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FREDICTED FIRE BEHAVIOUR OF 3TEELS AND CONCRETE STRUCTURES
by Yngve Anderberg, Dr Techn

Divieion of Building Fire Safety and Technology, Luné Institute of
Technology, Sweden

ABSTRACT

Anzlyticel modelling has opened the door for fire behaviour predic~
tion of not only bullding materials as concrete and steel but also of
guite complicated concrete structures in general. This paper reflects
some of the progress made within this field.

4 behaviour mcdel of steel is used for coupling results from steady
state and transient state tests. A recently developed procedure is
shown on how to interpret and make such results comparable for prac-
ticel use.

The computational capadbility and reliasbility are illustrated for
TASEF-2 temperature program and CONFIRE structural program -developed
at Lund Institute of Technology (LTH), Sweden and Norwegian Institute
of Technology {NTH), Norwey, respectively. The success of computation
is decisively dependent on reliable material models. The influence of
axial restraint on failure time is exemplified.

1 MATERIAL BEHAVIQUR MODELS

1.1 Concrete

, When meodelling material mechanical behaviour, an analytical deserip—
tion is reguired of the relationship between stresses and strains. A
computer oriented constitutive model for concrete in compression, va-
1134 at transient high tempersture conditions, was presentsd in Ander-
ber & Thelandersson (1976)[1] an@ is used here in the structural pro-
gram CONFIRE [2]. The model is based on the concept that the total

strain ¢ can be separated into four components

e = sth(T)ﬂ-EU(B,G,T)4-scr(U,T,t_) +Etr(G’T) (1)
where
€., = thermal strain, including shrinkage, meesured on specimens un~
- der wvariable temperature,
€y = Ipstantaneous, stress-relsted strain, based on stress-strain
relations obtained under constant, stabilized tempersture
Eop = cree?l§train or time—dependent strain measured under constant
stress and stabilizéd temperature _
By = transient strain, accoun§1ng for the effect of temperature in-
¢crease under stress, derived from tests under constant stress
and variable temperature
o = ztress
0 = stress history
T = temperature
t = time.

The order of importance for the strain components can be studied from
Fig. 1 which is based on & curve representing a transient test with a
load level of 35% of initial ultimste load. The predominance of the
transient strain is obvious.
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A complete description of the model is given in [1].

‘% Slrnin,'lu /
10 , ‘ —

0 . . Jernp,*C
———T200 T 40D Te0n_[E; 8OO
“ : TN
°, | Measured L

\ total def.

Fig. 1 Relation between different strain components as calcoulated
by the material model for a transient test at a load level
of 35% of ultimate load &t ambient conditions

1.2 Steel

It is generally agreed that the deformation process of steel at tran-
sient high temperatures can be described by three strain componenis
defined by the constitutive eguation

= + ) + T
F sth(T) ED(U, } Ecr(d, A (2}
where
€y T thermal strain
€, = instantaneous, stress-related strain based on stress-strain re-
lations obtained under constant, stabilized temperature '
€, = Creep strain or time dependent strain.

4 computer oriented mechanicsal behavicur model for steel, based on
Bg. (2), is developed in Anderberg (1976) [3] and applied in CONFIRE.

The streins are found separately in different steady state tests. It
is shown thzat a behaviour model based on steady state date satisfac-
torily predicts behaviour in transient tests under any given fire
process, load and strain history.

An analytical Gescription of the o—¢ curve as a function of tempera-
ture can be made in different ways as illustrated in Figs. 2 and 3.
In the first case the curve is approximated by twe stralght lines
(used in CONFIRE) and in the second case by an elliptic branch placed
between straisght lines (used in chapter 2).

Models of creep are in most cases based on a concept put forward by
Dorr (195L) [L4]), in which the effect of variable temperatures is con-
gidered. The extension of the model to be applicable to varisble
giress can, for instance, be based on the strain hardening rule.

The creep strein is assumed to be dependent on the magnitude of

stress and on the temperature-compensated time evaluated from the ex-
pression
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EXPERIMENTAL CURVE |
i P o aee MODEL i

Fig. 2 Simplified model of the stress-strain curve for steel (used
in CONFIRE)

€

Fig. 3 Refined model of stress-strain curve for steel {(used in
chapter 2)

p -LE
o=fe et  (n) (3)
o
where

AE = activation energy of creep, J/mol
R = gas constant, J/mol+K
time.

