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The behavior and design of steel columns subjected to thermal gradients due to fire loading were evaluated
numerically and experimentally. The numerical (FEM) modeling approach was verified using experimental
data from large-scale tests. The FEM modeling approach was used to conduct parametric studies to evaluate
the effects of different heating configurations on steel column strength, and failure behavior at elevated temper-
Keywords: atures. The analyses were conducted by coupling transient heat transfer analysis with implicit dynamic stress
Columns analysis. Columns subjected to four sided heating configuration had uniform temperature distributions through
Fire the cross-section. The columns were subjected to non-uniform (partial) heating to produce thermal gradients
through the cross-section. The analysis results indicated that the column strength and failure behavior depended
on the column slenderness, axial loading, and heating configuration. Failure modes included flexural buckling
about the weak axis, flexural buckling about the strong axis, and flexural-torsional buckling. The analysis results
also indicated that columns subjected to uniform heating had significantly higher heat influx. In most cases,
columns subjected to non-uniform heating failed at lower average temperatures than columns subjected to
uniform heating. However, the columns subjected to uniform heating reached their failure temperatures faster
than the columns subjected to non-uniform heating due to the higher heat influx. The exceptions were very
slender columns subjected to axial loads greater than 50% of their ambient load capacity. The results from
the parametric studies were used to develop design equations for wide flange steel columns subjected to non-
uniform heating resulting in thermal gradients through the cross-section.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Current design guidelines for steel columns in fire conditions are
based on assumptions that may not be true for columns in a real build-
ing fire. Uniform temperature distribution is one of the most significant
assumptions that can potentially lead to overestimation of column load
capacity.

The American Institute of Steel Construction [AISC] guidelines [1] for
designing steel columns at elevated temperatures were originally pro-
posed by Takagi and Deierlein [2]. The AISC equation (A-4-2) calculates
the strength limit state of steel columns at elevated temperatures and
accounts for the inelastic flexural buckling mode of failure of wide-
flange steel columns. The AISC equation is based on the steel yield stress
(F}) and elastic modulus (E") values at elevated temperatures similar to
those in Eurocode-3 [3]. Agarwal and Varma [4] have proposed another
set of design guidelines, wherein they recommended the use of the AISC
[1] column design curves at ambient temperature along with a set of
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calibrated steel yield stress (F;) and elastic modulus (E") values. Current
column design equations in Eurocode-3 [3] were proposed by Talamona
et al. [5]. All these design equations assume that the columns are heated
uniformly. This assumption may not necessarily be true for real com-
partment fires such as perimeter columns, which are more likely to be
heated from one side, producing thermal gradients in the column
cross-section.

Columns can have non-uniform temperature distributions through
their cross-sections and along their length. Temperature variations
along the length are ignored in the design process for the following
reasons:

(i) Post-flashover fires are assumed to cause sufficient turbulence
and mixing of hot gases to maintain uniform temperature
through the height of the compartment. A number of popular
post-flashover fire models (e.g., Swedish [6], COMPF2 [7],
OZONE (8], and Lie [9]) for predicting the compartment fire tem-
peratures are based on the assumption of a single-zone model,
wherein the gas temperature inside the compartment is
assumed to be uniform. The parametric air Temperature-time
(T-t) curve prescribed by the Eurocode-1 [10] is also based on a
single-zone model.
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(ii) The geometric properties of both columns and fire protection are
uniform along the length. This helps with uniform temperature
distribution along the column length.

(iii) Assigning the temperatures of the hottest cross-section to the
entire column length is considered a conservative assumption.

It may not always be safe to assume uniform temperature distribu-
tion across the column cross-section. Olawale [11], Garlock and Quiel
[12], and Antonio et al. [13] have shown that a column designed using
uniform temperature distribution across the cross-section may not be
safe when only one side of the column is exposed to fire. They used nu-
merical schemes to demonstrate that columns with thermal gradient
across the column cross-section may fail when the average temperature
of the column is lower than the failure temperature of columns heated
uniformly.

Thermal gradient across a column cross-section has the following
consequences: (1) the hotter side of the column expands more than
the cooler side, making the column bow towards the hotter side.
This is referred to as the bowing effect. When coupled with the axial
compressive load acting on the column, it produces a secondary mo-
ment that may cause an increase in compression on the cooler side,
and a reduction in compression on the hotter side of the column.
(2) The column cross-section becomes structurally asymmetric be-
cause the mechanical properties of steel (e.g., yield stress and elastic
modulus) are temperature dependent. Garlock and Quiel [14] have
presented a detailed discussion on the structural asymmetry pro-
duced by the uneven heating of the column cross-section. They have
shown that the effective centroid (location of the instantaneous neu-
tral axis) shifts towards the cooler side of the cross-section and that
this shift of the neutral axis coupled with the compressive axial load
produces a bending moment causing an increase in compression on
the hotter side and a reduction in compression on the cooler side of
the cross-section, making the column bend towards the cooler side.
The shift of the effective centroid does not depend on the length of
the column. However, as the axial load applied on the column in-
creases, the bending moment increases too. Garlock and Quiel [14]
have also pointed out that the bowing effect causes an increase in
compression on the cooler side, and the shift in the neutral axis causes
an increase in compression on the hotter side, and the two effects are
not additive.

Most of the research work (experimental and analytical) conducted
on steel columns at elevated temperatures focuses on uniformly heated
columns, e.g., Olesen [15], Vandamme and Janss [16], Aasen [17], Janss
and Minne [18], and Franssen et al. [ 19]. A few efforts to develop design
guidelines for a steel column with a thermal gradient are discussed here.

