DOI: 10.32347/2522-4182.16.2025.145 -157
UDC 666.9.035

ISSN 2522-4182

THE NECESSITY OF ACCOUNTING FOR SECONDARY EFFECTS IN FIRE
RESISTANCE CALCULATIONS OF BUILDINGS AND STRUCTURES

Leonid SKORUK

Kyiv National University of Construction and Architecture,
31, Povitrianykh Syl Ave., Kyiv, Ukraine, 03037

skoruk.Im.zbk@gmail.com, http://orcid.org/0000-0002-7362-1348

Abstract.  Conventional  fire  resistance
calculations evaluate individual structural elements
(beams, columns, walls, floor slabs) based on their
material properties. Current analysis methods,
including standard fire resistance tests, fail to
account for actual structural interactions in building
systems.

Building structures inherently function as
interconnected systems through various
connections (pinned, hinged, continuous, or multi-
span configurations). Consequently, either the
complete failure of a load-bearing element during
fire exposure or even just the alteration of its
stiffness properties can trigger significant force
redistribution. This may lead to structural behavior
changes ranging from localized damage to potential
progressive collapse. Furthermore, the performance
of structural connections during and after fire
exposure critically influences the global stability of
the building's load-bearing system.

The standard fire resistance calculation criteria
are based on two key requirements: firstly, a
building's fire resistance duration must surpass the
regulatory-mandated timeframe determined by its
specific occupancy classification, and secondly, the
overall fire resistance depends directly on the fire
resistance ratings of the building's principal
structural components.

All buildings must comply with fundamental
functional requirements specified in regulatory
documents, including provisions for safe evacuation
routes, control of internal fire spread pathways,
prevention of external fire propagation, and
ensuring fire service access to firefighting
equipment.

It should be emphasized that building codes
establish minimum necessary standards for protect
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ing occupant and public safety, focusing primarily
on health and life protection rather than structural
preservation - though damage limitation measures,
while not explicitly required, are not precluded by
these regulations.

Building codes are not intended to mitigate
financial losses from fire incidents, a crucial
consideration for designing building fire protection
systems when regulatory requirements alone prove
insufficient to satisfy client specifications.

The paramount requirement for building
structures during internal fire propagation scenarios
is as follows:

A building must be designed and constructed to
maintain structural stability for a code-specified
duration during fire exposure.

The requirements for maintaining a building's
stability during a reasonably sufficient time period
traditionally correspond to the structure's survival
time in standard fire resistance tests.

Consequently, in addition to mechanical effects,
one must consider changes in both thermal and
mechanical properties of steel resulting from
structural heating during a fire.

Keywords: fire resistance; heat capacity;
thermal conductivity; fire
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PROBLEM STATEMENT

Generally, the main load-bearing elements
of buildings and structures include steel,
reinforced concrete (RC), stone, and timber
components. These structural types are
analyzed separately in structural design.
Accordingly, fire protection requirements for
each material (such as concrete, steel, timber,
stone, aluminum, etc.) are specified in the fire
safety sections of the respective design codes
[1-6]. These basic construction materials differ
in their physical and mechanical properties and
respond differently when exposed to high
temperatures during a fire [7-21].

The strength and rigidity of steel and re-
inforced concrete structural elements decrease
with increasing temperature, and the decrease
in these characteristics is particularly signifi-
cant in the temperature range between 400 and
700°C.

For example, concrete is a heterogeneous
material whose fire-resistant properties are
ensured by the corresponding properties of
fillers and cement paste. Concrete has low
thermal conductivity (50 times lower than
steel), so it heats up very slowly during a fire. It
is precisely because of its low thermal
conductivity that reinforced concrete structures
have good fire resistance. However, the specific
heat capacity of concrete varies depending on
the moisture content (in percent) by weight of
the concrete structure (Fig. 4).

It is believed that concrete heated above
500°C loses its strength and rigidity, while
concrete heated to temperatures below 500°C
retains its characteristics as at normal
temperatures.