(-*.
I

The relation between ¢reep strain, e,,, and temperature-compensated
time, ©, at different stress levels is shown principally in Fig. L.

Ecr

Ecr,D ;

@) - — -

o Temperature - compensoted time

Fig. b  Principsl creep cmave for the steel according to Dorn's theory
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The changs from the curved branch to the straight line {primery and
secondary phase) is denoted @o and the intersection between the
straight line and the creep axis is celled Ear or The slope of the
Suralght line ig called E. The primary phase 12 gefined by & parabo-
lic eguation and the secowdary phase by & linear slope. The transfer
occurs at time 8,. The mathematicel formuls is

Ecr"“cr,o(%Jac” o) when OS(]éCO
e } (L)

e =¢ (HZE % when €29

or cr,0 E o
er,o
where
EC’"O
o = — (g)

Using the complete behavicur model as expressed sbove, any test can
be simulated. The total deformation as a function of temperature mea~
sured in a transient test, T-—10°C/m1n is caleulated and the compa-
rison is illustrated in Fig. 5.

g
'o.2,200

Temp,"C

Measured
Coleulpted

. : £,%
a5 L0

Fig. 5 Measured and predicted total deformation as & function of
uemperature at different load levels in & transient process,
= 10°C/min. Reinforcing steel Ks 60 @8, Ty 5. ogog = 710 MPe,
Anderberg (1978) [5] vee

It is also possible to simulate & relaxation test. A comparison is
made in Fig. 6 between measured and predicted curves for reinforcing
steel, Ks 60, The agreement is satisfactory.
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0.2, 200

1.0

e T 51
- —== Colouigison i

Ks Bl ’0.2,20‘6:710 MFa
08

06 \M““*““;“_"
i

io300%C

oo =TT 500
Py iy s 550
""""" o E0O
0 T
0 1 2z 3 4 Time,h

Tig. 6 Measured and predicted relaxation curves for reinforcing
steel

2 A PROCEDURE TO INTERPRET AND COMPARE TEST RESULTS

2.1 Different test methods

There exist two main groups of tesis, steady state tests and tran-
sient stete tests. Material properties measured are closely related
to the test method used. It is therefore of great importance that the
test conditions are well defined.

. During a fire situation the material is normally subjected to tran-
"sient processes with varying temperature and stress, and to under-
stand this, transient state tests are needed.

Mechanical properties of steel can be established by following a num-
ber of different test procedures. The three main test parameters are
the hesting process, application and control of lead, and control of
strain. These can have constant values or be varied during testing,
giving steady state or transient state conditions depending on the
heating procedure.

Six practical regimes which can be used for determining mechanical
properties are illustrated in Fig. 7. Properties in these regimes are
gs follows:

steady state tests

« stress-strain relatiocnship (stress rate conmtrol)
+ stress-sStrain relationship {strairn rate control)
s creep

» relaxation

transient state tesis

+ fallure temperature, total deformation (stress control)
- restraint forces, totel forces (strain control}
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[TRANSIENT STATE TESTS]

RESTRAINT FORCES J [FaiLURE TEMPERA‘EURE—[
{ Total defotinaiion

€ 2cbns!

RELAXATION

STEADY STATE TESTS
Ny’

STEADY STATE TESTS

STRESS~STRAIN RELATIO NSHlPi STRESS~STRAIN RELA‘HDNS!W"'
Sirginrate- controlied I Siregsrais - conirolled

Fig., 7 Different testing regimes for determining mechanical proper-—
ties RILEM PHT-L4 (1982) [6]

2.2 Coupling of steady state and Transient state results

Anglytical modelling illustrated above mekes it possible to couple
steady state tests and transient state tests. For instance, the
strain or stress rate can be determined in steady state tests to glve
- the 'same ultimate strength as occurs in a transient test for =z given
rate of heating.

The predicted influence of stress and strain rates on the stress-—
strain relationship under steady state conditions can be studied in
Figs. 8«10, Fromw such curves the ultimate strength as a function of
temperature can be evaluated. In Fig. 11 a-b, the influence of stress
and strain rates on the ultimete strength under steady state condi~
tions is illustrated. The influence of rate of temperature under
transient state conditions is given in Fig. 11 c¢. The ultimate
strength is defined by the stress at which the strain is 4%, the
thermal strain excluded.