Garlock and Quiel [12] used a fiber-based approach to develop an
axial force-moment (P-M) interaction curve for a wide-flange column
cross-section exposed to uneven heating and compared the results
with the case of uniform heating. The study concluded that: (1) the
thermal gradient in a column can alter the plastic P-M interaction
curve significantly and that (2) the assumption of uniform temperature
distribution can give an unconservative estimate of the section capacity.
Using the methodology and findings of this research, Quiel and Garlock
[20] have also developed a numerical scheme for predicting the thermal
and structural response of a perimeter column (potentially having ther-
mal gradient) subjected to fire.

Table 1
Test matrix of the column tests with thermal gradient (Choe [23]).
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Dwaikat et al. [21] conducted fire tests on four steel columns sub-
jected to thermal gradient. The tests were conducted in a furnace and
uniform heating was applied from all sides. In order to induce thermal
gradient in the column cross-section, fire protection was partially re-
moved from surfaces of the specimens. The columns were fixed against
rotation and translation at one end and partially restrained against rota-
tion and translation at the other end. The setup was designed to imitate
loading conditions similar to that of a column in a Moment Resisting
Frame (MRF). It was observed that, due to the thermal gradient, the col-
umns behaved like a beam-column. Load level, fire scenario, and the
direction of the thermal gradient were found to have a significant influ-
ence on the fire response of such columns. Dwaikat and Kodur [22] used
a combination of fiber-based analysis of the column cross-section and
detailed FE analysis to develop an equation for calculating the capacity
of beam-columns with thermal gradient effects. The equation proposed
by Dwaikat and Kodur [22] is a modified version of the current AISC de-
sign equations for beam-columns at ambient temperature. Further, the
capacity of a W14 x 176 column with a thermal gradient along the
web calculated by detailed FE analysis was compared with the capacity
calculated using the proposed equation. It was found that the proposed
equation offers a better estimate of the capacity than the beam-column
design equations meant for uniformly heated columns. This study fo-
cused on the inelastic flexural buckling mode of failure. It was based
on the analysis of columns with ends restrained against rotation.
These equations need to be calibrated and potentially modified for sim-
ply supported members and for the possibility of flexural torsional
buckling mode. A more detailed validation study should be conducted
to ensure that the proposed equation works for columns with various
sizes, load levels, levels of heating, and magnitudes and both directions
of the thermal gradient.

Choe [23] has conducted full scale column tests at elevated tem-
peratures with thermal gradient along the flange width. The column
flanges were heated using a number of ceramic fiber radiation heaters.
Individual heaters were controlled independently and were assigned
different target temperature-time (T-t) histories to induce the de-
sired level of heat flux at different locations on the column surface.
In comparison to a furnace test, this setup allows better control over
temperature distribution in a column cross-section. Table 1 summa-
rizes the test matrix for the three column specimens SP1, SP2 and
SP3.In the table, L/ry is slenderness ratio in the weak axis, Pl isanim-
posed axial load, P2’ is an axial load capacity of a column at ambient
temperature, and Teq, yniform 1S the failure temperature of an equivalent
column heated uniformly. The values of Teq, uniform Were obtained from
another set of tests conducted on similar columns heated uniformly
and reported by Choe et al. [24]. The findings of these tests are used
as benchmarks to validate the numerical analysis scheme developed
and the column design equation proposed in this paper.

The objective of this paper is to explore the possible modes of failure
of a steel column exposed to uneven heating and to identify and quan-
tify various factors that control the load capacity, behavior, and failure
mode of such columns. A design equation similar to the one proposed
by Dwaikat and Kodur [22] has been proposed for a pin-ended column
that accounts for pure flexural as well as flexural-torsional buckling
modes of column failure. This equation is validated for columns of dif-
ferent sizes and slenderness values with the two different directions
of thermal gradient and various levels of heating and loading.

Specimen L, Direction of SFRM P, (kN) PP Failure temperature (°C)
thermal gradient
8 Tmax Tmin Tavg Teq‘ uniform
SP1-W8 x 35 69 Along flanges Full 800 0.4 570 480 550 600
SP2-W14 x 53 71 Along flanges Full 1450 0.67 470 390 430 500
SP3-W14 x 53 71 Along flanges Partial 1450 0.67 430 270 340 500
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2. Modeling and validation

The Finite Element Method (FEM) was used to numerically investi-
gate the effects of thermal gradients on the behavior, load capacity,
and failure mechanism of wide flange steel columns. A detailed paramet-
ric study was performed on columns of various sizes and heating config-
urations to determine their failure mechanisms and load capacities. The
numerical investigations indicate that depending upon the level of axial
loads and thermal loading, axially loaded columns subjected to thermal
gradients are likely to behave similar to a beam-column of an asymmet-
ric cross-sections subjected to combined axial force and bending mo-
ment. The results from the parametric studies are used in this paper to:
(i) explain the behavior and failure mechanisms of wide flange steel col-
umns subjected to different heating configurations, (ii) develop a design
methodology that can be used with current steel design specifications,
and (iii) design and conduct a limited experimental validation.

The numerical investigations were conducted in two sequential
steps: (1) heat transfer analysis and (2) structural analysis. The heat
transfer analysis was conducted to simulate the effects of three hypo-
thetical cases of fire exposure on wide flange steel columns, namely:
(1) uniform heating, (2) heating to develop thermal gradient along
the web, and (3) heating to develop thermal gradient along the flanges.
The results were used to develop temperature profiles through the
cross-section for the duration of the fire. The temperature variations
along the column length are assumed to be negligible, which permitted
a two-dimensional heat transfer analysis of the column cross-section.
The temperature profiles developed from the heat transfer analysis
are used in structural analysis to determine the structural response of
the column subjected to axial loading. Commercially available finite
element software, ABAQUS [25] was used for both of these analyses.

