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MODELLiNG STEEL BEHAVIOUR
YNGVE ANDERBERG

Division of Building Fire Safety and Techoology .
Lund Iastitute of Technotogy
Lund, SWEDEN

Abstract

When modelling material mechanical behaviour, an anajytical description
{s required of the relationship between stresses and strains. A computer
oriented mechanical behaviour model for steel is described. The model is
based on the fact that the deformation protess at transient high tempe-
rature conditions can be desribed by three strain components which are
separately found in differeat steady state tests. It is shown thatl a
behaviour model based on sieady state dala satisfactorily predicts beha-
vigur in trassient tests ander any given {ire process. load and sirain
histoery.

The test method wsed for determining strength properties is of great
imporiance for the obtained result. By using the model a procedure is
shown how 1o coupie steady stale and transient state resulis and make
them comparable for design.

Somelimes the behaviour model for design purposes is simpiified by using
constructed stress—strain curves based on transient state resultis. This
means that creep from the transient test is iacluded in an approximale
way in the stress—strain curves. The conseguence of this simplification
in a computation is illustrated for steel structures approaching creep
failure under fire attack.

BACKGROUND

When developing an analytical behaviour model of steel at high tempera—
tures one needs @ great amount of data on the stress and deformation
characteristics at different lemperature histories. The model must be
based on reliable and wel|~documented resulls from lests carried outl
under well defined and controlied conditions. A careful distinclion must
be made between steady state (stabilized) and transient stale con—
ditions. Steels behave in many ways differently ansd therefore hot-rolled
and celd-worked reinforcing sleel, structural steel a&nd prestressing
stee] must be separated.

It is important to have inp mind the differeat test procedures for deter—
miniag the mechanical properties.



There exist lwo main groups of tesls, steady state tests and transient
state lests. Material properties measured are ciosely related to tihe
test method used. it is therefore of great importance thal the test con-
ditions are well defined.

Duriog a {ire sitweation the material is normaily subjected le transient
processes with varying temperature and stress, and Lo enderstand this,
transient state tests are needed.

Mechanical properties of steel can be established by following a number
of different test procedures. The three main test parameters are the
heating process, application and control of load, and control of strain.
These can have constanl values or be varied during testing, giving stea-
dy state or transien! state conditions depending on the heating procedu~
re.

Six practical regimes which can be used for determining mechanical pro-
perties zre illustrated in Fig. 1. Properties io these regimes are as
follows:

TRANSIENT STATE TESTS|

/L AN

RESTRAINT FORCES FAILURE TEMPERATURE
Totai deformation

RELAXATICN CREEP

[STEADY STATE TESTS]

[STEADY STATE TESTS |

STRESS-STRAIN RELATIONSHIP STRESS-STRAIN RELATIONSHIP
Strain rate -controlled Siress rate - controiied

Fig. 1 Different testing regimes for determining mechanical properties
RILEM 44-PHT (1983)



Steady state tests

- stress—slirain relationship (siress rate control)
- slress—stirain refationship (strais rate controi)
~ creep

— reiaxation

Transient state tests

— failure lemperatures, lota} deformation (siress control)
- restraint forces, total forces (strain control)

Steady state tesls are characterized by & healing period asd a pericd of
time during which the temperature of the specimen is stabilized before
any load is applied. The strain measured before the load is applied cor-
responds to the thermal expansion.

Transient stale tests or non-steady slate tesls are characterized by a
varying temperature and 2 simeitanecus load. The load can be applied
before heating or developed during heating by restrainl against thermai
expansion. These two iypes of transient tesls are carried oul with load
and sirain conlroil. respectlively.

GENERAL MODEL

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

e = g, (T + eo(d.T} ~ g, (a. T, 1) €13

where

€,. = thermal strain

I3 = instanlaneous. stress—related strain based on siress—stirain rela-
tions obtained under constani, stabilized temperature

£.. = greep sirainr or time dependenl strain.

A computer oriented mechanical behaviour model for steel. based on Egq.
(1), is developed in Anderberg (1976) /1/.

The sirains are found separately in different steady state lests. [t is
shown that a behaviour wmodel based on steady state data satisfactorily
predicts behavionr in transient tests under any given fire process. lcad
and straino history.

