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Abstract: The article presents the behaviour of a structure subjected to fire - fire design situa-
tion. A portal industrial hall with a span of 18.0 m, a length of 42.0 m and a column height of 7.0 m
was considered. The spacing of frames - the main transverse systems - was assumed equal to 6.0 m.
A case was considered in which the elements of the structure are unprotected from the influence of
high temperature. The load carrying capacity, critical temperature and time required to reach the crit-
ical temperature were analysed for column cross sections. The calculations were performed using
Autodesk's Robot Structural Analysis 2024 computer software.

In the case of HEB-type profiles, the time required to reach the critical temperature at which
the cross-section of the element loses its compressive capacity is significantly greater compared to
that of IPE-type profiles. This is (as above) a recommendation for the use of solid elements, with low
wall slenderness, for structures significantly exposed to fire and high temperatures

Keywords: industrial hall, stability of portal frame, accidental design situation, fire design sit-
uation, FEM analysis

1. Introduction

The presented paper is a continuation of the paper Design of industrial halls with a steel struc-
ture due to an accidental design situation - the impact of a vehicle on a frame column [1]. The paper
presents the issue of checking the load capacity of cross sections and checking the stability of selected
elements of the structure exposed to fire. Calculations were carried out on the example of a steel hall
structure as in the paper [1], Fig. 1.

Fig. 1. Structure of the industrial hall - 3D view

2. Structural Fire design procedure

A structural fire design analysis should take into account the following steps as relevant:
- selection of the relevant design fire scenarios,

- determination of the corresponding design fires,
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- calculation of temperature evolution within the structural members,
- calculation of the mechanical behaviour of the structure exposed to fire.

To identify the accidental design situation, the relevant design fire scenarios and the associated
design fires should be determined. For each design fire scenario, a design fire, in a fire compartment,
should be estimated.

The calculations adopted the Standard temperature-time curve in accordance with the Eurocode
EN 1991-1-2. The temperature of the gas g in the fire compartment after time t, was determined
according to the formula:

04 = 20 + 345log,,(8 -t + 1)

O, — the gas temperature in the fire compartment
t — the time

The critical temperature 0. of carbon steel elements was calculated according to formula:

Ogcr = 39,19 In 1| + 482

0,9674 - 2833

no — degree of utilization

3. Computational analysis

For the computational analysis, spatial models of the steel structure of the industrial hall were
developed. Columns and rafters were modelled using beam-type bar elements with 6 degrees of free-
dom at the node. Vertical and horizontal bracing rods were given attributes to allow them to carry
only longitudinal forces (compression/tension).

Static calculations were performed using first-order linear analysis.

The computational analysis was carried out on a flat frame isolated from the model. Consider-
ation was given to frames whose columns and rafters are made of HEA, HEB and IPE profiles. Frames
restrained in the foundation and articulated in the foundation were considered, giving a total of 6
computational models.

Table 1. Types of computational models of the framework adopted for the analysis

Calculation model | The method of connecting | Column — type | Beam — type of

name the column to the founda- of profile profile

tion

Model 1 - Frame 1 pinned HEA HEA
Model 2 - Frame 2 rigid HEA HEA
Model 3 - Frame 3 pinned HEB HEB
Model 4 - Frame 4 rigid HEB HEB
Model 5 - Frame 5 pinned IPE IPE
Model 6 - Frame 6 rigid IPE IPE

The analysis was carried out in two steps:

1. checking the stability of structural elements in a design situation of permanent,

2. checking the stability of structural elements in an exceptional design situation - action of
fire, in accordance with the recommendations of EN 1993-1-2, the load on structural elements in an
exceptional design situation was reduced by 35%.

3.1. Checking the stability of structural elements in a permanent design situation

In the first stage of calculations, the overall stability of the steel frames of the hall structure was
checked. Optimization of the sections of the structure was carried out. As a criterion, the minimum
mass of individual elements while maintaining their stability was adopted.
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The parameters and coefficients adopted for checking the stability of the bars, as well as the
method of analysis, are presented in the paper [1]. The results of the calculations in the form of the
type and size of the adopted profiles are presented below.

