108

5. MECHANICAL ANALYSIS

Table 5.2: Reduction factors for carbon steel for the design at elevated temperatures

Reduction factors at temperature 6, relative to the value of £, or E,
. at 20°C ,
Reduction | Reduction Reduction Reduct.ion factor
Steel fac.tor fac.tor factor (relative to 5
Temperature | (relative to | (relative to (relative to E,) for the design
5) . 5) for the slope gf strength of
é, for effective for the linear | ROt rolled and welded
yield propprt}onal lasti thin walled sections
strength limit clastic range (Class 4)
b hdlfy | botody | karEadBa | kogiTomolf,
20°C 1.000 1.000 1.000 1.000
100 °C 1.000 1.000 1.000 1.000
200 °C 1.000 0.807 0.900 0.890
300 °C 1.000 0.613 0.800 - 0.780
400 °C 1.000 0.420 0.700 0.650
500 °C 0.780 0.360 0.600 0.530
600 °C 0.470 0.180 0.310 0.300
700 °C 0.230 0.075 0.130 0.130
800 °C 0.110 0.050 0.090 0.070
900 °C 0.060 0.0375 0.0675 0.050
1000 °C 0.040 0.0250 0.0450 0.030
1100 °C 0.020 0.0125 0.0225 0.020
1200 °C 0.000 0.0000 0.0000 0.000
NOTE: For intermediate values of the steel temperature, linear interpolation may
: be used.
Reduction factor Effective yield strength
ko=tfo/t

081 B
0.6 -
Slope of linear elastic range
0.4 1 ) kE,G = Ea,(-) / Ea
Proportional limit
02 ] L Keo=holf
0 Y Y T T T
0 200 400 600 800 1000 1200

Temperature [°C]

Fig. 5.6: Reduction factors for the stress-strain relationship of carbon steel at
elevated temperatures (see Fig. 3.2 from EN 1993-1-2) -
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Fig. 5.15: Stress-strain relationship

5.4.2. Tension members
The design value of the tension force in the fire situation, N g,, at

each cross section should satisfy the following condition:

N fi,Ed

<1.0. - (5.22)
N f£.0.Rd

where the design resistance Njgrs of a tension member with a uniform
temperature 6, should be determined from:

N ;i pra =ky 6N ral7 10 1¥1,5] (5.23)

where:
ky6 is the reduction factor for the yield strength of steel at uniform

*ﬂmperaw%éa—i@a@h@cLaLtm&g see Section 5:2;

whatever the class is;

yup s the partial safety factor for the fire situation;

Nra is the design resistance of the cross section Ny gs for normal
temperature design, according to EN 1993-1-1, and given by:

4,

Y Mo

N i ra = (5.24)

The recommended value for y,,, and 7, 5 is 1.0, but different values

may be defined in the National Annex.

o s the partial safety factor for the resistance of cross sections, -




5.4. FIrRE RESISTANCE OF STRUCTURAL MEMBERS

‘Substituting Eq. (5.23) in to Eq. (5.22) leads to
Nﬁ,e,Rd = Aky,efy /7’M,ﬁ | (5.25)

According to Annex D of Part 1.2 of Eurocode 3, net-section failure at
fastener holes does not need to be considered, provided that there is a

fastener in each hole. This is because the steel temperature is lower at joints -

due to the presence of additional material (e.g. bolts, fittings, etc.).
The design resistance N ;,p, at time ¢ of a tension member with a

non-uniform temperature distribution across the cross section may be
determined from:

NﬁeRd ZAz szf /7’M,ﬁ (5.26)

i=]

where the subscript i refers to an elemental area of the cross section in which
the temperature is considered as uniform.

The design resistance Nj.gs at time ¢ of a tension member with a
non-uniform temperature distribution may conservatively be taken as equal to
the design resistance Njzgrs Of a tension member with a uniform steel
temperature 6, equal to the maximum steel temperature 6, ,.x reached at time ¢.

