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Abstract

This paper proposes an analytical method to predict the fire resistance of a pinned-pinned
steel column. Traditionally, the column fire resistance is determined through the standard
ISO834 fire test. Under this condition, the external load is kept constant while the member
temperature rises monotonically. The complicated creep strain, as well as the degradation of
steel mechanical properties is taken into account in this approach. The predictions are verified
experimentally and numerically. The extensive numerical verifications show that under differ-
ent external load levels and different slenderness ratios, the proposed analytical method yields
accurate predictions. The procedure can be incorporated into spreadsheet application software.
[0 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The structural behaviour of a steel building exposed to fire conditions has long
been an interesting, though rather complicated problem for both researchers and
engineers. This paper focuses particularly on steel columns. There are various factors
that substantially influence the behaviour of a steel column in fire situation, such as
the heating scheme, thermal gradient within the column section and boundary
restraints[1-3]. Besides, the material properties, such as the elastic modulus and
yield stress, continuously deteriorate at a rate depending not only on the fire curve
but also on the loading condition. More importantly, it has been demonstrated that
creep effect is accelerated at high temperature and this turns out to be rather signifi-
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Material constants in Furumura’' s model

Area of cross section (mm?)

Elastic modulus for instantaneous mechanical strain at 20 °C (MPa)
Elastic modulus for instantaneous mechanical strain at temperature T
(MPa)

Tangent modulus beyond yielding for a bi-linear stress-strain curve
at temperature T (MPa)

Relative difference between the predictions of critical temperature
(%)

Yield strength at ambient temperature (MPa)

Yield strength at elevated temperature T (MPa)

Center-to-center distance between two flanges (for I-section, mm)
moment of inertia (mm?)

Column length (mm)

Primary creep power index

Applied axia load (N)

design buckling resistance of column at the beginning of fire (N)
Column plastic strength at room temperature (N)

Dimensionless geometry constant

Time (h)

Temperature (°C)

K = T+273.16 absolute temperature (K)

Column critical temperature (°C)

Displacement constant before application of mechanical loading
(mm)

At time t, the displacement at location with a distance of x apart
from the end support (mm)

Column initial mid-height lateral displacement (mm)

Column mid-height lateral displacement at time t (mm)
Distance away from the bottom end support (mm)

Angle of harmony curve (degree)

Material constant in Furumura s model

= BE3/E]

Axia movement of column upper end (mm)

Strain

Strain at the concave and convex flanges, respectively
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w Creep strain pertaining to the concave and convex flanges,
respectively

&, + &, = 2¢, Therma strain of the concave and convex flanges,
respectively

En Average strain at cross section

Eq Creep strain

Eep Instantaneous mechanical (i.e. elastic and plastic) strain

Ein Thermal strain
Material constant in Furumura s model

Y
K Curvature

A Column slenderness ratio
uN Axia load utilization factor
o
T
(o)

Stress (MPa)
Stress at concave and convex flanges, respectively (MPa)
A Average stress at cross section (MPa)
Oe Euler’'s buckling stress (MPa)
Om Primary creep material constant

On Secondary creep material constant

cant for fire safety design [4,5]. Therefore, creep analysis should be considered in
the design of structural steel members.

For a given temperature, a typical creep curve of steel material versus time is
shown in Fig. 1la, while Fig. 1b shows the corresponding creep rate de./dt with

& /

—
& I I |
>t
(a) Strain vs. time
de
dt
I I il
>t

(b) Strain rate vs. time

Fig. 1. Strain and strain rate in constant stress and temperature creep test.
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time. From Fig. 1b, three distinct periods of creep can be observed, during which
time the creep rate is initially decreasing, held constant, and then eventually increas-
ing. These are often associated with periods of primary, secondary, and tertiary creep
[6]. In case of building fires, structural steel members mainly experience primary
creep due to short fire duration.

To facilitate structural steel design, some existing design codes do provide guid-
ance for fire resistance design, such as CEC [7] and BSI [8], which suggest taking
account of creep strain implicitly. However, it should be noted that the creep effect
is basically a transient phenomenon, as shown in Fig. 1. Hence, a transient analysis
rather than a steady state analysis as assumed by current design codes is more appro-
priate.

