STABILITY OF STEEL COLUMNS IN CASE OF FIRE:
\ EXPERIMENTAL EVALUATION

By J. M. Franssen,' D. Talamona,” J. Kruppa,’ and L. G. Cajot*

ABSTRACT: Two new series of experimental full-scale tests have been performed on steel columns at elevated
temperature, either under small or large eccentricities. Those results have been introduced in a database, together
with results from previous tests found in the literature. An analytical formula for the buckling coefficient pre-
sented as shown in an earlier paper has been calibrated here by comparison with the results of tests made with
no or with small eccentricity. The analytical proposal for a P-M interaction curve presented in the companion
paper has been compared in this paper with all the results from the database, and proved to provide a satisfactory

agreement.

INTRODUCTION

The behavior of steel columns at elevated temperatures has
been analyzed numerically by the writers [see Franssen et al.
(1995); Talamona et al. (1997)]. This work has led to the pro-
posal of an analytical formula for the buckling coefficient, de-
fined as the ratio between the ultimate load and the plastic
load, in the case of central loading and an analytical expression
for the P-M interaction curve in the case of eccentric loading.
The expression for the buckling coefficient contains one scalar
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ensure an appropriate safety level. It is also desirable that the
interaction formula is validated against a large set of experi-
mental results before any confidence can be placed in the pro-
posed method. Those verifications and calibrations are neces-
sary for various reasons.

* There is always the possibility that an error has been made
in the formulation or numerical implementation of the the-
ories that form the basis of the analysis, although the
probability of occurrence of this kind of problem has been
reduced by a comparison exercise (Franssen et al. 1994)
between different computer programs, including the two

and will be considered in the comparison. To avoid possible
bias in the conclusions, it is desirable to obtain an experi-
mental base as wide as possible, in relation to the total number
of tests as well as the number of different independent sources,
i.e., different laboratories. As it was not possible to find all the
necessary experimental situations, it was decided to perform
the following two new series of experimental tests:

* One series on columns with a small eccentricity of load
—_— ame e On e he te 2
the length of the column was changed in order to analyze
the effect of the buckling length. In most of the available
test results, the dimensions of the furnace fix, the length
of the column, and the slenderness are changed by means

of changes of the end supports and/or the section type.

* One series on columns with very large eccentricities of
load—This situation seldom has been analyzed experi-
mentally in the past.
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codes—used-in—the present btudy.
Any analytical, numerical, or theoretical model is much
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and supported by a set of experimental tests—although it

can be questioned that a furnace test is closer to real life

than is a numerical simulation.

e The numerical simulations have been made with charac-
teristic values for initial out-of-straightness (H/1,000) and
residual stresses (0.30 or 0.50 X 235 N/mm?), which are
likely to produce excessively severe results.

e The material properties of steel at elevated temperatures
are linearly interpolated between values given every
100°C in EC3-1.2 (Eurocode 1995). It would be amazing
if Mother Nature had provided us with a material having
such a peculiar variation of its parameters. The model is
therefore an approximation of reality.

Some experimental test results are available in the literature
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Twenty-one fire tests were performed in
BEIN laborato ee Azpia and nanue
others at the Fire Station of CTICM (France).

The specimens were electrically heated by means of ceramic
mat elements at a rate of

Spain in the LA-
0Q 2 eich

* 5°C/min for the tests made by LABEIN
¢ 10°C/min up to 400°C and 5°C/min beyond 400°C for the
tests made by CTICM

Automatic control of separate heating elements was used in
order to ensure a uniform temperature distribution along the
length of the elements. The temperature was measured with
thermocouples welded on the specimens at different cross sec-
tions, from three sections in the shortest specimens to seven
in the longest ones. The number of measurement points on
each column varied from 17 to 35 depending on the length of
the column. In the case that somewhat lower temperatures
were recorded near the supports, at 100 mm from the support
for the shortest columns and 100 and 230 mm for the longer
ones, the failure temperature of the element was estimated as
the mean temperature of the thermocouples located in the cen-
tral part of the column. Failure time was the time when the
load could not be maintained by the hydraulic system. The
load, axial elongation, and horizontal displacements at mid-
height were monitored during the test. Table 1 is a summary
of the tests made in LABEIN (first part) and CTICM (second
part). -

A note to the reader follows:



