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Firg ReESISTANCE OF CIRCULAR STEEL COLUMNS
FILLED WITR BAR-REINFORCED CONCRETE

Ey T. T. Liz," Member, ASCE
»

AwsTrAcT:  Experimental and theorelical studics have been performed to predict
the fire resistanne of citculsr Aollow steel cofumny filled wilh ber-reinforeed con-
orete. A mathematicsl madel 1o calcudate the temperatures, deformations, and fre
resistance of the columns is preseated. Calcufated resahs are compared with those
measwred. The resubs indicate that the model is capable of predicting e Sre
resfsterice of croutar sflow steel columens, lilled with bar-reisforced concrete, with
a0 socuracy (had iy adequate for practical purposes. The inodel ensbics the expan-
sion of datz on the fire resistance of ciroular consreic flled siee! columns, which
a8 present covsises predomingotly of date for columns (lled with plain concrcte,
with Ut for columns Siled with bar-rednforoed concrete. Using the moded, the fire
rexintancs of droular concrete-filled steel columns can be evalueted for any value
of the significant paramciers, such as loed, column-section dimensions, eolumn
bength, and perceatage of peinbarcing wee] without the necessity of testing,

INTRODUCTION

The use of hollaw structural sieel sections has several beoefits; Such
sections are very efficient structurally in resisting compression loads. By
filling these sections with conereig, a substantial increase in load-bearing
capacity can be achicved. Fire resistance can be obtzined without the ne-
ceszity of extexne) fire protection for the steel, and eliminating steel surface
protection increases the usable space in a building.

For a number of years, the National Research Councit of Canada has
besn engaped in studies to develop methods for predicting the fire resistance
of these composite eolumns, These studies were supportad by the Canutian
Steel Construction Comncil and the Amcrican Tron znd Steef Institute, A
multiphased program. which involved mathomatical modeling and experi-
ments, was established.

In the first phase, hollow steel sections filled with pisin concrete were
studied. These studies showed that substantial reductions in the loads on
the columns have (o be made 10 obtain reproducible and predicizble fire
Fesistances.

If the concrete is reinforced, however, the fire resistances remain pre-
dictable, ¢ven when very high loads are applted, ay shown in studies op
steel-bar—reinforced, concrete-filled columns (Chabot and Lie 1992}, In this
paper, a mathematical model for the prediction of the fire resistance of
circutar bollow steel columns, fililed with bar-reinforced concrete, is pre-
sented, and the results produced by this model and those from tests are

- discossed.
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TEMPERATURES OF COLUMN DURING FIRE EXPOSURE

The cateulation of the fire yesistance of the colwmon i done in various
steps. It involves the calculation of the temperatures of the fire 1o which
the column is exposed, the semperatures in the column, and jis deformations
and strength dering the exposure to fire.

The colunm temperatures are caloulated by a finite difference method
(Dusinberre 1961). This meibod has been previously applied to the calon-
lation of temperatures of various building comannenm exposed to fire (Lie
1977). Becawse the method for deriving the heat transfer equations and
calculating the temperatures is dcsm'beg in detail in those publicatious, it
wifl not be discessed here; only the equations for the ¢alculation of the
oolurmn temperatures will be given.

Division of Cross Section ntn
‘The cross-sectional area of the column is subdivided into & nunsber of

_concentric layers. There are M, layers in the steel and M, — M, + 1layers

in the concrete. As illustrated in Fig. 1, along any radius, a point P,
representing the temperature of a layer (m1), is Jocated a distance of (m —
1)AE, from the fire-steel boundary when the point is in the steel and a
distence of (m — M )AL, from the concrete-steel boundary when the point
is in the concrete. The cuter layer of the steel, which iz exposed 10 fite, has
a thickness of 172A£,. The layer of stec! at the boundary between steel and
concrete is alzo 1/2AE, thick. The thickness of all other layess in the steel
is AE,. The thickness of the layer of concrete at the boundary between steel

| BOUNDAHY
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and concrele as well as at the center of the column is 1/2AL,. The thickness
of the other layers in the concreie is equal to AE.

