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1. INTRODUCTION
Building fire safety is a general term covering life safety of occupants and fire
resistance of buildings. The former deals with emergency exits, escape signs, detecting
system, alarms, sprinklers, smoke control, and fire extinguishers. The later involves
with construction materials, architectural design to prevent fire spread, and theoretical
analysis as well as experimental study to maximize structural performance in fire.
Among them the experimental study, particularly structural fire tests, has attracted
serious attentions from international engineering societies.
The first ISO TC-92 meeting held in London, 1961 entitled, “Fire Tests on Building
Materials and Structures” set a landmark of fire resistance research. Since then,
innovative technologies on building materials, engineering analyses, structural designs,
and fire tests have been developed to generate fire ratings of steel and concrete elements.
Of these developments, an element fire test is the most expensive attributed to a need
a large furnace equipped with sophisticated hydraulic system, temperature control and
data acquisition units. The obtained data have been widely used by engineers, insurers,
and building officials in assessing fire safety of buildings.
Fire tests of full sized concrete beams, slabs, and columns in North America were
carried out in accordance with the ASTM E-119 standard procedure or ISO 834. One
of the standard’s weaknesses involves with a provision allowing the supported regions
of a specimen be protected from fire exposures. The fire endurance of a structural
element tested without exposing its end points to fire conceivably differs from that of a
correspondent member of an actual building in fire.
An idea to include structural joints in a fire test surfaced 4 decades ago but did not
receive public attention until PBC was introduced in early 1980’s. The uniqueness of
PBC includes design flexibility and requiring verification tests of frame structures.
The 911 WTC disaster investigation conducted by National Institute of Standards and
Technology (NIST) supports PBC requirements on frame fire tests.

2. STRUCTURAL FIRE TESTS
A fire test of a concrete element generally starts with an objective planning and
specimen design following ACI 318 Building Codes. Ready mixed concrete of specified
strength and slump is used to cast beams and slabs horizontally and columns vertically.
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Forms are usually removed 3 days after casting and specimens are cured in a temperature
and humidity controlled room. ASTM E-119 procedure specifies that a concrete specimen
is ready for fire test when its relative humidity reaches 75% or less. To meet this
requirement the needed curing time varies from a couple months to years depending on
the specimen size.
Positioning a specimen in a furnace is an important step in a structural fire test. It
requires a perfect level of the specimen position with its geometric centerline falling on
the line of applied load (actuator). A column test for example, the specimen is installed
such that the top and bottom end plates are perfect level and the longitudinal centerline
of the column coincides with the line of the hydraulic loading. E-119 procedure
recommends that an installed column must maintain its end regions be protected from
fire exposure.
Prior to a burner ignition test a preloading exercise must be carried out to calibrate
the hydraulic and data acquisition systems. A concentric load calculated based on an
axial stress of 0.3 fc’ over the column cross section or a design load is gradually applied
on the test column at least 40 minutes before the start of fire. The preloading period
allows concrete to complete the anticipated creep before exposing to fire.
Once fire is started, the furnace temperature must be controlled to closely follow
the ASTM time-temperature curve until a structural end point is reached. A structural
end point is an ambiguous provision in term of a beam test. It allows a fire test to be
terminated when the deflection or deflection rate of the beam appears to be critical in
order to avoid possible damages to furnace and loading system. The word, CRITICAL, is
immeasurable in association with a structural failure.
The elapse time measured from the start to the end of test fire determines the fire
endurance of a tested element. The measured fire endurances are used by fire safety
committees in assessing fire ratings for publishing in Uniform Building Codes, Standard
Building Codes, and Canadian National Building Codes.

3. WHY STRUCTURAL FIRE TESTS?
The fact that a structural fire test is expensive and does not generate an immediate
profit has attracted no interest from private sectors in initiating such research programs
except governmental agencies or non-profit organizations of related industries. The
following tells the reason why Portland Cement Association (PCA), an influential
representative of concrete industry in the United States, carried out series of expensive
structural fire tests.
Due to the advancement in construction materials and engineering technologies ACI
318 Building Codes was subjected to a major change in 1971 by replacing the working
stress theory with the current strength design theory. Columns designed following
the new theory for a specified loading condition were apparently smaller than those
designed in accordance with the old theory. Building officials and code writing bodies
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began to question the validity of the published fire ratings of concrete columns of which
the fire tests were carried out by NIST in 1930’s. PCA was therefore, asked by building
officials to come up with an appropriate solution.

