi. OOpaHo Mozenb Kapkacy
JUIS IOCHIIKEHHS Ta BBEJICHO CIIPOLIEHHS 3a/J11 HAOYHOCTI MOTPIOHUX B JOCTIAKEHHI TOPIBHSHb.
byno mopiBHSAHO pi3HI ME€XaHI3MHM PYHHYBaHHsS CTaJleBUX KapKaciB 0araronoBepXxoBUX Oy/iBeb
npu noxkexi. JloBeneHo, IO 3a MEpIIOro pylHYBaHHA OallkM CTaJeBOrO KapKacy 4ac BTPaTH
KHMBYYOCT1 OyJie TOBIIMM, HIXK 3a MEPLIOro pyHHYBaHHS KOJIOHH.

PosrnsiHyTOo Ta AOCHIIKEHO Ppi3HI 3aXOAM TOCHUJICHHS XUBYYOCTI KapkaciB. JlocmimpkeHo
ayTpUTepHI CUCTEMH, K 3aXiJl HOCUJIEHHS )KUBYUYOCTI, Ta BUSBIIEHO iX BIUIMB Ha PO3MOJUI 3yCHIIb Y
KapKaci IiJ1 4ac HarpiBaHHS OKPEMHX €JIEMEHTIB MPHU Jii TeMIepaTypHUX HaBaHTaKEHb B1Jl MOKEXI.
BceraHoBieHO  3al€KHICTh  PI3HUX  3aXOJIB  IOCWJIEHHS KMBYYOCTI CTaJ€BUX KapKaciB
0araTornoBepXoBUX Oy/AIBENb MPU MOXKEXI BlJ] FEOMETPUUHUX PO3MIpIB KapKacy. BcTtaHoBneHo, 1110
KOe(iIIeHT BUKOPUCTaHHS HECYYOi 3/[aTHOCTI Ha MOYaTKy Aii MOoKeXi B HaHOUIbII 3aBaHTaXeH1H
KOJIOHI Mae OyTH MEHIIWM, HDK B Oajku HalOUIbIN 3aBaHTakeHid Oamii. JloBeneHo, 110 Pi3HUIIT
MIOYAaTKOBUX KOE(IIIEHTIB BUKOPUCTAHHS HECY4Oi 34aTHOCTI B Oailll Ta KOJIOHI, HEOOXIaHA s
301IbIIEHHS Yacy BTPATH >KUBYUOCTI, pi3HA JUIsl PI3HUX CITIBBITHOLIEHb MPOJIBOTY OAJIKU 0 BUCOTH
KoJIOHH. BusiBieHo, mo ¢opma mepepi3iB Kapkacy BIUIMBAaE Ha MOTO >KUBYYICTb MPU MOMKEKI.
Haronomryerscsi Ha Ba)XKJIMBOCTI JOMYUIEHHS PO3BUTKY OOMEXKEHUX IUIACTUHUX JAedopmariii B
nepepizax eneMeHTiB kapkacy. ChopMoBaHO peKOMeHallli JUIsl 1HKEHEPIB-KOHCTPYKTOPIB 1100
MOCUJICHHS )KUBYUOCTI CTaJIeBUX KapKaciB 0araTornoBepXoBUX OYIiBENb IPU MOKEXKI.

Kurouosi ciioBa: )xuBy4icThb, OXKeXkKa, CTaleBUil Kapkac, OararonoBepxoBa OyiBis, GpizuyHa
HEJHIAHICTb, BiifHa, arpecis pd.
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