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TITLE: Experimental Study on Load Bearing and Deformation Capacity
of Steel Structural Members exposed to Fire
AUTHOR: Takeo HIRASHIMA

SYNOPSIS
1. INTRODUCTION

The basic principle in fire engineering design of a building is to enclose any fire
that occurs by dividing the interior of the building into compartments. If dividing
elements are able to prevent the spread of fire, building occupants will escape safely,
fire fighters will remain safe, and much property will be protected from fire. The
subject of this study is the stability of structural members that support dividing
elements exposed to fire contained in a compartment.

In conventional fire engineering design of buildings, building elements are
selected by comparison between the required fire endurance time and the time to
failure as determined by sfandard fire-resistance tests. Meanwhile, fire engineering
design based on numerical analysis of actual fire behavior of building structures was
proposed in Japan as early as 1989. In fire engineering design based on numerical
analysis, building elements are selected by numerical analysis of room temperature,
fire duration time, temperatures of building elements, and thermal deformation of
structural members. The subject of this study is the thermal deformation of structural
members and its application to fire engineering design based on numerical analysis.

In order to impart fire resistance to steel structural members, we generally lower
the temperature of steel structural members by means of fire protection. The fire
resistance of steel structural members is usually determined on the basis of standard
fire-resistance tests, and under Japanese criteria, the allowable temperatures for steel
structural members are limited below av. 350°C and max. 450°C. Meanwhile, since
1990 fire engineering design based on numerical analysis has been used to obtain the
fire resistance of steel structural members. Many buildings have been designed on the
basis of numerical analysis, using fire resistant steel which ensures a yield strength at
600°C that is higher than allowable stress for long-time loading. -

Under the above background, we believe that the fire resistance of conventional

steel members near 600°C can be determined by fire engineering design based on
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numerical analysis, if the building is designed against seismic load. Uesugi’s et al
report on numerical study of fire resistance of steel structures of 48 high-rise buildings
exposed to compartment fire in 1992 indicates that steel structures which are designed
against seismic load exhibit fire resistance up to nearly 600°C. However, this report
also indicates that large curvatures are produced at the tops of outer columns and at
both ends and in the middle of beams when temperature approaches 600°C, and this
phenomenon induces local buckling at these points. Therefore, Uesugi et al suggest
that load bearing and deformation capacities of columns and beams should be verified
by experiments at elevated temperatures. Experiments in the present study are
designed on the basis of this suggestion. Experiments are conducted in order to
accumulate and clarify fundamental data on the load bearing and deformation
capacities of conventional steel members from room temperature to 600°C that were

compiled in 1997.

2. PURPOSE OF THIS EXPERIMENTAL STUDY

When a fire occurs in a building of steel structure, large deformations are produced
at the ends of steel strﬁctural members, in response to thermal elongation of steel
members exposed to fire, and, as shown in figure 1, these members are severely

restrained by adjacent structural members.
Axi Axi

a.e.zlm_m(posed to fire

) o - |

hThermal glongation of
\ = -

A 1

v
Quter Inner

O Local buckling

Fig. 1 Thermal elongation and bending deformation of steel structure exposed to fire.
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In the case of a fire occurring in a compartment including outer columns, the
outer columns suffer large deformations and local buckling at their tops and bottoms,
due to thermal elongation of beams exposed to fire. In the case of a fire occurring in a
compartment including beams restrained by adjacent structural members, the beams
exposed to fire suffer large deformations and local buckling at both ends and in the
middle. Therefore, fire engineering design for steel structures must be carried out in
consideration of load bearing and deformation capacity of steel structural members
after local buckling.

In this study, load bearing and deformation capacity of steel structural members
after local buckling are clarified from 4 kinds of experiments performed on
conventional steel members at elevated temperature.

1) Tensile tests of rolled steels for welding structure at elevated temperature

2) Stub column tests of steel structural members with H-shaped and square tubular
sections at elevated temperature

3) Bending tests of steel structural members with H-shaped sections at elevated
temperature

4) Beam column tests of steel structural members with H-shaped and square tubular

sections at elevated temperature

3. RESULTS

3.1 Tensile tests of rolled steels for welding structure at elevated temperature

The mechanical properties of rolled steels for welding structure (SM490A);
specifically, stress-strain curve, Young’s modulus, yield point, and tensile strength,
were determined under constant temperatures ranging from room temperature to

800°C.

3.2 Stub column tests of steel structural members with H-shaped and square
tubular sections at elevated temperature
The residual compressive strengths of H-shaped steel members with
width-thickness ratios b/t=7.5, b/t=10 and square tubular steel members with
width-thickness ratios d/t=25, d/t=30 after local buckling were determined under

constant temperatures ranging from room temperature to 600°C.

345



For both H-shaped steel members and square tubular steel members, residual
compressive strength at 15% strain at 500°C is about 0.4 times reference strength, and
that at 600°C is about 0.2 times reference strength.

Suzuki proposes a formulation for stress-strain curves for square and circular
tubular steel members in consideration of local buckling. In this study, we propose a
formulation for stress-strain curves for H shaped steel members in consideration of

local buckling, on the basis of Suzuki’s formulation:

:G()(Eo) 1_2_
o (ep) T [\/_EZ+1.OJ

£ o . compressive strain
o (& o) : compressive stress after local buckling
o o( € o) : tensile stress corresponding to compressive strain ¢
In fire engineering design, the decrease in strength of steel structural members

after local buckling can be considered by way of numerical analysis.