TABLE 1. Results of Tests Calculated by LABEIN and CTICM
H 6., | Buckling e P 5. | b h ty ty i2° i3? i4°
Number® | (mm) | (°C) axis® (mm) | (kN) (N/mm?) | (N/mm? | Section (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
(1) (2) (3 4) (5) | (6) @) (8) (9) (10) (11) (12) | (19) (14) (15) (16)
AL1 513 | 20 w 5 | 537 300 280 HEA100 | 101.92 | 99.20 | 6.10 | 7.80 — 0.00 —
BLI 513 | 532 w 5 | 362 300 286.5 HEA100 | 101.85 | 9885 | 592 | 7.6l — 0.00 —
CLI 513 | 694 w 5 | 110 316 292.5 HEA100 | 10178 | 99.07 | 6.43 | 7.80 — 0.00 —
DL1 513 | 863 w 5 40 309 282.5 HEA100 | 10228 | 99.12 | 6.13 | 7.68 — 0.00 =
AL3 1270 | 20 w 5 | 490 300 280 HEA100 | 101.95 | 99.08 | 597 | 7.67 — 0.00 —_
BL3 1272 | 390 w 5 | 202 300 286.5 HEA100 | 101.93 [ 98.90 | 597 | 7.64 — 0.20 —
CL3 1271 | 474 w 5 | 251 316 292.5 HEA100 | 101.90 | 99.25 | 6.13 | 7.82 — 0.40 —
DL3 1269 | 749 w 5 24 309 2825 | HEA100 | 10215 [ 99.15 | 6.02 | 7.73 — 0.30 —
SL40 2,020 | 525 w 5 | 170 286 280 HEA100 — — = — — — —
SL41 2,026 | 509 w 5 | 174 286 280 HEA100 | 101.84 | 9897 | 573 | 758 0.60 0.70 0.70
SL42 2,020 | 485 w 5 | 111 286 280 HEA100 | 101.82 | 99.04 | 576 [ 7.61 0.90 1.70 0.90
SL43 2,021 20 w 5 | 366 286 280 HEA100 | 101.84 | 9889 | 580 | 7.57 | —0.40 0.00 0.00
SL44 2,023 | 495 w 5 | 173 286 280 HEA100 | 101.68 | 99.17 | 573 | 7.60 0.50 1.10 0.60
ALS 2,770 | 457 w 5 | 127 300 280 HEA100 | 101.94 | 99.06 | 578 | 7.68 | —0.07 | —0.04 0.60
BL5 2,772 | 587 w 5 73 300 286.5 HEA100 | 101.76 | 98.95 | 576 | 7.62 0.30 1.00 0.80
CL5 2,771 | 587 w 5 34 316 292.5 HEA100 | 10203 | 99.25 | 598 | 7.76 0.70 0.80 0.80
DL5 2,772 | 886 w 5 7.7 309 282.5 HEA100 | 102.15 | 99.16 | 596 | 7.72 0.80 1.60 0.80
AL6 3,510 | 20 w 5 | 176 300 280 HEA100 | 101.99 | 99.08 | 579 | 7.66 | —0.70 | —0.40 0.60
BL6 3,510 | 446 w 5 | 105 300 286.5 HEA100 | 101.88 | 9893 | 593 | 7.63 0.80 1.00 0.30
CL6 3,510 | 493 w 5 90 316 2925 HEA100 | 10205 | 99.12 | 594 | 7.71 0.70 0.80 0.80
DL6 3,510 | 727 w 5 | 115 309 282.5 HEA100 | 101.68 | 99.17 | 573 | 7.60 0.80 1.60 0.80
P1 4,000 | 664 w 100 | 100 314 275 HEB200 | 200.2 | 201.4 904 | 1504 | 05 | —05 | —0.5
P2 4,000 | 575 w 300 | 100 314 275 HEB200 | 2003 | 201.4 9.04 | 15 -1 -3 -3
P3 2,000 | 599 S 650 | 100 314 275 HEB200 | 2003 | 201.3 904 | 1496 | —05 | —05 | —05
P4 2,000 | 537 w 300 | 150 314 275 HEB200 | 2003 | 201.4 9.04 | 15 1.5 0.5 0.5
P5 2,000 | 753 S 250 | 100 344 271 HEMI160 | 1634 | 1802 | 14 22.68 0.5 0 0
P6 5,000 572 S 500 100 344 271 HEMT60 | 1635 1804 14 22:62 2 3 1S
P7 2,000 | 539 S 100 | 160 304 260 HEA140 | 1415 | 137.5 561 | 8.96 0 0 -0.5
P8 5000 | 507 S 100 | 100 304 260 HEA140 | 139.8 | 133.8 5.61 8.28 1 0.5 0.5
*Number of the test in the test report.
®S stands for major axis; W stands for minor axis.
“Imperfection at H/4.
“Imperfection at H/2.
*Imperfection at 3H/4.
A reported. The maximum observed values were on the or-
X A-A ; 2
i sack K der of magnitude of 0.10 X 235 N/mm®.
ac.
l—i?’/; Transdusers: of displacements I_h Geoxpetriqal dimensions _of the section and geometrical im-
Lt l;.! perfections, i.e., out of straightness, of the column were mea-
. il | sured for each tested element. Residual stresses and yield
| strengths-were-measured-from coupons belonging to the same
| 1 production as the tested element.
i / | l The load was applied before the test and was kept constant
| l | during the heating. It was applied with a well-defined eccen-
' ! | tricity through a very sharp knife support (or rollers at
q}/ N‘\ ' CTICM). The end rotation around this axis was free, and the
I . . .
i /,D—“I rotation around the other axis can be regarded as restrained by
! . J,/‘ i the action of the support (see Fig. 1). Measurements of lateral
] deflections in both directions as well as the examination of the
! .
: | ' deformed columns after the tests confirmed that no rotation
+ Lond ! occurred in the direction of the major axis. Different buckling
ﬁ;%_,,g/y—“—“’*—“- 1 , [lengths H from 510 to 5,000 mm were considered, with dif-
it it ferent load levels.

