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1. _BACKGROUND and LITERATURE SURVEY

4 -
L3

Provision of structural fire resistance is an important component of the

design of modern buildings. Although loss of life .in building fires over the

past 50 vears has been more often due to factors other than structural collapse

(for example, the spread of combustion products), aééémblieé must pé&ﬁide some
resistance to fire to allow. adequate occbgsz: escape time and to minimize '
property damage.

Little was known about the behaviour of structural assemblies in fire
before’ the advent of the standard fire resistance test. Massive protection,
consisting of concrete, masonry or tile was very common. The standard fire
test (1) provided the benchmark against which\the per formance of various

assemblies could be measured. %n such a test, a life-sized structural element
is loaded and supported in a manner similar to its projected use in a
structure and then exposed to a standara furnace fire. This fire, prescribed
by a time temperature curve (1), (Figure 1) arbitrarii§ resembles a fire that
might o;éur in one room of an office building and ié the international
benchmark agairst which all fire rated structural assemblies have been tested
over the past 60 years. ,

The time during exposure to this fire at 'which a given assembly fails by
collapse, loss of integrity or excessive transfer of heat is termed its "fire
resistance rating.” It is on the basis of test fire resistance-rating that
code requirements for fire saé%ty design have been based.

A typical fire resistance test costs on the order of $10,000. It yields
one result: the fire resistance rating assigned to one particular assembly.
The accepted source of fire rated assemblies is the List of Equipment and
Materials, Vol. II, Building Construction (2), and similar American and
international publications. Through experience gained from years of testing,
rules of thumb have been developed to help ensure the successful yating of
proposed test assemblies. This process has led to the development of
calculation procedures to predict fire resistance, to reduce the cost of
testing and to provide a rationgl basis for the prediction of the behavior of
actﬁal building components in real building fires.

/.
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S



As mentioned above, there are three fire test failure criteria. Any one
of these three may govern the fire resistance of an assembly, with the

exception of columns and beams in which only the last criteria applies.

The following is. a review of sources of information and calculation
procedures predicting the fire performance of structural assemblies with ~
reference to each failure criteria. The focus of this review, reflecting the

thesis topic, is skeel assemblies and, in:particular, steel columns.

The rise of temperature on the unexposed surface, which may gpvern the
fire resistance of steel assemblies acting as barriers to fire, such as wails,
roofs ‘and floors, is generally a function of the insulative value of the '
materials protecting the steel. Steel has a very high thermal conductivity
and specific heat compared with most common building materials (3) and thus
does not provide good insulation value. Supplement No. 2 to.the National
Building Code of Canada (4) lists the contribution of various protection

materials to the fire resistance of steel walls, floors and roq;s.

Calcuiation procedures developed to predict fire resistance governed by
temperature rise on the unexposed surface are naturally based on heat transfer
principals. Since the fire resistance test is a non-sfeady state problem (the
fire temperature varies with time) simple he!E‘transfer equations don't
-deséribe the process very well. Therefore, simple scaling formulas have been
developed relating.the fire resistances of two assemblies wﬁich differ in one
or more respects(5). Reference (6) describes an example of this type of
formula called the 1.7 power law, which relates the fire resistances of slab
or wall assemblies with different thicknesses and thermal conductivities of
insulation.

‘ N\\\\

" When no reference tested assembly is available, or if more accuracy is
required, the heat transfer equations can be represented by analytical charts
(7), which give the unexposed surface temﬁefature of slab type constructions,
given the thermal conductivity and thickness of the slab. TFinally, if a more
complex assembly is under study, or if the variation of thermal conductivity
with temperature is important, finite differencé computerized heat transfer
analysis can be used (7). For walls and slabs, the elements are one

dimensional.
~

-

e e



-

-3-

Structural steel, like all metals, expands when heated (approximately 1%
over a 10009 éhange in temperature). This expansion can be. beneficial; for
example, if floor assemblies are restrained from axial expénsion dpring fire,
lateral deflection can be reduced. However, in other situations, lack of
expansion joints and other detailing can cause cracks and openings in
protection materials leading to loss of integrity. For example, in.steel wall
systems, stuas may buckle and board protection may fall off if gaps are not
providéd between the top of the studs and tﬁe test frame. Another factor to
consider in assessing the potential for loss of structural integrity in a fire
test aﬁsembly is the behaviour of the protection'ﬁéterials themselves at
elevated temperature. Temperatures rise sharply in fire and can cause
shrinkage and thermal shock in some materials. Presence.of moisture in
‘materials can also affect iﬁtegrity. Too much moisture, reflected in high

pore pressures, can result in destructive spalling. '

Thus, as calculation procedures gain acceptance, there will always be a
need to carry out small scale and large scale tests to evaluate the
per formance 6f 'new materials and'systems”iﬁﬂEire,'in particular with regards
to their ability to maintain structural integrity.