Table 2. Results of calculations in the form of values of size and type of used steel profiles,
frame weight and painting area

Calculation Column Beam Frame Painting area
model name weight [kg] [m?]
pinned | Ratio: 095 | Rarior 088 | 329 | 3699
"N | Ratio: 092 | Rario: 091 | 2836 | 5529
‘pinned | Ratio: 0.88 | Rario: 097 | 304 | 5413
"igid | Ratio:0.84 | Rario-083 | 3308 | 5203
pimned | Rato: 0.89 | Ratior 088 | 2676 | 5330
"gid | Ratio: 078 | Ratio:0.80 | 2076 | 5350

3.2. Checking the stability of structural elements in an accidental design situation — fire
load

The analysis of the load carrying capacity of the structure under fire was carried out using the
Fine Element Method and computer software Autodesk Structural Analysis 2024. Calculations were
performed using the calculation procedures recommended by EN 1993-1-2.

3.2.1. Structural fire design according to EN 1993-1-2

To determine the fire resistance the following design methods are permitted:

- simplified calculation models;

- advanced calculation models;

- testing.

Simple calculation models are simplified design methods for individual members, which are
based on conservative assumptions. The resistance of a steel member under fire conditions is pre-
served after time t if the following condition is met:

Eria < Rfiar

Efq - the design effect of actions for the fire design situation, according to EN 1991-1-2
Rifiqa; - the corresponding design resistance of the steel member, for the fire design situation, at
time t.

The design resistance Rf,q¢ at fire duration t is determined by assuming a normally uniform
temperature distribution in the section and using a modification of the design resistance at normal
temperature according to EN 1993-1-1, which involves assuming the mechanical properties of steel
at elevated temperatures

Resistance - tension members

The resistance Ny, o,rd of a tension member with a uniform temperature 6, should be determined
from:

Nfiora = kyo " Nra - [Ymo/Vaufi

ky, o — the reduction factor for the yield strength of steel at temperature 0, reached at time t,
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Nrd — the design resistance of the cross-section for normal temperature design, according to EN
1993-1-1.

Compression members with Class 1, Class 2 or Class 3 cross-sections
The design buckling resistance Ny, fi,,rd at time t of a compression member with a Class 1, Class
2 or Class 3 cross-section with a uniform temperature 6, should be determined from:

Npfitra = Xri- A kyo fy/VYuri

xfi — the reduction factor for flexural buckling in the fire design situation,

ky, o — the reduction factor for the yield strength of steel at temperature 0. reached at time t,

The buckling length Lg of a column for the fire design situation should generally be determined
as for normal temperature design.

Beams with Class 1 or Class 2 cross-sections

The design moment resistance Mg g,rd 0f a Class 1 or Class 2 cross-section with a uniform tem-
perature 0, should be determined from:

Mriora = kyo - Mra - [Ymo/Vau i

Mrq — the plastic moment resistance of the gross cross-section Mpirda for normal temperature
design, according to EN 1993-1-1 or the reduced moment resistance for normal temperature design,
allowing for the effects of shear if necessary, according to EN 1993-1-1,

ky, o — the reduction factor for the yield strength of steel at temperature 0..

The design lateral torsional buckling resistance moment My fi1rd at time t of a laterally unre-
strained member with a Class 1 or Class 2 cross-section should be determined from:

My fitra = Xir.fi* Woi * kyo.com ™ fy/Yusi

v, — the reduction factor for lateral-torsional buckling in the fire design situation,

kyo.com — the reduction factor from section 3 for the yield strength of steel at the maximum
temperature ill the compression tlange 0acom reached at time t.

Beams with Class 3 cross-sections

The design moment resistance Msrd at time t of a Class 3 cross-section with a uniform tem-
perature should be determined from:

Myicra = kyo - Mga - [Ymo/ Y i

Mgq — the elastic moment resistance of the gross cross-section for normal temperature design,
according to EN 1993-1-1 or the reduced moment resistance allowing for the effects of shear if nec-
essary according to EN 1993-1-1

ky, o — the reduction factor for the yield strength of steel at temperature 0..