In the analytical modelling the sirain and stress rate in a steady
state procedure to give the same ultimete strength as under transient
state conditions is found, if the rate of heating is chosen %o be
109C/min. The result is shewn in Fig.11 4 for = specific reinforcing
steel (Ks 60, fg o ppoc =710 MPa). The strain and stress rates ob-
tained by computation are thus

£ = 20%/min

g=0.20 MPa/s = 12 MPa/min

These values vary somevhat depending on the type of steel, which is
shown in Table % for,

&) structursl steel 1hil, T = 3L0 MPs

0.2,20%
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b) hot-rolled reinforcing steel Ks LD, f0_2’200c=h56 MPg
o) t-rollied rei i - z = ™
¢) hot-rollied reinforcing sieel Es 60, fO.E,EOOC 710 MPa
d) prestressing steel ASTM & L21-65, £ . . o.= 1470 MPa
6.2,207C

Table 1

h d s
o £ gt 1 o E
fype of steel °C/min MPa/s Tl min
Steel 14711 10 0.20 10
Ks Lo 10 0.20 10
Ks 60 10 0.20 20
ASTM 4 L21-65 10 0.50 10

For the additional steels in Table 1 the results of computation are
given in Appendix,

Q

f
02,20
|
|
|
|

12
. 300°C
e § 2 3,50 MP /5 PN S, Lo
- (20.07 MPa/s et
1.0 . :
s A ——
f j e i
OB : =zl

O

500

I S L

600

o

700

R S A it sl

£.%

25 10 35 L0

Fig. 8 Predicted o-e curves at different stress rates for reinfore-

ing steel (Ks 60, Ty o ppCp=T10 MPe)
*Cs
—?
fp2.20°c
i
|
10 - . : 1
| = 200 W/ min 1 — --—”_“"{ L0 C

i L. =3 | g
Do =gz 1010 /mm/ |
0.8+ ; f : ?

0.6 O e e
]EOD

_}'mo

0.4

0.2

K —'E,n/E
0 05 1.0 15 20 2.5 3.0 35 4.0

Fig. & Predicted o—¢ curves at different strain rates for reinforc—
. it -
ing steel (Ks 60, £5.2,20% 710 MPa)
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10 Predicted o-e curves et different strain rates for pre-
stressing steel (ASTM A k21-63, fo 5 209 = 1470 MPa)
LS

If the strength-temperature curve, based on the transient state con-
dition where for ipstance T=100C/min is accepted as & reference
curve, test results can be directly interpreted and, thus, comparabie.
If the rates £ and § are below the values mentioned above, the mea-
sured ultimate strength should be corrected upwards. If one has the
opposite situation the strength values are corrected downwards.

=
§ds
0]

The -rate of stress or strein in a steady state test and the rzte of
temperature in & transient test are governing the development of
creep vhich causes the chenge in the ultimate strength, The influence
of creep for three different procedures is also fully illustrated in

Q

o 12,200
f62,20% !
‘ 1.2 : i ] T
N
1.0y : 10  \\§§k ; é ?
0.8 \ : 08 ‘ \\\ . . I
0.6~ 0.6- AN
f \\\ s NN
04 g§§§\ 04 B\
f \§55§x 6 : N ¢
; ‘ YQQ%?QR“%“ E ; \Q§§zwvamm
02 ' LKs gD : \\J 2.2 6.2 . Ks 5:0 AN gg
i‘%‘“l‘u:,zo'c='”°’4"‘= 867 C—fpz,z20ec *TI0MP 1
0 _— i — 4= Temp °C0 = RN Temp °C
300 400 300 600 70D 300 400 500 800 700
a) b)
Fig. 11 Predicted ultimate strength versus temperature for reinforc-

ing steel

-

[~

b} steady state,

) steady state, stressrate controlled
streirrate controlled



'02120°c 1.2+
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‘Ke 6D 19 ’ 1Ks &0 ]
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o i ! : i
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300 400 500 600 700 300 L00 500 600 700
c) d)

Fig. 11 Predicted ultimete strength versus temperature for rein-
forcing steel Ksk0
c) transient state ,
d) comparison between steady state and transient state |

Figs. 8-10., It is also important to observe that there is a great
difference between the time history of creep development in a stress
and strain controlled steady state test. This is principally illu-
strated in Fig. 12, where curve 1 represents a stress-strain curve at
a very high stress or strain rate and curves 2 and 2' represent a
curve at a slow stress and strain rate, respectively. The points A