Since the creep properties of material are temperature-dependent, the creep behav-
iour of a column under varying temperature is different from that under constant
ambient temperature. As aresult of emerging concern to structural fire safety design
during the last two decades, various papers have reported on the short-term creep
behaviour, where the temperature increases rapidly. Due to the complexity of the
problem, almost all researchers adopt Finite Element Method (FEM) as the analytical
tool [4,5,9].

However, this paper presents a semi-analytical approach, which can predict the
fire resistance of steel columns reasonably well. The approach is simple and can be
carried out in a Microsoft Excel spreadsheet. Besides, it satisfies both the conflicting
requirements of structural engineering analysis, that is, the method must be accurate
and simple. It must be robust enough to be programmed into spreadsheet application
software, such as Microsoft Excel.

2. Research significance

Hult [6] presented a case study of secondary creep buckling of a pinned-pinned
steel column made of H section subjected to both constant temperature and axial
load. Based on his work, the authors derived some critical failure criteria that govern
the primary creep buckling behaviour under increasing temperature, making it poss-
ible to predict the fire resistance of pinned-pinned steel columns. The method can
be extended to columns of other boundary conditions. This approach is different
from prevailing FEM programs, as it can be executed in a spreadsheet, which is
available in most personal computers.

2.1. Assumptions
This approach makes the following assumptions:

1. Neither local and nor torsional buckling is considered.
2. Within a column, temperature distribution is uniform across the section and along
the member length.
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3. Temperature increases rapidly, so that creep buckling occurs within a relatively
short time span. Thus, only primary creep is considered.

4. Column is subjected to an initial deflection, due to imperfections arising from
manufacturing, handling and/or installation.

5. Boundary restraint effects from surrounding cool structures are not considered.

6. Since this study focuses on steel columns, only uni-axial creep strain is considered.

2.2. Constitutive equations

Based on the spring-dashpot model [6], total primary creep strain consists of three
components: instantaneous mechanical strain &, creep strain &, and thermal strain
&, &S listed in Eq. (2):

£ =Eg t+ Ex T & D

The primary creep law is written in the following form:

de, 1jo (™,

& r[o] (€)M (2a)
or

d 1+ulo|™

g = T“H (20)

where ¢, mand u are material parameters and are functions of temperature T; 7 is
afixed standard time unit. The term u is sometimes called strain-hardening exponent,
and u=0. This creep law includes the limiting case, that is, when u = 0, Eq. (2) is
reduced to the famous secondary creep equation—the Bailey—Norton law, which
forms the backbone of secondary creep analysis:

de, 1

dt T

n
o
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where signum function is defined by

-1 o<0: tensile
sgnc =4 0 o=0
+1 o> 0. compressive

The experimental results revea that, in the region of primary creep strain, the
compressive-creep curve is identical to the tensile-creep curve. Thus, the primary
creep law, established for tensile stresses, may also be used for compressive stresses
in the following form:

d 1+u

— 1+u —
) ;

m

7| sgno @
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In case of primary creep buckling under fire conditions, where the temperature
increases rapidly, the material yield stress f keeps reducing until at a certain time,
it is smaller than the applied stress ¢. The instantaneous plastic strain is incorporated
through a bilinear c—¢ curve [4] (see Fig. 2):

elastic plastic

c 1 1 ®)
Sep = EE + (G—fD (EI_E8> U(G_fD
where E{ is elastic modulus and EJ is plastic stress-strain modulus at elevated tem-
perature T after the yield strength fj is exceeded (Fig. 2). The step function u(c—
fy) is defined as:

0o<f)
l1o>1

u(c—fl) = { (6)

On the other hand, the thermal strain &, can be calculated as a function of tempera-
ture. In the current work, thermal expansion (tension) is defined as negative strain.
For instance, g, of steel grade SM50 is characterized by [4]:

&n = —(5.04 X 107°T2 + 1.13 X 10°°T) @)

where T isin °C.
Clearly, Egs (1), (4), (5) and (7) form the constitutive equations of primary creep
buckling problem.

2.3. Geometry of steel columns

Most steel columns consist of I-section because of its relatively larger second
moment of area to resist bending. The overal buckling failure about the major axis
can be substantially simplified with the following section transformation, as shown

v

E[

Fig. 2. Steel stress—strain relationship at elevated temperature.
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in Fig. 3 [10,11]. After the transformation, the stress distribution across the section
is statically determinate, but stress distribution along the member length remains
unknown.

