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FOREWORD

During mid-seventies internatioconal discussions indicated
that research into fire and fire bhehaviour of structures
was being pursued by a number of international organiza-
tions; a Commission of CIB (W14) was studying basic fire
phenomena and had been asked by the liaison committee of
the international engineering asscciations to provide a
common approach for the design of structures against fire,
Various materials committees were starting work on design
codes and CIB/W14 set up a Code Advisory Panel to provide
some general principles. A directorate of the EREC Commis-
sion started activity on the harmonization of fire test
standards and fire zafety codes. The fire test standards
wers prepared by the IS0 Technical Committe TC 92. One ob-~
vious ommission in this system was the absence of agreed
data on material properties which could be used in the
structural design codes. An approach was made to the RILEM
Permanent Commitiee, as the General Council was known at
that time, to initiate a technical committee to deal with
this topic. Approval was given in 1977 for the formatien
of Committee 44 - PHT and it met for the first time in
April 1978. The active membership of the committes came
from many countries as the list on the inside front page
shows. COver a period of 5 years the committee held 10
meetings, including a special seminar in the middle of
1982 in the Hague.

When examining the range of materials to he studied, maxi-
mum emphasis was placed on the major materials of construc-
tion, i.e. concrete, masonry, steel and wood but others
having an important role in the building construction were
also included. However it was necessary to keep the work
within manageable proporticns and the maximum effort was
devoted to the study of concrete and steel. The list of

materials examined is as follows:



Concrete;
Steel; structural,
Wood;
Masonry; hrick
Plactics;

Gypsum; plaster

The amount of data available

soft and hardwoods,
and concrete

constructional,

on concrete

dense and lightweight,

reinforcing and prestressing,

blocks,

and boaxrd.

and steel was

large and it required much effort on the part of the spe-

cialist pancls to consolidate

this task was undertaken by Dr. Y.

The

it bhecame difficult

ted the final document.
sive that
with its limited resources to
of Pechnology has kindly come

to publish the information so

amount of

the information. For steel
Anderberg who alsc edi-
data was so exten-
the RILEM

publish it.

for s@cretariat
Lund Institute
to our assistance and agroed

that it may become available

to individuals and asscociations who are interested in this
field,

the RILEM

I wish to express my personal thanks and those of
Secretariat to Dr. Anderberg and the Division of
Building Fire Safety and Technology for this most valuahle

help.

The document is unigue in presenting information for the
first time in this cellective form and in a way that divect
comparisons can be made. It has also highlighted areas
where further research may be successfully carried out.
Determination of the physical properties under transient
heating ceonditions and their expression as a mathematical
model will assist fire engineers in the design and analysis

of structures exposed to fire conditions.

I appreciate the valuable help given by all committe mem-
bers of 44 - PHT during cur meeting in various host insti-
tutes and my only regret is that we were not able to comp-
lete the work on some of the other materials. Data con con-
crete is being published simultaneously. No doubt another

RILEM technical committee will be able to take in on board.
H.L. Malhotra

Chairman 44 - PHT
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Praface

The objectives of the technical committee are to iden-
tigy those properties and characteristics, which are

of inportance, survey the existing knowledge, evaluate
the data and the relevant literature, suggest activity

in areas not already covered and provide facilities for

the dissemination of information in papers and by dis-

cussicon.

In this report the main features of the behaviour of
steel at high temperature are summarized and discussed.

The report is divided inte three parts:

Part I - INTRODUCTION
Part II - STEEL PROPERTILS
Part IIT = STEEL LITERATURE

Part I: INTRODUCTION

1 Background

Many investigations on mechanical properties of steels at high
temperatures have been reported during the last 30 years. How-
ever, the results are sometimes hard to interpret and to com-

pare with other investigations due to the fact that

- test specimens are different (variation in chemical compo-

sition, shape and size}
- descriptions are incomplete
- test procedures differ
- test conditions are not comparable
+ unsatisfactory accuracy and reliability of testing equipment.