The design buckling resistance moment k111.fi.t.Rd at time of a laterally unrestrained beam
with a Class 3 cross-section should be determined from:

Mb,fi,t,Rd = XLt fi " We - ky,B,com ' fy/yM,fi

Members with Class 1, 2 or 3 cross-sections, subject to combined bending and axial com-
pression

The design buckling resistance R ra at time t of a member subject to combined bending and
axial compression should be verified by satisfying expressions:

— member with a Class 1 or Class 2 cross-section,
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Nfigq N ky My figa N kz* M, fiEa <100
Xminfi A- ky,e ’ fy/YM,fi Wpl,y ) ky,G ' fy/VM,fi Wpl,z ) ky,e ’ fy/VM,fi -

Nfiga N kir - My figa N k, M, figa
Xzfi® A- ky,G ' fy/yM,fi XLT fi* Wpl,y ' ky,e 'fy/VM,fi Wpl,z ' ky,e 'fy/yM,fi

< 1,00

— member with a Class 3 cross-section.
Nfiga N ky - My i pq k, M, figa
Xminfi A- ky,e ' fy/yM,fi Wel,y ' ky,G ' fy/VM,fi Wel,z ' ky,e ' fy/VM,fi

< 1,00

Nfi ga N kir My figa N k, M, fiEa
Xz fi® A- ky,G ' fy/YM,fi XLT fi* Wel,y ’ ky,e 'fy/VM,fi Wel,z ) ky,e 'fy/YM,fi

< 1,00

The values of coefficients, parameters and recommendations and requirements for the above
cases are detailed in Chapter 4 of EN 1993-1-2.

3.3. Results of analysis

The results of the computational analyses performed, in the form of:
- the critical temperature value of the element,

- the degree of strain on the cross-section of the element,

- the temperature of the element after time t of fire exposure,

- the time required to reach the critical temperature.

These results relate to:

- elements made of S235 grade steel, yield strength fy =235 N/mm?2,
- the required fire resistance time of the element of 30 minutes (R30),
- calculations were performed with elements unprotected against the effects of temperature,
- standard fire curve, Figure 2.

TEMPERATURE WVARIABILITY CURWE
Temperature
1&:-*
al:l:' f’—’_
G600
Ehii] = — Elemeant tamp.
o — Gas temp.
200 =
Time
4] 25 50 75 100 12

Fig. 2. Example Standard temperature-time curve, marked required fire resistance time of 30
minutes, profile temperature after 30 minutes and fire/gas temperature

Table 3. Values of internal forces and the other parameters calculated in Fire Design Situation

Calculation Column Section Ne,rd Temperature | Temperature Time
model name profile factor Ne,fitRd Qamax, °C Qacr, °C tfi,max, MiN.
Frame 1 HEA340 134 3125 757 635 17
541
Frame 2 HEA300 152 2655 770 560 15
422
Frame 3 HEB320 110 3783 736 603 20
715
Frame 4 HEB280 123 3078 744 575 18
564
Frame 5 IPE500 151 2726 790 350 9
366
Frame 6 IPE5S00 151 2726 790 350 9
366
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Qamax - temperature of the element after time t=30 min (time assumed for calculations corre-
sponding to fire resistance class R30), Qa,cr — critical element temperature, tsmax — fire resistance time
of the cross-section, N¢ rq — resistance of cross-section in normal temperature, N fi,rd — resistance of
cross-section in temperature Qa,max.

