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Abstract

This paper presents highlights of a computational study to investigate the influence of thermal
creep of steel on the ultimate strength of steel beam-columns at elevated temperatures. W12x120
wide flange beam-columns with the unsupported length of 240 inches are used in the
simulations. A Pin-pin end-support condition, and an initial geometric imperfection having the
shape of the first buckling mode with the amplitude of L/1000 formed the geometric boundary
conditions. Beam-columns are subjected to a single end-moment, and are bent about the weak
axis of their cross section. Thermal creep of steel is modeled following equations proposed by
Fields and Fields for the creep of ASTM A36 steel. Thermal restraints, both axial and rotational,
were ignored in the analyses. Representative results from creep buckling tests simulated at 500
°C are presented and discussed. Presentation of the results in the form of Creep Buckling Curves
and Isochronous Strength Interaction Curves are proposed to quantify the effects of axial loads
and end-moments on the time- and temperature-dependent behavior of steel beam-columns.
Results from creep buckling simulations presented in this paper indicate that the combination
effect of axial loads and end-moments have a significant impact on the predictions of the time-
dependent ultimate strength of steel beam-columns subjected to fire.

1. Introduction

The strength and deformation capacities of steel beam-columns subjected to fire are influenced
by many factors. One of the critical factors affecting the behavior of steel beam-columns in fire
is the thermal creep of structural steel. Defined as time-dependent inelastic deformation, thermal
creep results in degradation of the strength of steel at elevated temperatures. Further, thermal
creep of steel results in additional deflection of beam-columns, and as a result, additional
moment. Consequently, the behavior of steel beam-columns at elevated temperatures is governed
by a phenomenon termed creep buckling, where the buckling capacity of a steel beam-column
depends on the duration of applied loads and moments in addition to the slenderness and
temperature. The effect of thermal creep of steel on the buckling behavior of steel beam-columns
exposed to fire is therefore of particular importance, and it is not well understood and clearly
treated in building codes and standards.
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The analysis of the buckling behavior of steel beam-columns at room temperature is very well
documented in the literature on the stability of steel beam-columns (Ziemian 2010). However,
literature on the buckling capacity of steel beam-columns exposed to fire temperatures is quite
meager (Huang and Tan 2004; Knobloch et al. 2008; kodur and Dwaikat 2009; Choe et al. 2011;
Morovat 2014). Specifically, there is very little study on the effect of thermal creep of steel on
the buckling behavior of steel beam-columns when subjected to fire (Huang and Tan 2004; kodur
and Dwaikat 2009; Li and Zhang 2012; Morovat et al. 2013; Morovat 2014). The time-dependent
or creep behavior of steel beam-columns exposed to fire is therefore not well understood and
clearly treated in building codes and standards including Eurocode 3 (2003) and the AISC
Specification (2010).

To develop a better understanding of the effect of creep of steel on the buckling behavior of steel
beam-columns at elevated temperatures, the authors performed a series of creep buckling
simulations, highlights of which are presented in this paper. Some details about buckling tests
simulated in Abaqus will first be provided. Results from both short-time and creep buckling tests
on W12x120 wide flange columns under different combination of axial forces and end-moments
at 500 °C are then presented and discussed. Conceptual representations of the results of the creep
buckling tests in the form of Creep Buckling Curves and Isochronous Strength Interaction
Curves are further proposed to better understand and quantify the effects of axial loads and end-
moments on the time- and temperature-dependent behavior of steel beam-columns.

2. Simulations of Creep Buckling Tests on Beam-Columns: General Considerations

This section provides general information on the geometry and boundary conditions of the beam-
columns considered in this study. Modeling the time-dependent behavior of the beam-column
material as well as analysis schemes adopted to study the time-dependent behavior of steel beam-
columns are also presented and discussed.