FIG. 1. Experimental Test Rig

e The values given for the failure temperature 6,,, the yield
strengths f, and f, , and the dimensions of the section (b,
h, t,, and t,;) result from the average between several mea-
sured values.

« The elements were placed vertically. They were turned in
such a way that the effect of the imperfection was added
to the effect of the load eccentricity if the value of i2, i3,
or i4 has a positive sign in Table 1.

o The residual stresses in the profiles were measured by
cutting some short pieces of profiles in small longitudinal
bars and measuring the elongation in the bars when they
are separated from the rest of the section. They were
found to be rather low when compared to what is usually

Due to the fact that tests AL1, AL3, SL43, and AL6 were
performed at ambient temperature; that test SL40 was a pre-
liminary test performed to verify the heating equipment on an
element that had not been accurately measured; and that some
technical difficulties led to uncertainties in tests DL3 and CL5,
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14 tests from those performed by LABEIN at elevated temper-
ature with a small eccentricity remain for consideration in the
database. Results of these tests are plotted distinctly in Fig. 2.

Results from Literature

In addition to these tests, a survey of the available literature
allowed the formulation of a database of compression tests
conducted at elevated temperatures on steel elements. Tests
were not considered if the actual yield strength of the specimen
has not been measured [see Olesen (1980); Vandamme and
Janss (1981)]. Nominal values were taken for geometrical
properties when they had not been measured. The influence of
the yield strength has been found to be overwhelming when
compared to the influence of the geometrical properties (Tal-
amona et al. 1995). Some tests also have been eliminated be-
cause of the presence of a very nonuniform temperature dis-
tribution (Aasen 1985). These tests are nevertheless valuable
for the validation of numerical tools, provided time is spent to
introduce the measured temperature distribution (Poh and Ben-
netts 1995). Finally, 78 experimental test results on columns
with small eccentricities were obtained: One from Boreham-
wood (BSC 1988), 16 from Gent (Janss and Minne 1982),
three from Stuttgart (Cajot et al. 1992), and 25 from Braun-
schweig (Technical 1977); 14 from Rennes (Aribert and Ran-
driantsara 1980); and, finally, 19 from Berlin (Knublauch et
al. 1974a,b). With the 14 new tests performed in Bilbao, the
database thus comprises 92 test results on columns loaded with
a small eccentricity.

PROPOSAL OF ANALYTICAL FORMULA

The analytical proposal resulting from the numerical anal-
ysis has been presented in Talamona et al. (1997). 1t is repeated
here for clarity.

The proposed formulas have been established for the tem-
perature range 400—800°C. They can safely be applied for
temperatures higher than 800°C or lower than 400°C. For the
latter case, however, it is preferable and more logical to inter-
polate linearly on the temperature between ultimate load given
at 100°C—similar to the value at 20°C—Dby ambient temper-
ature recommendations and ultimate load at 400°C given by
the following formulas. This is due to the fact that the follow-
ing formula, being derived from observations made at elevated
temperatures, does not yield the same critical load as the for-
mula established for ambient temperature when applied for a
temperature of 20°C.