The third fire test failure criferia is maintenance of load without
structural collapse. The fundamental principal behind all methods designed to
predict the structural failyre of steel assemblies in fire is the fact that
steel gradually loses strength and gtiffness at eleQated temperatures (38).
Room temperature structural steel design procedures, in Canada CSA
$16.1M-1980(9), dictate the allowable load for steel members, given the
mechanical properties of the steel and incorporating a certain safety factor
on strength and load against collapse. As a steel member is heated in fire,
it m;y reach the temperature at which its strength and stiffness decrease to
the point that this safety factor is reduced to zero. This temperature, which
is a function ®f the type of member, its end support conditions ahd the load
applied, is known as the critical temperature of the member.. The critical
temperatures of structural steel assemblies under differ®ent conditions has
been the subject of much research and many fire resistance tests and has
resulted in, for example, the failure cyiteria f6r beams and columns in the
fire test standard, ULC 5101 (1). Thus for common steel asséemblies under

full design load, calculating fire resistance means calculating the time at
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which the members will reach their criticaiﬁteﬁperature. Thus structural
considerations are reduced to simpler temperature predictions and heat
transfer methods can once again be used. One caution: the critical
temperatures in ULC SlOl refer to common but specific loading and boundary

conditions. Crltlcal temperatures do vary with- these parameters.

1.1 The Fire Resistance of Structural Steel Columns *

Since columns do not act in themselves as barriers to the spread of fire,
the only failure criterion applicable to them in a fire test is structural
collapse under load. The first standardized column fire tests were carried out
in 1920 at the U.S. National Bureau of Standards (10). Results ‘indicated that
most steel columns collapsed under design lecad at average temperatures, above
538°C. Thus, in 1947 an alternate standard fire test method for steel
columns was adopted which has been in universal use since that time (1). It
prescribes an unloaded test where the failure criterion is the attainment of
the "critical temperature" of 538°C. Supplement No. 2 to the NBCC, pages
44-48 (4), lists the thicknesses of various protection materials required to

+

prevent the attainment of 538°C in columns for various fire resistance

periods.

Procedures that have since been developed to calculate steel column fire
resistance are based purely on thermal analysis: predicting the time of
exposure to h?e standard fire when the average steel temperature will reach
538%¢. This analysis is based on the fact that the column is exposed on all
four sides and that all heat transferred is aBsorbed by the mass of the column
and by its protection. These principals have resulted in the M/D concept for
steel columns (11) which states that the fire resistance of a column is
proportional to its mass and inversely proportional to its heated perimeter.

The determination of column heated perimeter is illustrated in Figure 3.

v

Based on M/D concepts, scaling formulas similar to the wall forwula
referred to earlier, have been developed relating the fire resistances of
columns of different sizes with the same protection material(6). These have
served as a base for the development of various semi-empirical formulas
predicting fire resistance of columns with specific protection materials which

have been verified with many fire resistance tests (7},(11).

I
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Analytical charts can be used to solve the column heat transfer problem if
the above forwulas do not apply or if more accuracy is r9quired (7). And-
again, if variations in thermal conductivity are important and further
refinement required, finite difference computer programs have been developed

to solve the problem (12). In this case they are two-dimensional in nature.

-

\ G

All the prediction formulas are based on the concept that the attainment
of the critical temperature of 538°C signifies collapse. As mentiomed
before, this temperature is actually a function of the load applied to the
column and its end restraint conditioms. )

In certain situations, steel columns need no protection; the mass of steel
in itself is sufficient to absorb the heat transferred to it. Calculation
_ procedures have been developed (13) to calculate the mass of steel required to
provide resistance to collapse for various fire resistance periods. Here the
critical temperature concept is clearly not appropriates '

. \

Since the 194Us our knowledge of the factors affecting column behaviour,
both at room and elevated temperatures, has increased to the point where the
gross simplification of a universal critical;temperature is no longer suffi-
cient or necessary. Calculation procedures for predicting column failure 4t
elevated temperatures are now under development and verification in Europe
using recently constructed loaded column fire test facilities (14)(15). In
addition, for the first time in 50 years, a North American column fire testing
facility has been constructed with loading capabilities. This facility, at
the National Research Council in Ottawa, provides an opportunity to evaluate

the behaviour of loaded columns exposed to the standard fire.
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2, . OBJECTIVE
L ] B »
The objectives of this study are, first of. all, to develop a computer
analysis technique designed to study.the influence of load and slenderness
ratio on the critical temperature and fire resistance of wide flange steel

columns and secondly, to verify the technique with a full scale fire test.