2.1. Heat transfer analysis

2.1.1. Modeling and material properties

Two-dimensional finite element models of W-shape steel column
cross-sections were developed. Steel columns are typically protected
with Spray-applied Fire Resistive Material (SFRM). The thermal proper-
ties of SFRM vary among manufacturers. As noted in the AISC Steel
Guide 19 [26], representative values for thermal conductivity, mass den-
sity, and specific heat of the fire protection material may be taken as
0.135 W/m-K, 293 kg/m>, and 754 J/kg-K, respectively. Temperature
dependent thermal properties of structural steel are taken as specified
in the Eurocode-3 [3]. Heat transfer analysis accounts for heat transfer
through convection and radiation between air and the exposed surface
of the fire protection, and conduction within the SFRM and steel. The
column cross-section and the surrounding fire protection were modeled
using 2-D, 4-noded, rectangular heat transfer elements DC2D4.

2.1.2. Analysis scheme

Heat transfer within solid elements takes place through conduction
alone. Heat flux through conduction (q.) is given by Eq. (1), where
(VT) is the temperature gradient in 2-dimensioanl space and (k) is the
thermal conductivity of the material. Heat flux between gas and the
solid surface (qy) is given by Eq. (2), where T, is the gas temperature
and Ty is the surface temperature, and his the effective film coefficient
given by Eq. (3), where h. and h;, are the heat transfer coefficients for con-
vection and radiation, respectively. Eurocode-1 [10] recommends a con-
stant value of h. equal to 25 W/m?K for surfaces exposed to standard
fire. The radiation coefficient (h,) was determined using Eqs. (4) and
(5), where &g and o are the total gas emissivity and absorptivity calculat-
ed using empirical equations proposed by Wong [27], and & is the effec-
tive emissivity calculated using the gas (Tg) and surface temperatures
(Ts). Stefan-Boltzmann constant (o) is equal to 5.67 x 108 W/m2K*.

qc = —k(VT) (M

ar =y (T,=Ts) @)

hy = he +h, 3)

hy = 60 (T + 15 ) (Tg + 1) (4)
i T8

Detailed validations for this analytical procedure have been presented
by Cedeno et al. [28] in the context of a composite floor system. There
is no fundamental difference between the heat transfer analysis of a
column cross-section and a composite beam cross-section.

2.2. Structural analysis

The structural analysis was conducted using the modeling ap-
proach developed and validated by Agarwal and Varma [4]. The steel
columns were modeled using four-node shell (S4R) elements with
reduced integration. The column cross-section had several (19-20)
nodes and at least six square elements across the width of each flange.
The initial imperfection (length/1500) and residual stresses in the col-
umn (calibrated to match the maximum residual stress value to 30% of
the ambient yield strength of steel) were explicitly modeled. Temper-
ature dependent material properties like the o—¢-T relationship and
the thermal expansion coefficient () of steel were based on those
provided in Eurocode-3 [3].

The structural analysis was conducted by subjecting the columns to
axial loading followed by heating. The axial loading was applied using a
static analysis approach and maintained constant while the model was
subjected to heating using the nodal T-t histories calculated by the heat
transfer analysis. The structural analysis for the heating phase was con-
ducted using the implicit dynamics analysis approach with modified
Newton-Raphson iteration. The details of this model and the validation
of this scheme for uniformly heated columns have been presented by
Agarwal and Varma [4] and are not being repeated here for brevity.
However, the applicability of this scheme for steel columns with ther-
mal gradients is validated against the column tests conducted by Choe
[23] and is presented in the following subsection.

2.3. Column tests and validation of the numerical scheme

As discussed earlier, column tests shown in Table 1 are used for
validation of the analysis technique presented in this article. All of
the specimens were attached with specially designed cylindrical bear-
ings to provide simple supports that allowed the specimen to rotate
freely about the minor (weak) axis. The test setup was designed so
that (i) the end-bearings provided simple supports to the column
specimens, (ii) axial loads remained independent of the thermal ex-
pansion or contraction of the column specimens, and (iii) the temper-
ature variation along the heated portion of the column specimen was
small. A portion of the flanges of all of the specimens was heated so
that a thermal gradient along the flange width was developed. SFRM
fire protection was removed selectively from some portions of the
specimen sections to increase the magnitude of the thermal gradient.
Only the middle portion of the column specimens was subjected to
heating so that the end bearings, hydraulic actuator and the loading
frame were not exposed to direct heat. This is a limitation in most of
the column tests at elevated temperatures. It was observed that this
limitation did not affect the overall inelastic buckling behavior of the
columns significantly. The testing procedure entailed the following
steps:

1. A small axial load equal to 400 kN was applied initially to align the
specimen. Longitudinal strain gauges installed at the column mid-
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section were used to ensure the concentricity of the applied axial
loading and the specimen alignment.

2. The loading was increased monotonically up to the specified value of
axial load, P, listed in Table 1.

3. Steel temperatures were increased until inelastic column buckling
occurred while the axial load was maintained. Both flanges of the
specimens were partially exposed to radiant heating as shown in
Fig. 1. All of the columns buckled towards the hotter side. The final
permanent deflected shapes of the three specimens are also shown
in Fig. 1.

FE-based heat transfer and stress analyses as described above were
conducted on these columns to calculate the structural response of the
system. The measured temperatures were applied as the input for the
heat transfer analysis and the temperature field calculated from the
heat transfer analysis, along with the applied axial loads and column
self-weight, were used as input to the structural analysis. Fig. 2 shows
comparisons of numerically predicted and experimentally measured
axial displacement-time responses (6-t) of the column specimens.
The axial displacements of the column specimens initially decrease
because the axial load is increased at ambient temperature. Then, the
specimen displacements start to increase due to increasing flange tem-
peratures. The rate of increasing axial displacements is comparable be-
tween the measured and the calculated results.