EQUATIONS FOR FIRE-STEEL BOUNDARY

It is assumed that the entére surface of the column is exposed to the heat
of a fire whose teraperature course follows that of the standard Fire described
in ASTM E119-88 (Standard 1988) or CAN/ULC-S810L (Standurd 1989).
This temperature course can be spproximately described by the following
expression:

T = 20 + 750[1 — exp{—3.79553VD)) + 17041V~ (H

where 7 = the time, in hours; and T} = the fire temperature, in degrees
Celsins at time v = jir,

The temperature rise in the layer can be derived by creatiog a heatbalance
fur cach layer. In the following, all calcutations will be done for a unit length
of the column. For the layer at the exterior surface of the column, the
temperature at time t = [ + )47 is given by the expression:

T =T+ 2&&; frea (T} + 273) — (T + 2139
(p¥ (R, - "f") AE,
.M'( e = %ﬁ_,
- , kY, + (RYICFE ~ T1) @

(peY; (R, - %5*‘) (AL)

Eguations for Inside Steel

For the layers in the stez), except for the surface layer and the layer at
the boundary of the steel and concrete, the temperature at time T = (j +
1}ar is given by:

SP— ar | 3
o = Tt Ao iiR, - (m ~ DALKBER {[“ ( z) ‘“‘],

ks + RN Ty — TR -~ [R, - ( " %} %]

A + oL = T )

Equations for Stecd-Concrete Boundary '
For the layer at the boundary of the steel and the concrete, the temper-
ature at time = = {f + 1}Ar is given by:

14




‘T{‘;I = ﬂ”ﬂ
At

o[ 7. - (0 -3) st 6 + e« et (1. - 5

RJ, - (Ml - g) Aﬁ,
ﬂ% {(ﬁg fld';nl + ('kr il.}(r"up-l_' T‘.‘lﬁ]
g -2
T TRL kY, + (kX odd(They = Thapsl) )
Equations for Inside Concrete

For the lavers in the concrete, except for the layer at the center of the
column and the {ayer at the boundary of the concrete and steel, the tem-
perature at time © = (§ + 1)Ax is given hy:

- A
¥ Ao d + prdifiR, — (7 — MAEIAET

=71
{7 {m - 2~ 2) st | 1o, + @y - 7

{ R - (m - M, + ;) aa] (ke + s sd(T ~ mq} )

A

Equatlons for the Cemter of Comcrete
For the center fayer, the temperature af time © = (f + LAT ks given by:

24T
[(Prda, + Pucwibhe(OEY

* [{kc}fﬂgwl + (ke)i.lﬁ]{ﬁﬂfg— | Tiﬁﬁ;} (6}

gl = T, +

Effect of Molsture

The effect of moisture in the concrete on the colamn temperatures is
taken into acvount by assuming that, in each layer, the moisture stacts o
evaporate when the temperature resches J)PC, in the period of evspora-
gio;, all the heut supplied to a Ieyer is used for evaporstion until the layer
& dry.

F?r the concrate laver at the boundary beiween steei and concrete, the
initial volume of moisture is given by:

Vi = (R., - %‘—‘) Bk )
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From a hent-balance equation, it can be derived that, per unit length of
the column, the volume AV, evapnratcd in the time Ar from the concrete
layer at the stecl-concrete boundary,

o = [ [ - (0 - ) ] 10 + @on

. : 1 . .
* (Fﬂﬁ P T’;ﬂ) - E (Rl‘ = %) {(k‘:}flfg + (kf)jﬂ\f|+1l(zf‘f| - T‘;‘]""l)]
8
For the concrete layers inside the colurmn, except for the layer at the
boundary between the steel and concrete and the center layer, the initiaf
volume of moisture &s given by:
Vo, = 2n[R, — (m ~ M)ALJALS, - ®

Similarly, as fur the boundary concrete layer, it can be derived that, per
%nl;:; "of the colomn, the volome AV, evaporated in time Ar from
tayers, is:

AV, = "'):j;& {[‘Rc - (m - My - %) AE:] [(eYnms + (K}

'(F -1 ?fn) [Rc = (m - Ml. + %) Ag"] '(kz'}‘m + (ka'):r:tl}{pm = pﬁﬂ-l}}
(10}

For the concrete center Inyér, the initial volume of moisture is:

Vi, = n(ifff bM; (1

From a heat-balance equation, it can be derived that, per unit iength of
the colymmn, the volume AV,., evaporated in the time At from the center
layer, is:

aAr

aAVL, = YR Yo + Kol Tl -1 — The) (12)

Stability Criteria

To ensure that any efror existing in the solution at some time will not be
amplifiect in subsequent calculations, a stability critetion has to be satisfied
which, for a selected value of AL, Bmits the maximum time step A+, Following
the method described by Dusinberre (1961), it can be derived that, for the
five-exposed columns, the criterion of stability is given by the smallest of
the following three criteria of stubility.