3. PREDICTION OF FIRE RESISTANCE

The prediction of the behaviour of a steel column (or any structural
assembly) in fire is a two-step process. First, a thermal analysis must be
carried éqt to determine the temperatures reached by the column at any time
during the fire. Then the structural xesponse of the column to this tempera-
ture must be assessed. Normally, these two steps are performed separately; in
other words, it is assumed that structural behaviour does not influence heat
transfer to the column during the fire. (This implies that the protection
materials are not dislodged by deformation of the column they are protecting.)
A further assumption that is commonly made is that structural behaviocur is time
independent.

N

3.1 Thermal Analysis

Lie and Harmathy have developed a two-dimensional numerical heat flow
analysis technique for predicting the temperature a protected steel column will
reach during a simulated fire test (12). This computerized finite difference

method makes the following assumptions about heat transfer mechanisms:

o Heat transfer From fire to column is radiative,

o) Heat transmission through protection material 1s conductive,
o Thermal resistance between protection and steel 1s negligible, and

o Steel temperature is uniform over the cross-section.

Thermal properties of the protection materials, which vary with tempera-
ture, and the geometry of the steel section are required input for the

analysis. Output is the predicted average steel temperature history. The

technique is explained in detail in reference (12).
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3.1.1 Thermal Properties of Protection Materials

Thermal conductivity and specific heat are the two properties of relevance
to this heat transfer analysis problem. The former reflects a material's
ability to transmit heét; the latter indicates its ability to store heat.

These properties of building materials and their variation with temperature
have been extensively researched (3) but there is information lacking on the '
properties of common fire protection materials, especially at high tempera-
tures. ' I

The National Research Council of Canada has developed equipment and proce-
( dures to measure these properties at elevated temperatures (16). A typicalﬁ !

dataset is shown in Figure 2 (17). A limitation of the method is that the

t
maximum temperature of measurement is 600°C.

3.1.2 Steel Geometry

The properties: of a steel section which influence heat transfer to it are
its mass and its heated perimeter, the perimeter of steel enclosed by a

protecting material (11). Figure 3 demonstrates the heated perimeter concept.
3.2 Structural Analysis ' ' : -

A.finite elément computer program designed to analyse the behaviour of a
pln*&nded wide flange steel column under eccentric axial loading was developed
by the'author. Based on a program written earlier by Lie (18) to analyse the
behaviour of reinforced concrete columns, it ‘follows the following procedure
for a column of a given wide-flange geometry, length, initial imperfection at
midheight, made from a steel with given stress—strain properties, at a given

temperature.

l. An initial midheight lateral deflection is assumed.

2. An axial strain 1s assumed.

. . . . . 1y
3. Thermal, axial and bending strains are summed for each element.

*Thermal strains are those resulting from the expansion of the column and
are a function of its temperature. The program assumes that this expansion 1s
completely externally unrestrained. Thus, stresses will result only.if there
are thermal gradients across the section.
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N Eiemental stresses are calculated from streSnggréin relationships.

5. Total section load and moment are calculated (stresses x areas and
moment arms).

6. The value of load (deflection + initial imperfection) is compared with
the value of moment and steps 2-5 are repeated with a new axial strain
until equilibrium is achieved. ' o | .

7. Steps 1-6 are repeated, incrementing the midheight lateral défléction
until the total load drops off, signifying failure.

8. Outpug from the program includes elemental stresses and &&fains, total
axial strain and lateral deflection as a funcFion of load. ~

Appendix A is a description and listing of the program and a sample

inputi' Reference (19) describes a similar program developed at the Column

Research Council in the early 1970s.
¢

3.2.1 Mechanical Properties of Steel at Elevated Temperatures
L

The elastic and yield properties of steel and their reduction with
increasing temperature have been well documented (3),(8),(20). 1In general,
there is a wide spread in this data (11). Traditionally, this information has
been obtained through small scale high-strain-rate tensile tests carried out
°at constant temperature. Methods of predicting structural behaviour in fire
(including those described in this thesis) are generally time independent; yet
creep deformation can be significant at the temperatures reached by steel in
fire.

Recently, small scale, constant-load, compression tests were carried out
by European researchers (14) wherein the specimens were heated at 5-25°C/min
(a typical heating rate for a full size protected steel column in a standard
fire-tesfj until failure. The resulting yield strength and elastic modulus
versus temperature relationships (Figures 4 and 5) thus implicitly include the
influence of creep deformations‘likely to occur during the fire test period.

‘Lig in his work on reinforced concrete columns presented stress-strain
curves for steel based on small scale high temperature compression tests (21)

which provide for stiffness above the yield point (Figure 6J.

i



§

i 24
~Q-

y
.3.2;2 Verification of Analyses Results
- o
A sample output of compute} analysis in the form of load versus lateral
deflection behaviour of a column of intermediate slenderness (KL/r = 52) is
shown in Figure 7. Input to the analysis was the room;tepperature stress-
strain curves of Figure 6. This output ig compared in the figure with elastic

analysis and plastic theory predictions of column behaviour. There is close

\bprrelation between them. Appendix B outlines the elastic and plastic theory

?