©, and A' indicate the time at which creep starts to be significant and

[s]
: fo.zﬂ, 20°C

Time j

o
E H
~ ! ! 1 Very high stress or strain rate
[~ i ] 1 R
o i | 2 Slow strain rate
z SDi,“I.O_Z- ' 2 Slow stress rate
N i i
. i | .
D-J- JIL | fo‘zlzcoc-710 MPa
!
Y 0 ' e
) 2.
H5Y ) g5y o0 I"LO
1. i -1 .
- T t —t= T i 110
E=20 % /min ter

Fig. 12 Principal o-¢ curves in stress and strain controlled stesdy
state tests with time scales indicated (t},. and t., repre-
sent the testing period)
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point B is the assumed failure point (e=L%). In the siress controi-
led test the time to reach point 4 is about 50% of the total testing
period but in the strain controlled test the corresponding time is
only about 15%. If a test is carried out at 600°C at the stress rete
6 =12 MPa/min and av the strain rate &= 20%/minthe testing period
smounts to 22 and £ min, respectively. Although these differences
exist, the creep influence on the ultimste sirength is the same. In
the ccorresponding transient test this period is about 58 min. This
meant that the testing period is not a critical parameter in the ans-
lytical study but rather the time period of the test when creep de-
velops.

2.3 Practical use for deslgn

In fire-exposed concrete structures the temperature rise or rate of
increase for the steel is dependent on tvwo main factors, namely, the
location of the steel (distance to exposed surfaces) and the fire
curve. When the concrete cover is about 2-3 em znd the fire is che-
racterized by the standard curve IS0 83k the rate of temperature in-
crease dces not reach more than 10°C/min. In normzl cases the rate
of heating for the steel is about 4-10°C/min. The rate of hesting at
different depths, for instance, 2 and 4 cm for & Ffire exposure ac-
cording to IS0 834 can be studied in Fig., 20. The rate of heating
varies with time and in a theoreticsl classification for 60 and 120
min fire duration the rate of heating for the steel is different and
ought to be considered. When hot-rolled steel is used the creep is
negligible at temperatures below LOO®C and for prestressing steel the
limit is 250°C.

The principsl procedure for determining the relevant rate of heating
at a depth of 2 cm for hot-rolled and cold-érawn steel at 60 min fire
duration is illustreted in Fig. 13. The rate of heating for prestres—
sing steel is determined from the branch 1-1' end for hot-rolled
steel from the branch 2-2' of the curve. The rste of heating influ-
ences the ultimate strength and, thus, the design strength. The de-
eign strength cen be found in Fig. 11 or Figs. A1-A3 in Appendix by
meximur tempersture and rate of heating as input. If one assumes that
the strength is obtained from a steady state test (strain controllel
€ = 200%/min, Fig. 11 b) and the design temperature is for example
550°C and the rate of heating 10°C/min, how is the design strength
determined? The procedure is shown below:

e
T=550"C 1 . - -

§=200%a/minf Fig. 11 b= k-c/fO.E,EOOC— 0.61

T = 10°C/min Fig. 11 @ = compareble sirain rate €= 20%/min

The Gesign strength is determined for €= 20%/min in Fig. 11¢ and k
is reduced to 0.52.

If for instance T}=2-OC/min the design strength is obtained from
Fig. 11 ¢ and k is reduced to O.hk,

The procedure presented above gives the designer a rational way to
find the Tire design strengih of steel even if strength characteris-—
tiecs only are relsted to steady state conditions. This coupling of
steady state and transient state results makes direct comparisons
possible at quite different test conditionms.
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Temperature °C

1.0 Time, h

Fig. 13 Time period under which rate of heasting is determined for
1-1"' prestressing steel and for 2-2' hot-rolled steel at a
depth of 2 cm and a standerd fire duration of 1 hour

3 FIRE RESPONSE OF CONCRETE STRUCTURES

The first well-known approach using computer related discretization
techniques in analysing reinforced concrete frames in fires (FIRES-
RC) was published in 19TL by Becker and Bresler [7]. A revised ver-
sion of the analytical method was presented in 1977 [8]. In 1976
Anderberg [9] established & special version of the computer program
FIRES-RC. This version included new material behaviour models deve-
loped at the Lund Institute of Technology in Sweden [1], [3].