= At the fire-stecl boundary:

— (p,c,},,,-,‘(ﬂﬁ,]z .
Bry = HltouarlE, + (Kohruas] )
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» At the steel.concrete boundary:

3
3. [R, - (M. -3 A}] 88 + (e (B - ) a,

NECED RN

i (b + ~—5

Ty =

At the center:

- eedmOL)
&{kr}lﬂme

where (p,c )., and {pc .., = the minimum values of the heat capacity of
the steel and concrete; (&}, and (k) m = the maxiowm values of the
thermal conductivity of steel and concrete; and b, = the maximum value
of the coefficient of heat transfer fo be expected during the exposure to
fire. For expnsure 10 the standard fire, the maxitum value of the coefficient
of heat ml'l&ftfp hul;wu is am“ﬁmﬂte[? 673 Wfltlznc.

ar, (15)

Procedure. for Calenlation for Column Temperatures
With the aid of (1)-(15}, and the theqmal properties for carbonate-ag-
gltgam concicte given i Appendix 1 (Lic 1992), the temperature digtsi-
tion in the column and on its surface cun be calculated for any time, ©
= {j + 1}Ar, if the vermperatore distribotion at time 74+ is known, Starting
from an initiad teroperature of 20°C, the temperature history of ihe column
can be caleulated by repeated application of (1}--(15).

STRENQTH OF COLUMN DURING FIRE

Division of Cress Section into Annular Elements

To talculaie the deformations and stresses in the columa and its strength,
the cross-sectional area of dhe column is subdivided into a number of annulac
elements, In Fig. 2, the arrangement of the ¢tements is shown in a quarter
section of the column. The arrangement of the elements in the three other
quarter sections iz identical to this. In the radial direction, the subdivision
is the same as that shown in Fig. 1, where the cross section is divided into
voncentric layers. Io the tangentisi direction, sach guarier-section layer is
divided into N elements. The temperatore, representative of that of an
element, is asstmed to be equal to the temperature at s center. Tt is
-obtained by takiop the average of the teiperatures o the tangeatial bound-
aries of cach element, previously caloudated with the aid of (1)-{15).

Thus, for an clement, P_ . the representative temperafure is:

ij + T{n+ l)
bayer

(Tfun)muhr = ( » (16}

where the subscripts annuder and layer tefer to the annular elements shown
in Fig. 2 and the element layers shown in Fig. 1, respectively,

For the stee] reinforcing bass, a representative bar femperature can also
be indicated. Measurements at various locations in steel bar sections during
fire tests showed that the differences in temperature in the bar sections ace
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Fia. 2. Arrangement of Elsments in Quarter Section

smali (Lie et al. 1084). A close approsimation of the average bar temper-
ature is obtained by coasidering the column as consisting entirely of concrate
and selecting the teraperatare at the locaticn of the center of the bar section
as the represeniative bar temperatore. Thus, for u steel 1einforcing bar, the
cenier of whose section is located in an clement P, .. the representative
temperature is equat to that of P, ,, which is given by (10).

Similarly, it is assomed that the stresses and deformations at the center
of #n clement are representative of ihose of the whole element.

Assumptions in Calculation of Strength during Fire

Durning exposute to fire, the strenpth of the column decreases with the
ducation of exposure. The strength of the colemn can be caleulated by 2
method based on a foad-defiection or stability enalysis (AHen and Lie 1974},

I this method, the columns are idealized as pin-ended columns of <i-
fective length XE (Fig. 3). The Joad on the column is intended 1o be con-
centric. Due to imperfections of the colurmns and the loading device, some
eccentricity exists. The loading system and the test colsmns were made with
high precision, however. Therefore, in the calculations, a very small arbi-
trary Juad eccenteicity of 0.2 mm, 1cflecting 3 nearly concenixic losd, has
been selected for the initial cooentricity. '

The curvature of the colwnn is assumed 10 vary from pin ends o midheight
acoording o & straight-line relation, as illustrated in Fig. 3. For such 2
relation, the deflection at midheight ¥, in terms of the curvatre y of the
colnn at this height, can be given by:

v ay

For any givert curvature, and thus for any given deflection at midheight,
1495
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FIG. 3. Losd Detlection Analysis

the axial strain is varied until the internal moment at the midsection is in
equilibriven with the appliied mowment, i.e.