4. FIRE TESTS OF CONCRETE COLUMNS
Through years of negotiation PCA and National Research Council of Canada (NRC)
agreed in 1976 to jointly carry out a sizable fire test program involving 41 columns made
with normal and light weight concretes with dimensions measuring 3.89 m (12 ft. 9 in.)
high and various cross sections. PCA was responsible for design, casting, curing, and
shipping them from Skokie, Illinois to the NRC fire laboratory in Ottawa, Canada.
Casting in a vertical form without disturbing in-placed thermo-couples, concrete was
scooped in one at a time with hand compaction. The casting proceeded very slowly about
50 cm high every half hour, a stage allowed a closure of a window plate onto the form
for subsequent casting, as shown in Figure 1. For one column, it took nearly one working
day to prepare, cast, and clean the equipment and facilities. After the casting form was
generally removed 3 days later. Figure 2 shows columns in a curing room.

Figure 1 Casting of Column

Figure 2 Columns in a curing room

On the other hand, NRC was responsible for constructing a column furnace equipped
with a 1000-ton hydraulic system of which the actuator was installed on the top of a
specially designed short column in the basement exactly underneath the test column.
Figure 3 shows NRC column furnace and its reaction frame assembled with 4 circular
steel columns and 4 girders at the top.
Figure 4 shows a test column in the furnace with doors open at the end of the fire test.
The opening of the doors was just for the photographing purpose. An exposure of rebars
caused by a crushed spalling in the tested column can be vividly seen approximately 40
cm above the furnace floor.
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Figure 3 NRC Column Furnace

Figure 4 Fire Test of Concrete Column

The structural end point criteria can be easily followed in a column fire test. The
tested columns either crushed (Figure 5) or buckled (Figure 6) at the end of each test.

Figure 5 Compression Failure

Figure 6 Buckling Failure

The obtained test data were published in PCA publications, NRC bulletins, and ACI
-216 design guide. Table 1 shows fire endurances of limited number of columns tested.
Clearly, columns designed in accordance with ACI 318 Codes meet the 3 hour fire rating
requirement.
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Table 1 Fire Endurances of Typical Columns Tested

5. FIRE TESTS OF FLOOR SLAB
NIST funded Construction Technology Laboratories (CTL), a subsidiary of PCA in
1970’s to carry out 12 fire tests on flat, pan-joist, and waffle slabs measured 18 ft by
14 ft. using CTL floor furnace, see Figure 7. The slab was simply supported on 4 sides
and subjected to design loads exerted through 16 vertical rams and in-plane restrain
forces through edge plates pushed by series of rams on the back of the restraining
plates. During the test, computer software was used to manipulate the temperature
and load-control processes, see Figure 8. Figure 9 illustrates the glowing bottom surface
of a tested flat slab while Figure 10 and 11 show the cracked top surface and chipped-off
bottom surface of a waffle slab after the test.

Figure 7 CTL Floor Furnace

Figure 9 Bottom Surface during Test

Figure 8 Slab Fire Test in Process

Figure 10

Top Surface after Test

5%-*/

Figure 11 Bottom Surface One Day after Test
Test results reveal that concrete slabs designed according to ACI 318 Design Codes
not only meet the minimum 3- hour requirement, also surpassed 4 hours without any
sign of structural failure. Each of the tested ﬂat, pan-joist, and wafﬂe slab performed so
remarkably well that ﬁre was turned off before reaching a structural end point. Table 2
shows the typical test results obtained in this program.
Table 2 Fire Test Results of Concrete Slabs

 '*3&5&4540'$0/$3&5&#&".4
NIST also partially funded CTL to carry out a series of ﬁre tests involving a dozen
12. 2 m (40 ft) long rectangular, T, and double-T reinforced concrete beams of various
cross sections. The tests were carried out in 1970’s through 1980’s using CTL’s 12.2 x
6.1 x 3 m (40 x 20 x 10 ft) beam furnace, equipped with a hydraulic system as shown in
Figure 12. Figure 13 shows installation of a beam in process.
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Figure 13 Installation of Beam