The 3D FEM column models indicate buckling approximately 10 to
15 min earlier than the actual specimens. In the tests, the stability fail-
ure was developed more gradually. This discrepancy of failure time is
probably caused by the difference between the actual and the idealized
o0-&-T model used in the analysis. The finite element model including
the Eurocode-3 steel properties calculates a conservative failure time
of the column in fire.

3. Parametric study and results

A significant thermal gradient in the column cross-section, in addi-
tion to rendering the column weaker and less stiff, introduces an asym-
metry in the column cross-section and a large geometric imperfection
(bowing) in the column. These factors affect the failure mode and the
load capacity of the column. Failure of simply-supported columns with
four different column cross-sections (W8 x 35, W12 x 58, W14 x 90,
and W14 x 159) and different slenderness and axial load values were
simulated for three thermal load cases as discussed below. Although
the column can have many possible combinations of heating depending
upon the location of the column in the compartment, three basic cases
(shown in Fig. 3) are believed to represent the most likely configura-
tions of fire exposure to a column.
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3.1. Fire loading and the results of heat transfer analysis

For the parametric study conducted on the numerical models of the
columns, three different fire loading scenarios were considered (Fig. 3):
(a) columns heated from all sides representing the interior columns of
typical building structures, (b) columns subjected to heating on one
flange and a portion of the web representing the perimeter columns
of a building structure with web perpendicular to the building perime-
ter, and (c) columns subjected to heating on one half-side of both
flanges representing the perimeter columns of a building structure
with web parallel to the building perimeter. In all three cases, the steel
column was protected with SFRM on all sides. The interfaces between
the building walls and the column cross-section (shown in Fig. 3(b)
and (c)) are assumed to provide adiabatic boundary condition. The
ASTM-E119 [29] standard fire T-t relationship (used for standard fire
tests in the US) was used as the thermal loading (T) to conduct the
heat transfer analysis. Ambient temperature was assumed to be 20 °C.

The results from the heat transfer analyses of a W12 x 58 cross-
section are included in Fig. 3 (a-c). The figures include the calculated
nodal time-temperature histories for some of the important locations
in the cross-section. As shown in Fig. 3(a), for the case of all-around
heating, the difference between the temperatures at different locations
of the cross-section is insignificant, and can be ignored for all practical
purposes. For the case of thermal gradient along the web (Fig. 3(b)),
the temperature difference between the hotter and cooler sides is
more significant than in the case of thermal gradient along the flanges
(Fig. 3(c)). This is due to the shape of the wide-flange cross-sections.
When there is thermal gradient along the web, the only path for the
heat to migrate from the hotter flange to the cooler flange is through
the web. The relatively long, thin web resists heat flow from the hot
flange to the cold flange producing greater temperature difference
between the two flanges. Further evaluations verified that a thermal
gradient along the web (Fig. 3(b)) will generally be larger than the gra-
dient along the flanges (Fig. 3(c)).

3.2. Thermal gradient along the flanges

In order to investigate the behavior of pin-ended columns that are
subjected to one sided heating such that one half of both flanges are
heated, temperature histories shown in Fig. 3 (c) are used as thermal
loading in the structural analysis part. Sixty four cases for each of the
four wide flange shapes were analyzed with slenderness value (L/ry)
ranging from 10 to 150 and axial load varying from 20% to 100% of the
ambient load capacity (P,). Since temperature is not uniform through
the cross-section, the average flange temperature has been reported
as the failure temperature (Tr) for the column.

SP1-W8x35

SP2-W14x53

. o T

SP3-W14x53

Fig. 1. Thermal loading patterns and final deflected shapes after tests.
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Fig. 2. Comparisons of the predicted and measured axial displacement behavior of the column specimens.

Effects of the residual stresses as well as initial imperfections, both
local and global, are taken into account before loading and heating the
column to failure. Initial imperfection of magnitude equal to the column
length/1500 is assigned in the direction of the side exposed to fire.
Table 2 shows the average flange temperatures (Tg) values for the
W12 x 58 columns of various lengths for different axial load values at
the time of failure. The numbers in the parentheses indicate the dura-
tion of fire (tr) before the columns fail. Irrespective of the column length,
there is always a significant moment component due to the asymmetry
in the section properties. Therefore, complete section plastification cor-
responding to squash load capacity is never observed. All the columns
with thermal gradient along the flanges failed due to flexural buckling
about the weak axis followed by local buckling of the web and the
flanges under the combined axial load and moment effects. Some of
the columns bent towards the hotter side of the cross-section and
some of the columns bent towards the cooler side of the cross-
section. Table 2 also highlights the columns that bent towards the cooler
side (hotter side yielded in compression). It can be observed that slen-
der columns were more likely to bend towards the hotter side, whereas
the columns having higher failure temperature (smaller axial load)
failed by bending towards the cooler side of the cross-section. Fig. 4
presents the deformed shapes for the two cases.

3.2.1. Mechanism of failure

As discussed earlier and explained by Garlock and Quiel [14], due
to uneven material stiffness through the cross-section, the effective
centroid shifts towards the cooler (stiffer) side. As shown in Fig. 5,
this shift is the distance e; from the geometric centroid of the section.
If the column is loaded concentrically, i.e., the axial load is acting at
the geometric centroid, the moment corresponding to the shift of
the effective centroid causes the column to bend towards the cooler
side. However, bowing of the column, produced by uneven expan-
sion of the section, makes the mid-section bow towards the hotter
side of the column by e, with respect to the line of action of the applied

load. The actual direction of bending, therefore, will be governed by the
larger of the two values. It can be observed from Table 2 that either
mode can control column failure behavior in large ranges of slenderness
and temperature values, respectively, and both effects should be con-
sidered in design equations. Table 2 also shows two distinct trends:
(1) slender columns are more likely to bend towards hotter side
(i.e., cooler side fails in compression) and stub columns were more
likely to bend towards the cooler side (i.e., hotter side fails in com-
pression), and (2) columns loaded with a smaller fraction of their
ambient load capacity are more likely to bend towards the cooler
side. The following paragraphs offer qualitative explanations for
these observations.