%f*ﬂnm,xMJ = _%f-w‘lm{? +¢) (18)

[n this way, a load-deflection curve can be calculsied for any specific time
duting the cxposure to fire. From these curves, the strength of the column,
i.e., the maximom load that the column can carry, can be deiermined for -
cach tim;i;3 In the calculation of eolumn strength, the following assumptions
were made:

L :I'!;e propertics of the steel and concrote are those described in Ap-
x k.

2. Concyete has no tensile strength.

3. Plane sections remain plane.

4. There is no slip between steel 20d concrete,

5. There is no composite action between the stecl and concrete.

6. The reduction in column length before exposure i fire (consisting of
free shrinkage of the concrete, creep, and shortening of the column due to
load) is negligible. This reduction cen be eliminated by selecting the tength
of the shortened eolmnn as initisl fengih from which the changes during
expasure 1o fire are determined.

Bascd on these assumgtions, the solumn strength during exposore to fire
wes caleulated. In the calculations, the network of annual clements shown
in Fig. 2 was used. Becanse the strains and siresses of the slements are not
symmetrical with respect to the y-azis, the caiculations were performed for
both the netwerk shown and an identical network to the kit of the y-axis.
The load that the eolumnn can carry and the moments in the sechion were
obtained by adding the loads carnied by each ¢lement and the moments
cootributed by them.
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Equations for Concrete
The straia in the concrets for the elements to the right of the y-axis can
be given by:

mh=4m~w+% (19)
and for the elements to the left of the y-axis by;
(miuwmh+e~§ (20}

where {¢ )y = thermal expansion of concrete, in millimeters " & = axial
strain of the cotumn, in millimeters—*; x, = horizontal distance from the
cenler of the element 1o a vertical plane through y-axis of the coluow section,
in mecters; and p = radivs of curvature, in meters.

The stresses in the clements are calculated using the steess-strain rélations
for catbonate-zggregate concrete given in Appendix T (Lie 1992},

Equstions for Steel

The strafn in an clement of the steel can be given as the sum of the
thermal expansion of the steel (e}, the axial strain of the column €, and
the strain due to bending of the column x,/p, where x, is the horizontal
distance of (he stee] element to the vertical phame throngh the y-axis of the
column section and p is the radivs of curvainre. For the steel to the nighi
of the y-axis (Fig. 2}, the strain {£,)x is given by:

(e = ~(ady + ¢ + % | @y
byFm the steel elements to the left of the y-axis, the strain {¢,), i3 given
(&) = ~(edy + 6= 2 22
The stresses in the steel are calculated using the steel-sirain relations for
stoel given in Appendix 1 (Lie 1992).
Equations for Steel Reinfarcement

The strain in the steel reinforcing bars can be given as the sum of the
thermal expansion of the steel {ep)r the axial steain of the column 1,fp
where x5 is the horizontal distance of the center of the section of sieel bar -
to the ventical plane through the y-axis of the colsmn section, and p is the
cadius of curvature. For the steel bars at the right of the y-axis, the strain

(8z)g is given by:
@un:-@af+e+%' (23)

For the steel bam to the left of the y-axis, the strain {(e,), is giveo by:

feghe = ~(ea)r + € — % . {24]
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The stresses in the steel are caiculated using the stress-strain refations for
steel given in Appeadix 1 {Lie 1992).

Procedure for Calenlgiion of Columm Strength

With the aid of (19)-(24) and equatibns in Appeadix [, the sinesses al
midsection in the steel and concrete elements can be caiculated for any value
of the axial strain ¢ and curvature 1/p. From these stresses, the load that
each element carries and its contribution to the itemal moment at prid-
section can be dedved. By adding the loads and momenis, the load that the
ﬁ)lu&nﬂ carries and the total jnternal moment at midsection can be calcu-

e, .