It is assumed that the heated column deforms in sinusoidal curve, and that the
profile will remain essentially sinusoidal throughout the creep buckling process.
Hence, from Fig. 4, the deflection curve is given by

wixt) = WD) n”l—x (8)

where the distance x along column axis and time t are uncoupled, and W(X) represents
theinitial deflection amplitude at mid-height. If the initial crookedness of the column
is not a half sine wave but some other general shapes, the deflection curve can be
expressed as a Fourier sine series:

W(xt) = wl(t)sjn”l—x + wz(t)sjn@( + w3(t)sjn3llx T ©)
The analysis of a steel column with a general shape is rather complex. However,
Kempner and Patel [12] have proved that the inclusion of a second or third harmonic
in theinitial deformation curve does not essentially change the first-harmonic charac-
ter of creep deformation, except when the amplitudes of both the second and higher
harmonics of initial crookedness are very large, that is, W,(t) and Ws(t) in Eq. (9).
Thus, the analysis of column creep buckling based on one single harmonic defor-
mation curve is sufficient to produce a reasonable approximation.

2 1 2 1
X : Convex l Concave
: flange My X : :——‘:/ flange
: 1 A |
¢ T t—! T
H2  H2 ‘w2 =S
4 4 A A
2 2 5 5

compressive stress
due to load coupled
with tension stress due
to eccentricity

compressive stress due
to load coupled with
compressive stress due
to eccentricity

Fig.3. A rea I-section vs. an idealized |-section.
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initial deform.

Fig. 4. Generd deformation curve for a pinned-pinned column.

2.4. Primary creep buckling under varying temperature

A case study is presented here which consists of a pinned-pinned steel column
subjected to a constant axial force P and elevated temperature T (Fig. 4). The cross-
section is shown in Fig. 3, whereby the section properties of half the web and flange
congregate along the solid line at H/2 from the centroid. Adopting positive sign
convention for compressive stress, the equilibrium equations for force P and second-
ary moment P w read as:

oA OA

7+7=O'AA:P (10&)
0,AH 0,AH
4 . P w(x,t) (10b)
where o, = P/A is the mean axial compressive stress in column;
w(x,t) = W(t)sina,oc =  x/1 (11)

w(x,t) is the deflection at any point along the column axis and at time t; W is the
mid-height lateral deflection.
On the other hand, the general curvature equation is given as.
Pw
ox2

= k(curvature). (12)
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Applying small deflection theory, if

ow 1 X

& = TWCOSTSO.Z (13)
Eqg. (12) can therefore be smplified to

0°w

W = K (14)

At the column bottom end (x = 0 in Fig. 4), Eq. (13) is egquivaent to
w
I—so.0637 (15)

Thus, within the small deformation scope, the following mechanical equations can
be derived:

&+ &, = 26,

0w 02w,
&,—& = —H|=——
o2 X2 O

) — SA—Ag)sna (16)

where g, denotes the mean axial compressive strain in column;

_ (mH)?
S=op
C2W 2w,
A==y

W, is the initial mid-height lateral deflection.
In the concave flange (Fig. 3), the stress ¢, increases monotonically during defor-
mation. Applying Egs (4), (5) and (7) into Eg. (1), one obtains

elastic creep thermal plastic

de;\  1ldoy, oy dE]  1fcy\" L, Genm o derp (17)
(dt) - o) @) T T g

where

Ebdt (ED)? dt

S o
€10 = En + E(A_AO)_ng(l + A)

dSl,p _ 1 d(Gl_fD (Gl_fDdEg
dt El dt (ED)? dt
x = B3/E]
On the other hand, the stress in the convex flange decreases. In this case, the
plastic strain term is deleted since the unloading strain curve is parallel to the initial
elastic strain curve (Fig. 2). Therefore, it leads to

](;5—1) u(o,—f7)
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elastic creep thermal

(d32> _ ldo, o, dEjy 1 de; i (18)

= —u
dt (e2er) MsOno, + dt

J— + O-Zm
Ebdt (E)2dt = <

Om

where
S o
Eor = EA_E(A_AO)_ng(l + A)