Therefore, it is useful to try to clarify and slucidate the
main characteristics and features of steel behaviour and the

different test methods used.



A careful distinction is made between stabilized tempe-
rature tests and transient tests, and also between hot-
rolled and cold-worked reinforcing steel and structural

and prestressing steel. These steels behave in many ways
differently. The most important properties are discussed
and a comparative study is made of test results from diffe-~
rent sources. The paper also briefly discusses analytical
models of steel. In many papers one agrees to the fact that
in a deformation process of steel the total strain can he
separated into three components, i.e. thermal strain, in-
stantaneous stress-related strain and creep strain. These

strains are also discussed separately.

In the list of references the properties of gteel are divided
into a number of main headings following the same sequence as
in c¢hapter 3. Further, each property includes subheadings,

which separate the three categories of steel, i.e. structural
steel, reinforcing steel and prestressing steel. A few refe-
rences to other materials such as cast iron are included. The
reference list also containsg sections on structural behaviour

and analytical models of steel and steel structures.

2 Different methods of testing

There exist two main groups of tests, steady state tests
and transient tests. Material properties measured are closely
related to the test method used. It is therefore of great im-

portance that the test conditions are well defined,

buring a fire situation the material is normally subjected to
transient processes with varving temperature and stress, and
to understand this, transient tests are needed. Steady state
tests cannol be used solely to explain the stress-strain

characteristics of steel in all cases.



Mechanical properties of steel can be established by follo-
wing 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 cong-
tant values or be varied during testing, giving steady state

orx transient conditions depending on the heating procedure.

S5ix practical regimes which can be used for determining
mechanical properties are illustrated in Fig., 1. Properties

in these regimes are as follows:

steady state tests

« stress-strain relationship (stress rate controlled!
+  stress—strain relationship (strain rate controlled}
+  areep

- relaxation

transient taests
+  total deformaticn, failure tempervature (stress control)

+  total forces, restraint forces (strain control).

2.1 Bteady statre tests

Steady state tests are characterized by a heating period, tﬂ,
and a period of time, Loy during which the temperature of the
gpecimen is stabilized before any load is applied, as shown
in Fig. 2. The time tS depends on the size of the specimen,
but is usually not more than 0.5 h. The strain measured be-

fore the load is applied corresponds to the thermal expansion.

After time tH + tS the temperature is kept constant and four
types of steady state tests are usually carried out as indi-
cated above. Properties related to these tests are described

below,



2.1.1 v-¢ relationship, stress rate controlled

After the stabilized period of heating, the specimen is sub-
jected to a constant rate of loading until failure occurs
(see T'ig. 3a). The data cbtained provide o~¢ relationships
at different temperatures of the type shown in Fig. 3b and
can be used to establish compressive or tensile strength,
modulus of elasticity and ultimate strain at ccllapse. TFor
prestressing steels, however, there exists no yielding plateau
as indicated in Fig. 3b. The stress-strain relationship is
often obtained at a high rate of icading, o, {loading time
1-2 minutes) in order to avoid the influence of creep, which
is of importance above about 400°C for ordinary steel {for
cold-worked steel above about ZSOOC). The influence of creep
results in a displaced o-¢ curve and a lower ultimate {rup-

ture] strength, which will be illustrated in chapter 4.

2.1.2 o-~c relationship, strain rate controlled

o~c relationships measured under strain rate control are close-
ly related to the test described ahove. After the stabilized
period of heating the specimen is loaded at a specified strain
rate, £, as indicated in Fig. 4a. This test yields ¢-e curves
as illustrated in Fig. 4b. Depending on the strain rate, the
influence of creep above a certain temperature level yields

differing o-¢ curves, This will be illustrated in chapter 4.

In these kinds of tests the maximum stress is reached for a
given strain and at higher strains the stress decreases
somewhat with failure occcurring at much greater strains than
in the corresponding stress controlled v~ tests. The C-e
curves obtained not only provide properties mentioned in
2.1.1, but also mechanical dissipation energy. The ultimate
strain, however, is related to the maximum stress level and

not to the failure state.