The fire resistance of the column is derived by calculating the strenpth
of the column as a function of time of fire exposure. This strength reduces

ually with time. At a certain point, the strength becomes so low that

it is no foager sufficient to support the foad. At this peint, the calump
becomes unstable and Is assumed to have failed. The time to resch this
fuilure point is the fire resistance of the oolumn.

TEST SPECIMENS

Two specimens, cansisting of bollow steel columas filled with reinforced
carbonate-aggregate concrete, were tested and wsed to verify the model
given in this paper. The test specimens are described in detail by Chabot
and Lie (1992} and are illustrated in Fig. 4.

The columas were 3,810 mm long fron end plate to end plate, The vutside
diameter was 273 mm and the stee! wall thickoess was 6.15 mm.

The steel columns were fabricated by cutting the steel to appropriate
lengths. Sieel end plates were then welded to the column extremttics. Cen-
tering and perpendiculatity of the end plates were given special attention
to ensuve @ high degree of ascuracy. Before welding the end plates, a hole, .
with u diameter 26 mm smaller than the inner diameter of the hollow steel
section, was cuf i each plate. Because of the smaller diameter of the holes
in the end plates, a lip of 13 mm to transfer the load from the steel plate
1o the concrete fifling was ereated after welding, &s shown in Fig. 5.

Four small holes were also drilled in the steel wall to provide vent holes
for water vapour produced during the experiment. Two holes were located
opposite one another at 1,448 mm above smidheight of the colwnn, the other
two were iocated apposite one another at | 448 mun below midheight of the
colunmn.

The steel of the columns had 2 sseciﬂed yield strength of 35¢ MFPa.
Deformed bars, with & minimum yieid strength of 400 MPa, were used for
the meain reinforcing and tie bars. The diameter of reinforcing bars was 19.5
mm and that of the tics was 6.4 mm.,

The main reinforcing bare were tied together to complete the steel cage
and were cut 10 mm s%nmer than the column fength {Figs. 4 and 5). The
stcel cage was then placed into the column witk specizl care to ensure
appropriate centering,.

The concrete was poured in the column through the top opening. Its
compusition, per cubse meter of concrets mix, was as follows:

Cement, 439 kg

Water, 161 kg

Fioe ageregate, 621 kg
Coarze aggregate, 1,128 kp
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FIG, 4\. Ejavation antd Cross Section of Columna

The 28-day '\I{Imder streagth was approximately 42 MPa. The average cyl-
inder strength at the time of testing was approximately 47 MPa.

Chromel-alumet thermocouples with a thickness of 1.91 mm were instafled
at the midheight of the column for measuring the temperatures of the steel
rcinforcement and concrete at different focations in the cross section. The
jncations of the thermocouples are described in detail in a report by Chabot
and Lie {1992).

TEST APPARATUS

The tests were done by exposing the columns to heat in a column test
{umace. The test furpace was designed 1o produce the conditions to which
a member might be subjected during a fire. # consists of a steel framework
supported by four steel columns, with the furnace chamber inside the frame-
werrk. The characteristics and instrumentstion of the furnace, which has a
loading capacity of 1,000 1, are described in detail in Lie (1980).

TESY CONDITIONS ANMD PROCEDURES

The tests were done with both ends of the codumns fived, 1.e. reslramed
against rotation and horizontal translation.
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‘The columns were tested under a concentric load. The applied loads were
3% and 67% of the factored compressive resistance of the columns {C.}
or 95% and 171% of the factored compressive resistance of the conereie
vore (C.}, determined sccording to the Canadian Standards Assaciation
standard CSA/CAN-§16.1-M89 (““Limit States”™ 1989). The factored com-
pressive resisiznces of each column, &5 well as the apgiied ivads, are given
i Table 1. The cffective length factor K used in the caleulation of the
factored compreseive resistances was that recommended in CSA/CAN-516.1-
MB% for the given end condition, i.e., 0.65. The effective length of the
columns, KL, was thus sssumed to be 2,48 m.

Buring the test, the column was exposed to heating controlled in such a
weoy that the average temperatare in the furnace followed, as closely an
possible, the ASTM E119-88 or CANAULC-S101 standard tempayature-time
carve.

RESULTS AND CONMENTS

Using the mathematical model described in this paper, the temperatures,
axial deformations, and strengths of the columns were calculated. In the
caleulations, the thermsl and mechanieal properties of the carbonnte-ng-
grn?m concrete and steel | given in Lic (1952), were used. These properties
and the specifics of the columns and the Foaace ate given in ndix I1.