After the test beam was installed and properly leveled, a set of 6 rams were placed on
the beam along the centerline of the beam over the interior span between the 2 supports
(one hinge and one roller) and a larger ram near the end of the cantilever, outside of
the furnace, as shown in Figure 14. The applied loads were maintained at the calculated
value as closely as possible throughout the test.
The ASTM standard time-temperature curve was followed to control the furnace
temperature. Interesting thermal behaviors were observed during the test, the
thermal expansion of a 2 roller supported beam moved in one direction at a time for
few minutes and changed to the other direction, but the hinged and roller supported
beam moved toward the roller direction only. Another observation showed that a loaded
beam constantly vibrated throughout the fire test and the intensity seemed to increase
proportionally with respect to the applied. Figure 15 shows a tested beam.

5%-*/

Figure 14 Test Beam on the Furnace

Figure 15 Beam after Fire Test

Table 3 lists measured data of limited number of beams tested under simply support,
one-end continuous, and two-end continuous conditions. Obviously a simply support
one developed ﬁre endurance of approximately one third that of companion beam tested
under two-end continuous condition. The light aggregate concrete beam tested with
two-end continuous ended up with a shear failure 1.5 hours after the start of ﬁre. Fire
endurance of light weight concrete beams deserve a further investigation
Table 3 Test Data of Beams with Different End Conditions

Although all aforementioned ﬁre tests were carried out in accordance with the ASTM
standard procedures, but certain issues need a second thought. The following are the
issues.

 $0/$&3/&%*446&4
In accordance with the ASTM E-119 standard procedure most ﬂexural or compression
specimen have been tested as a determinate member and the obtained data have been
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commonly used to assess fire ratings of corresponding members in an actual building act
as an indeterminate assembly. The structure theory clearly differentiates a determinate
element from an indeterminate one. Can a standard provision stand up against a
structural theory?
Table 3 shows measured fire endurances of 1 hr and 20 minutes, 2.5 hours, and 4
hours for identical beams tested as simply supported (determinate), one-end continuous
(partial indeterminate), and two-end continuous (indeterminate), respectively. The
differences are convincing evidence that the fire endurance of a beam tested as a
determinate member is significantly less than that of an identical beam tested as an
indeterminate member.
A structural fire test excluding end regions of specimen from fire exposure is intended
to protect equipment. But the cost is undesirably high, losing the vital information on a
real thermal behavior of a full member exposed to fire.
A termination of a beam fire test based on the degree and rate of deflection often
results to a less fire endurance than the actual performance of a beam. This is a common
practice in most structural fires of beams and deserves a careful review by related code
committees.
It is a common engineering practice that fire endurances of columns tested with
fire on all 4 sides have been used to estimate fire ratings of edge columns (3-side
exposure) and corner columns (2-side exposure). The uneven temperature distribution
around a test column may result to an early buckling failure due to a relocation of load
eccentricity. The next section reveals a general loading condition for interior, edge, and
corner columns in a building.

8. LOADS ON COLUMNS
Figure 16 illustrates typical loads and moments on interior, edge, and corner columns
in a high-rise building. The unbalance moments, Mx and My, are induced by moment

redistributions along the upper adjacent beams, Mx on the edge column and Mx and My

on the corner one. Theoretically speaking, a corner column is more likely to develop a
buckling failure due to a combination of Mx and My.

In addition, the uneven circumferential temperature distribution may shift the

location of the load eccentricity and trigger a premature buckling failure. Hopefully
future beam/column fire tests cover 2- and 3-sided fire exposures around the test
column. If so, the furnace must be specially designed to accommodate 2- and 3-sided fire
exposures.
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Figure 16 Schematic Loadings on Columns