Thermal strain

The thermal sirain or lhermal expansion is measured on uniloaded speci-—
mens ifg & tramsiemt tes!. Investigations peblished in literatore indica-
te small deviations for structaral and prestressing steels. Type of
steei and strength characteristics seem to have no significaat influen—
ce. In Fig. 2 the thermal strain for structural steel is takes from four
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Fig. 2 Thermal strain (expansion) for siructural steel as function of
temperature
1 St 37-2, Ruge & Winkeimann (1978-80) /12/
2 Steel 37. Skinner (1972) /13/
3 A 36, Harmathy (1967) /&/
4 Stirland (1980) /14/

different sources. The curves are relatively close together.

A iinear relationship is most often used in analytical modeliing.

Instantaneous stress—refated sirain

The ¢—¢ relationship can be measured under stress rale or strain

rate control. The stress strain relatioaship must be obtained at a high
rate of ioading or high rate of strain iz order to avoid the influence
of creep, which is of importance above about 400°C for ordinary steel
{(for cold-worked or prestressing steel above about 220°C). The ianflu-
ence of creep resuits in a displaced o—¢ curve and in a lower ulti-
mate {rupture) sirength. The s~z curves can be used to establish
compressive or lensile strenglh, modujus of elasticity and witimate
strain.

Experimental results published in Anderberg (1978) /2/ indicate that
reinforcing and structural stee! have a similar dimensionless d¢—¢
relationship as illustrated in Fig. 2 at 400 asd 600°C.

An analytical description of the 4-& curve as & fanction of lempera~
ture can be made in different ways. The experimental curve can be app-
roximated by a wumber of straight lines or by a modified expression of
Ramberg & Osgood (1943) used in Magnusson (1974) as follows

e = 6/ECTI*3/T o o (/ECT) (o/fy 4 ()7 (2)
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Fig. 3 Dimensioniess ¢—¢ relationship for 4 different kinds of
reinforcing steel at 400°C and 608°C. The theoretical curve
is also shown

where

6 . m(T) : 38

E(T) = modulus of elasticily at temperature T

fo ¢ 1 = 0.2% proof siress at lemperalure T

In this paper the dimensionless s—¢ relationship is described by a

straight line followed by an elliptic braasch and a straight line as

illusirated in Fig. 4. The parameters a, § and . are depepdent

on lemperature level and type of steel {(Dounas & Golrang 1982) /3/.

The analytical expressions are

Reiaforcing and structural sieel:

d = sU'E{T) 0seg e, (3)
¢ = 28+biT-(U. 03,787 £ 2€q.20 (4)
¢ = bv23(es—0.03)/(0.0123-0.06085°T) ggnla (3)
Prestressing steel:

¢ = eq E(T) 0iegse, (6)
6 = 2B+bVT-(Za-e,7a)* S-SRV (hH
6 = b+28 gm0 (8)

The curve fitting for reinforcieg and structural steei at 400 and
600°C is iillustrated in Fig. 3,
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Fig. 4 Principal model of dimeasionless ¢-¢ relationship

CREEP STRAIN

Creep behaviour is unique for every type of steel and a common descrip-
tion is hard to find. This is due to the fact that the chemical composi-

tion and the degree of processing strengly influerces this., The creep

t%ndengﬁ s%ems pot to_be reiated to the 0.2% proof stress or other
stireng characteristics at room temperalure. Therefore the absolute

value of stress is used when describing creep analytically.

The creep strain caen only be directly measured in steady state tests and
if the stress is kept constant it can be separated intc iwo phases. pri-—
mary and secondary phase. However, the creep from steady state lests can
be used in order to predict the creep process in transient lests., which
witl be illustrated.

Modeis of creep are in mosi! cases based on a tomcepil put forward by Dorn
(1954} /4/, in which the effect of variable temperatures is considered.

The externsion of the mode! to be appiicable to variable stress can, for

instazce, be based on the strain hardening rule.

The creep strain modeiled in this paper is assumed t¢ be dependent on
the magnitude of stress and ¢z the temperature-compensated lime evalua-—
ted from the expression

)
6 = [ e Xat (h) (9)
O
where

1

AH = activation energy of creep, J/mol
R gas constant, J/mol-K
1 time.