In Fige. 6 and 7, the calcolated temperatures are compared with the
temperatures measured at the external surface of the steel section and at
various depths in the concrete. With the excepticn of the temperatures
messored at an carly stage, there is good agreement between calculated
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TABLE {. Summary of Tent Parameters and Resuils
Factared Firs Resistanca
seption bars 20 dayz | Test deia Q o iopd © :

Column {rmen) (%) {Mpa) {Mps) {kN) () {kN) o CiC,.  iCaculated | Measured

{n &) {3 i &) Gl 7} 8 ) {10) (i1 {t2)

1 2T3 diwmacter X 6,33 2.2 423 4.7 i 2,851 1,050 0.95 9.37 2:27 308

p 272 dameier x 6,23 23 42,3 41 1,1M | 2851 1,800 (71 0.67 1.28 136
*Factored rasistance: £, — factored compressive féaistance of tenercic core of column zeconding to CANI-S16.1-MED; and €, = Faclorcd compressive

resistanee of concrete-filled stee! colums awnrdmi o CANISI6.1-ME?.
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and measured columi temperatores, The temperatures measured deeper
inside the colomn show initisBy a relatively nl;g:id risc up o temperatures
of approximately 100°C, followed by a period of relatively slow rete of
tempereture rise. This temperature behavior may be the result of thermally
induced migration of the messiure toward the center of the column where,

1502




20 1 1 | 1 ] 1 | | 3 L]
- —_— Calculaled
10 "‘; 1 - = umum
E i'. i
E n 1---‘..---‘_ N
g T e
® [N
§ 0 }- o -
LY
© “
g -8 - \\ =
< v
\
a0 |- '
L. t -
I TN SUUURS RN WO RN NS SN
‘400 4 8p 120 160 200
Tima, min

FiG. 8. Calculated and Measured Axtel Deformations of Salumn 1 as Function of
Exposare Time

i 1 ] L] ] [ 1 i ) J
20 40 60 80 100
Tima, min

R 9. Calculsted snd Mezeured Axizl Deformations of Column 2 an Funcilon of
Exposiore Thre ;

us shown in previous tests (Chabot and Lie 1992}, the influence of migration
is most pronopncad. Although the model takes into aconnt evaporation of
moisture, it does not take into account the migration of the moisture toward
the center, That migration appears to acconnt for the deviation between
calculated and measured temperaturer at the earlier stages of fire exposure.
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At the later stages, however, which are importent from the point of view
of predicting the fire resisiance of the columns, theee is a goed agreement
between calcutated and measured temperatures.

In Figs. 8 and 9, the caloulated and measured axial deformations of the
columns during exposure to fire are shown. There is reagonably good agree- -
ment in the trend of deformations between calculated and meusured results,
There are some differences, however, between the actual valves of the
calenlated and measured deformations.

It must be noted that the column deforms axially 85 a result of several
tactors—namely, load, thermal expansion, bending, and creep-—that can-
nof be compleiely taken into acconnt in the calculations. Since the axial
deformations, which are in the order of 20 mm, are for columns with a
length of about 3800 mm, small inaccuracies in these factors may cause
noticeable differences between calcaiated and messured axial deformations,
A difference of 10% between the theoretical and actnal coefficients of
thermal expansion of steel, for example, will cause a difference of spprox-
imately 5 mm in the axial deformations.

The effect of creep, which is more pronounced at the later stages of fire
. exposure, may be even greater. The model defines the failure peint as the
point &t which the column can so longer support the applied load and
assumes that failure st this point is instantaneous. During tllx’e tests, failure
wis not instantaneous but the cohonns contracted congiderably, apparently
as a result of continued Joss of streagth and crecp, before they were crushed.

In Fig. 10, the calculated colomn steengths, as a functioa of the fire-
exposire time, are shown together with the calculated and measured fire
resistances for the test loads given in Table 1. The strength decreases with
time sntil it becomes 50 low that the column can na longer support the logd.
The time to reach this point is the fire resistance of the column., The results
show that the calculated fire resistance of colume 1 is about 209% lower and
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that of cefumn 2 about 10% lower than the measured fire yesistanoes. The
differcnoes are probably caused mainly by the considerable coniraction of
the columns, which the modei can only partly take into account. For practical
purposes, hawever, the calculated five resistances, which lic on the safe side,
are reasonably securate.