In addition to mechanical loads, changes in
the thermal and mechanical properties of steel,
concrete, and reinforcement under fire
exposure must also be considered.

Hot-rolled carbon steel begins to lose
strength at temperatures above 300°C, with a
progressive reduction up to around 800°C.
Beyond this point, its residual strength declines
more gradually until it reaches its melting point,
approximately 1500°C. This behavior is typical
of all hot-rolled steels. Cold-formed steel,
including reinforcing bars, loses strength more
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rapidly above 300°C. In addition to reductions
in strength and stiffness, both types of steel also
exhibit creep at temperatures exceeding 450°C.
The specific heat capacity of carbon steel
increases sharply at around 730°C due to the
phase transformation of ferrite—pearlite into
austenite (see Fig. 1).

Therefore, when evaluating the performance
of steel structures under fire conditions, it is
essential to account not only for mechanical
loads but also for changes in the thermal and
mechanical properties of the material.

Fire resistance calculations: particularly
those carried out in accordance with Eurocodes
[1-6] are typically based on one of four fire
exposure scenarios: standard fire, hydrocarbon
fire, external fire, or smoldering fire. Each
scenario is defined by its own temperature—time
curve. However, actual fire conditions can be
either more or less severe than the standard fire
curve, depending on the specific characteristics
of the space where the fire occurs, such as
geometry, ventilation, and fire load.

In this context, the fire resistance of building
structures is evaluated using three performance
criteria:

* Load-bearing capacity (R) — the ability to
sustain mechanical loads during fire exposure;

* Integrity (E) — the ability to prevent the
passage of flames and hot gases;

» Thermal insulation (I) — the ability to limit
temperature rise on the unexposed side.

The following discussion will  focus
primarily on reinforced concrete and steel
structures. According to fire safety standards
such as EN 1992-1-2 and EN 1993-1-2, fire
resistance may be assessed using several
different methods, including:

According to EN 1992-1-2 (for reinforced
concrete structures), fire resistance can be
assessed using:

1) Tabulated data;

2) Simplified calculation models, such as the
500°C isothermal method and the zonal
method;

3) Advanced (refined) calculation models.
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According to EN 1993-1-2 (for steel
structures), the following methods are
available:

1) Calculated resistance method, accounting
for both spatially homogeneous and non-
uniform temperature distributions;

2) Critical temperature method,;

3) Advanced (refined) calculation models.

The most commonly accepted method for
demonstrating compliance with building codes
and fire resistance regulations relies on
tabulated data derived from standardized fire
resistance tests.

The Eurocodes offer a comprehensive
spectrum of calculation approaches, ranging
from guidelines based on standard fire
resistance ratings and tabulated data to
advanced calculation methods that incorporate
real fire scenarios and assess the overall
behavior of the building during fire exposure.

Simplified calculation methods, combined
with an assessment of the relevant load under
fire limit conditions, rely on indicators of
material property degradation due to elevated
temperatures. Fire resistance is then determined
using reduction factors that correspond to the
calculated thermal exposure, and these are
compared against the loads applied to the
structure during a fire. Verification can be
performed with respect to both fire resistance
criteria and structural temperature limits.

Refined calculation methods typically
employ complex finite element models.

The tabulated data for reinforced concrete
structures: specifying minimum dimensions
and minimum concrete cover thickness
(protective layer) are based on the need to: limit
the temperature rise of protected surfaces, and
ensure structural stability for a sufficiently long
period. These requirements are met by
providing adequate concrete thickness, which
restricts the average temperature rise of
embedded surfaces to 140°C, and by ensuring a
sufficient protective layer thickness to limit the
temperature rise of the reinforcement to: 550°C
(for conventional reinforcement), or 450°C (for
prestressed reinforcement elements).
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Simplified calculation methods for
reinforced concrete structures are provided
along with their corresponding strength
reduction values. EN 1992-1-2 includes two
approaches: the 500°C isothermal method, and
the zonal method (Annex B).