From Egs (16-18), two simultaneous differential equations can be obtained by
considering the summation and subtraction of differential strain rates of the concave
and convex flanges:

d(e, + &) _ 2%

dt dt (19)

and

d(e,—¢€) . dA
p Ssino o (19b)
Under the assumption of plane-cross-section-remains-plane after deformation, Eq.
(19) is true for any cross-section. Eq. (19a) gives the rate of increase of mean axial
compressive strain €5, whereas Eq. (19b) calculates the rate of increase of non-
dimensiona column mid-height deformation (A = 2W/H). At column mid-height (
o = rl2), Eq. (19) leads to

T m m — A M. —
A | A e ) EL
de
o
and
dA(oE—oA) _ —Oa ALIEE 1 <oA>m[(1 + A)m_|1—A|msgn(1—A)] (21)
dt\ Ef (ED? dt  21\on, (&1 o) lea, o
+R
where

[oudA 1df] [oA(1 + A)—£IdES| (r—1) B
L= {Egdt ET dt €7  a) 2 Uoad A

_Pe

A

P =1

Oe denotes Euler buckling stress;

denotes Euler buckling load for a pinned — pinned column.
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Here, o, denotes the mean axial compressive stress (cf. Eqg. (11)). Thermal strain
& 1S purely a function of temperature, which is itself a function of time, so that the

derivative thermal strain with respect to time % in Eq. (20) can be obtained by

chain rule, provided the temperature-time relation T—t is known. Thus, Egs (20) and
(21) are the simultaneous governing equations for numerical approximation, which
can be expressed in the form of two functions f and g

den dA

Fra flea A, a (229)
and

dA

a - g(SA’ A’ t) (22b)

Eqg. (22a) can be rearranged into
den
E - gD(EAf Ai t) (23)

The buckling failure criterion is defined as the critical creep-buckling time, at
which dA/dt (Eqg. (21)) tends to infinity at mid-height. In this context, it is clear
from Eq. (21) that a steel column fails due to

e QOveradl primary creep buckling when c,=0%, or
® when o, < 0O,

dA

A

dt
Obvioudly, the condition c,=0c implies that the external load N is equal to or

greater than the column Euler load Pz at room temperature. That is, the column
buckles instantly at the beginning of heating.

(24)

2.5. Proposed method algorithm and program PMCB

Based on the derived governing equations and failure criteria, an algorithm for
numerical approximation is delineated in Fig. 5. It is noteworthy that in the numerical
approximation, a column is assumed to fail when

W = AH=0.0637 | (25)

A Visual Basic program PMCB (PriMary Creep Buckling), which is resident in
Excel spreadsheet, has been developed for the fire resistance analysis of steel col-
umns in fire conditions.
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START
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Dt [nput | Evaluate "'(dA), "' (de) |<—

Y
[ Generation of member geometry l

e Update T ="T
[ 7 ] o

o Update 'E, "o,
Evaluate initial B 2 OF
temperature
\ 4 | Evaluate "g; . and &, |

| EvaluateE,,T,a;; | l

Is A=20.0637 I/H ?

YES

NO Evaluate ‘A, "o,

Creep Buckling Failure

D

Instantaneous Buckling Failure

» FINISH '

Fig.5. Applied agorithm of program PMCB.

2.5.1. Verification

In the following, the proposed approach is verified against experimental and
numerical analyses. A visco-elasto-plastic finite element program FEMFANS is used
in the numerical verification. For comparison purpose, it should be noted that the
failure criteria of FEMFAN have been adjusted to match those of PMCB. This adjust-
ment will not affect the predictions of FEMFAN on the critical temperature of col-
umns under study, since they experience only small deformations upon failure. The
maximum difference in term of column critical temperature caused by this adjustment
is less than 0.5 °C.
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! t
Lz B

Fig. 6. Tested members geometry.