Geometrical non-linearities were firsti considered by Heksever (1977)
- in analysing fire-exposed slender I-frames. In 1982 both geometrical
non-linearities and material models described in chapter 1 was con-
sidered by Forsén [2] in the Finite Element Program CONFIRE.

3.1 Computer programs

Three computer programs, based on the Tinite Element Method, are em-
ployed in the numerical examples presented in the subsequent sec-
tiong:

- TASEF-2 by Wickstrdm [10] for the non-linear transient heat flow
analysisg,

- FIRES-RC by Becker & Bresler [7] in z modified version presented
by Anderberg [3] for the non-linear analysis of concrete frames
subjected to fire

- CONFIRE by Forsén [2] for the non-linear snalysis of concrete
frames subjected to fire,

TASEF-2 is developed from the Fourier heat balance egustion in metyix
form for a two dimensional field. Rectangular and/or triangular ele-
ments may be employed. The temperaiure dependent conductivity coeffi-
clent and specific volumetric enthalpy are given as input.

An arbitrary externsl termpersture-~time curve, which mey be defined
by the user, simulates the fire exposure. The temperature distribu-
tion within the structure st prescribed times are obtained by use of
an explicit forward integration method.

FIRES-RC is originally constructed at UCB in California, but this

version can be characterized as an extensicn of the Berkeley program.
The program is based on & non-lineer direct stiffness formulation
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.

coupled with a time-step integration. Geometrical non-linearities are
not considersd,

COWN¥IRE is developed from the computer program CONFRAWE by Aldsted:
[17}. £ beam element with 3 degrees of freedom (DOF) at each node and
one internal axial DOF is employed. The total strain e over the
cross—section of the element is teken as linear (Bernoulli~Navier).
The temperature related meterial beshaviour models for steel and con-
erete defined in section 1 are incorporsted. The linear geometric ef-
fects may also be accounted for. The linegr element tangent stiffness
metrixes and the element stress resultant vectors are obitalned by
Gaussian integration with fixed integration points. The geometric
element stiffness metrix is obteined by analytical integration, The
time dependent stresses, streins and structural displacements are
obteined step by step by use of the Hewton-Raphson iteration method,’
sclving the linearized incrementel system egquilibrium eguation. The
current temperzture é¢lstributions are recorded at esch step from &
tempersture file.

3.2 Fire—exposed plate strips

3.2.1 Simply supporited

The structural response of a simply supported, fire-exposed plate
strip is predicted by use of TASEF-2 [4] and CONFIRE [2]. The fire
exposure is given by the standard temperature-time curve according
to the I80 83k fire resistance test. Three different cases are con-
sidered [13}, see Fig. 1h

~ Case 1 : Reinforced plate strip, twin load 13.8 kN (65% of initial
wltimate load)
- Case P1: Prestressed plate strip, twin load 13.8 kN (65% of initial
: ultimate load and initial prestressing strain = 5%
- Cese P2: Prestressed plate strip, twin load 1C kN (full prestress-
ing at the time © = 0 and initial presiressing strain= S5k)

Cose ! Case P, P2
861 778 &61 K,
Wksperen R !
A wglL ..... ]L as AL ] w0
NNy A A
| 150-FIRE  * | 300 300
‘ 2500 !
& =391 mf 4P =220 . 3012 129 md
s e 8579150
= 20 MP : P o= R = 0.
f,. =20 MPa Case 1 13.8 kN 265 Pt
fo 2==h50 MPa Case P1 : P = 13,8 kN, s; = 5%
f-g ,=7450 MPa  Case P2 : P = 10.0 KN, ez = 5%
E§ = prestressing strain, Az # prestressing steel aree

Fig, 14 Characteristic data for three test examples, Case 1, P1 and
P2

The initial moisture content in the concrete is taken as 3% by weight.
The resulting emissivity at the concrete surfaces is set to 0.8, and
the convection heat transfer coefficient is taken as 25W/m@OC. Mate-
risl properties according to Anderberg [3] and Harmathy & Stanzaek
[12] are assumed for the hot-rolled, reinforcing steel and the cold-
drawvm, prestressing steel ASTM & L21, respectively.
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The predicted structursl response of the plate strip in Case 1, P1
and P2 is shown in Fig. 19 in terms of mid-span deflection and stress
in tensile reinforcement and prestressing steel, respectively. In the
figure is indicated the fire resistance itimes if the failure criteris
are based on max deflection 6 =L/30 (developed for standard fire re-
sistence tests)., If the fzilure criteria are based on strain limits
(7% of concrete and 20% of steel}, which is more consistart, the fai-
lure times are 82, 50 and 67 min for the cases 1, P1 znd P2, respec—
tively. For the cases P1 and P2 the failure iz caused by very high
creern,