The Eurocode-compliant  calculation
procedure consists of the following stages:

1) Determination of design fire characteristics
(selection of a suitable fire model scenario
and appropriate fire model in accordance
with EN 1991-1-2);

2) Thermal analysis of  temperature
distribution in the structure (calculation of
temperature rise in structural elements
according to EN 1992-1-2 and EN 1993-
1-2);

3) Assessment of structural response to fire
(mechanical analysis of the structure’s
behavior under fire exposure according to
EN 1992-1-2 and EN 1993-1-2).

Currently, there has been a shift in design
priorities: calculation-based design now takes
precedence over test-based approaches and
serves as an alternative computational method.

As demonstrated, fire resistance calculations
for building structures must account for
numerous input parameters and material-
specific properties.

The Eurocodes specify that the primary
objective of these calculations is to ensure
structural elements maintain adequate load-
bearing capacity under elevated temperatures
for a required duration.

The element must resist the applied load
until the ultimate limit state of load-bearing
capacity is reached during a fire. This design
principle is similar to the principles of
designing structural elements at normal
temperatures. Thus, it is first necessary to know
the temperature of the structural element (or its
distribution within the element).

The temperature distribution across the
cross-section differs significantly for steel and
reinforced concrete elements. While for steel
elements, due to the homogeneity of the
material and the speed of temperature
propagation, it is possible to assume a uniform
temperature across the cross-section, for
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reinforced concrete elements, the change in the of fire resistance, differs from the usual strength
temperature field across the cross-section is test in that here:
determined by solving a nonlinear non- » a special (emergency) limit state is
stationary heat conduction equation. considered, and therefore, in addition to fire
The strength test of a reinforced concrete exposure, only standard constant and
cross-section, performed during the assessment continuous loads are taken into account
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Fig. 7. Nominal fire curves — comparison with results from natural fire test [8].
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[8]

» the change in the physical and mechanical
parameters of materials (concrete and
reinforcement) caused by heating is taken
into account, and since the temperature field
is uneven, these characteristics are
determined for each calculation point of the
cross section independently.

When calculating RCS, only the values of
constant and long-term loads at time t = O are
taken into account. In this case, the
characteristic values of material strength are
used.

The design strengths of concrete and
reinforcement, as well as their elasticity
modules, are taken into account based on the
values of these quantities for the specified
classes of concrete and reinforcement, but are
adjusted to take into account the heating
temperature.

In addition, the critical deformation values
of reinforcement and concrete also depend on
temperature, since the stress-strain relationship
changes with temperature.

When calculating steel structures, only the
values of constant and long-term loads and the
characteristic values of material strength are
taken into account.

In addition to the direct impact of fire
temperature, secondary effects associated with
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thermal expansion should also be taken into
account.

In addition to the direct impact of fire
temperature, secondary effects associated with
thermal expansion should also be taken into
account.

After all, everything mentioned above
concerned a case where an isolated element was
considered without accounting for its
interaction with other parts of the system. In
particular, nothing restrained the thermal
expansion of the element.

Next, we will use an example to demonstrate
the role that limited deformation of an element
can play (the example was kindly provided by
D.Eng.Sc. A.V. Perelmuter).

The frame of a three-story building was
analyzed using SCAD software. Column
spacing is 6x9 m, with 4 m floor heights. The
steel structural elements lack fire protection.
The fire scenario is applied to the first floor
section, which is highlighted in color (Fig. 8).
Using the Assembly mode, temperature
changes at specific time intervals during the fire
were modeled for the section's elements.