2.1 Geometry and Boundary Conditions

W12x120 wide-flange beam-columns with the unsupported length of 240 inches were utilized in
the study. A Pin-pin end-support condition, and an initial geometric imperfection having the
shape of the first buckling mode with the amplitude of L/1000 formed the geometric boundary
conditions. As further indicated in Fig. 1, a concentric axial force P and a moment M applied at
one end constituted the loading boundary conditions for the beam-columns. The end moment M
was applied about the weak axis of the beam-column cross section. In addition, the beam-
columns were modeled as 3D hexahedral eight-node linear brick elements (C3DS8R) to conduct
creep-buckling simulations in Abaqus.

R
Figure 1: Pin-Pin Beam-Columns with a Moment Applied at One End

2.2 Time-Dependent Behavior of Structural Steel

Beam-columns were assumed to be made of ASTM A36 structural steel. As shown in Fig. 2, the
time-independent inelastic behavior of ASTM A36 steel at elevated temperatures was modeled
as an idealized elastic-plastic stress-strain relationship. The essential parameters of this model
(i.e. elastic modulus and yield stress) were obtained at elevated temperatures using retention



factors from Eurocode 3 (Eurocode 3 2006). As further presented in Fig. 2, the time-dependent
or creep of structural steel was assumed to cause material nonlinearities in the knee region of
stress-strain curves, and therefore, was modeled separately.
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Figure 2: Conceptual Modeling of Time-Dependent Stress-Strain Behavior of Structural Steel at Elevated
Temperatures

The time-dependent or creep behavior of ASTM A36 steel at elevated temperatures was defined
using the model developed by Fields and Fields (1989) based on material tests by Skinner
(1972). The creep model proposed by Fields and Fields (1989) incorporates a power law and
represents creep strain, &, in the form of a Norton-Bailey (Norton 1929; Bailey 1929) equation
as follows:

g, = atPo* (1)

In this equation, ¢ is time and o is stress. The parameters a, b and ¢ are temperature-dependent
material properties. Fields and Fields (1989) derived equations for these temperature-dependent
material properties for ASTM A36 steel. The model developed by Fields and Fields (1989) is
capable of predicting creep in the temperature range of 350 °C to 600 °C and for creep strains up
to 6-percent. Note that the strain-hardening format of the power law creep shown in Eq. 1 was
incorporated in the beam-column simulations (Morovat 2014). The strain hardening formulation
was adopted to better represent the creep behavior of structural steel under variable stress
conditions (stress redistribution in structural members).

2.3 Buckling Analysis Method

To study the effect of thermal creep of steel on the ultimate strength of steel beam-columns at
elevated temperatures, two types of buckling tests were simulated in Abaqus. These two column
tests are referred to in this paper as Short-Time Buckling Tests and as Creep Buckling Tests.
Short-time buckling tests were simulated to characterize the time-independent strength of steel
beam-columns at elevated temperatures. To obtain the time-independent or short-time buckling
loads in Abaqus, inelastic load-deflection (or moment-rotation) analyses, using a nonlinear
analysis scheme called Riks, were performed under the steady-state temperature conditions.
Following the short-time buckling tests, creep buckling tests were simulated to characterize the
time-dependent strength of steel beam-columns at elevated temperatures. In creep buckling
simulations, temperature was first increased to the desired level, and then an axial force (a
fraction of the ultimate load predicted in the short-time buckling test) combined with an end-



moment (a fraction of the plastic moment of the cross section) was applied to the column. No
material creep was considered in these two steps. Next, incorporating a nonlinear analysis
scheme called Visco, the beam-column was allowed to creep over the time period of 6 hours
under the sustained axial load and end moment. Finally, the time-to-buckle due to creep was
estimated. Note that, to model initial geometric imperfections in both column tests, eigen-value
buckling analyses were performed. The initial shape of the beam-column was taken as the shape
of the first buckling mode, and the magnitude of the imperfection was L/1000.