Table 1
Values of tested columns parameters [13]

No. Cross- | [mm] (3) H[mm] B [mm]  t; [mm] to [mMm]  A[m? (8) N [kN] (9)
(1) section (2) 4 ©) (6) U]

1 W10 x 60 3760 2425 257 175 111 0.01142 1760

2 W10 x 49 3760 239.7 254 14.3 7.9 0.00929 1424

2.6. Experimental Verification—1

Ginda and Slowronski [9] proposed a computational model to predict the load
capacity of athin-walled steel column in fire. Their model and the proposed approach
here were verified against two fire tests of axially-loaded steel columns [13]. The
columns were made from standard American structural steel ASTM-A36 and Amer-
ican profiles (W10 x 60, W10 x 49). The axial compressive force N was held constant
during the fire tests. A constant temperature rise of 4 °C/min was maintained. Fig.
6 shows a typical column section, while Table 1 and Table 2, respectively, contain
section geometry and the chemical composition of Japanese steel SM50 and Amer-
ican steel ASTM A36. The steel properties employed in this case study are quoted
from Ref. [4], since the chemical composition of SM50 is amost identical to ASTM

Table 2
Comparison of steel SM50 with ASTM A36

Steel type (1) Carbon [%] (2) Manganese [%]  Silicon [%] (4)  Tensile strength (MPa) (5)
(©)

SM50 <0.20 <16 <0.55 500
ASTM A36 <0.25 <12 <0.40 500
S235 <0.20 <14 <0.50 340-500
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A36 (see Table 2). Since both column ends are rotationally restrained, only one-half
of column length is analysed by PMCB.

Lie and Macaulay [13] relied on the longitudina displacement of column upper
end J, to quantify two failure criteria. The first criterion assumed that the critical
temperature of a column is reached when the value of o, reaches maximum (i.e. the
column top end increases to its maximum position). The second criterion was based
on large intensification of changes and loss of ability to measure 6. The respective
values of measured critical temperature T, corresponding to the first or second cri-
terion, are indicated before and after the slash in column (3) of Table 3. The terms
TIes and TEMCE in Table 3 represent the critical temperature obtained by test and
program PMCB, respectively.

The thermal strain g, is computed from Eq. (7).

The steel elastic modulus Ef at elevated temperature can be calculated as:

EJ = (—8.75 x 10 "T2-3.87 X 10~*T + 1.008) EZ° (26)

in which EZ is elastic modulus at ambient temperature and T is in °C.
The original expression for creep deformation in Furumura s work is stated as.

de 2.37 X o] (2374);
cr . O] ] y—1 71
& e R @)
Rearranging Eq. (27) into the format of Eqg. (3), one obtains
de,, 1 m

m (o) (28)

Om

all
= 1 (*Ts—l—);.

dt T
where

} = 10(‘:7;3#()%/-7(7;;/1)

(29)

Table 3
Comparison of test results with analytical results—1 (°C)

No.  Cross-section(2) TIE(3) TEMCB(4) (Ginda and Skowronski [9]) (5)
)

1 W10 x 60 510/575 532 473
2 W10 x 49 530/630 533 461
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In Egs (27-29), constants a = 45 000, b = 19 000, ¢ = 20.53, y = 0.35, B = —
7.25; temperature TK is in Kelvin, time t in minutes, stress o in kg/mm? (=9.81
MPa) and creep strain &, in percentage (%6).

The test results, numerical predictions of proposed method and Ginda and
Slowronski [9] are included in Table 3, which shows that the simple semi-analytical
approach (column (4)) yielded good agreement. The numerical results in the last
column are based on a Finite Difference method [9].

The numerical approximation is executed at 0.1 °C interval. The critical buckling
temperatures are shown in column (4) of Table 3. The differences between the pre-
dictions of proposed approach and fire tests can be attributed to the following ben-
eficial factors. For example, the actual ultimate strength and elastic modulus of steel
material are greater than those adopted by our approach. Moreover, during heating,
column ends normally attain lower temperatures compared to mid-height section.

2.7. Experimental verification—2

Franssen et a. [14] reported series of standard fire resistance tests on |-section steel
columns under small load eccentricities. The tests were conducted at the Technische
Universitat Braunschweig, Germany. This paper only presents the experimental work
of pin-rollered columns subjected to very small load eccentricities. They generally
failed about their strong axis. Table 4 shows the information of those 13 columns,
as well as the critical temperatures predicted by both the test and our approach. The
steel grade is S235, which is equivalent to SM50 (Table 2). Thus, PMCB uses stress—
strain model (Eg. (26)) of SM50 for the analysis. The structural temperature is
assumed to rise at 5 °C/min.