The columns are fabricated from 35K1 I-
beams (GOST 26020-83), the main beams from
46B1 I-beams (GOST 26020-83), and the
secondary beams from No. 20 I-beams (GOST
8239-89).
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Fig. 8. General view of the calculation scheme.
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Fig. 9. Temperature change graph in the tracked elements.
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Table 1. Temperature change in selected elements and reduction factors
Ta6u. 1. 3miHa TemriepaTypy y BUOpaHHUX €JIEMEHTaX Ta KOS(II[iEHTH 3HUKCHHS

Temperature Ke K¢
t, min Main Sec. Main Sec. Main Sec.
Col. Col. Col.

beam beam beam beam beam beam
0 20 20 20 1,000 1,000 1,000 1,000 1,000 1,000
1 41 44 64 1,000 1,000 1,000 1,000 1,000 1,000
2 72 80 133 1,000 1,000 1,000 1,000 1,000 1,000
3 99 112 200 1,000 1,000 1,000 1,000 1,000 1,000
4 134 152 277 1,000 1,000 0,897 1,000 1,000 1,000
5 176 197 368 1,000 1,000 0,776 1,000 1,000 1,000
6 213 238 452 0,983 0,949 0,664 1,000 1,000 0,920
7 251 281 538 0,932 0,891 0,490 1,000 1,000 0,760
8 291 326 625 0,878 0,832 0,297 1,000 1,000 0,510
9 332 372 711 0,823 0,771 0,253 1,000 1,000 0,240
10 374 419 794 0,767 0,709 0,210 1,000 0,930 0,187
11 417 466 873 0,710 0,645 0,169 0,880 0,850 0,150
12 461 514 947 0,653 0,560 0,131 0,830 0,770 0,116
13 504 562 1014 0,588 0,421 0,096 0,780 0,603 0,085
14 548 610 1074 0,460 0,305 0,037 0,640 0,473 0,058
15 658 1128 0,333 0,280 0,037 0,522 0,344 0,033 0,043

Table 2. Results of strength tests
Tabu. 2. Pe3ynbraTi nepeBipok Ha MilHICTh

Column Main beam Secondary beam
Time, Forces in element 58 Forces in element 138 Forces in element 978
min N, My, Qz, N, My, Qz, N, My, Qz,
kN kNm kN kN kNm kN kN kNm kN

-729,0 0,00 0,00 -727,0

0,00 0,00 85,7 2,34 12,5

21,5 45,0 -2760,1 | 105,8 48,3

0
4 -25129 | -68,5 45,0 -2506,9
8 -3317,6 | -104,5 66,6 -3309,6

28,7 66,6 -4892,3 | 1252 56,2

10 -6559,5 | -173,0 1116 | -6543,6

50,2 1116 | -7566,7 | 254,44 117,0

12 -4817,6 | -80,9 50,7 -4805,6

20,3 50,7 | -5148,4 | 136,4 61,5

15 -5418,1 | -158 9,7 -5404,1

3,4 9,7 -3276,5 98,9 42,2

The columns are heated on all four sides,
while both main and secondary beams are
heated on three sides. The permanent floor load
is G =4 kN/m?, and the live load is Q =1 KN/mz2,
The live load duration factor is taken as 0.25.

Internal forces are monitored for the column
(Element 58), at mid-span of the main beam
(Element 138) and mid-span of the secondary
beam (Element 978); these elements are
indicated in Figure 8. Control Nodes 52, 72, and
527 are designated for displacement tracking.
Figures 10 and 11 present the displacement
time histories for the specified nodes and the
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internal force variation diagrams for the
specified elements, respectively. Table 1
provides the temperature evolution of selected
elements during 1-15 minutes of fire exposure
along with corresponding reduction factors (ke
for linear elastic deformations and ks for
effective yield strength).

As evident from the calculation results
(Table 2), the main beam fails the strength test
between the 4th and 8th minutes, the secondary
beam at the 4th minute, and the column
between the 8th and 10th minutes.
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In the examined case, the so-called
secondary effects generated significant
longitudinal forces in elements that were
typically considered to experience only bending
moments.

For the columns, the partial floor fire
exposure proved particularly unfavorable. Had
all floor columns been heated uniformly, the
critical temperature assessment would have
better matched the structure’'s predicted
behavior.

All preceding calculations were performed
under the assumption of strength verification
according to design standards (while
accounting for variations in steel's yield
strength and elastic modulus). In other words,
plastic behavior was essentially disregarded.