Slender columns are more likely to bend towards the hotter side,
i.e., bowing effect governs the column behavior for slender columns. As-
suming that the temperatures do not change along the length of the col-
umn and there are no axial loads or restraints acting on the column,
thermal gradient across the section produces a uniform curvature ¢,
due to bowing effects. Therefore, the displacement of the mid span
due to bowing effect would be equal to 6, = [1 — cos(dpL/2)]/
¢y =~ ¢pL?/8 where L is the length of the column. Therefore, as the
length of the column increases, the bowing effect increases more rapid-
ly. The shift in the effective centroid of the cross-section is a function of
the temperature distribution, which is independent of the column
length. Thus, it can be inferred that, for very short columns, the bowing
effect is insignificant and the behavior is governed by the shift in the
location of the effective centroid. For more slender columns, however,
the behavior is governed by the bowing effect, which is why longer
columns tend to bend towards the hotter side.

Table 2 also shows the trend that the effect of the asymmetry in the
cross-section, i.e., shift of the effective centroid, increases in columns
with higher temperatures. This is consistent with the observations of
Garlock and Quiel [14]. For a W-shaped cross-section with uniform ma-
terial properties, the effective centroid coincides with the geometric
centroid. As the asymmetry in the material properties increases, the
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Fig. 3. Temperatures at different locations across the section of W12x58 columns for (a) uniform heating, (b) gradient along the web, and (c) gradient along the flanges.

effective centroid moves farther away from the geometric centroid.
Consider a W-shape steel section where the difference between the
temperatures of the hotter and the cooler sides is maintained as the
overall temperature of the section is increased. Fig. 6 plots the ratios of
(a) elastic moduli and (b) yield strengths, at the two ends of a section
versus the temperature at the hotter end of the section. Each curve in
these graphs represents a constant temperature difference of 100 °C,

Table 2
Failure temperatures (Tr) and failure time (tF) for W12 x 58 column with thermal gradient
along the flanges.

W12x58 oop® [ osp® [ o7p® [ o06p® [ 05p® | 04P” | 02P7
Ay | P (kN) Failure temperature (°C) and time of failure (minutes)
10 | 3740 | 428(142) [ 450 (154) | 492 (179) | 528 (203) [ 562 (230) | 599 (264) [ 697 (407)
30| 3520 181(48) | 301(88) | 448(153) | 493 (179) | 527(202) | 565 (233) | 665 (350)
40 | 3230 153 (41) | 235(65) | 335(100) | 462 (161) | 534 (208) | 564 (232) | 660 (342)
50 2930 109 (30) 199 (54) 288 (83) 384(121) | 490 (178) | 574(241) | 657 (336)
60 | 2670 54(15) | 148(39) | 227(62) | 321(95) | 427(142) | 523(200) | 662 (345)
80| 2160 35(9) 68(18) | 150(40) | 225(62) | 325(97) | 444(151) | 613 (278)
100 | 1690 31(9) 48 (13) 02(25) | 179(48) | 268(76) | 379(118) | 588 (253)
150 859 35(9) 53(15) 88(24) | 165(44) | 256(72) | 359(110) | 573(240)

Shaded cells mark the columns that bend towards cooler side. All other columns bend
towards hotter side.

200 °C, or 300 °C, respectively between the hotter and the cooler side.
These plots have been developed using the structural steel material
properties at elevated temperatures as prescribed by the Eurocode-3
[3]. As the eutectic phase change takes place at 723 °C for steel, data
points beyond 723 °C may not be accurate. Fig. 6 indicates that the
ratio of elastic moduli and the ratio of the yield stresses at the two
ends keep increasing until the maximum temperature in the cross sec-
tion reaches at least 700 °C. These trends imply that, for most of the
relevant temperature range, the asymmetry in a cross-section keeps
dincreasing (i.e., the effective centroid shifts father from the geometric
centroid) as the average temperature of the section increases, while
the difference between the maximum and minimum temperatures
remains constant. This explains why the behavior of columns failing at
higher temperatures is more likely to be governed by the shift in the
effective centroid than the bowing effect.

3.3. Thermal gradient along the web

The heating configuration shown in Fig. 3 (b) is used to develop the
thermal gradient along the web of the column. The T-t histories
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Fig. 4. Deformed shapes of W12 x 58 columns bending towards (a) hotter side and (b) cooler side when subjected to thermal loading with thermal gradient along the flanges.
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Fig. 6. Ratio of (a) elastic moduli and (b) yield strengths at the two ends of a column cross-section as the temperature of the cross-section increases while the difference of the temperature
at the two ends (T;-T) is maintained at 100, 200 and 300 °C, respectively.
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Table 3
Failure temperatures (T¢) and failure time (tf) for a W12 x 58 column with a thermal
gradient along the web.

Table 4
Failure temperatures (Tr) and failure time (tg) for W12 x 58 column with uniform
temperature distribution.