Centrally Loaded Column
P,(0) = X(0)K},(6)£,02 1

where P,(0) = ultimate load of axially loaded column at ele-
vated temperature; () = cross-sectional area of profile; and f,
= yield strength at room temperature.

1

0) = = 2
X0 = o+ Vowm =T @
X(0) = K,(O) @)
Ky(0) = VK, (0)/K+(0) @)
. Hi &

—'rr Elf,

where i = radius of gyration of relevant plane of buckling; and
E = Young’s modulus at room temperature.

$(6) = % [1 + aX(8) + X*(8)] ©)

where o = imperfection factor; and B = severity factor, a pa-

160/ JOURNAL OF STRUCTURAL ENGINEERING / FEBRUARY 1998

S ARG |

TABLE 2. Parameters of Stress-Strain Relationship

Temperature K:,(8) Ke(0) K., (0)
(1) () (3) (4)
20 1.00 1.00 1.000
100 1.00 1.00 1.000
200 1.00 0.90 1.050
300 1.00 0.80 1.118
400 1.00 0.70 1.195
500 0.78 0.60 1.140
600 0.47 0.31 1.231
700 ©0.23 0.13 1.330
800 0.11 0.09 1.106
900 0.06 0.0675 0.943

rameter to be determined in order to ensure appropriate safety
level.

€ ="V235/f, (f,in N/mm? in this equation) (@)

K;,(0) and K,(0) describe the decrease of yield strength and
Young’s modulus with elevation of temperature. Their values
are taken from EC3-1.2 (Eurocode 1995) and are listed in
Table 2 for temperature steps of 100°C. Linear interpolation is
allowed for K,,(0) and Kx(0), and gives a very good approx-
imation for K,(0) if used instead of ).

Eccentrically Loaded Columns
P M

P® " *ue = @

where P = axial load; M = bending moment, or maximum
bending moment in case of nonuniform moment distribution;
and P,(0) is taken from (D).

M.(8) = W,K,,(0)f, (€))
where W, = plastic modulus of section for relevant plane of
bending.

P
k=l—u%53 10)

w==084XO)W + 1) — 0.50¢ + 1.00 = 0.80,
buckling around the minor axis (69))

= —L40K@O)W + 1) — 0.31¢ + 1.09 = 0.80,

buckling around the major axis (12)
A(®) = K,(0)X 13)
with X =< 1.10 in the case of buckling around the major axis.
M.
=2 with |M,| = |p| (14)
M,

As given in (14), M, and M, = bending moments at supports.

CALIBRATION

One scalar parameter is present in the proposed formula to
calibrate the model, the severity factor B, which has an influ-
ence on the buckling coefficient X i.e., on the ultimate load
under central compression [see (2), and (6)]. Fig. 3 shows the
evolution of the buckling curve at elevated temperature for
different values of B and for a yield strength at 20°C of 355
N/mm?,

Strictly speaking, the severity factor should be experimen-
tally evaluated only from tests made on centrally loaded col-
umns. As the number of such tests is rather limited, results
from tests made with a small eccentricity also have been con-
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FIG. 3. Different Shapes of Analytical Buckling Curve

sidered. The criterion to decide whether the eccentricity is
small or not was based on the interaction formula of EC3-1.1
(Eurocode 1992), which has a form similar to (8). The eccen-
tricity was judged as small if the term comprising P is at least
equal to three times the term comprising M in the interaction
formula. Now that a new interaction formula has been pro-
posed, (8)—(14), consideration can be given to reassessing the
value of B with this new formula for evaluation of tests with
small eccentricities. This has not been done because it has
been shown that if results from purely centrally loaded col-
umns_are plotted distinctly from tests made with a small ec-
centricity, all the results form only one group (see Fig. 4). In
other words, the choice of the interaction formula for the eval-
uation of B is not very important, provided tests with a small
eccentricity are considered.

For each experimental test i, it is possible to calculate the
experimental buckling coefficient as follows:

exp
exp __ Pi

W)

(15)

where P/ = load applied during test; and P,;(8) = squash
load at failure temperature 6, evaluated by

P,(0) = K,(0)£,Q) (16)

The results are the points represented in Fig. 2, where the
distinction is made between the results of tests performed in
different laboratories.