5\ .
calculations. : '

3.3 Influence of Residual Stress

It has been well documented (21) that rékidual stresses induced in the
flange tips of wide flangé steel column shapes during the hot rolling process

have a pronounced effect on beam—column strength.. In order to examine the

influence of residual stress on high temperature tolumn behaviour, the residual

stress pattern shown in Figure 8 ‘was imposed, through computer analysis, on a’
column of intermediate slenderness in the form of initial residual eT¥hnental
strains. .Eigure 9 shows the predicted influence of these stresses on the lpad
deformation behaviour of the column at room temperature and at 350°C. It is
sevident that although the load-deformation path is affected, the maximum lgad
achieved by the column is minimally so. This can be understood By the small
lateral deflections at which this column reached faiiure (less than 10 mm}.
Residual stress only affects the bending behaviour of the column: this column
is almost under pure axial load.

Stress relieving of steel members gs usually carried ocut at temperatures
greater than 400°C. Therefore, the influence of residual stress is expected

to be small for columns of critical temperatures above this value.

/
.
3.4 Preddction of Critical Temperaturge

The critical temperature-of a column is that temperature at which its
‘capacity is exceeded by the load applied. The capacity of a given column at
any given temperature may be calculated using the numerical technique described
above with stress—-strain curves (Figure 6) (EagelU as input. It may also be

calculated wusing room temperat%re column design resistance equatioms, such as
T
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those in CSA S516.1M (9) (pageM) (excluding the reSistance factor),.using the.
relationships between FY, E and temperature shown in Figures 4 qﬁd 5. Figures
10 and 11 shows results of both these calculations in the form of elevatéd
temperature buckling curves. The stress strain curves from Lie's work (18),
(Figure 6), a design out—of—stra;ghtﬁess of L/1000 and a uniform temperature
overothe cross— section were assumed in the analysis for the purpose of these
curves.

Examining Figures 10 and 11 it is apparent that the two sets of curves bear
little resemblance to one another, partidularly in the low KL/R range. There
are two apparent major reasons for this discrepancy:

(1) The S16.1 buckling curves are based on eléstic—plastic'stress—strain
assumptions whereas the elevated temperature stress-— straln curves shown in
Figure 5 have an upward slope beyond the elastic limit; and

(2) The S16.1 buckling curves include the influence of f;sidual stress

which 1s particularly significant for columns of low slenderness ratio.

3.4.1 Influence of Initial Eccentricity

Figure 12 shows the influence of assumed initial column eccentricity on
analysis derived buckling curves at room temperature ‘and at 600°C. It
appears that increasing the initial eccentricity from 2.5 to 10 mm {(over a base
length of 2 m used to derive the curves) decredses strength by approximately

10 percent at both temperatures.

3.5 Prediction of Fire Resistance -

Bsing either of the sets of elevated temperature buckling curves shown in
Figures 10 and 11, the temperature at which a given column will fail under a
glven stress may be determined. Carrying out a thermal analysis of the column
will determine the time during the fire test that the column will reach this

temperature: 1its fire resistance.
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yield strain = 4x10 12 F, = 1.2x 1073

stress = Exstrain if strain £yleld'strain

E = 6.9x10%x (50-0.04yTemp)x (1~e(~30+0-03#Temp) (¥D.001),

if atr]ain7 yleld strain

stress ='Ex0.002 + 6.911064! (50_0_OMTemp)x(l_e(-30+0.03ﬁl‘emp)(fstrain—O.OOOZ),)

where Temp = temperature of steel -

"

CSA S16.1 Buckling Curve Equations

(al 0KAK0.15, . C, =pAF,

(b) 0.15<A< 1.0, C, =¢AF, (1.035 — 0.202) — 0.222))
(ch 1.0<A<20, Cr=¢AF, (~0'111 +0.636%"" + 0.087XY
(d) 20<A <36, C, =¢AF, {0.009 +0.877X°2) -

e 36<A C, = pAF, X7 = A[L§EEP]
E) . . ad 2 f;) v = ¢ (KL/r)I
where

KL F. .
A=/
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4, TESTING
. * - ﬂ

: ~
A full scale loaded column fire test was carried out at the Fire Research

Laboratoxry of the National Research Council of Canada.

.

4.1 Test Specimen

- -

The test specimen was a 3.8 meter long, W150 by 37 wide flange steel
column, obtained from a local fabricator. Column dimensions, specified (22)
and_peasured are listed in Table 1. .

The steel was specified CSA G40.21M 300 MPA. Appendix C is a copy of the
Mill Test Report. Standard tensile tests were carried out according toc CSA
G40.20 (23) on coupons cut from the web and flange of a stub of the column.
The test results are 1iste&‘in Table 1 with spéﬁified {22) minimums. It
appears that the columm was understyength. : *

The emds of the column were cut and milled by NRC staff and 400 by 610mm,
25mm thick top and bottom cap plates were welded to them. Figure 13 shovs the

column before protection was applied.