Table 4
Comparison of test results with analytical results—2

No.  Cross-section | [mm] A (4) f, e[mm] NI[kN] N/fA T[°C] TEMCE[°C]
o @ ©)] [MPg](5) (6) (7) (8) 9 (10
1 HEB 120 3800 75.4 257 0 317.8 0.364 560 515
2 HEM 220 3800 38.4 269 12 1268 0.316 600 548
3 HEB 220 3800 40.3 261 12 767.1 0.323 590 543
4 HEA 220 3800 41.4 309 12 783.8 0.394 560 508
5 HEM 220 4800 48.5 269 14 695 0.173 650 586
6 HEB 120 4800 95.2 257 12 105 0.120 685 581
7 HEB 180 3860 50.4 267 0 891 0.511 475 496
8 HEB 220 3700 39.2 269 12 1489 0.608 335 483
9 HEB 220 3700 39.2 2495 12 1628 0.717 230 476
10 HEB 220 3700 39.2 263.3 12 1136 0.474 478 510
11 HEB 160 4700 69.3 261.8 12 755 0.532 232 489
12 HEB 160 4700 69.3 248.6 12 650 0.482 290 486

13 HEB 160 4700 69.3 259.2 12 590 0420 412 496
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The comparison of critical temperatures is also shown in Fig. 7. Obviously, there
exist significant differences between the test results and PMCB predictions for four
columns, athough for the remaining columns, two predictions agree quite well. The
large differences can be due to the uneven temperature distribution across or along
the columns, which generated significant thermal bowing. Table 4 shows that these
four columns are all subjected to relatively high load levels with ratio N/f A ranging
from 0.482-0.717. This means that these four columns are very sensitive to P—A
effect, which can be exaggerated by the potential thermal bowing.

Due to the diversity nature of fire tests, it is fairer to appraise the accuracy of the
PMCB by extensively comparing the predictions of this approach with those of finite
element analysis.

2.8. Numerical verification

In this verification, steel columns are made of ASTM-A36 and their section is
W10 x 60. Four groups of steel columns with different slenderness ratios 4 are
investigated, namely, A = 20, 50, 100 and 150. All columns are pin-rolled and have
aninitial sinusoidal lateral deflection with W, /I = 1/1000. With regard to the external
axial load N, the axia load utilization factor [7] u™, which is defined as a ratio of
external axial load N to column buckling resistance Ny ora @ the beginning of heat-
ing (see Eg. (30)), is adopted

N
N —
‘u Nb,fi ,O,Rd (30)

For the calculation of Ny ora Please refer to CEC [7]. In this paper, uM takes on
0.10-0.70 at a step of 0.10. For columns of A = 20, 50, 100 and 150, their respective
Nosiora @€ equal to 0.817P,, 0.682P,, 0.368P, and 0.190P, (here, P, = fZ°A is the
column plastic strength at room temperature). Only bending action about the major
axisisinvestigated. The column temperature rises at 4 °C per min, and only uniform

P

- ,/,
er=+10% -~ -’
600 - r=*10% i
1 eV
5 - o -//// 4 ,’*
&£ 400 -
m 4 P -~
o 9 Pie
= L
“;, ] et A 1=3800mm
200 - L -7 o [=4800mm
] e er=-10% x  1=3860mm
. /;:, z o [=3700mm
] # - 1=4700mm
0 -——
0 200 400 600
Test
Ter o (°C)

Fig. 7. Column critical temperatures predicted by PMCB and experiments.
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temperature distribution along the column length and across the section is considered.
A total of four (different 1) by seven (different u™) = 28 columns is under investi-
gation.

Critical temperatures T, predicted by the analytical approach and finite element
program FEMFAN are presented in Fig. 8, in which TEMCE and TEEMFAN represent
predictions obtained by PMCB and FEMFAN, respectively. It should be noted that
the program FEMFAN has small-strainHarge-deformation capability. However, for
consistency in comparison, the large deformation capability is switched off. Besides,
each column is divided into four elements of equal length.