2.1.3 Creep

When the desired temperature is attained in a creep test, the
specimen 18 loaded and the load is then kept constant during
the whole test period as shown in Fig. Ja. At the time tH + ts’
when the load is applied, the immediate response results Iin an
instantaneous elastic strain and thereafter a deformation as
function of time, i.e. creep, takes place, which is illustrated
at different temperatures in Fig. 5b. The test periocd of Inte-
rest during a fire is usually from 2-4 hours. A btyvpical creep
curve is shown in Fig. 6 indicating that the creep process con-
tains three phases, i.e. primary, seccondary and a tertiary
phase. Normally, only the initial creep, i.e. the primarv and

the secondary phase, are studied.

2.17.4 Relaxation

A relaxation test is closely related to a creep test, but when
the specimen has been loaded the initial styain is kept con-
stant and the decrease in stress is measured during the whole
test period. Fig. 7a illustrates the whole strain history.

The reduction of stress or relaxation as function of time,
which is due to the creep, is shown in Fig. 7b. Normally, a

period of 2-4 hours is of interest during fire situations.

2.2 Transient tests

Transient temperature tests or non-steady state tests are
characterized by a varying temperature (often increasing
linearly, see Fig. 8) and a simultaneous load. The lcad can
be applied before heating or developed during heating by
restraint against thermal expansion. These two types of
transient tests are carried out with load and strain cont-
rol, respectively. The second alternative appears only in
compression. Properties related to these tests are described

below.



2.2.1 Failure temperature, total deformation

A load 1is applied to the speciwmen before heating; heating pro-

reds at a specified rate (@ = SMSOOC/min} until failure occurs.

Usually, the load is constant as shown in Fig. 9%9a. Total de-
formation as a function of time is recorded until the failure
point, i.e. when the strain rate or total strain is approaching
infinity. 'the temperature measured at that critical point is
called the failure (critical) temperature. Typical results are
illustrated in Fig. 9b for different load levels. The result

is very much influenced by the rate of heating as creep cannot
be avoided. The curves enable failure temperatures which pro-
vide strength/temperature relationships te be found in Fig. 9c.
Similar relationships can bhe obtained from steady state c-¢

curves.

If one plots the total deformaticon minus the thermal strain,
against the temperature, one cbtains curves as illustrated in
Fig. Gd. From these curves, o-g relationships can be constructed
in which the creep strain corresponding to a specified heating
rate is included, Fig. 9%e. The heating rate has a great influ-
ence on these o-¢ curves, just as the strain rate has in steadv

state o-e¢ tests. This is illustrated in chapter 3.5.2 and 4.

2.2.2 TRestraint forces

if the deformation is kept constant during a transient heating
process, restraint forces arise. The deformation can be zero
or correspond to the initial strain response of load applica-—
tion before heating as indicated in Fig. 10a. In such a strain
controlled transient test at temperatures above about SSG-GOOOC,
the total force (initial load + restraint force) is indepen-
dent of the initial load, which can also be zerc, see Fig, 10b.
If the total load minus the initial load is concidered, one
will cbtain differing curves depending on the varying influ-
ence of creep. Measurements of restraint forces can only be
carried out on steel structures with no buckling influence,

i.e. very short columns.
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Fig 1 Different testing regimes for determining

mechanical pronerties
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PROPERTING

3 Particular proverti

Properties of stecel obtained or derived from different tests

described above are collected in this chapter. Phe data are

based on a literature survey and the source can alwavs be

found in the reference list in part 171, chapter 6.

The presentation is based on relevant data as far as possible

and the basic test conditions and the strength characteristics,

the chemical composition (when available) and the 1 rence
are always given. This is a screening of individual reports on
reinforcing, structural and prestressing steel, and further

data may continuously appear in future.

