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FIRE DESIGN OF STEEL STRUCTURES
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Abstract: This paper describes new software features for the fire design of steel structures. This analysis is per-
formed according to Eurocode. An example is used to demonstrate the role of secondary effects and show that
the estimation based on the critical temperature may differ significantly from the revised calculation.
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PACUYET OTHECTOUKOCTHU CTAJIBHBIX KOHCTPYKLUIA

A.B. Ilepenvmymep
HITO «CKAJ Codr», 1. Kues, YKPAUHA

AnHoTauus: [IpuBoaarcs cBeneHns 00 0cOOEHHOCTSIX MPOrpaMMHOM peann3aluy MOIyJIel pacdyera CTaabHBIX
KOHCTPYKLIMH Ha OTHECTOMKOCTb. MeTonuka pacyera cieyer ykazaHusm EBpokona. Ha mpumepe nemoHcTpu-
pyeTcst postb BTOPUUYHBIX 3()(hEKTOB M MOKa3bIBACTCS, YTO OLCHKA 10 KPUTHYECKOH TEeMIIepaType MOXET CyIie-

CTBCHHO OTJIMYATLCA OT YTOUYHCHHOI'O pacycTa.

KuiroueBble clioBa: OrHECTOHKOCTbD, TEINIOTEXHHYECKUE CBOMCTBA, KPUTHIECKAs TEMITepaTypa,
BTOpPUYHBIC 3P PEKTHI

1. BASIS OF FIRE DESIGN

A structure is fire resistant when the necessary
safety margin can be provided for a certain peri-
od of time. It is also necessary to take into ac-
count the variation of the thermal and mechanical
properties of steel under the fire heating of the
structure along with the mechanical actions.

Evaluation of fire resistance includes:

e determination of structural heating — a
thermal analysis performed in order to pre-
dict the temperature (select the fire type)
and structural heating patterns;

e strength analysis, which takes into account
the variation of physical properties of the ma-
terial under the action of high temperature.

The calculation is performed for one of the four

standard variants of the temperature variation

during a fire (Figure 1).

Thermal analysis of steel structures is greatly

simplified due to the fact that high thermal con-

ductivity of steel and relatively small thickness
of bearing structures allow us to accept the hy-
pothesis of a uniform temperature in the cross-
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section, which makes it possible to use analyti-
cal relationships between temperature, thermal
conductivity A(7), specific heat ¢(7) of steel

and external temperature 7 (Figure 2).
Moreover, it is assumed that the temperature of
the element is constant along its length.

The strength analysis takes into account the var-
iation of the mechanical properties of the mate-
rial (Figure 3).

Since the structure was designed to take all ac-
tive loads, and only dead and long-term loads
are taken into account in the fire analysis, there
is a certain safety margin characterized by the
degree of utilization p.

The critical temperature can be determined for
any degree of utilization p as:

1
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Moreover, it is important to determine the time
it takes to reach this temperature, so that it could
be compared with the fire resistance time.
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Figure 1. Temperature-time curve.
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Figure 2. Variation of the thermal properties of steel.
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Figure 3. Effect of heating on the mechanical properties of steel.
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Figure 4. The Resistance of Sections dialog box with an active fire test mode.
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Figure 5. Results of the calculation.

2. SOFTWARE INTERFACE e graph of the temperature increase for the

selected fire;
Kristall enables to perform the fire design if the e graph of the temperature variation of the
respective option is enabled in the Resistance of structure;
Sections mode (Figure 4).

- _ e critical temperature;
The results of the calculation include (Figure 5):

e time to reach the critical temperature.
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Figure 6. Frame.

3. SECONDARY EFFECTS

The role of secondary effects is demonstrated by
an example. Let’s consider a three-story build-
ing (Figure 6) with steel columns, beams, and
minor beams. The floor is simply-supported on
minor beams and only transfers the load to them
without taking it. The fire action is applied in a
section of the first floor shown in color in Fig. 6
The column cross-section is an I-beam 35K1,
GOST 26020-83, the beam cross-section is an I-
beam 46B1, GOST 26020-83, and a minor beam
cross-section is an I-beam No. 20, GOST 8239-
89.

The floor is assumed to be sufficiently fire-
resistant and therefore the columns are heated
from 4 sides, and beams and minor beams from
3 sides.

The dead load on the floor is G =150 kg/m?, the
live load is Q = 400 kg/m?. The live load factor
1s taken as 0,25.

Volume 15, Issue 1, 2019

A standard fire is considered when the tempera-
ture in the fire compartment varies according to
the following equation

0, =20+345lg(8+1),

where ¢ is time in minutes. The heating of steel
structural elements was calculated in incre-
ments, which was determined according to the
following formula for the time interval At

4,1 _
Aea{?]%pa {25(0,-0,)+

+5,67-10,,| (6, +273) - (0, + 273)“}} Al

where p, = 78590 kg/m? is the density of steel.

The results of the thermal analysis are given in
the Table 1. This table also provides the values
of the reduction factors for the elastic modulus
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and design resistance caused by the heating
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(Figure 7 and Figure 8).