4.1.1 Thermal Protection

.“Vicuclad,” an inorganic bonded vermiculite board, 25 mm thick, was
selected for the column fire protectiomn. Although the produtt 1is not widely\\\_—t#,
used in Canada, it is uniform, durable and has stable thermal properties at
elevated temperatures. Figure 2 shows the variation of its thermal con-
ductivity and spébific heat with. temperature. It is applied to wide flange
steel columns in a box shape using noggings and a special high temperature

.glue. Tigure 14 shows the protected column. ‘

4.1.2 Instrumentation

Thermocouples were peened onto the’surface of the column at locations shown
in Figure 15 to measure thetvariation of ste;l temperature with time over the
column height. (A uniform steel temperature is a common assumption in
predicting fire resistance.) In order to measure the column's strain respqnse °
to‘loading at room temperature, strain gauges were welded to the cross—section

of the column at midheight at locations shown in Figure 15.
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4.3 Co;z§n_lﬁgfing Facility
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4.2 Determination of Effective Length and Selection of Test Load

The unsupported column length in the test furnace was 3.8m. The column
ends were rigidly restrained against rotation in the -loading facility by the
furnace frame (Figure 16). A caizulation of the relative stiffness of the
column and the furnace restraining beams rindicates a K factor of clpse to 0.5
(Appendix E). However, in reality, there would be some movement in the column
to beam bolted connections which would increase the theoretical K. |

The heated length of the columns was ;pproximately 3.2m. At high tempera-
ture, the stiffness of the unheated column ends relative to the heated portion
of the column was gréat enough that the ends would contribute to a reduction
in the column eff;ctive length)\\ii:d}n his studies on reinforc¢ed concrete
columns (7), has found that selectled of an effective length of 2m or 0.53 of
the total length agrees with experimental behaviour. | -

The test column load was 742KN, factored room temperature capacity (S16.1
resistance equations (13)), divided by 1.4, a conservative load factor based
on a ltive to dead load ratioc of 1.5. Appendix D shows the load factor

calculations.

ta
.

The test facility (24) is illustrated in Figures 17 and 18. It consists
of a furnace chamber inside a steel framework supported by four columns. Loads
are applied by a 9790KN capacity hydraulic jack mounted at the base of the
column. The loading rate of the jack is manually controlled and its fluid
pressure is periodically calibrated by a load cell. The travel of the jack is
measured by an LVDT with an accuracy of 0.002 mm and a maximum range of 150 mm.

Two other horizontal jacks prevent lateral movements of the top of the column.

The top and base of the framework are heavily laterally braced.

The furnace chamber, 2.6m square by 4.3m high, is constructed with
insulating fire Brick and lined with geramic blanket. The fire is fuelled‘by
12 propane gas burners symmetrically distributed along the chamber walls.
Furnace temperature is measured by 9 chromel-alumel thermocouples installed
0.3m from the test specimen at O.6m intervals in height. The feedback from the
thermocouples 1is used’ to control the burners to guidejtﬁe furnace temperature

along the standard time temperature curve (Figure 1).

N

-
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4.4 Test Procedure

The column was placed in the furnace on a plaster of paris levelling seat
and levelled by plumbing and shimming as required. The top and bottom plates
were bolted to furnace bolting‘énd head plates {Figure 17). The column and
furnace thermocouples were connected to a datalogger; the travel of the loading
jack, measured by the LVDT, was recorded by the datalogger every minute.
Visual observations of column behaviour were made periodically through furnace
portholes. . .

The column was‘loaded to test load at room temperature; loading was
controlled manually and averaged 4.7 -KN/min. The test load was held for an
initia} 45 minute period at room-temperature. The furnace was then turned on
and the staﬁdard time—-gas temperature curve was fqllowéd. The test wis

terminated when the test load on the column could no longer be maintained.
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5. ¥ COMPARISON OF TEST RESULTS AND ANALYSIS PREDICTIONS

The column failed at 90 minutes at an average steel temperature,of 563°¢
and a total axial expansion of 17 mm. Figure 19 shows the column after test.

-

5.1 Thermal Behaviour

The thermal analysis Eechniﬁue described above was used to predict the
time—steel temperature history of the test column expoéed to the standard fire.
Input to the analysis was the thermal properties of the "Vicuclad" protection, -
. shown in Figure 2, and the heated periﬁeter value shown in Figure 3. The
results of the analysis in comparison with test results are shown in Figure 20.
Computer analysis predicted that the column would reach the failure temperature
(563°C) 20 minutes before the actual test failure. This conservatism may be
due to the thermal propekgy data used for analysis input, obtained using the’
thermal property‘measuring technique (5) described in section 3.1 Fire tem—
perature reached 1000°; properties of tﬁe protection material above the
600°C measurement limit were linearly extrapolaﬁed for input.