For comparison purpose, relative difference index e; is defined as

MCB _ TFEMFAN
_ Tsr Tcr

eT -
TEEMFAN

It should be noted that in Fig. 8, for each slenderness ratio group, the greater the
load utilization factor u™, the lower is the critical temperature. Fig. 8 clearly reveals
that TEMCB evenly distributes, mostly within the £5% scatter band. Fig. 8 also shows
that the proposed analytical method tends to overestimate the column critical tem-
perature as column becomes slenderer. This trend becomes significant under a high
utilization factor. It can be attributed to the following two reasons:

(31)

e Current analytical approach slightly underestimates P—¢ effect. It should be noted
that PM CB appliesincremental solution scheme under a particular time step, while
FEMFAN uses iteration scheme. In other words, PMCB tends to give a lower
bound estimate of lateral deflection.

® PMCB assumes that the entire column deform in one sine curve, while FEMFAN
adopts cubic shape function to approximate the lateral deformation. The latter
approximates the deformed column more closely.

Besides, the column mid-height deflection W predicted by two methods for differ-

700 - 0r=+5% .

600 -

500 -

TchMCB (OC)

400 -

300 400 500 600 700
T FEMFAN (o)

Fig. 8. Column critical temperatures predicted by PMCB and FEMFAN.
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ent slenderness ratios under uN = 0.6 is shown in Fig. 9. The continuous curves
represent PMCB predictions, while the dashed ones represent FEMFAN solutions.
Clearly, a the early heating stage when P—¢ effect is not significant, the two
methods agree very well. However, towards the end of heating, PMCB tends to
predict less deflection than FEMFAN, especially for very slender columns (A =
150).

In general, Fig. 8 reveals that within the practical design range of uN (i.e. 0.3—
0.7) and 1 (20-100), two approaches agree well in terms of their predictions.

2.9. Effects of initial deflection

The effect of initial lateral deflection on T, is also examined using PMCB. Two
series of columns with A = 20 and 100, which are extracted from the last section
Numerical verification, are investigated. These columns are subjected to four load
utilization factors (u™ = 0.1, 0.3, 0.5 and 0.7), and each column is assigned with
four relative initial deflection values (W,/1 = 1/1000, 1/500, 1/100 and 1/50). These
values have covered the practical range. Critical temperatures are plotted in Fig. 10
and Fig. 11 for A = 20 and 100 columns, respectively.

Figs 10 and 11 highlight the following points in column failure under fire con-
ditions:

e Small amount of initial imperfection does not affect the column critical tempera-
ture substantially, although it initiates creep deformation and buckling process.
The column critical temperature tends to be constant when W,/1=1/100, which
is representative of the majority of columns encountered in practice.

e When W,/I is greater than 1/100, column critical temperature is noticeably
reduced by the initial deflection under a high load level (uN=0.5).

2.4
| PMCB  FEMFAN r
20 —A— A 20220 f »
v 7 —8— B ] =50
—%— ---%-- 4 =100
1.6 —6e— ---0--- 4 =150 b
9
= 12
N
ES
0.8
0.4
0.0 T T T T T
0 100 200 300 400 500

T (°C)

Fig. 9. Column mid-span deflections predicted by PMCB and FEMFAN.
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Fig. 10. Effect of Initial Deflection on A = 20 column critical temperature by PMCB.
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Fig. 11. Effect of initia deflection on A = 100 column critical temperature by PMCB.

The numerical study shows that the failure of steel columns is the consequence
of various factors. Again, it should be noted that these observations can only be
applied to a pinned-pinned steel column subjected to constant axial load and mono-
tonically rising temperature. Further study is required to understand the behaviour
of a steel column within a building, which experiences thermal restraints from sur-
rounding cool structure and is subjected to uneven temperature distribution.

3. Conclusion

This study provides some insight into the primary creep buckling of steel columns.
In the present work, a set of critical failure criteria has been developed to investi-
gate the primary creep buckling of a steel column with H section, subjected to con-
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stant compressive loading and fully exposed to rapidly elevated temperature. Equilib-
rium condition and material constitutive equations are utilized to solve this specia
case. The initial elastic-plastic strain, thermal strain, and creep strain are taken
into account.

A close agreement with both the test results and finite element analysis (by
FEMFAN) shows that the proposed approach can be utilized as an analytical tool
to ascertain the critical column buckling temperature. It not only yields reasonably
accurate results by explicitly incorporating the creep behaviour, but at the same time,
it is relatively easy to program.
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