2.4. Conclusions

Based on the results of the above calculations, the following conclusions were drawn:

1. The compressive capacity of the cross-section of the column, under fire conditions, is sev-
eral times lower than the capacity at normal temperature. Therefore, it seems mandatory to use pro-
tection of elements against temperature - Contour encasement of uniform thickness or Hollow en-
casement of uniform thickness.
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Fig. 3. Resistance of column cross-section under compression: Seriel — normal temperature, Serie2
— fire conditions, after 30 minutes of high temperature, fire duration R30

2. The critical temperature of a section (the temperature at which it loses its compressive ca-
pacity), decreases as the slenderness of the section increases. This means that solid elements with
thicker walls show greater resistance to temperature. Therefore, for structures exposed to high tem-
peratures, it is recommended to use elements made of HEB profiles. IPE profiles are less favourable
and not recommended.
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Fig. 4. The critical temperature value of the profile depending on its type - Frame 1 and 2 - HEA,
Frame 3 and 4 - HEB, Frame 5 and 6 - IPE. Once the critical temperature value is reached, the sec-
tion loses its load bearing capacity
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3. Inthe case of HEB-type profiles, the time required to reach the critical temperature at which
the cross-section of the element loses its compressive capacity is significantly greater compared to
that of IPE-type profiles. This is (as above) a recommendation for the use of solid elements, with low
wall slenderness, for structures significantly exposed to fire and high temperatures.
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Fig. 5. The time required to reach the critical temperature of the profile depending on its type -
Frame 1 and 2 - HEA, Frame 3 and 4 - HEB, Frame 5 and 6 - IPE. After this time, the section of the
profile loses its load bearing capacity

3. Summary

In conclusion, it can be said that in the case of structures where there is an increased risk of fire,
this fact should be taken into account at the stage of structural design. This is usually done using the
appropriate design procedures contained in standards [2], [3], [4], and various guidelines and recom-
mendations [5]. Thick-walled profiles with walls of low slenderness show greater resistance to high
temperatures compared to slender profiles with high wall slenderness.

However, it should be noted that steel structures exposed to fire should be compulsorily pro-
tected against the effects of high temperatures by using appropriate insulating layers. Only in this way
can the required safety of the structure be ensured during longer periods of fire exposure.
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Keuryscokutl mexHono2iuHull yHigepcumem

200ecvka depoicasna akademin 6yOieHuymMea ma apximexmypu

AHoTauis. Y cTarTi NpecTaBIeHO MOBEAIHKY KOHCTPYKIIIT 1] BILTMBOM ITOXKEXK1 — TOKEKHA
pPO3paxyHKOBa CUTYyallis. Po3rnsigaBcs mopraibHUM BUPOOHUYHIA 1IeX 3 MposiboToM 18,0 M, TOBKU-
Hoto0 42,0 M 1 BUCOTOIO KOJIoHH 7,0 M. BifgcTanbs M’k paMamMu - OCHOBHHMH TTOTIEPEYHIUMHU CHCTEMaMH
- npuiHAIH piBHUM 6,0 M. PO3rIsIHYyTO BHUIANOK, KOJMM €IEMEHTH KOHCTPYKIi HE3aXMIIeHi BiJ
BILJIUBY BHCOKOI TeMrieparypu. Hecyuy 31aTHICTb, KpUTUYHY TEMIEpATypy Ta 4ac, HEOOX1AHUN ISt
JOCSITHEHHS! KPUTUYHOI TeMIIEpaTypH, aHaTi3yBaJIi JJIs TIONEPEYHHX Tepepi3iB KooH. Po3paxyHku
MIPOBOIMITMCS 32 IONTOMOTO10 KoMIT FoTepHOi rporpamu Autodesk Robot Structural Analysis 2024.

3a pe3ynbTaTaMH HAaBEJICHUX PO3PAXyHKIB 3pOOJICHO HACTYITHI BUCHOBKHU:

1. MimHICTh Ha CTUCK MOMEPEYHOTO MTepPePi3y KOJIOHU B YMOBaX MOXKEX1 B KUIbKA pa3iB HIKYA
3a MILHICTh Ha CTUCK MpH Aii 3BU4aiiHOI TemnepaTypu. ToMy BHIAETbCS 0OOB'SI3KOBUM BUKOPHC-
TaHHSI 3aXKUCTY €JIEMEHTIB BiJI i TMABUIIEHUX TEMIIEPATYP - KOHTYPHOI OOIMBKH 200 MOPOKHUCTOT
OOIIMBKH PIBHOMIPHOI TOBIIKHHU.