CONCLUSIONS

Baged on the results of this study, the following conclusions can he drawn:
The mathematical model employed in this study is capable of predicting
the fice resistance of circular columns, made of hollow structural stee] fillled
with bar-reinforced concrete, with an accuracy that is adeguate for practical
putposes. The results indicate that the model is conservative in its predic-

tions.

The mode] will enable the expansion of data op the fire resistance of
circalar concrete-filled steel columns, which at present predominantly con-
tists of data for columns filied with plain concrete, with that for columns
filled with bar-reinforced concrete.

Using the miodel, the firc resistance of circular concreie~filled steel col-
umne can be evaluated for any value of the significant parameters—such
a5 load, column-section dimensions, column length, and percentage of rein-
forcing steel-—without the necessity of testing.

The model can alyo be used for the calculation of the fire resistance of
cofumns made with concretes other than those investigated m this stody—
for exanple, lightweight or siliceous aggregate concretes that were not
tested—-if the selevant material properties are known.
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APPENDIX |. MATERIAL PROPERTIES AND SPECIFICS DF
COLUMNS AND FURNACE

Concrete Properties
Stresy-Strain Relations
For g, 8 £
- L .
Fors, > e
_ . 2
r E:‘ -
L=f11- (.._5;_.@&) [26)

where
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Emex = D.0025 + (60T + 00277 x 10-% {27)

and
fo=f. forQ< T <450°C (8)
f=f. [2.011 ~ 2353 (%)] for 450°C < T < §74°C  (29)
fi=0 fort>8W1C {30}

Thermal Capacity ’
pc = 2.566 X 106 J(M™C) for 0= T = 400°C 31)

B, = (O.1765T — 68.034) X 16° J{m™C) for 400 < T=<410°C  (32)

pe, = (—0.05043T — 25.00671) X 10° J{m¥C} for 410 < T =< 445°C
(33)

pe. = 2,566 x 10F JAm*C) for 445 < T'=< S00°C (34)
e = (0.01603T ~ 5.44881) x 10F M(m™C) for S00 < T=635°C  (35)
pc, = (0.16635T ~ 100.90225 » 1Y J{m**C) for 635 < T=715°C

{36}
po. = (0221037 + 176.07343) x 10¢ J(n*°C} for 715 < 7= 785°C
37)
po u= 2.566 X 10° M(m*°C) for T>T85°C (38)
Thermal Conductivity
k, = 1.358 WAm°C} for D= T = 293°C (39)
k.= —B.001241T + L7162 Wim*C)y for 7' >283°C {40
Corfficient of Thermal Expansion |
o, = {QOGET + 8) x 0% mi(m"C) £41)
Steel Properties
Sirevs-Strain Refations
_ Fore, =g,
. AT, 0001y
fo= B, “2)
where
g = 4 % 107%,, (43)
and

AT, 001} = (50 — Q.04T) X [I — exp{(—30 + 0.037)VO,001)] x g.;}
44
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For g, = £

L= %’-g%l-}- g + f(T, (&, — g, + Q.001)) —~ AT, G.ﬂlll] 45)

where
AT, (e, ~ ¢, + 0.001)) = (50 ~ Q.047)
x {1 — exp({~30 + 0.0837)V(e, g, + 0.001}} x 6.9 ~{46)

Thermg! Capacity

e = (0.OMT +3.3) x10° M(m™C} for (°C=Ts6°C  (47)
pe, = (0.068T + 38.3) x 108 () for 650°C < T =< 725°C (48}
g, = (—QOB6T + 73.35) x 10F Jm™C) for 725°C < T < $0O°C

(49
ps, = 455 x 108 Im™C) for T > 800°C {50y
Thermal Conductivity
k, = ~0.022T + 48 Wio*C)  for 0°C = T =< 900°C (1D
k, = 282 Wim°C)  for T > 90°C G2)
Coefficient of Thermal Expansion
o, = (00T + 12} x W Smi(m"C} for T < LOGPC (53}
e, = 16 % 10-*mi{m"C) for T'= 1,000°C (54}
Water Properties
Thermal Capacity
Pt = 4.2 % 1P Hm*C) {35}
Heat of Vaporization
hy = 2.3 x 10F Ifkg {56)