The reiation between creep slraion., €..., and lemperature-compensa—
ied time, 6, at a given stress level is shown principally in Fig. 2.

Eer

a
iy
ayt]

W

r

(3
o

Eep, 017

80 Temperature — compensated tune e

Fig. 2 Priacipal créep curve for the steel according to Dorn's theory

The change from the curved hranch to the straight line (primary and
secondary phase) is denoted ¢, and the intersection between the
straight line and the creep axis is called e.,.,.. The slope of the
straight line is called Z. The primary phase is defined by a parabolic
equation and the secondary phase by a linear slope. The transfer occurs
at time €¢,. The mathematical! formula is

Ecr = Eor. (22 67E,,. o) - 0:8_90.
(1m
Ecr = £cr.a(1m(2'9/gcrlo)) BMGQ
where
6, = £....,/2 (11
Harmathy (1967) has derived an analytical expressiom belween ..
and the parameters 6, Z and e,..., as follows:
Z8/¢
.. = (e..../'n2) arcosh (2 CT,0y (12)

This formula is not that practica! and unneccessary complicated.

Creep parameters for different kind of steels and used in cazlculations
are collected in Table 5.1 in Rilem (1983) /11/. The following equations
are governing Z and €,,. .,

(i3

(]
a
-
°
it
o3
a,
1

C-g° if 451G |
z { (14)
H e 0 if 6-8I1G 1



In /2/ the modified version of the Dorn-Harmathy theory. described
above. has been used and the concordance between test and calculation is
shown in Fig. 6.

. 0,22
Eur,the o 601°C
i JI- tazz2oec 4
Hl o 1=s03%C £ /
0.02— B
Measured
e == Calculated - S:JZ'C
P
0.01 0.15
" BO2'C
I A 8 |
o I ssacc
o - Time, b

Fig. 6 Measured and predicted creep (modified Dorn-Harmathy theory) at
different stress levels, Reinforring steel Ks 60 o8,
fo 2.200¢ = 710 MPa., Anderberg (1978}, /2/

A simplified way is to approximate the creep curve by two stlraight
branches with slopes Z, and Z, /2/ as illustrated in Fig. 7.

The creep sirain is an explicit function of time, temperature and
siress. where

.. (1. T, 6) = 1:2(T,¢) (1a3)
g.. = 2, (T.d) if ditat,

(16
€. = Z,(T,6) if try,

Nomograms for the rate of creep in primary and secondary phase for rein-
forcing steel Ks 40 ¢8 are published in /2/.

These nomegrams incloding the determination of the tramsilion lime..
t., facilitate an estimation of the magnitude of creep.

In Japan creep formulations alsoc are developed and Furamura et al (1983)
/6/ presents a formula for siructural steel SS 41 as follows

E.. = 10‘3/‘:‘-“"'d':l-'-"‘-t,s"-vV' (37)
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Zp |
1
ty Timeg
Primary Secondary
phase phase

Fig. 7 Measured creep curve approximated by two straight branches wilh
slopes 2, and Z, Anderberg (1978>, /2/

where

a = -7.21-10° T absolute temperature
b = 3.26 t = time in minutes

¢ i.55-1¢¢ d = gtress kg/mm’

d = 2.25 g.. = creep strain %

e = 8.98-1¢°

f = -3.30-10°"

The effect of variable stress and temperalure is solved by using a modi-
fication of the strain hardening rule.

RELAXAT ION

A relaxation test is closely related to a creep test bat is carried out
at constant strain and temperature (Fig. 1) and the stress decrease is
studied as funclionr of time. The relaxalion process can analylicaily be
found by vusing the formuiation of creep and the instantaneous stress—re—
lated strain as follows.

The total strainm is constant, which means that the sum of &5 and
€., is5 constant. The increase ia creep must be followed by the

same decrease in £5. The siress must therefore decrease with time in
such 2 way that e¢; decreases as &, increases.