9. PERFORMANCE-BASED CODES
Fire related provisions were generally drafted by technical committees based on fire
test data, engineering analyses, and accumulated fire investigations. Numerous papers
reveal that the prescriptive codes is over-conservative, mandatory, emphasizing building
fire safety, and unclear about the legal responsibility. On the other hand, PBC is flexible,
allowing a trade-in fire safety design, emphasizing life safety, and sharing of legal
responsibility among owners, designers, and building officials. This may be the reason
why PBC has gained substantial interest from engineering communities and public
support.
PBC has successfully set foot in the US industries. That International Building
Officials of Code Administrators (BOCA), International Conference of Building Officials
(ICBO), and Southern Building Code Congress International (SBCCI) jointly published
"ICC Performance Code for Buildings and Facilities” in December, 2001 is a good
example. Besides, Society of Fire Protection Engineers strongly recommends PBC for fire
safety design and so does ISO TC-92 committee. The verification tests of beam/column
frames as required by PBC is a big step forward for the fire safety engineering, but the
cost of constructing a beam/column furnace would be understandably high.
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10. BEAM-COLUMN FIRE TESTS
Architecture and Building Research Institute (ABRI), Taiwan visualized the need for
fire tests of beam/column frames nearly a decade ago. Because of a pioneer project, it
took years to plan and design the furnace and attached hydraulic plus data acquisition
systems. Finally, construction of the large beam/column furnace, first of its kind, was
completed in 2004. The furnace measures 7 m high, 4.95 m wide, and 8.95 m long as
shown in Figure 17. The sophisticate hydraulic system includes a 2000-ton actuator
located directly underneath the test column and a separate one consisting of one
100-ton, four 50-ton, and two 35 ton rams for flexure member loadings. The facility can
be utilized to fire test a single element of column, beam, or slab with the max size of
3.6m, 8m and 4mx8m, respectively.
A special piston guider was designed and installed to protect the 2000 ton actuator
from a possible O-Ring damage due to excessive lateral forces and unbalance moments
during a loading operation. Accidents involving O-Ring damage are quite common
during structural tests. Such accidents should be completely avoided for a structural fire
test.
Up to this date, ABRI have successfully carried numerous fire tests of beam/column
frames and the obtained data are interesting and useful. Figures 18, 19, and 20 show a
specimen installation; specimen in furnace; and a joint failure mechanism, respectively.

Figure 17 ABRI Beam/Column Furnace

Figure 19 Beam/Column Frame in Furnace

Figure 18

Installation of Beam/Column Frame

Figure 20 Beam/Column Joint after Fire Test

144

T. D. LIN

11. CONCLUSION AND SUGGESTIONS
This study concludes that fire tests of beam/column frames will dominate the
future structural fire tests and fire tests of single elements can be used as reference as
suggested by PBC.
Being the principle investigator for the PCA beam, slab, and column fire test
programs, the author had an opportunity to examine the standard test procedures used
and comment on envisioned beam/column fire tests. Here are personal opinions:
1.) A fire test of a reduced-size beam/column frame may invite questions from
building officials based on the verification test requirement. For instance,
cutting the column height in half will result to an unintentional exclusion of a
possible buckling failure of the column.
2.) Casting a beam/column frame in a standing position is an essential step in
avoiding spalling during a fire test. For instance, ten 16 x 16 in. high strength
concrete columns cast horizontally. As the result, 6 columns spalled during the
tests attributed to the internal steam pressure developed when the bleeding
water formed underneath main rebars was heated to 100 C or higher..
3.) Sufficient engineering analyses must be performed to estimate the thermal and
mechanical behaviors of the concrete frame in fire to achieve a successful fire
test.
4.) Issues discussed in this paper are merely personal view points. Author welcomes
comments and suggestions from readers, (fpsrc@ckmail.ncku.edu.tw).

REFERENCES
1.

ICC Performance Code for Buildings and Facilities, ISBN #1-892395-44, 2001

2.

Federal Emergency Management Agency, World Trade Center Building
Performance Study Data Collection, Preliminary Observations, and
Recommendations, FEMA 403, May 2002

3.

Lin, T. D., “Fire Tests of Beam-Column Frames Fulfilling Performance-Based
Codes,” Technical Conference on Federal Building and Fire Safety Investigation
of World Trade Center Disaster, National Institute of Standards and Technology
September 13 – 15, 200

4.

Lin, W. M., Lin, T. D., and Powers-Couche, L. J., “Micro-Structures of Fire
Damaged Concrete,” ACI Journal of Materials, Vol. 93, No. 3, May-June, 1996

5.