Note that the steel stresses are lower at failure than at the beginn-
ing which 1s caused by & greater internal lever arm and & more con-
centrsted compressive zone of concrete,

It is likely that somewhat higher fire resistence times in the cases
P37 and P2 would have Dbeen obtained from the analysis if stabilized
prestressing steel had bveen employed rather than the non-stabilized
prestressing steel ASTM A L21, However, as indicated previously, re-
levant creep data are at present aveilsble only for ASTM L27.

Stee} stress
MPg |

120

i
1090-"’/fﬁ\?-’/—\“?‘

BOO

(

600

400

'_'"'_Tf ; ——""-1-._____1 Case }
200 ' ‘ ’

10 20 30 40 50 60 70 80 Time
- i I i ‘ min

100

150

Fresiressed Reinforced
Case P1 Case P2 Cese
mm

Mid-spen detleciion

Fig. 15 Predicted structural behaviour of & fire-exposed plate strip
in terms of mid~span deflecticn and steel stress. Data for
the caleulation are given in Fig. 14. Anderberg & Forsén
(1983) [13]

3.2.2 Rotationally restrained
The plate strip deseribed in Fig. 1% but totally restrained against
rotation and free to move longitudinally is analysed. The structural

behaviour in terms of restraint moment and mid-span deflections is
computed with FIRES-RC and CONFIRE for comparison and checked against
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experimental results {Fig. 16)}. The agreement is very good. Other
comparisons heve been made in [2].

Time (min)
i20 180
== =~ CONFIRE 2/
M Restroint moment (kiNm) s FIRES-RL /3/
i EXPERIMENT
20~ AT
.
IS N Y
=

A

LM 2 W

z 2 N 20—

P o=~ =w CDNFIRE 2/ \\

i mmi=i= FIRES~RC/3/ .

i == EXPERIMENT : 25

0 60 120 180 B~ Br mm

Time  {min} .o

a) B)

Fig., 1€ Measured and predicted results for test DEO 141). Lateral
twin load: 16 kN, Exposure accordln ulated natural
a) restraint moments gar%m Lire
b) mid~span deflections

3.2.3 Axially restrained

It has heen shown in tests on axizlly restrained, reinforced slabs
+and beams [14] that great axial forces may sometimes develop. Such
exiel restraint forces may increase the Tire epduwrance significantly
[151. In [2] and [13] it is investigated if the thermal thrust, T,
generally can be utilized in a fire design.

In the PCI-manual "Design for fire resistance of precast prestressed
concrete”, a calculation procedure is developed for determining the
thermal thrust. The celeulation is based on tests on 2 double T-unit
cf normal weight concrete and lightwelght concrete. In the tests each
specimen was permitted to expand to a given amount and further expan=-
sion was prevented. After expansion was stopped, the restraining force
increased to & maximur velue and then either diminished or remained
relatively constant. Fig. 17 illustrstes the maximum measured re-
straining forces for the prestresced specimens. Tt is significant
that a small increase in expansion is accompanied by a large reduc-
tion in the restraining force.

The behaviour of the plate strip is predicted by CONFIRE in [2], [13]
for different permissible expansions AL=0, 2, 4 and 6 mm at the cen-
ter of gravity. The development of the axial force during a thermel
exposure according to the IS0 834 standard fire resistance test is
illustrated in Fig. 18. The second order effects are included in the
full Zine curves but not in the dashed curves. The calculation illu-
strates the necessity to include the second order theory in the cal-
culation. The full line curves, il1lus4rate &2 mtric—

tural behaviour which has not been possible to derive earlier. The
thermal thrust attalns a2 maximum value at an early stage, after the
thrust has started to develop, and it then decreases rapidly and
transfers into tension, if membrane forces can be taken st supports.
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Figz. 17 Meximum restraining force measured during tests of reference
specimens [15]

If membrane action is not possible, failure occurs when the thermal
thrust hes diminished to zero or poseibly somewhat later.