W12x58 o9r® | ogp® [ 07 [ 06P* [ 05p* [ 04p* [ 02P” W12x58 oop® [ o8p® [ o7p® [ 06P* [ 05p® [ 04P® | 02P7

Ay | P2 (kN) Failure temperature (°C) and time of failure (minutes) Ay | P2 (kN) Failure temperature (°C) and time of failure (minutes)

10 | 3740 | 319(82) | 342(89) | 368(98) | 397 (109) | 425(120) | 463 (137) | 567 (207) 10| 3740 265 (41) | 440(73) | 492(84) | 531(94) | 567(104) | 607 (116) | 703 (148)

30 | 3520 | 230(56) | 318(81) | 355(93) | 385(104) | 415 (116) | 450(131) | 551 (193) 30| 3520 185(29) | 298 (46) | 441(73) | 505(88) | 545(98) | 585(109) | 686 (145)

40 | 3230 | 169(41) | 294(74) | 358(94) | 395(108) | 424 (119) | 461 (136) | 564 (205) 40| 3230 182(28) | 267(41) | 385(61) | 478(81) | 530(94) | 572(105) | 679 (142)

50 | 2930 | 171(41) | 273(67) | 350(91) | 397(109) | 431(122) | 470(141) | 577 (216) 50 | 2930 182(28) | 261(40) | 347(54) | 444(75) | 517(90) | 561(103) | 670(139)

60 | 2670 | 162(39) | 250(61) | 337(87) | 389 (106) | 437(126) | 478 (144) | 590 (226) 60| 2670 171(27) | 241(37) | 324(50) | 413(66) | 506(88) | 551(99) | 660 (134)

80 | 2160 | 160(39) | 240(59) | 316(81) | 379(100) | 432 (123) | 491 (151) | 639 (261) 80 | 2160 167(26) | 234(36) | 300(47) | 374(59) | 472(80) | 538(96) | 650 (131)
100 | 1690 153(37) | 239(58) | 310(79) | 373(100) | 423(119) | 484 (147) | 691 (302) 100 | 1690 167(26) | 239(37) | 298(47) | 363(58) | 461(77) | 537(96) | 647 (129)
150 859 171(42) | 258(63) | 327(84) | 376(101) | 415(116) | 460 (136) | 600 (233) 150 859 207(32) | 288(44) | 353(56) | 420(68) | 522(92) | 564(103) | 674(140)

Shaded cells mark the columns that fail in inelastic flexural-torsional buckling mode.

obtained from the 2-D heat transfer analysis of the column cross-section
are used for simulating the structural behavior of the column. Except for
the T-t histories shown in Fig. 3(b), modeling approach (including
member dimensions, geometric modeling, procedure of the analysis,
and the loading sequence) remains the same as in the structural analysis
of columns with a thermal gradient along the flanges. Like the case of
the thermal gradient along the flanges, four different column cross-
sections of different lengths and different applied axial loads were ana-
lyzed to failure. The average of the flange temperatures at the time of
failure was reported as failure temperature (T) of the column.

Values of failure temperature (Tr) and the corresponding mode of
failure for the W12 x 58 columns of different lengths and load values
are summarized in Table 3. The numbers in the parentheses indicate
the duration of fire (tr) before the columns fail. Unlike the case of a ther-
mal gradient along the flanges, the failure mode for these columns is not
restricted to flexural buckling. Due to the lack of symmetry about the
strong axis of the column cross-section, two different modes of failure
are observed. Some of the columns (shaded cells in Table 3) fail by in-
elastic flexural-torsional buckling that involves flexure about the weak
axis and torsion about the longitudinal axis (Fig. 7 (b)); the rest of the
columns fail by inelastic flexural buckling about the strong axis (Fig. 7
(a)). Columns failing in inelastic flexural buckling about the strong
axis are observed to bend towards the cooler side of the cross-section,
i.e., the hotter flange yields in compression. Considering the large num-
ber of columns undergoing flexural-torsional buckling, it is evident that
the flexural buckling mode alone does not adequately capture the
stability behavior of columns with thermal gradient along the web.
The effects of the torsional component in the failure modes of these
columns should not be ignored.

3.3.1. Mechanism of failure
The pattern of the shaded cells in Table 3 indicates that slender col-

umns are more likely to undergo inelastic flexural-torsional buckling,
whereas shorter columns are more likely to fail due to inelastic flexural

a

NT11

860
825
790
755

Shaded cells mark the cases where designing for all around heating would be unconservative
if columns were heated so that there was a thermal gradient along the flanges.

buckling about the strong axis. This observation is analogous to the be-
havior of beams carrying bending moments in the strong axis direction.
The capacity of a beam with shorter unbraced length is governed by the
limit state of yielding in flexure about the strong axis but the capacity of
a beam with longer unbraced length is governed by the limit state of
lateral torsional buckling.

3.4. Uniform temperature versus thermal gradient

Although the thermal gradient in a column heated from one side
contributes to bowing of the column and asymmetry in the section stiff-
ness, the net heat influx into the column remains less than that for a col-
umn engulfed by fire from all sides. Therefore, it is not obvious whether
the net effect of the thermal gradient would reduce or increase the load
carrying capacity of the column. Failure temperatures for columns with
uniform thermal loading following the T-t curves shown in Fig. 3(a) are
presented in Table 4. The numbers in the parentheses indicate the dura-
tion of fire (tr) before the columns fail. On comparison of the values of tr
for the three types of thermal loading, one observes that all the columns
subjected to thermal gradient along the web fail later than columns sub-
jected to uniform heating. However, when subjected to a thermal gradi-
ent along the flanges, some columns (very slender columns with a large
axial load ratio) fail sooner than they fail when subjected to all around
heating. These columns are marked by shaded cells in Table 4. This
clearly indicates that, there may be combinations of loads, slenderness
values and thermal loading patterns (non-uniform) for which the as-
sumption of uniform thermal loading will lead to unsafe column design.

4. Proposed design equations
The observations from the parametric study discussed above are

used to develop design equations for columns with thermal gradients
atelevated temperatures. When thermal gradient is applied to a straight

Fig. 7. Deformed shapes of W12 x 58 columns with thermal gradient along the web failing in (a) inelastic flexural buckling about the strong axis and in (b) inelastic flexural-torsional

buckling.
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W-shape column, the column becomes a beam-column with an asym-
metric cross-section and significant geometric imperfection, giving
rise to second-order moments. The second-order moments require
that the column (designed as a pure compression member at ambient
temperature) be evaluated as a beam column at elevated temperatures.
The proposed design method is similar to the existing AISC beam-
column design equation at ambient temperature. The proposed equa-
tion is calibrated using the parametric study conducted on W12 x 58
columns and is verified against other column cross-sections, namely,
W8 x 35, W14 x 90, and W14 x 159.