3. Simulations of Creep Buckling Tests on Beam-Columns: Results and Discussions

The two types of beam-column buckling simulations introduced above were used to examine the
effect of creep of steel on the buckling behavior of steel beam-columns at elevated temperatures
of fire. Specifically, the effect of an end-moment in reducing the time-dependent buckling
strength of steel columns at elevated temperatures is presented and discussed in this section.

3.1 Time-Dependent Behavior of Beam-Columns

The time-depending behavior of steel columns in the presence of an end-moment can be studied
by conducting a series of creep buckling tests either under a constant end moment and different
axial loads, or under a constant axial force and different end-moments. For instance, Fig. 3
shows representative results from three creep buckling tests at 500 °C simulated for a specific
end moment of 599.5 kip-in., which is about 25% of the plastic moment of the column cross-
section (Mp). The results are presented in Fig. 3 as plots of lateral deflection (at the point of
maximum displacement) versus time at different axial load levels. Fig. 3 clearly shows that the
rate of change of deflection with time increases very slowly at the beginning and then increases
more rapidly until the column no longer can support its load (end-moment combined with an
axial load). The time at which the displacement-time curves become nearly vertical after entering
the tertiary stage is considered the failure time or time-to-buckle. As further depicted in Fig. 3,
the presence of a small end-moment of 599.5 kip-in. resulted in deflected shapes very similar to
those of the corresponding column subjected to axial loads only. In other words, the time-
dependent behavior of beam-columns shown in Fig. 3 closely follows that of the corresponding
columns.

Fig. 4 further represents sample results from three creep buckling tests at 500 °C simulated for a
specific axial load of 285.6 kips, which is about 40% of the time-independent buckling capacity
of the corresponding column (P, = 714 kips at 500 °C). The results are again shown in Fig. 4 as
plots of lateral deflection (at the point of maximum displacement) versus time at different end-
moment levels. In addition, like Fig. 3, Fig. 4 shows the same trend in deflection changes with
time where the rate of change of deflection with time increases very slowly at the beginning and
then increases more rapidly until the column no longer can support its load (end-moment
combined with an axial load). However, the failure time or time-to-buckle for the beam-columns
in Fig. 4 takes place as soon as the displacement-time curves enter the tertiary stage. More
specifically, higher end-moments applied to beam-columns in Fig. 4 resulted in more rapid
failure of beam-columns compared to those in Fig. 3. Additionally, these higher end-moments
changed the deflected shape of the column as shown in Fig. 4.
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Figure 3: Representative Results of Creep Buckling Tests on Steel Beam-Columns at 500 °C:
Applied End-Moment of 599.5 kip-in. Combined with Different Axial Loads
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Figure 4: Representative Results of Creep Buckling Tests on Steel Beam-Columns at 500 °C:
Applied Axial Load of 285.6 kips. Combined with Different End-Moments

3.2 Effect of End-Moments

Creep test results, shown in Figs. 3 and 4 above, clearly indicate that the magnitude of end-
moments can affect the predictions of the creep buckling strength of steel beam-columns in fire.
To better understand the effect of end-moments on the time-dependent response of steel columns
at elevated temperatures, the time-dependent behavior of two columns (subjected to axial loads
only) are evaluated and compared to that of the corresponding beam-column subjected to an end-
moment of 1440 kip-in. (Fig. 4). The first column was subjected to an axial load of 285.6 kips,
equal to the axial load applied to the beam-column subjected to an end-moment of 1440 kip-in.
The second column was subjected to an axial load of 531.6 kips that resulted in the failure time
of 30-minutes, equal to the failure time of the beam-column subjected to an end-moment of 1440