It appears that no test series has produced results that are
systematically higher or lower than the others, although for
results from Braunschweig, for example, results are higher for
long columns and lower for short columns. The opposite ten-
dency seems to characterize tests from Gent.

For the whole set of results, a significant variation around
the mean value is observed. For each relative slenderness, the
variation is about 0.15. Some tests even result in an experi-
mental buckling coefficient greater than unity. This can be ex-
plained by uncertainties in experimental values of the cross-
sectional area, of yield strength at room temperature, of failure
temperature, of applied load, by a small undetected degree of
rotational restraint at the supports, or by the fact that the de-
crease of yield strength with temperature may exhibit some
variation from the function K,(8) considered for the evaluation
of the tests.

The variations around the mean values, plus the different
pattern shown by the results from different laboratories, ex-
plain that it is possible to derive very different conclusions
from a relatively small number of results coming from one
source.

The tests made in Rennes were performed on columns with
the same length, and therefore the same relative slenderness
calculated at ambient temperature. If Fig. 2 were plotted with
the relative slenderness at 20°C on the horizontal axis, (5), the
representative points would fall on the same vertical line.
When the relative slenderness is evaluated at the failure tem-
perature, (3), it appears that the highest buckling coefficients

correspond to the lowest slenderness and the lowest coeffi:
cients to the highest slenderness (see Fig. 2). It can be seer
that the points are closer to the average line. This is an ex:
perimental confirmation of what has been observed in the nu-
merical analysis—that the variation is reduced when the re-
sults are calculated as a function of the relative slendernes:
calculated at the failure temperature.

The two curves drawn in Fig. 2 are not derived from the
experimental results, but calculated according to (1). The value
of 1.20 for B, which safely covered the numerical results ob:
tained with characteristic imperfections in Talamona et al
(1997), also covers almost all of the experimental results
Those results are, in general, more favorable than the analyt
ical results because (1) real specimens seldom have character:
istic imperfections; (2) even if one of the 2 imperfections (ei:
ther residual stresses or out-of-straightness) may have ¢
characteristic value, it is VERY SELDOM that both imperfec.
tions have simultaneously a characteristic value.

Once a value has been chosen for the severity factor B, i
is possible to calculate for each test a ratio between the ana
lytical and experimental buckling coefficient—i.e., betweer
the calculated and the applied load—plus an average valuc
and a standard deviation for the whole distribution. The value
of B = 0.65 leads to an average of 0.99, slightly on the saft
side, and a coefficient of variation of 16.7%.

The analytical curve has been drawn in Fig. 2 with thos¢
two values of the imperfection factor and for a yield strengtt
equal to 277 N/mm?, the average value for the 92 tests. It mus’
be mentioned that Fig. 2 gives an excessive impression of
variation around the mean value because the analytical curve
could be drawn for one single value of the yield strength. Ir
fact, when calculating the ratio of the analytical and experi-
mental tests, the actual value of the yield strength is considerec
for each test, which tends to reduce the scatter. This unfortu-
nately cannot be put on a single graph.

Fig. 4 shows the experimental results when discriminatior
is made between tests where the nominal eccentricity of the
load was O and those tests where there was a small but ac-
ceptable eccentricity. It can be seen that the general trend is
the same, which is a justification of the fact that tests witk
small eccentricities were taken into account in the calibratior
of the formula established for centrally loaded columns.

Fig. 5 is an experimental validation of the fact that increas-
ing nominal yield strength favorably influences the buckling
coefficient. Tests are plotted in Fig. 5 only if the yield strength
at ambient temperature differs by more than 10% from the
average value of the complete test series. It can be seen that
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the four tests with a high yield strength have higher buckling
coefficients than do the 12 tests with a low yield strength.

%
VERIFICATION OF PROPOSAL

The calibration has been made on the central load only. The
global formula, including the bending term, has to be com-
pared with experimental evidence. When all admissible results
are considered, no matter the eccentricity of the load, the da-
tabase comprises 156 results of full-scale experimental tests.
For each test, the failure temperature corresponding to the ap-
plied load has been estimated by the new analytical proposal.
Each test is represented by one point in Fig. 6. Of the evalu-
ated failure temperatures, 112 are within 10% of the experi-
mental failure temperature (expressed in degrees centigrade).