2. Kputnuna temneparypa (Temriepatypa, IpH SKiil TomnepeyHuit nepepi3 eJIeMeHTa BTpadae
3JIaTHICTh IO CTUCHEHHS ) 3MEHIIYEThCS 31 301IbIIEHHSIM THYUKOCTI. L{e 03Hauae, 110 MacuBHI eneme-
HTHU 3 OL7IBII TOBCTUMH CTIHKAMHU BUSBIISIIOTH OUIBIIY CTIHKICTBH 0 TeMmIeparypu. TomMy Ijisi KOHC-
TPYKLUIH, 110 MiJIaI0THCS BIUIMBY BUCOKUX TEMIIEpaTyp, PEKOMEHIYEThCSI BUKOPUCTOBYBATHU €JIeMe-
Htu 3 npodimie HEB (mmpoxononuuni nsoraspu). [Ipodini IPE (HopmanbHi 1BOTaBpH) € MEHIIT
CIIPUSATIMBUMHU 1 HE PEKOMEHYIOThCSI.

3.V Bunaaky npodiniB tuny HEB vac, HeoOXiqHuH 17151 TOCATHEHHS KPUTHIHOI TEMIIEPATYPH,
3a K01 MONEePEeYHUH Tiepepi3 eJIeMeHTa BTpayae 3/1aTHICTh JO CTHCKY, 3HAYHO OUTBIINI MOPIBHSIHO 3
npodinsamu Tuny IPE. e (ax 1 BuIe 3a3HaueHe) € peKoOMEHIAITI €0 1010 BUKOPUCTAHHS TaKUX IIPO-
(b1TiB €IeMEHTIB 3 HU3bKOIO THYUYKICTIO CTIHOK JUIs KOHCTPYKIIiH, K1 MiJIal0THCS BIUIMBY BOTHIO Ta
BHUCOKHUX TEMIIEpaTyp.

[TincymoBYyrO4H, MOYKHA CKa3aTH, L0 Y BUMAAKY 3 KOHCTPYKILISIMHU, A€ iICHY€ MiJBUIICHUN pu-
3UK TOXKEXI1, 1IeH (akT CiIi BpaXxOBYBAaTH Ha €TaIll MPOCKTyBaHHS KOHCTPYKIIii. TOBCTOCTIHHI Mpo-
¢bini 31 CTIHKAMU Majoi THYYKOCTI BUSIBIISIIOTH OUTBIITY CTIHKICTB /10 BUCOKHMX TEMIIEpaTyp Y MOpiB-
HSIHHI 3 TOHKUMHU NPOQIISIMHU 3 BUCOKOIO THYYKICTIO CTIHOK.

OpnHak chif 3a3HA4YMTH, 110 CTaJeBi KOHCTPYKIII, 110 MiAJAIOThCS BIUIMBY BOTHIO, MMOBHHHI
OyTu 000B’S3KOBO 3aXHIIEHI BiJl BIUTABY BUCOKHUX TEMIIEPATYp 3a JOMOMOTOIO BIAMOBIIHUX 130715~
HidHUX mapiB. TiAbKK TAKUM YMHOM MOYXKHA 3a0€3MeYUTH HEOOXiaHY Oe3MeKy KOHCTPYKIIT MpoTs-
TOM TPHUBAJIOTO MEPioAY BIUIMBY BOTHIO.

KurouoBi ciioBa: BUpoOHHWYHMH 11€X, CTIHKICTh MMOPTAIBLHOI paMH, aBapiiiHa pO3paxyHKOBA CH-
Tyallisl, TOXKEeXKHa PO3paXyHKOBA CUTYallisl, aHaJli3 METOJIOM KiHIIEBUX €JIIEMEHTIB.
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