kip-in. The time-dependent buckling behaviors of these two columns are presented in Figs. 5 and
6, respectively. As seen in Fig. 5, the time-to-failure for the column subjected to axial load of
285.6 kips and no end-moment increased significantly to about 18,000-minutes. Further, the
fundamental shape of the deflection-time curve for this column also changed in that the failure
occurred when the displacement-time curve was dominated by the tertiary stage, and that the
primary stage was almost disappeared. For the second column subjected to a larger axial load of
531.6 kips (shown in Fig. 6), the time-dependent behavior is more similar to that of the beam-
column subjected to an end-moment of 1440 kip-in. (Fig. 4). Again, the primary stage is less
pronounced in the deflection-time behavior of the column (Fig. 6) as compared to that of the
beam-column shown in Fig. 4.
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Figure 5: Representative Results of Creep Buckling Tests on Steel Beam-Columns at 500 °C:
Applied Axial Load of 285.6 kips. with No End-Moments
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Figure 6: Representative Results of Creep Buckling Tests on Steel Beam-Columns at 500 °C:

Applied Axial Load of 531.6 kips. with No End-Moments



The effect of end-moments on the creep buckling behavior of steel beam-columns can further be
investigated by studying the time-dependent stress distributions over the column cross-section.
The creep-induced stresses during the creep buckling tests on the above-discussed columns are
shown in Figs. 7, 8 and 9. It can again be observed from Figs. 7, 8 and 9 that the presence of an
end-moment (Fig. 7) results in more pronounced primary and less dominated tertiary stages in
the time-dependent stress distributions on the tension side of the column cross-section. This is a
very important observation since the time-dependent internal moment generated at the section of
maximum lateral displacement during a creep-buckling test closely follows the stress
distributions on the tension side of the column cross-section. The corresponding time-dependent
section moments during creep buckling tests are illustrated in Figs. 10, 11 and 12. In addition, as
indicated in Fig. 7(a), combined effects of an axial load and an end-moment may result in
yielding of the compression side of the column cross-section at the beginning of the creep
buckling test. Therefore, the presence of an end-moment causes the stresses to relax with time on
the compression side during a creep buckling test. The stress relaxation of compressive stresses
results in an increase in stresses on the tension side of the column cross-section and therefore can
significantly reduce the buckling life of steel beam-columns at elevated temperatures.
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Figure 7: Time-Dependent Stresses during a Creep Buckling Test on a Steel Beam-Column at 500 °C:
Applied Axial Load of 285.6 kips. Combined with an End-Moment of 1440 kip-in.
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Figure 9: Time-Dependent Stresses during a Creep Buckling Test on a Steel Column at 500 °C:
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Figure 10: Time-Dependent Section Moments during a Creep Buckling Test on a Steel Beam-Column at 500 °C:
Applied Axial Load of 285.6 kips. Combined with an End-Moment of 1440 kip-in.
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4. Time- and Temperature-Dependent Strength of Beam-Columns

The results from creep buckling tests presented in Section 3 clearly demonstrate that the ultimate
strength of steel beam-columns at elevated temperatures changes with time. Therefore, using the
results of creep buckling tests, samples of which presented in Figs. 3 and 4, the buckling strength
of steel beam-columns can be explicitly defined as a function of time. As will be explained and
discussed in the following, the time- and temperature-dependent behavior of steel beam-columns
can be represented using the concepts of Creep Buckling Curves and Isochronous Strength
Interaction Curves.

4.1 Creep Buckling Curves

The displacement-time curves from creep buckling tests at elevated temperatures (like those
presented in Fig. 3 at 500 °C) can be used to construct time-dependent buckling curves for steel
beam-columns. Examples of such curves that are referred herein as Creep Buckling Curves are
shown in Fig. 13 (a) for the temperature of 500 °C. In Fig. 13 (a), time effects on the buckling
behavior of steel beam-columns are depicted as plots of buckling moment versus time for
different axial load levels. Therefore, each point on these curves represents a creep buckling test
simulated in Abaqus, and as a result, values on the time axis are indicative of failure time or
time-to-buckle. Further, results from short-time buckling simulations are indicated as buckling
moments at time zero on the creep buckling curves in Fig. 13 (a). As expected and seen in Fig.
13 (a), the column axial load has detrimental impact on the time-dependent strength of beam
columns at the elevated temperature of 500 °C. Therefore, as the column axial load decreases,
the behavior of beam-columns is governed by the yielding and therefore is less influenced by the
thermal creep of steel (note that the yield stress of steel is assumed time-independent in this
study).