3.3 Bending tests of steel structural members with H-shaped sections at elevated
temperature

The bending strength of H-shaped steel members with width-thickness ratios
b/t=7.5, b/t=10 after local buckling were determined under constant temperatures
ranging from room temperature to 600°C. Large deformations are produced at both
ends and in the middle of a beam exposed to fire. However, large deformations of
beams should be restricted in order to arrest growth of clearances in dividing elements
exposed to fire, thereby preventing the spread of fire. The deformation criterion of
beams exposed to fire should be determined, so that the efficiency of dividing elements
in preventing the spread of fire can be maintained. However the deformation criterion
of structural members exposed to fire is not specified in Japan. Therefore, this study
uses the deformation criteria recommended by European Convention for
Constructional Steelwork (ECCS).

In bending tests, even when H-shaped conventional steel members with
width-thickness ratios less than b/t=10 are given deformations exceeding the
deformation criterion of a beam in ECCS recommendation, residual bending strength at

elevated temperature does not decrease. These results indicate that the effect of local
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buckling in H-shaped steel beams with width-thickness ratios less than b/t=10 does not
have to be taken into consideration, if numerical analysis of thermal stress deformation
confirms that deformation of a steel beam exposed to fire is less than the deformation
criterion of a beam in ECCS recommendation. Moreover, the results indicate that
plastic design is applicable, in which maintenance of full plastic moment in plastic

hinge portions under large deformations is assumed.

3.4 Beam column tests of steel structural members with H-shaped and square

tubular sections at elevated temperature

When a fire occurs in a building of steel structure, large deformations are

produced at the tops and bottoms of outer columns in response to thermal elongation of
beams exposed to fire. However, the standard fire-resistance test for a column is a pure
compression test, and does not take into consideration thermal elongation of beams
exposed to fire. Under ECCS recommendations, horizontal deformation criterion for
the top of a column is 1/30 column height. In beam column tests, steel structural
members are given constant axial load and horizontal deformation exceeding 1/30
column height. Additionally, load bearing capacities of steel columns after local
buckling caused by thermal elongation of beams exposed to fire are determined for
constant temperatures ranging from room temperature to 600°C. If we define steel
structural members that have load bearing and deformation capacities as those
members that maintain constant axial load while receiving horizontal deformation
exceeding 1/30 column height, the following results are obtained regarding the relation
between allowable steel temperature and constant axial load ratio, which is constant
axial load divided by reference axial strength.

[H-shaped steel members with width-thickness ratios less than b/t=10]
When constant axial load ratio is less than 0.3, allowable steel temperature is 600°C.
When constant axial load ratio is 0.3 to 0.4, allowable steel temperature is 550°C.
When constant axial load ratio is 0.4 to 0.5, allowable steel temperature is 500°C.

[Square tube steel members with width-thickness ratios less than d/t=30]
When constant axial load ratio is less than 0.3, allowable steel temperature is 600°C.
When constant axial load ratio is 0.3 to 0.5, allowable steel temperature is 500°C.

These results provide the criterion for conventional steel columns in fire

347



engineering design based on numerical analysis. Steel columns maintain fire resistance
if we restrict steel temperature to that corresponding to constant axial load ratio, and
numerical analysis of thermal stress deformation confirms that deformation of steel
column due to thermal elongation of beams exposed to fire is less than 1/30 column
height.

Using the stress-strain curves obtained from stub column tests, computational
analysis is carried out for beam column tests. The calculated values in the case where
local buckling is considered approximately agree with the experimental values rather

than the calculated values obtained in the case where local buckling is not considered.

4. APPLICATION TO FIRE ENGINEERING DESIGN

This paper presents én example in which experimental results are applied to fire
engineering design based on numerical analysis. Among the 48 high-rise buildings of
steel structure cited in the 1992 report, we select the building whose columns received
the most severe axial load. |

In this study, we dgtermine the fire resistance of structural members to support
dividing elements in order to prevent the spread of fire according to the deformation
criteria recommended by ECCS. Deformation of steel structural members is calculated
on the basis of numerical analysis of thermal stress deformation. The fire resistance of
a structural member is determined as the steel temperature at which deformation of
steel structural members reaches the deformation criteria. In this example, numerical
analysis of thermal stress deformation yields the following results. Local buckling at
the top of outer column occurs at 575°C, and calculation is not converged at 5 80°C
under numerical analysis based on stress-strain curves in consideration of local
buckling. Beam deformation reaches the deformation criteria at 590 C under
numerical analysis based on stress-strain curves in which local buckling is not
considered. Numerical analysis indicates that the allowable steel temperature is 575°C.

Results of beam tests indicate that considering the effect of local buckling in
H-shaped steel beams with width-thickness ratios less than b/t=10 may not be
necessary, if deformation of steel beam exposed to fire is less than the deformation
criterion recommended by ECCS. Results of beam column tests indicate the relation

between allowable steel temperature and constant axial load ratio. According to this
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relation, allowable steel temperature of an outer column is 550°C, because constant
axial load ratio of an outer column of H-shaped section is 0.32. Further, allowable steel
temperature of an inner column is 500°C, because constant axial load ratio of an inner
column of square tubular section is 0.47. The experimental results indicate that the
allowable steel temperature is 500°C.

In the case of this example, the allowable temperature of structural members is

determined to be 500°C, from both numerical analysis and experimental results.

5. CONCLUSION

In this study, residual strength and load bearing capacity of steel structural
members after local buckling were determined by experiments conducted on
conventional steel members at constant temperatures ranging from room temperature
to 600°C. With the results of this study, we can determine the fire resistance of
conventional steel members near to 600°C by not only numerical analysis but also

experimental results.
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