: «
Table 3 lists the average thermocouple readings at each measurement height

(Figure 15). Temperatures varied with height by a maximum of 20°¢.

5.2 Structural Behaviour

The structural analysis technique described above was used to predict test
column behaviour. In cérfying out the structural énalyqis, Lie's stress-strain
curves (Figurefﬁ), a uniform temperature over the cross—section, an effective
length of 2m and an initial eccentricity of 2.5mm (L/1500) were used as input.
The lower initial eccenticity reflects the accuracy of the test furmace
compared with field construction. f

Figure 21 shows typical outputs from the structural analysis program: the
load deflection history of the column at various temperatures. For all
analyses run, failure (load.decreaséj occurred at or near the 10mm lateral -
deflection point.

Figure 22 shows th; predicted axial strain versus average steel temperature
curve, compared with the equivalent test measurement, vertical travel of the

loading head. The initial negative strain results from compressive loading;
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the positive strain results from the sum of loading strain and thermal
expansion. It is apparent that the column sustained much higher axial strains
than predicted. : . .

Table 4 lists the strains recorded across the column cross-section at

midheight during loading prior to the fire test.
»

5.3 Critical Temperature

Both structural analyses and the elevated temperature buckling curves
derived from the S16.1 resistance equations were used to predict the critical
temperature of the test column under the test ioad. These values are listed
in Table 2 inm cemparison with the test critical temperature. Note that the two
Qfedictions differ substantially from one another. The test column is in the
low KL/R range, where the two sets of bueiling curves, Fipures 10 and 11,
differ.

Both predictions are very conservative in comparison with test results.

Since both are based on the same elevated temperature steel property data, it

is reasonable to assume that this data does not reflect full size column

behaviour.

5.4 TFire Resistance

Combining the prediction of critical temperature with the thermal behaviour
prediction in Figure 20 yields the predictions of fire resistance listed in
Table 2. Some of the lack of correspondfnce between test and predicted results
may be due to the furnace design. Recgnt round-robin testing in Europe (10)
has shown a wide variability in results of loaded column tests on identical
specimens. Some of the conditions ‘contributing to this variability which are
difficult to measure are: variations in heated ¢olumn length, uneven heating
over the column length, heat transfer to the column from the furnace,
variability in column end fixity and degree of initial eccentricity in loading.
Some of these conditions also occur in column testing at room temperature.
However, measufement of lateral d%splacement and strain gauging can determine

the magnitude of their influence on test results. Strain gauges which are
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accurate in 1000°C environments are available but cost on the order of $600
each. The measurement of lateral displacement cannot be carried out by con-
ventional plumb line techniques or transit measurements in hot environments.
A laser displacement measuring device is cumrently under development (16).

S .

Because of the variability in all the above factors in what might be
assumed Lo be idegtical tests, 4 true evaluation of a predictive model should
consist of a series of fire resistance tests. An extension of this test
series is planned for the future and includes five more column tests in which

column slenderness and load applied will be varied.
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6. ’ SUMMARY AND CONCLUSIONS

The structural behaviour of building elements exposed to fire has been the
subject of much research, largely in the form of full scale performance
tests. Recentl;, calculation procedures have been developed to predict this
behaviour. The subject of this study was the fire resistance of structura
steel columns as determined by thermal and structural analysis and verified by

fire test.

In the study, a two dimensional ﬁjnite difference type thermal analysis is
described which predicts the température history of a steel column exposed to
a standard fire. A structural analysis technique was adapted from a p
previously developed reinforced concrete model to predict the structural //
behaviour of a wide flange steel column's behaviour under load at elevat?é
_ temperatures. The technique is a finite element model which assumes a given
geometry, pin-ended length, initial imperfection at midheight and includes the
effect of initial eccentricity, thermal and bending strains and optional
residual strains. The inputs to both thermal and structural analysis

techniques (thermal and structural properties of the protection and steel) are

discussed. Results compare closely with conventional theory at room

temperature.

The models were.used to predict the results of one ypaded fire resistance
test on an insulated wide flange steel column, carried éut as part of the
study. The temperature of the column, its strain under initial loading, and
its overall axial displacement and fire resistance were measured. Assumptions
were made régardipg its effective length and resulting design load. There was
poor agreement between test results and model predictions. In order to
accurately predict fire test behaviour, the elevated temperature properties of

steel and protection materials, and furnace loading and heating conditions

must be better understood.

This study recommends a further series of tests to determine the influence

of the above fadtors on the fire resistance of steel columms.