The calculations show for &ll cases that without membrane action the
failure time is much greater than the time at which meximum thrust
occurs. This means that the maximum thrust for the plate strip stu-

-died cannot be utilized when calculating the fire resistance accord-
ing to the PCI-manual. It must be emphasized thai the development '
of restraint forces are very sensztlve to‘#he pnlnt of action of
“the cross-section. & R T o .

If the maximum thermal thrust is calculated in accordance with the
PCI-manual the curve shown in Filg. 19 is obtained. In the same figure
the results are =lso given for the CONFIRE calculation. The diffe-
rence between the curves is very obvious for AL/L>D.15%., The conelu-
gion from the analyticael study is that the maximum thrusi, acting at
center of gravity, is smaller than according to the PCI-manusl and at
failure state, there is no longer any thrust.

The study illustrated here indicates that even if axisl forces deve-
lop they may have no significant positive effect on the fire resis-

tance. The point of action alsc ought to be considered. The PCI-cal-
culation method, therefore, cennct be adopted generally. It can also
be discussed if such =2 free elongation AL/L, Tollowed by a complete

restraint, occurs in "real life". It should be more reslistic to si-
mulate different degrees of restraint defined by actuel axial stiff-
ness when studying thermal thrust.

Such 2 study is published in [2) and indicates positive effecis on
fire resistance if the point of sactiocn is below the center of gravi-

Ty.
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Fig. 18 Restraint forces for a fire-exposed reinforced plate strip
(Case 1 as shown in Fig.1k) at different permissible expan—
sions AL=0,2, 4and € mm and thereafter a complete re-
straint. Center of gravity is the point of action for re-
straint forces [2], [13]
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Fig. 19 Meximum restraining force as a function of permissible ex-—
pansion AL/L for Case 1 (Fig. 14). & comparison between CON-
FIRE prediction and PCI-manual design calculation [13]
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.3 Pire-exposed columns

(3]

The program CONFIRE has also been used for verifving its reliability
on twe reinforced concrete columns exposed on three sides to ISO 834
standard fire [2], [13]) and tested at the Swedish Fational Testing
Institute in Boréds. A similar theoreticel study has been made in [18].

The predicted and measured temperatures are illustrated in Fig. 20.
This figure gives the temperature of six points at the mid-section of
the column as a function of time. The very good agreement obtzined
with TASEF-2 is significant and is earlier documented in [15). Pre-
dicted temperstures are then inserted into CONFIRE structural pro-
gram.

Temperoture
L

1000

Measured
;= = =~{aicuiated

B0D

600~

200~

2.0Time,h

insuiated
s 7 0% AN

O 0 00

—+ 200
130 |

_';.aoj

Teo!

C 00 0] e
HH v

-— D10,

LT
R

f *‘ Exposed with respect
i1 to IS0 B34

Fig. 20 Measured and caslculsted temperatures in the mid-section of
the column

In the first study, the column is loaded to 0.6 MN with an eccentri-
city of 6 cm, directed from the furnace. The load corresponds to 63%
of the ultimate load &t normal conditions. In the test the measure-
ments were stopped after 0.5 h due to & support failure, which was a
mishap, but a comparison is still of interest. Fig., 21 illustrates
mid-points deflection and axial elongation as & function of time ob-
tained in test and calculation. The predicted deflection v, directed
towards the furnace is in a2 very good sagreement with the test but the
axial elongation differs somewhat. The predicted and test estimated
fire resistance are both about 0.7 h.

In the second comperison the same column was loaded to 0.3 MN with
the same eccentricity but directed towards the furnace (see Fig. 22).
This load corresponds to 31% of the original ultimate load. Both the
predicted mid-point deflection, the axial movement and Tailure time
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‘Fig.'21 Measured and calculated behaviour of a reinforced concrete
column in & fire, eccentrically loaded to 0.6 ME

are in B quite zood agreement with measured behaviour as shown in
Fig, 22. It can be noted that the column expanded exially both in
calculation and experiment during the first 1.7 h, but then it trans-
ferred into contraction in experiment. The sudden change into failure
state is caused by a rapid inwards movement of the compression zone
into the cross-section, which means that the tensile stress in the
reinforcement increases to a critical value.

The two examples illustrate the reliability of TASEF-2 and CONFIRE
computer programs.
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