If plastic deformation is permitted,
thermally-induced forces may decrease
significantly.

Furthermore, several critical questions must
be addressed when performing such
calculations:

1) The building contains structural elements

with varying fire resistance ratings. Should the
structural analysis use the minimum or
maximum rating as the governing criterion for
the entire system?
2) The fire modeling approach remains
ambiguous - particularly regarding the
maximum fire spread area to consider when the
facility lacks fire compartmentalization.

Similar secondary effects may also develop
in reinforced concrete structures [7],
particularly in joints where indirect fire effects
significantly  impact  their  performance
characteristics. These effects can include
increased support moments in continuous
structures, thermal expansion-induced
compressive forces, and eccentric loading
resulting from large deflections or bending of
flexible  reinforced  concrete  members
(columns, beams).

CONCLUSIONS

Based on extensive research into
temperature effects on building frames, the
following conclusions can be drawn:

1) Fire resistance calculations for isolated

elements fail to fully represent the
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structural frame's behavior;

2) Secondary effects — including thermal
expansion of individual frame elements
and their interaction with unheated
members — must be considered in
addition to direct fire temperature
impacts.
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HEOBXI/THICTH BPAXYBAHHSA
BIIJIMBIB BTOPUHHUX E®EKTIB
ITPU PO3PAXYHKY BYAIBEJIb
I CHOPY ] HA BOTHECTIMKICTh

Jleonio CKOPYK

Anotanis. TpamuuiiHuii po3paxyHOK Ha Iif0
MMOKEXKI  BIAHOCHUTBCA 110  CKCIUTyaTaIliiHUX
BJIACTHBOCTEH OKPEMHX EJIEMEHTIB KOHCTPYKIIIH
(Ganku, KOMOHW, CTiHH, IUIMTH MEpeKkpurTs). B
METOAWKAX aHaji3y (BUIpPOOYBaHHS BOTHECTI-
KOCTI MIPY CTaHJAPTHIN MOXKEKi) HEe PO3TIISTAETHCS
B33a€MOJIisl KOHCTPYKTUBHHX €JIEMEHTIB B peajbHUX
OyIiBIAX.

OpmnHak, MOTPiOHO 3a3HAYMTH, IO KOHCTPYKIIIl
OyaiBmi nepeOyBarOTh Y MIEBHUX B3a€EMO3B’s3KaX Ta
B3a€MOJIii OJlHA 3 OJHOIO (3aleMIICHHS, HIApHIp,
OJIHO- Ta 0araTompoNbOTHA KOHCTPYKINSA 1 T.I.).
ToMy BHKITIOUEHHS BHACIHIZOK MOXEXi 13 poOOTH
SIKOTOCh HECYYOT0 eJIieMeHTa 200 HaBITh 3MiHA HOTO
YKOPCTKICHUX XapaKTEPUCTUK MOXKE MPU3BECTH JIO
3HaYHOTO TIEPEPO3MOAINy 3ycWiab y OymaiBii Ta
nomaneinol 11 MOBENIHKH aX [0 MOKIHMBOIO
pyiiHyBaHHs dYacTuHH abo Bciei OymiBmi. Takoxk
poboTa CTUKIB KOHCTPYKITiHf B YMOBax IOXexXi abo
micyst Hei € BaKJIMBUM (DakTOPOM 3 TOYKH 30py
30epeskeHHs 3araibHOI CTIHKOCTI HECY40l CHCTEMH
OyIiBIIi.

3aranbHO IPUHHATUME KPUTEPISIMHU PO3paXyHKY
Ha BOTHECTIMKICTh € HACTyINHI BHMOTH: 4Yac
BOTHECTIHKOCTI OyHiBIIi TOBHHEH MEPEBUIYBATH
4ac, BCTAHOBJICHHH HOPMAaTUBHUMH JOKYMEHTaMHU
Ha OCHOBI OIIHKH TPUHAJIEKHOCTI OyIiBIi J0
[IEBHOI IJTLOBOI TPYIIN.