Lin, T. D., Zwiers, R. I., Burg, R. G., Lie, T. T., and McGrath, R. J., “Fire Resistance
of Reinforced Concrete Columns,” Research and Development Bulletin RD 101B,
Portland Cement Association, 1992

6.

Lin, T. D., Zwiers, R. I., Shirley, S. T., and Burg, R. G., “Fire Test of Concrete Slabs
Reinforced with Epoxy-Coated Bars,” ACI Structural Journal, American Concrete
Institute, Vol. 86, no.2, March-April 1989

Building Fire Safety, Structural Fire Tests, and Performance Based Codes

7.

145

Lin, T. D., Zwiers, R. I., Burg, R. G., Lie, T. T., and McGrath, R. J., “Fire Resistance
of Eccentrically Loaded Reinforced Concrete Columns,” Publication No.824-25,
Construction Technology Laboratories, Portland Cement Association, April 1989

8.

Lin, T. D., Ellingwood, B., and Piet, O., “Flexural and Shear Behavior of Reinforced
Concrete Beams During Fire Tests,” NBS-GCR-87-536, U. S. Department of
Commerce, National Bureau of Standards, 1987 and Research and Development
Bulletin (RD091T), Portland Cement Association, 1988

9.

Zwiers, R. I., Lin, T. D., Burg, R. C., Lie, T. T., and McGrath, R. J., “Fire Resistance
of Concentrically Loaded Reinforced Concrete Columns,” Publication No. 824-30,
Construction Technology Laboratories, Portland Cement Association, December
1988

10.

Lin, T. D., Zwiers, R. I., Burg, R. G., Lie, T. T., and McGrath, R. J., “Fire Resistance
of Eccentrically Loaded Reinforced Concrete Columns,” Publication No.824-25,
Construction Technology Laboratories, Portland Cement Association, April 1989

11.

Lin, T. D., Zwiers, R. I., Shirley, S. T., and Burg, R. G., “Pullout Tests of
Epoxy-Coated Bars at High Temperatures,” ACI Materials Journal, American
Concrete Institute, Vol. 85, No.6, November-December 1988

12.

Lin, T. D., “Temperature Distributions in Concrete Beams exposed to Fires, PCA
Research and Development Bulletin, 1987

13.

Lin, T. D. (Principal Author), Guide for Determining Fire Endurance of Concrete
Elements, ACI 216R-87, American Concrete Institute, 1987

14.

Gustaferro, A. H. and Lin, T. D., “Rational Design of Reinforced Concrete Members
for Fire Resistance,” Fire Safety Journal, 11(1986) 86 – 98, Elsevier Sequoia,
Netherland

15.

Lie, T. T., Lin, T. D., and McGrath, R. J., “Fire Tests on Reinforced Concrete
Columns, Specimen Nos. 10, 11, and 12,” Publication No. 497, National Research
Council of Canada, January 1985

16.

Lie, T. T., Lin, T. D., and McGrath., “Fire Tests of Reinforced Concrete Columns,
Specimen Nos. 8 and 9,” Publication No. 496, National Research Council of
Canada, November 1984

17.

Lie, T. T. and Lin, T. D., "Fire Tests on Reinforced Concrete Columns, Specimen
Nos. 1–12,” 12 NRC Publications, Nos. 478 - 489, National Research Council of
Canada, 1983

18.

Lin, T. D., Gustaferro, A. H., and Abrams, M. S., “Fire Endurance of Continuous
Reinforced Concrete Beams,” Research and Development Bulletin RD072.01B,
Portland Cement Association, 1981

19.

Lin, T. D. and Abrams, M. S., “Fire Tests of Reinforced Concrete Beams,” PCA
Research Report, 1981

20.

Lin, T. D. and Abrams, M. S., “Simulation of Realistic Thermal Restrain during
Fire Tests of Floors and Roofs,” ACI Special Publication SP-80, American Concrete
Institute, 1980

146

T. D. LIN

21.

Eduardo, S. and Lin, T. D. “Structural Fire Resistance of Concrete,” Journal of
Structural Division of American Society of Civil Engineers, January 1976