APPENDIX M. SPECIFICS OF COLUMNS AND FURNACE

The specifics of columns and fwrmaces are: e, = emissivity of column
furnace fire, 0.75; ¢, = emissivity of stecl, 0.8; KL = effectiw: length of
colamns, 2.0 m for fire-resistance calculatans; { = length of column that
contributes to axial defonmation, 3.5 m: and ¢ = cuncentration of moisture
in concrete by volume, G.10. :

APPENDIX Il. REFERENCES -

Alien, I, E., and Lie, T. T. (1974}, “Further stodies of the fire resistance of rein-
forced conctete colomus.” NROC 14067 Nat. Res. Council of Canada, Div. of
Bldp. Hes., Qttawa, Ontario.

Chabot, .. and Lie, T. T. {1992). “Experimentat studies on the Gre resistance of

1507




hoftow steel columns fified witl: bar-reinforoed concrete.” IRC Internat Report No,
G628, Mas. Res. Council of Canada, Inst. for Rer. in Constr., Ottawa, Qataria,

Dasinberre, G, M, {1961). Heat transfer calculations by firite differences. Interna-
tiomal Textbook Co., Scranton, Pa.

Lie, T. T. (1977). “Temperature distributions in fire-eaposed butdding colons.” J.
Hegt Transfer, 99(1), 113~ 119,

Lie, T. T. {1980). "New facility to determine the fire resistance of columns.™ Can.
J. Civ. Engry., 7(3), 551538,

Lie, T. T, ed. {1992}, “Strpctutal fire protection.” Manuals and Reports on Engi-
neering Prectice No. 78, ASCE, New York, N.Y.

Lic, T.T., Lin, T. D., Allen, D. E., and Abrams, M. S, (1984). *ITre resistance of
reinforces] concrete columps.” DER Paper Ne. 1167, NRCT 23065, Nat. Res.
Council of Canada, Div. of Bldg, Res., Ottawa, Ontario.

“Limit states design of sieed struchmes.™ (1989). CAN/CSA-516,1.M89, Cun. Stan-
dards Assoc., Toroato, Untaric.

“Standard methods of fite endurance tests of building construction and materials.”
(1999). CANULC-S101, Underwriters' Lab. of Canada, Scarborough, Onvario.
“Standard methods of fire tests of beilding eonsiruction and materiale.” {1990).

ASTM E1I9-88, Am. Soc. for Testing and Mater., Philadelphia, Pa. _

APPENDIX IV, NOTATION
The fotlowing symbols are used in this paper:

= area of efemenl (m?};

foad intensity;

factored compressive resistance of concrele core,

factored compressive resistance of concrete-filled steel col-
nmns;

specific heat L#(kg°C));

epcentricity {m);

stress {(MPa);

cylinder steength of concrete at temperature T (MPa),
cylinder strength of concrete at room temperature {MPa);
strength of steel at temperature 7 (MPa):

meimdenl of heat transfer at firc-cxposed surface (W/Am°C));
Q,i,2....;

effective fength factor;

thermat conductivity [W/Hm*C);

unsupported length of columin {m);

kength of column thut contributes to agisl deformation {in);
number of points P in steel section in radial direction;
total number of points P in colurn scction in radial direc-
tion;

numher of elements in tangentizl direction;

point;

radius of conerete core {m);

radius of steel column (m);

temperature {°C);

volume of moisture in an efement (m*);

coordinate {m);,

lateral deflection of column at midheight (m),

coordinate (m});

coefficicnt of thermal capansion ({°C);
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Subscripts

o, o 3

m, Hl’ Mg
n N,

[ I T O

T~ MU D

Superscripis

increment or difference;

mesh width in radial direclion {m);
emissivily, strain (n/m};

heat of vaporization (Jkg);

density (kg/m");

Stefan-Bolizmuann constant {W/(m2K*}];
time {k);

coticentration of moisture; and
curvature of column at midheight (m}.

steel reinforcement;

concrele;

fire; _

icht of y-axis;

points we, M, and M, in radial direction;
points », and V, in tangential direction;
ronm temperature;

proportional stress-strain refation;

right of y-axis;

steel;

temperature; and

water,

§ = location at v = jar.
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