BynisenbHi koHcTpyKUjii. Teopis i npakTuka * 16/2025
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BornecrilikicTe OymiBil 3aJIeKUTh Big MexX
BOTHECTIHKOCTI 1i OCHOBHUX KOHCTPYKTHBHHX
YaCTHH.

Bci Oyaiii TMOBMHHI  BIAMOBIAATH IEBHUM
(YHKLIOHATBHUM BHUMOTaM, IO BKJIIOYAE 3aco0H
eBaKyarlii, BU3HAUYCHHS NUISXiB PO3MOBCIOKEHHS
MOKEXKi B cepeauHi OyMiBIi, BUSHAYEHHS NUISXIB
PO3MOBCIOJKCHHST ~ TMOEXi  330BHI  OyaiBii,
BH3HAUYEHHS IIISAXIB JOCTYITY TIOXKEXKHO]I CITY>KOH 10
3ac00iB TaciHHSA TIOKEXi, IO BHKJIANCHO Y
HOPMAaTHUBHUX JOKYMCHTaX.

BaxnuBo 3a3HaunTH, mo OyniBenbHI HOPMH 1
npaBuja TpPU3HAYCHHI JHUIIC I 3a0e3MedYcHHS
PO3YMHO HEOOXiIHMX CTaHJApTiB 13 3aXHUCTY
3I0pOB'Ss Ta O€3NeKu JItoJiel, SKi 3HAXOAATHCS
BcepenuHi 1 3a Mekamu OyxiBii. B Hux He
pO3TIAAAIOTECA  3aXOAM 3 OOMEXEHHS IIKOAN
OyamiBeJIbHUM KOHCTPYKIISM, aje Taka MeTa He
BHKITIOYAETHCA.

ByniBensHi HOpMHM 1 TIpaBWIa TaKOXK HeE
npuszHadeHi s 3abe3medeHHS  MiHIMizalii
(¢iHaHCOBHMX BTpaT, CIPHYMHEHHX MOXexero. Lle
Mae BeNWKEe 3HAaueHHS M8 TPOEKTYBaHHS
MIPOTHITOKEKHOTO 3aXHCTy OYIiBENb 1 CIOPYI,
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KOJIM JIJIs BAKOHAHHS YMOB 3aMOBHHKA HE BUCTa4a€e
BHMOT HOPMATHBHHX JIOKYMEHTIB.

Haiibinpin BaxmBa BHMOTa 10 OyIiBETbHHAX
KOHCTPYKITiA B YMOBax PO3MOBCIOKCHHS TTOMXKEXK1
BceperHi OyAiBIIi MMOJSATAE B HACTYITHOMY:

ByniBns moBuHHa OyTH 3ampoeKToBaHa i
3Be/IeHa TaKUM YUHOM, 1100 y BHITAJKy MOXEXi il
CTiMiKiCTh ~ 30epirajach  MPOTATOM  PO3YMHO
JIOCTAaTHHOTO TIEPiOAY Yacy.

Bumorn pno 30epexeHHs cTikocTi OymiBii
MPOTATOM PO3YMHO JOCTAaTHHOTO MEPioay dYacy
TPaIUIIIITHO BITHOCSTHCS JI0 Yacy, HEOOX1THOTO st
«BIDKMBaHHM» KOHCTPYKINI y XOJi CTaHAapTHUX
BHIIPOOYBAaHb Ha BOTHECTIHKICTb.

ToMy mopsii 3 MEXaHIYHMMHU BIUTUBAMH CIIiJ
BpaxoByBaTH 3MIHy  TCIUIOTEXHIYHUX  Ta
MEXaHIYHUX BJIACTUBOCTEH CTajdl MiJ BIUIMBOM
HarpiBaHHSI KOHCTPYKIIT BiJ] MOKEXI.

KirouoBi c¢j0Ba. BOTHECTIHKICTH, TEIUIOEM-
HICTb; TEIJIOMPOBIIHICTE; TIOKEXKA.
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