Eivor = CORSt = g4(e,T) + .. (6,T,t,) (18)

Dimensionless relaxation curves measured and predicted for reiaforcing
steel are compared in Fig. 8. The agreement is very good.
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e T sl
= === Calcuintion
KSE0 1y gpee =710 MPa

ce n 300 °C

Fig. 8 Measured and predicted relaxation curves for reinforcing steel
(Anderberg 1978), /2/

Total stirain

The behaviour model is based on steady state data. but the creep can be
predicted at varying load and temperature {iransient process} by using
the strain hardening rule. This means that any test can be simulated by
using the complete behaviour model as expressed above,

The tota) deformation as & function of tfemperature meazsured ipm a ltran—
sient test, T = 10°C/min, is calculated and the compariscn is illu—

sirated in Fig. 2.

Temp,"C taz,200

o 0.5 1.0 1.5 z0 2.5 3.0 35 4.0

Fig. 9 Measured and predicted total deformation as a function of tem-
perature 2t different load leveis in a tramsiest process, T =

= 10°C/nin. Reinforcing steei Ks 60 88, f, ;. 4.0, =
= 710 MPa Anderberg (1983) /3/

10



There is 2 good agreement betlween test and calculation. However, there
is a discrepancy at the load leve! ¢/f, ;, 200c = 0.9 2and tempera—

tore region 100-300°C., This is due to an instability phenomenon in the
material called "thermal activaled flow™, which onily occurs in Llransieat
tests. This characteristic feature has been observed in many experimen—
tal investigations and sometimes the deformation results from two iden—
tical tests may differ very much in the lemperature region 100-300°C.
This is due to a more pronoucced thermal activated fioew in one of the
tests.

HOW TO COUPLE STEADY STATE AND TRANSIENT STATE RESULTS

Anzlytical modelling iilustrated above makes it possible to couple stea—
dy slate tesls and transient state tesis. For instance. the strain or
stress rate can be determined in steady state tests to give the same
tltimate stirength as occurs in a iransient test for a given rate of hea-
tiag.

The predicted influence of stress and strain rates on the stress—-sirain
relationship under steady state conditions can be studied in Figs.
10~11. From such curves the vltimate strength as a function of tempera-—
tere can be evaluated. In Fig. 12 a-b, the iafluence of stress and
strain rates on the ultimate streugtlh under steady stale conditions Is
illustrated. The influence of rate of temperature under transient slate
conditions is given in Fig. 12 c. The vltimate strength is defined by
the stress at which the strain is 4%, the thermai strain excluded.

In the analytical modeliing the strain and stress rate in a steady state

procedure to give the same ultimate strength as under transient siztle
conditions is found., if the rate of heating is chosen to be 10°C/uin.

a
fo2 20%
‘ .
1.2 |
G:=350 MPa/s b0 C
———=0:0.07 MPa/s _____..,..-._...-—--—-——-*—-—'
////”"" — 400
s mpl] SUESY SEL L bl he
08 _/-
,4‘ﬁﬁr ' - ]
500
086 ///J/" : o
04 /// I ; 600
' O N S S
"] — : ' 700
"""""""" R e Rt iy
%
T % e €. %
0 05 10 1.5 20 25 30 35 L0

Fig. 10 Predicted ¢—& curves at different stress rates for reian-
forcing steel (Ks 60, fo ;.:00;, = 710 MPa), Anderberg
(1983) /3/

11
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m 300°C

L0500

€%

Fig. 11 Predicted ¢—¢ curves at differeni strain rates for pre-
stressing steel (ASTM A 421-63. . ;. ,.0c = 1470 MPa),
Anderberg (1983), /3/

The reselt is shows in Fig. 12 d for a specific reinforcing steel (¥s
60, f, , ..0, = 710 MPa). The strain and stress rates obtained by
computation are thus

g€ = 20°/va/min

and

¢ = 0.20 MPa/s = 12 MPa/min

These values vary somewhat depending on the type of steel. which is
shown in Tabie 1 for,

a) siructural steel 1411, f, , ;.0 = 340 MPa

b) hot-rolled reinforcing steel Ks 40, f, ,. :,0. = 436 MPa

I

¢) hoet-rolled reinforcing steel Ks 60, ., .. ;.0 710 MPa

d) presiressing stieel ASTM A 421-65, f, . ..0. = 147G MPa

Tabile 1 . ]

T ¢ £
Type of steel *C/min MPa/s “/oo/min
Steel 1411 10 §.20 10
Ks 40 i0 0.20 10
Ks 68 10 0.20 28
ASTM A 421-65 il 0.50 10

For the additional steels in Tabie 1 the results of computation are
given in diagrams in /3/. Such diagrams can be used for desige as
itlustrated in /3/.