The load capacity of the column, PL, will be given by the Eq. (6).
Where, 6, and 6, are deflections at the mid span due to the asymmetry
of the section and bowing effects, given by Eqs. (7) and (8), respectively.
Pl is the load capacity of a hypothetical straight column that has same
length, cross-section, and temperature distribution as the actual column,
without including the effects of the second-order moments due to bowing
or the shift in the effective centroid of the column. M’ is the nominal mo-
ment capacity of the column in the direction of the thermal gradient. In
Eq. (8), (Al/l)por and (Al/l)corq are the thermal strains calculated at the hot-
ter and cooler ends of the cross-section, respectively. These are to be cal-
culated using the thermal elongation coefficients for steel as prescribed by
the Eurocode-3 [3]. In Egs. (7) and (8), L is the length of the simply sup-
ported column. If the thermal gradient is applied along the web, d will
be equal to the depth of the wide-flange section. If the thermal gradient
is applied along the flanges, d will be taken as the flange width of the
wide-flange section. In Eq. (7), yna is the distance of the elastic neutral
axis from the hotter end of the cross-section in the direction of the ther-
mal gradient. For calculation of the neutral axis location, strong axis bend-
ing should be considered for thermal gradient along the web, and weak
axis bending should be considered for thermal gradient along the flanges.
As shown in Fig. 8, (I)T is the second moment of the effective area (A”) of
the cross-section calculated about the neutral axis discussed above. E is
the elastic modulus of steel at ambient temperature.

T T
Po Pal®=00) _ 3 . ang Py <Py

n Pg
d
N :Pz (yNA_ T/2>L2 @
SE(I)
2
8y = [(Al/l)hot_s(dAl/l)cold}L (8)

i T T T
T
o {0.658% P}, for P, > 0.44P)

0.877P,  for P, <0.44P),

Eq. (9), to be used for the calculation of PY; is the same as the AISC
360 [1] column capacity equations for the flexural buckling limit state
of a compression member (E3-2 and E3-3) with the following modifica-
tions. PL in Eq. (9) is the elastic buckling load of the equivalent straight
column. The shift in the elastic neutral axis (yy,—¢/, ), the moment of in-
ertia ()T of the equivalent elastic section, and P! is calculated by taking
into account the reduction in the modulus of elasticity of steel due to
temperature change as shown in Fig. 8. P} in Eq. (9) is the compressive
strength of a stub column that has the same cross-section and temper-
ature distribution as the actual column. As explained below, the method
to calculate P§C is different from the stub column capacity (P;) calculated
for uniformly heated column or ambient temperature columns.

Due to the uneven temperature distribution through the cross-
section, the yield stresses at the hotter side are lower than the yield
stresses at the cooler side of the cross-section. As a result, the effective
centroid shifts towards the cooler end of the cross-section. If the load
was applied at the effective centroid of the cross-section, the entire
cross-section would reach its full plastic capacity at the time of failure.
However, because the external load is applied at the geometric centroid
of the column cross-section, only the hotter side of the column will
yield. In order to maintain section equilibrium, the cooler half of the
cross-section will not reach its maximum plastic capacity. The internal
force in the hotter half of the cross-section can be calculated by integrat-
ing the yield stresses in that portion. The internal forces in the cooler
half should ideally be calculated by enforcing strain compatibility and
section equilibrium, which can be a cumbersome process. A simplistic
assumption can be made that the internal stress distribution in the cool-
er half is a mirror image of the internal stress distribution in the hotter
half, which will automatically satisfy moment equilibrium.

Fig. 9 illustrates this difference between P} and Pl P} is equal to the
force calculated by integrating the temperature dependent yield stress-
es through the column cross-section, whereas P} is equal to two times
the force calculated by integrating the temperature dependent yield
stresses of the hotter half of the cross-section. This assumption provides
a good approximation of the P} value. For example, using the finite el-
ement method discussed in Section 2.2, the compressive strength of a
W8 x 35 stub column (0.52 m long, L/r, = 10) with thermal gradient
along the flanges (Tiax = 675 °C, Trnin = 525 °C) is estimated to be
equal to 870 kN. In comparison, using the assumption discussed
above, P} value for this column is calculated to be approximately
equal to 860 kN while P} is approximately equal to 1100 kN.
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MF is the nominal flexural capacity of the column in the direction of
the thermal gradient with no axial load applied. Calculation of MY, is
based on the AISC flexural design provisions for asymmetric beam
cross-sections. If the member has a thermal gradient along the flanges,
flexural yielding about the weak axis is the only applicable limit state;
therefore M”, will be equal to M%, the plastic moment capacity about
the weak axis. If the member has thermal gradient along the web, it
will introduce bending moment about the strong axis. Applicable limit
states are (1) flexural yielding about the strong axis and (2) lateral-
torsional buckling. For flexural yielding, the nominal moment capacity
is equal to the plastic moment capacity about the strong axis, which is
independent of the moment direction (hot flange in compression or
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Fig. 9. Strength of a stub column with thermal gradient if (a) loaded at the effective centroid, and if (b) loaded at the geometric centroid.

cold flange in compression). However, in the case of flexural-torsional
buckling, the moment capacity depends on the lateral stiffness of the
flange in compression. From the FEM simulations, it has been observed
that in cases where flexural torsional buckling mode dominates, it is al-
ways the hot flange that buckles laterally. Also, because the hotter
flange has lower stiffness, it is conservative to assume that the direction
of the moment is such that it applies compression on the hotter flange.
Therefore, for the calculation of MY, the hotter flange is assumed to be in
compression and the cooler flange in tension. Flexural strength, M7, is
calculated using Egs. (10) to (13). Examples of how to use these design
equations for a column in all three basic heating configurations have
been presented by Agarwal [30].