To better gauge the effect of column axial loads on the time-dependent response of steel beam-

columns at elevated temperatures, creep buckling curves in Fig. 13 (a) are normalized with
respect to the corresponding short-time buckling moments and replotted in Fig. 13 (b). As seen
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more clearly in Fig. 13 (b), the buckling capacity of beam-columns with larger axial loads is
more affected by the thermal creep of steel at the representative temperature of 500 °C.
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Figure 13: Representative Creep Buckling Curves for Steel Beam-Columns at 500 °C:
Buckling Moment versus Time for Different Column Axial Loads

Similar to the developments described above and presented in Fig. 13 (a), curves like those
shown in Fig. 4 at 500 °C can be used to construct Creep Buckling Curves, where time effects on
the buckling behavior of steel beam-columns are illustrated as plots of buckling load versus time
for different end-moment levels. Representatives of such curves are illustrated in Fig. 14 (a) for
the temperature of 500 °C. Again, each point on the curves in Fig. 14 (a) represents a creep
buckling test simulated in Abaqus, and as a result, values on the time axis are indicative of
failure time or time-to-buckle. In addition, results from short-time buckling simulations are
indicated as buckling loads at time zero on the creep buckling curves in Fig. 14 (a).

To better understand the effect of column end-moments on the time-dependent response of steel
beam-columns at elevated temperatures, creep buckling curves in Fig. 14(a) are normalized with
respect to the corresponding short-time buckling loads and replotted in Fig. 14 (b). As observed
in Fig. 14(b), the effect of end-moments on the creep buckling capacity of steel beam-columns is
a complicated phenomenon. This is the case since for buckling times less than about 45 minutes,
the ultimate strength of beam-columns subjected to larger end-moments is less affected by the
thermal creep of steel at the representative temperature of 500 °C. However, when subjected to
larger end-moments and exposed to fire-temperature durations longer than 45 minutes, the
buckling capacity of steel beam-columns becomes highly time dependent at 500 °C.
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Figure 14: Representative Creep Buckling Curves for Steel Beam-Columns at 500 °C:
Buckling Load versus Time for Different Column End-Moments

Time effects on the buckling capacity of steel beam-columns can alternatively be illustrated in
the form of Isochronous Strength Interaction Curves, a sample of which depicted in Fig. 15. Fig.
15 basically presents a series of axial force-moment (P-M) Interaction isochrones for Pin-Pin
Beam-Columns at 500 °C. Each isochrone represents a strength interaction curve corresponding
to a specific buckling time. Consequently, the isochronous strength interaction curves in Fig. 15
can be used to predict the time-dependent ultimate strength of steel beam-columns at 500 °C for
any combinations of axial forces and end-moments.
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Figure 15: Isochronous Axial Force-Moment (P-M) Interaction Curves for Pin-Pin Beam-Columns at 500 °C
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S. Conclusion

Highlights of an extensive computational study conducted by the authors to investigate the effect
of creep of steel on the buckling behavior of steel beam-columns subjected to fire were presented
in this paper. Both time-independent and creep buckling tests on W12Xx120 wide flange beam-
columns under the pin-pin boundary condition were simulated in Abaqus to characterize short-
time and creep buckling loads and moments at elevated temperature of 500 °C.

The results from creep buckling simulations indicate that the column axial loads combined with
end-moments have a significant impact on the predictions of the creep strength of steel beam-
columns subjected to fire. Representations of the time- and temperature-dependent behavior of
steel beam-columns in the forms of Creep Buckling Curves and Isochronous Strength Interaction
Curves help to better understand and quantify the effects of axial loads and end-moments on the
overall stability of steel beam-columns subjected to fire temperatures.
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