12
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d)

Predicted anltimate strenglh versus temperature for reinforcing

steel, Anderberg (1983). /3/

a) sieady stale, stress rate controlled
b) steady state. strain rate controiled

¢) transient state

d) comparison between steady stale aod lransient state

[f the strength—temperature curve, based on the trassient state condi-

tion where for instance T = 10°C/min

is accepted as a reference curve,

test results can be directiy interpreted and, thus, comparable. [f the
rates & and ¢ are beiow the values mentioned above, the measured
titimate strength should be corrected downwards,

The rate of stress or strain in a steady state test and the rate of tem—



perature in a transient test are governing the development of creep
which causes the change in the ultimate strength. The influence of creep
for these procedures is fully illustrated in /3/.

SIMPLIFIED MODEL

For design purpose a simplified model is used in praciice, where the
creep strain in an approximate way is incerporated in lhe stress—sirain
relationship. The model is solely based on transient state lests and the
procedure to comstruct the ¢—¢ relationship is as follows.

The total deformation measured in a lransient test at a constanl stress
and increasinog temperature uwntil failure occurs minus Lhe thermal strain
as fupctior of temperature is illustrated in Fig. 13. From these curves,
6—c relationships can be cowmstructed in which the creep sirain cor-
responding lo a specified heaiing rate is inciuoded.

Ternperature 1
Oy
o
i |
T3 - 03
i
T2 E 5!
1 4 A
T
dl -

€1otal~Eth=Eo *Eer

bnf 1
Q- T

] TI i
O3 T3
U-I

2

1
01 E

el
Er + b

Fig. 13 Transient tests with load control
a) Typical &~T curves at different stress levels
by Constructed 6—¢ curves at different temperatures

é—¢ curves from steady state and transient state tesis at different
temperatures are compared to each other in Fig. 14. Agreement belween
calculations and measurements is also close. The curve of the steady
state conditions contains no creep due to Lhe high stress rate. In the
curve of the transient state conditions the influeace of creep is, how—
ever, of importance. The difference betweer the curves at £>2% and the
decrease in altimate strength at 500 and 600°C amount to about 15% of
fo 2.200c. This difference alse is very much dependent oo the heat-

14



igg rate in the iransient test, compare with Fig. 12 ¢.

U - -

!0,2, 20°C

!

5.0 : ‘ -

Eg (1]
Eg*+Ee (2}

e gge g (3

s O

}. l 3 T £,
25 30 35 4.0

Fig. 14 Measured and predicted ¢-& corves from steady state and
lransient state tests, Anderberg (1983) /3/
1. Steady state test, stress—controlled, ¢=3.5 MPa/s
2, Transient state test., comstructed curve, T= [0°C/min
3. Transient process, curve derived analytically. T=10°C/min

When using constructed 6—£ curves {or design oze obtains somewhat
conservative values which are thus on lhe safe side. In an analytical
study of fire—expeased structures it is oftep loo approximate to nse the
simplified model because the real temperature and stress history is snot
accounted for. The influence of creep on the deformation behaviour for a
fire-exposed steel beam is illustrated in Fig. 15. The studied case
illustrates creep failure under fire attack. If creep is not considered
the collapse time is increased from about 17 to 20 min and the failure
temperatere from 700 te 760°C.

For fire—exposed slender steel columns the influence of creep can be
furthermore pronotnced.

The principal importance of the stress history on the total strain in a
transient process, where the rate of heating T is conmstant, is illustra-
ted in Fig. 16. Curve ! correspouds to & coenstant stress ¢, during
heatiog up lo temperature T, and curve 2 lo a slress ¢,/2 up to
iemperatnre T, apd then @ siress 6, wotil] temperalure T, is

reached. The difference in total strain is due to the different slress
history and 2 different creep strain developed duriog the transient pro-
cess.
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Fig. 15 Predicted deflection of fire-exposed sinmply supported beam.
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Fig. 16 Principal influence on total strain at different stress histo—
ries at a lransienl process,
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