5.4.3. Compression members

The design value of the compression force in the fire situation,
Ny, 4 £a » 8t €ach cross section should satisfy the following condition:

N
A <10 (5.27)
N b,fit,Rd

where the design buckling resistance Npj,zs at time ¢ of a compression
member with a Class 1, Class 2 or Class 3 cross sect1on with a uniform
temperature 6, should be determined from:

Ny pira = XAk, of, [ Vin s (5.28)

where -
ko is the reduction factor for the yield strength of steel at
uniform temperature 6, reached at time ¢, see Section 5.2;
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X5 is the reduction factor for flexural buckling in the fire -

design situation, given by Eq. (5.29). A
The value of gz should be taken as the lower of the values of s
and . determined according to:

- 1 A
X5 = Y (5.29)
Py +\/¢92 "’102, 4
where
s =—12—[1 +ady + Zgz] (5.30)

and the imperfection factor, ¢, proposed by Franssen ef al., 2005 is given by

a=0.65235/f, (5.31)

The non-dimensional slenderness 1, for the temperature 6., is given by

‘}1‘9 =2k, 0 kzp (5.32)

where

A -is the non-dimensional slenderness at room temperature
given by Eq. (5.33) using the buckling length in fire
situation /;; (see Fig. 5.16). ' |

The non-dimensional slenderness at room temperature, 4 , is given by

A

where A is the member slenderness, evaluated with the buckling length in
fire situation, ;, and given by

. |
A=-L (5.34)

where i is the radius of gyration of the cross section and /4, is given by
(EN 1993-1-1)

= 7= 7 : (5,;3,3).,%__‘“___‘_
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= \[% =93.9¢ | (5.35)

with
2 o
£= 233 (f, in N/mm?) (5.36)
it
where |
| E -  isthe Young’s modulus at room temperature;
fy - istheyield strength at room temperature.

" The buckling length ; of a column for the fire design situation should
generally be determined as for normal temperature design. In the case of a
braced frame, the buckling length /; of a continuous column may be
determined by considering it as fixed to the fire compartments above and
below, provided that the fire resistance of the building components that
separate these fire compartments is not less than the fire resistance of the
column.

- For example, in the case of a braced frame in which each storey comprises a
separate fire compartment with sufficient fire resistance, in an intermediate

storey the buckling length /; of a continuous column may be taken as
I,=0.5L and in the top storey the buckling length may be taken as

I, =0.7L , where L is the system length in the relevant storey, see Fig. 5.16.

4
u‘.
RN L
"’ RV
Y
Ty
s
I'-\ L
..
2
N p 1
Bracing
system L
1' ~\.
Ed
" -
.
\-
N
'f i’ \ L
n'R

Fig. 5.16: Buckling lengths / 7 of columns in braced frames
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When designing using nominal fire exposure, the design resistance
Njsi.za at time ¢, of a compression member with a non-uniform temperature
distribution, may be taken as equal to the design resistance Ny ars ofa |
compression member, with a uniform steel temperature 6, equal to the

- maximum steel temperature 6, . reached at time 7.

As the non-dimensional slenderness in the fire situation 4, depends on

the temperature, an iterative procedure is needed if the critical temperature
corresponding to a given applied load is to be evaluated, for verification in the
time or in the temperature domain (see Eq. 5.1a and Eq. 5.1c). Convergence 18
usually very fast and one or two iterations are normally sufficient if Eq. (5.32)
is approximated, for the first iteration, using the same approximation used in
Eq. (5.18), (ie., Jkgg / k,, ~0.85). This gives the following normalised

slenderness at high temperatures, Franssen et al. (2009).

By =Tk, kg, ~ 210852127 (5.37)

Example 5.3 illustrates this procedure.

5.4.4. Shear resistance

The design value of the shear force in a fire situation, ¥, ; at each

cross section should satisfy

14
£E <10 (5.38)
Vﬁ,t,Rd

_______where the design shear resistance ¥, p,at time ¢ for a Class 1, Class 2 or

~(lass 3 cross section should be determined from:

Vﬁ,t,Rd =k ,0,web VealZmo0 1V M.fi ] - (5.39)

is the shear resistance of the gross cross section for

normal temperature design, according to EN 1993-1-1,
and given in Eq. (5.40);

is the average temperature of the web. ;

is the reduction factor for the yield strength of steel at

the web temperature 6,,,, -
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