/
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Column Dimensions

7, I t,mn b, mm d,mm
W150 by 37 specified 8.1 | 11.6 154 162
test column 8.2 11.6 152 162
Results ‘of Coupon Tests
Coupon area, mm” Yield Strength Modulus of Ultimate Strength
MPa Elasticity MPa
MPa
web 104 284 183000 445
:
flange 149 282 149000 T 470
]
specified 300 %50
minimum v
) =
Table 1 '

Steel Data




e

—

Test Column Area

= &722mm21_ Kl/r = 52,

Test Load = 742 KN

Predicted Performance

"\‘_‘\
Prediction Critical Temperature Fire Eésistance
Method oC minutes
Computer
Analysis 325 42
Buckling
Curves 425 52
~
Test '
Results 563 90
&
Table 2 2

Comparison of Predicted and Test Results

I




Table 3

Variation of Column-Temperature with Height

time furnace 1 meter 2 meter 3 meter overall
min ‘| average average average average average
°c °c *c °c °c
0 - 63 25 25 25 25
15 748 71 74 71 72
30 837 166 170 155 \ 164
45 890 287 288 273 283
60 926 395 396" 382 391
75 948 488 - 492 475 485
90 974 566 570 553 563




Table 4

Strain Gauge Measurements

Load | Stress | Modulus of [Microstrains Corresponding to | Time

KN Mpa Elasticity Each $train Gaupge Number min, sec

Avg, Mpaxl0 * 3 4

0 0 0. 0 0 0 0
180 ag 19.4 1.22 4.39 | 0.8 1.39 0,55
250 53 20.7 1.43 4.08 | 1.99 2.75 3,15
321 68 f 18.6 2.68 5.58 | 2.77 3.56 5,30
392 83 22.4 3.18 3.95 | 3.49 4,21 7,30
461 98 27.8 | 3.7 1.79 1 3.88 4.76 9,10
532 113 26.2 &:{6 2.18 4.61 5.74 10l§5
602 - | 127 | 24.7 | 545 | 382 | 5.06 | 6.27 12,30
.672 142 27.7 .6.03 1 2.13 | 5.12 7.18 13,55
742 158 22.8 6.62 | 6.84 [6.36 | 7.92 15,40

* no readings from these strain gauges

Average Modulus of Elasticity

23.4 % 10° MPA
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Legend
NTIME
TS

MI

NI

DX

ECC
XKL

FY

AS

EPTS
FOO1
RIIO

LEP

PECCY

Read
or

Write

FLOWCHART - %

PROGRAM WIDEF

/

no of temperatufes at wﬁich analysis is carried out
temperature of steeloc
no of elements in flange/2
no of elements in web/4

Lkelement width m

initial out of straightness of column m

effective length of column m

yield strength of steel N/m% (MPAxIOL)

element area m~ ' '

distance of element from neutral axis m

aésumed lateral deflection m at coclumn midheight
thermal strain temperature

relationship between stress and strain temperature N/m
curvature at column midheight (function of Y)

axial strain

elémental stress WN/m”>

elemental strain

axial load N

internal moment Nem

external moment Nsm

Assign Colculate
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EF,Y
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PROGRAM WIDEF

4
P v

- Fire Resistance of Wide Flange Steel Columns

Read NTIME, MI, NI, DX, ECC, XKL, FY

15 ,.15, I5, 3F10.5 , F20. ®

- ' :

NTIME = number of analyses (number of temperatures ’// ,)
MI = number of elements in web half, including dorner , L.E. 10
NI = number of elements in half flange, InNEL
DX= .,  1/2 element width = 1/4 web width '
ECC = assuﬂhd eccentricity in applied load - meters, typically 0.0025

(veak axis bending) .

effective length = 2 meters for column furnace \.

yield strength of steel in N/m2 = MPax10

XKL =
FY:
Elements .
.
Jhieile
x
" t
gv
5 My
I
-
- &~
20X

6

( 1/4 of section Q%ilysed then symmetry)

centroids of elements used to calculdte
moment arms to bending axis

. NOTE : flange depth must ='3xwab depth

web and flange length must be
roughly even multiples of flange
depth

This area is dimensioned but no stresses, strains
or areas are assigned



Sumnary of Analysis Process

Given an eccentricity
Guess at curvature (centerline deflection) and an axial strain
Calculate strain (including thermal, axial and bending)
Calculate stresses
Calculate load and moment (sum over elements times areas and moment arms)
Does loadx(deflection + eccentricity) = moment ?7
No - then guess a new axial strain and repeat
Yes - then guess a new curvature (centerline deflection) and repeat

Initial lateral deflection at midheight assumed y = lmm

EY = 4x10 _125 fy (proportional limit strain) a8y

The foliowing analysis is carriled out at midheight at each temperature (TS)

Read steel temperature and time Format 2F6.1

6 6

ALPHAS (expénsion) = 0.004 =10 “x TS+ 12x10°

EPTS (thermal strain) = ALPHASx (TS-20)
FOOL' (tangent E) = 6.9x 10%x (50-0.04T8)x (1o 20F0-03TSx V0.001

(from experimental curwe fitting) »

)

RHO (curvature) = l/ym'XKLZ/IZ

The initial deflection assumed is

The following analysis is carried out on each element

Strains ‘
Strain on each element on right (EPSR(I,J)) = - EPTS+EP+Z(I,J) /RHO
left EPSL -
where EP= strain(compressive) dué to applied load (initial = )]
Z= distance to bending axis

-

B
Stress-Strain Relationship .