Table 1. The results of the thermal analysis.

114

Time from the Temperature, °C Reduction factor £ Reduction factor R,
fih : - :
start 0 t © Column | Beam AL Column | Beam R0 Column | Beam bTEGE
fire, min 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
8 291 326 625 0,878 | 0,832 | 0,297 | 1,000 | 1,000 | 0,510
10 374 419 794 0,767 | 0,709 | 0,210 | 1,000 | 0,930 | 0,187
12 461 514 947 0,653 | 0,560 | 0,131 | 0,830 | 0,770 | 0,116
15 592 658 1128 0,333 | 0,280 | 0,037 | 0,522 | 0,344 | 0,033
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Figure 7. Reduction of the elastic modulus.
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Figure 8. Reduction of the design resistance.
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Figure 9. Controlled elements.

Table 2. The results of the calculation.

Time, | Displacements, node 52 | Displacements, node 72 | Displacements, node 527
min X Y Z X Y Z X Y Z
0 0,18 0,01 | -097| -0,01 0,01 | -10,28 | -0,02 0,00 -11,06
4 0,85 -2,09| 494| -039| -1,52|-13,74| -0,21| -0/41 -23,39
8 1,14 -2,00 | 11,11| -1,02| -1,33|-15,73| -0,81| -0,57 -23,42
10 1,30 | -225| 13,86| -1,20| -1,50|-20,42| -0,95| -0,67 -29,14
12 1,34 -181| 16,52 -1,31| -1,19|-2531| -1,10| -0,63 -32,21
15 1,86 | -0,53| 17,32 -042| -042|-38,06| -034| -0,24 -42,18

The strength analysis was performed in SCAD
(the Erection mode) for the state of the
structure at the beginning of the fire and on the
4-th, 8-th, 10-th, 12-th and 15-th minute from
the start of the fire. The results of the calcula-
tion are given below.

Internal forces are tracked in columns (finite
element 58), the middle of the beam (finite ele-
ment 138), and the middle of the minor beam
(finite element 978). These elements are shown
in Figure 9.

Control nodes 52, 72 and 527 are selected to
track the displacements. They are shown in Fig-
ure 9 as well.

The results of the calculation are given in the
Tables 2 and 3.
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Beam strength failure occurs between 4-th and
8-th minutes, minor beams fail on the 4-th
minute, and columns fail between 8-th and 10-th
minutes, although their temperature is far from
the critical value (Fig. 10). The critical time is
about 16 minutes for columns, 14 minutes for
beams, and 11 minutes for minor beams.

The strong discrepancy is caused by a funda-
mental change in the type of the stress-strain
state (drastic difference in eccentricities). In this
example, the so-called secondary effects have
created large longitudinal forces in the elements
some of which were considered as only flexural.
The fact that the fire area was a section of the
floor turned out to be less favorable for the col-
umns. If all columns on the floor were equally
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heated, the critical temperature estimate would
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be closer to the design behavior of the structure.
Table 3. The results of the calculation.

Forces in the element 58 Forces in the element Forces in the element
138 978
Time, M,
min N, t M,tm | Q,t N, t tm Q. t N, t Mytm | Q,t
0| -72.90 0.00 0.00 -72.70 | 0.00 | 0.00 8.57 234 | 1.25
4| -251.29 | -6.85 450 | -250.69 | 2.15 | 4.50 | -276.01 | 10.58 | 4.83
81 -331.76 | -10.45 | 6.66 | -330.96 | 2.87 | 6.66 | -489.23 | 12.52 | 5.62
10| -655.95 | -17.30 | 11.16 | -654.36 | 5.02 | 11.16 | -756.67 | 25.44 | 11.70
12| -481.76 | -8.09 5.07 | -480.56 | 2.03 | 5.07 | -514.84 | 13.64 | 6.15
15| -541.81 | -1.58 097 | -540.41 | 0.34 | 0.97 | -327.65 | 9.89 | 4.22
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Figure 10. Comparison of results.

4. CHALLENGING ISSUES

All the above calculations are based on the
strength check performed according to the codes
(but taking into account changes in the yield
strength and elastic modulus of steel). In other
words, plasticity has been practically ignored.

If we assume deep plastic deformation, then
additional forces from thermal heating can drop
rapidly. This is evidenced by experiments
carried out at the University of Sheffield (UK)
by Allam A.V., Burgess L.W., Plank R.J.
(Figures 11 and 12).
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Moreover, it is necessary to answer the follow-
ing important questions:

1. A building has different structural compo-
nents with various fire resistance limits. The
following question arises: should the calculation
of the entire structure be performed to the min-
imum or to the maximum limit? This problem is
not considered in European fire regulations,
where fire resistance requirements are set not
for individual components, but for the whole
structure.

International Journal for Computational Civil and Structural Engineering
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2. It is not clear how to simulate a fire — which
fire area should be considered when a structure

is not divided into fire compartments.
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Figure 11. Experimental setup.
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Figure 12. Fire test results.
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