5. Verification of proposed design equations

The proposed design equations were validated against experimental
data reported by Choe [23] as well as detailed FEM based simulations
conducted on several column sizes. Fig. 10 shows the experimentally
measured temperatures across the sections of column specimens at
failure, and the measured axial load capacity of the column specimens
are reported in Table 1. These measured temperature values were
used to calculate the axial capacity of the column specimens using the
proposed Egs. (6) to (13). The calculated capacities of the specimens
SP1-W8 x 35, SP2-W14 x 53, and SP3-W14 x 53 were 900 kN,
1570 kN and 1480 kN, respectively. These calculated values are approx-
imately 13%, 8%, and 2% greater than the respective column capacities
measured during the tests. These discrepancies are potentially due to
the unintended temperature variations along the specimen length
during the test (Choe [23]). The temperature values shown in Fig. 10

were averaged values of the temperatures recorded by several thermo-
couples located at the heated sections along the column length. The col-
umn capacities calculated using the proposed equations compared
reasonably well with test data.

a) SP1-W8x35

476 4?1 476
518 518
564 564

b) SP2-W14x53

39 355 393
4 405
472~ an2

C) SP2-W14x53

268— 226 268
348— 348
432— 432

Fig. 10. Measured temperatures of the column specimens exposed to uneven heating.
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In addition to the experimental tests, 3D FEM simulations of
columns with various cross-section dimensions, slenderness values,
and temperature distributions were conducted to validate the pro-
posed equations. As mentioned in the previous section, the proposed
equations were calibrated using the parametric study conducted
on W12 x 58 columns. Structural wide flange shapes W8 x 35,
W14 x 90, and W14 x 159 were selected for the FEM-based validation
study. Fig. 11 compares the load capacities calculated using the
proposed design equations and the results from the FEM simulations.
The graphs in Fig. 11 plot the axial load capacity as a function of
the column slenderness (L/r,). The temperature values indicated in
each plot are the average flange temperature at the time of failure.
The axial load capacity calculated using the proposed equation (P,,)
compares reasonably with the simulated data (Pggy) for the test cases
involving wide range of sections, temperatures, and slenderness
values. The numerical ratios of Pgg,/P,, vary from 0.9 to 1.6 with an over-
all average value of 1.10 and coefficient of variation of 0.07. The limit
state of local buckling is not included in the proposed equations but is
included directly in the 3D finite element analysis. Further research
should be conducted to include this limit state in the design equation,
particularly for the case of stub columns with thermal gradients along
the webs.
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6. Summary and conclusions

Thermal gradients in a column cross-section can reduce the load car-
rying capacity for two reasons: (1) column deformations due to uneven
thermal expansion (bowing) and (2) asymmetry in the column cross-
section due to uneven degradation of material properties (yield stress
and elastic modulus). Many researchers have discussed these effects
and some researchers have also proposed design methods for calculating
the load carrying capacity of such columns. The goal of the research pre-
sented in this paper was to develop design equations for columns ex-
posed to uneven heating by addressing additional limit states. Both
experimental and numerical studies using the finite element method
were conducted to develop and verify the column design equations. The
simulations included three different thermal loading cases such as uni-
form heating, thermal gradient along the flanges, and thermal gradient
along the web. ABAQUS [25] was used for simulating the heat transfer
as well as the dynamic structural response of columns. The heat transfer
analysis procedure included all three effects of conduction, convection,
and radiation. The time-temperature field obtained from the heat transfer
analysis was applied as a thermal loading to the 3D structural models.
Simply supported W-shaped columns of various lengths and cross-
sections were loaded to different axial load values and heated to failure.
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Fig. 11. Comparison of the results from the FEM based simulations with the proposed design equation for W8 x 35 column at 400 °C average flange temperature with thermal gradient
(a) along the flanges, and (b) along the web, W14 x 90 column at 600 °C average flange temperature with thermal gradient (c) along the flanges and (d) along the web, and for
W14 x 159 column at 500 °C average flange temperature with thermal gradient (e) along the flanges, and (f) along the web, respectively.
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From this parametric study, the following important observations are
drawn.

Columns subject to uniform heating have much larger heat influx and,
therefore, have a higher average temperature than columns exposed
to uneven heating.

In most cases, uniformly heated columns reached their respective
critical temperature sooner than the partially heated columns. All
the columns except very slender columns that were loaded with
more than 50% of their ambient load capacity failed sooner when
heated from all sides.

A column with thermal gradient along the flanges always buckled
about the weak axis. A slender column is more likely to bend towards
the hotter side. However, a stockier column subjected to a small axial
load is likely to bend towards the cooler side before failure.

A column with thermal gradients along the web can buckle about the
strong axis or in the flexural-torsional mode involving flexure about
the weak axis and torsion. A slender column is more likely to fail in
the flexural torsional buckling mode than a stockier column.

Using the failure temperature values obtained from the analyses, a set
of design equations was proposed. The proposed equations quantify
the effects of bowing, asymmetry in the column cross-section, and
the corresponding secondary moment effects.

The proposed equations compare reasonably with the results from the
finite element based simulations and the full-scale test data.

The effects of local buckling at elevated temperature are included in
the finite element analyses, but further research is required to include
these effects in design equations, particularly for the case of stub
columns with thermal gradients along the webs.

This paper presented a detailed study on the behavior of wide-flange
steel columns at elevated temperatures with thermal gradient in the
cross-section. Further research is required to develop similar design
guidelines for steel and composite beams with thermal gradient.
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