If strain is less than E?J Stress= FOOlastrain/0.R01 = FSR(I,J) or FSL(I,J)

If strain is greater than E% Stress = 6.9xlOQK(SO—O.OQIS)x(l—e—3O+O°O3TSK strain—EY+0.001)
+({F001/0.001xEY-F
from experimenta curvg fitting



~ Calculating load and bending moment for each element

(load) PS = (stress léft + stress right)xareax?
P = sum of loads on all elements -~
{moment )XMS= (-stress left + stress right)xareaxz.2
XM = sum of moment on all elements

Calculating moment generated by calculated P

PECCY = Px(ECCHY)

If (éECCY:XM) GT 2% of XM, EP is incremented and the whole process begins
again (stress-strain calculation)

When XM and PECCY are balanced for a given Y, then a new Y is assumed

(up to 10 mm) and the process begins again.
1

When several Y's are attempted and the axial load remains the same,
then a new temperature is input and the process begins again. ’

-

fr

)

N
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“
Elastic Theory reference: Timoshenko and Gere
"Theory of Elastic Stability'
Pin-ended strut with initial curvature defined by
Yo = alsinmx/L (at x=1/2, yo=al)
o)
Load struct to P, deflection becomes y ' l
. :
!
Curvature equatien dzéz-y )+ P/EI Vo T 0
dx
o2
integrate twice, substitute for Y, and PE =lEI/L N
¢
(:) y =a Sinﬁ%/L . -
l—P;PE . 3

Load to cause first yileld Py ?

Moment at x=L/2, differentiate twice and substitute

M=PEP a,

(PE—P_. )

Let diéﬁ/ance to extreme fiber = ¢

Maximum/ fiber stress = yield stress Ky when
=P /A+ PP ac e
6Jy y Eyl
(PE—Py)I

= aels - - _ 2
Let I = Ar”? Py—APy, P APE,7 alcfr

(:)then Py=l/2{?§y +tl+?) %{-—y/ajy+(1+?)pE)2 _ QO;PE ;E




LY

Plastic Theory .
P . reference: course notes CVG 4142
J private communication:
» D.C. Stringer
.
%c Assume a perfectly plastic material
’ o A ) .
1‘ [ 1 +ension
il i .
P . n
Tw compression
Plastic moment of resistance about neutral axis P ‘
. ) ) J’ -é-.v e
M =2(b/2-n) (b/24n)ts J 2
P y - d —
Axlal thrust P= [4nt+(d—2t)wjb&
At equilibrium ’ Pyé = Mp 2
Equate and eliminate n
o

2 ' v
Y.~ ZIPEb /4 —{l/ét(p/cﬂ“y -(d—ZQ)w)j oyt



W150 by 37

o
L=2m
al=2.5mm e
A=4730mm2 .
6 4 o’y= 300MPa

I =7.07 10 mm
Yy

E =200000MPa
Fy738. m pE=ﬁ?Er/L2=3490KN
d=162mm '
b=154mm .
t=11.6mm
w=8. lmm

Plastic Theory

yc=2/P'{B930-[0.022(P/300-i124)8.£]2 3480
e

Elastic Theory

rron(2) P =251Pa =p 1188KN

From(:) at x=I,/2

y=al' ' =2.5
1—P/PF 1-P/3490

y-y =2.5 ' -2.5
° "1p/3490
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APPENDIX D

Load TFactor Calculation

Assume Live load = 1.5 Dead Load

C.SA S16.1 Factored Capacity = 1.25 D + 1.5 L
=1.25D + 1.5 (1.5D)
= 3.5D

Load Factor = 1.25D + 1.5L ="3.5D = 1.4
D+ L 2.5D

¢ .

APPENDIX E-

Calculation of Effective Length

Column IC= 22.6 mm4x106, Lc = 3.8m Ic/Lc = 5.9x106mm4/m

Cross Beams - assume only 2 acting

each T = 2{1.53>r16 + 1.5 16x21.125j + (42.25-311

? 12 12
4
= 26500 in
Lg = 9'8" max = 2950mm

I /L =21 /L = 7.510°mm"/n #
g B g B

Thus k=»0.5

< source: nomograph
CSA 516.1 Appendix C
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