Fig. 7 is another presentation of the comparison. The his-
togram shows that most of the points are on the safe side and
that only 12 of them overestimate the failure temperature by
more than 10%. This is another reason why the value of 0.65
could be accepted for the severity factor. When bending mo-
ments are introduced (and they are practically always present
in real situations), a new safety margin appears compared to
the cases of centrally loaded columns. The average of all tem-
perature ratios, including the 92 centrally loaded test results,
is now 94.5%. This means that the average value of the tem-
perature ratio, when only eccentrically loaded columns are
considered, is 88%. This figure is obtained from the following
equation:

Vn .r—ipz

—0-

5000

UC 254 x 254 x 89
fy = 355 N/mm?
o =11330mm?

| =665mm
Wp = 379 000 mm®

18,

FIG. 8. Application Examplie
K,(538) = (0.662/0.490)*° = 1.162

3. The relative slenderness at room temperature is given
by (5)

X = (5,000/65.5)/[w(210,000/355)*°] = 76.3/76.4 = 0.999
4. The relative slenderness at 538°C is given by (3)
N(538°C) = 1.162 X 0.999 = 1,163
5. Egs. (6) and (7) yield the imperfection factor

156 tests X 94.5% = 92 centrally loaded tests X 99%
+ 64 eccentrically loaded tests X 88% an

APPLICATION

As an application example, it is shown how the axial load
P1 and the eccentrical load P2 of the columns defined in Fig.
8 are calculated in the case of a failure temperature of 538°C
(1,100°F).

1. The material properties at 538°C are interpolated from
the values given in Table 2

a = 0.65 X (235/355)** = 0.65 X 0.814 = 0.529
6. Egs. (6) and (2) yield the buckling coefficient
@(538°C) = 0.5 X (1 + 0.529 X 1.163 + 1.163%) = 1.484
X(538°C) = 1/[1.484 + (1.484*> — 1.163*)°°] = 0.416
7. The ultimate axial load is calculated according to (1)
P1(538°C) = 0.416 X 0.662 X 355 N/mm®
X 11,330 mm® = 1,108 kN
8. In case of eccentrical loading, the ratio between-the two -

K, (538) = 0.662 and Kg(538) = 0.490

moments is given by (14), or by the ratio between the
eccentricities

2. Eq. (4) yields
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Y = —50/100 = —0.50
9. Parameter . is given by (11)
p=—0.84 X 1.163(1 — 0.50) — 0.50 X (—0.50)
+ 1.00 = 0.762
10. The ultimate bending moment is given by (9)
M,(538°C) = 379,000 X 0.662 X 355 = 89,000 kN -mm

11. Eq. (8) has to be solved, taking (10) into account, to
find the ultimate load

P P\ 100P
——+(1- 0762 —— -
1,108 ( 076 1,108) 89,000 |

12. The solution is P2 = 659 kN.

CONCLUSION

A proposal has been made for evaluating the ultimate load
bearing capacity or the failure temperature of steel columns
subjected to fire. This proposal, based on extensive numerical
study of the problem, has been calibrated against 92 experi-
mental tests made on centrally loaded columns in order to
obtain, on average, the same results with the formula as those
observed in the tests. When test results from eccentrically



loaded columns are also considered, an additional safety mar-
gin appears to be provided by the analytical proposal.

The parameters that were identified as significant by the
numerical study have been confirmed by the comparison with
experimental tests.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

b = width of cross section;
E = Young’s modulus at room temperature;
e = eccentricity of load;
f, = yield strength at ambient temperature;
Sy, = yield strength in flange at ambient temperature;
f,, = yield strength in web at ambient temperature;
H = total length of column;
h = depth of cross sectiomn;
i = radius of gyration of cross section;
K(0) = ratio between E(0) and E(—);
K;,(0) = ratio between f,(8) and f,(—);
K,(0) = defined by (6) as function of K:(6) and K, (6)(—);
M = applied bending moment (N/mm);
M, = ultimate bending moment of column without axial load
(N/mm);
P = applied axial load (N);
P, = plastic load of cross section (N);
P, = ultimate load of centrally loaded column (N);
t; = thickness of flange (mm);
t, = thickness of web (mm);
W, = plastic modulus of cross section (mm>);
o = imperfection factor (—);
= severity factor (—);
0 = steel temperature (°C);
N = relative slenderness of column, evaluated at room tem-
perature (—);
\(6) = relative slenderness of column, evaluated at failure tem-

perature (—);
x(0) = buckling coefficient calculated at failure temperature
=)
{ = ratio between lowest and highest bending moment (—);
and
cross-sectional area of section (mm?®).
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