3.1 Tensile strength

It is not only important to define the precige meaning of ten-
sile strength, but also to define the type of test whether
staeady state or transilent state. It can he the ultimate tensile
strength, fu (rupture strength), or the tensile strength re-

lated to a specified residual stress induced strain in the

ge-eocurve as orincipally illustrated in ¥ig 11. The

stress which vroduces for instance a residual strain of 0.2%
iz called the 0.2% proof stress or the yield stress, 00’2, at-
though the yielding plateau for hot-rolled steels disappears
at temperatures above 3009C. When the strength is defined by
the proof stress for a given residual, non-recoverable strain,

for instance §.2% and 0.5%, it will be denoted and 1

6.2 0.5°7

When the ultimate strength is measured in a transient test with
constant load control it can either be related to the critical
temperature when the strains reach infinite values or to a
strain rate ¢riteria, for instance e = 1.0»10u4-5"1. If it is
connected to a strain rate criteria this will be specially
indicated when presenting data. The ultimate strength and proof
stress are obtained from o-e curves at different temperature
levels or from load controlled transient tests as described

in chapter 2.2.1
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Depending on the test procedure the creep may influence the
strength~temperature curve and, therefore, it must be con-
sidered when comparing such curves from different laborato-
ries, The creep results in a decreased value of the tensile
strength above about 2509 and 400%C for cold-werked and hot-

rolled steel, respectively.

Parameters of importance in an analysis of the tensile

strength are

in steady state o-p tests

« rate of stress, o, at stress rate control
+» rate of strain, &, at strain rate control

and in lead controlied transient tests

- rate of temperature increase, T

« strain rate criteria.

Depending on the test charvacteristics the influence of creep

is different.

A general conclusion is that the relative decrease in tensile
strength of all hot-rolled and prestressing steels is almost
the same, which means that the original strength has little
influence on the strength-temperature curve. The 0.2% proof
stress and the ultimate strength of such steels obtained in
steady state and transient state tests have at 500-550°C

50% of its original value left, and at 700°C about 20%. For
prestressing steel the 50 and 20% limits are reached at 350~
400°C and 500°%C, respectively. Fig. 11 indicates that cold-
worked steel has a higher strength-temperature curve. Too

1ittle data are available to make a certain conclusion.



The influence of strain rate, & = 0.1-100:10 emin" |, is
illustrated in Fig 8 and at 600°C the strength value varies
from 0.65 to O.3-fO 2 209 In Fig 9 different rates of load-
=y
ing, 0.03-1.63 MPa/s, result in strength values 0.35-0.25-
y o
fO.Z,ZDOC at 6007C,

7

Fame £ %

Fig 11  The principal for determining the proof stress,

which is based on the residual stressinduced strain



3.1 TENSILE STRENGTH

a) Structural steel o ASTM A3G, 0.2,200C 300 MPa
fu,ZOOC 440 MPa

Steady state

Test conditions Strain rate control
¢ = 72-102-10 7

Specimen P 5.2 mm, ! i

Chem. composition : C Mn Si
0. 0.007 0. 0.7t 0.09

Remarks : Ultimate strongth and 0.2% proof

stress as function of temmerature

Reference ; Harmathy & Stanzak

g
Fig 1 T2, z0¢

. —'u,T

0.2

800

(1970)

Temnp,"C



3.1 TENSILE STRENGTH

. . - . . < i :
a) Structural steel s CEA G402, f0.2,2000 340 MPa
= 5§ >
fu,2OOC 520 MPa
Steady state
Test conditions : Strain rate control
£ = 51761073 emin”
Specimen @ = 5.2 mm, & = 23 mm
C P b Mn 5i Cu
Chem. composition : 0.195  0.015 0.019% 1.40 0.022 0.08
Ni Cx
0.03 0.01
Remarks : Ultimate strength and 0.2% proof stress

as function of temperature

Reference : Harmathy & Stanzak (1970)

a

fo.2,200¢
Fig 2

0

0.8

&6 |

0.4

0.z : Tornp,C
760



3.1 TENSILE STRENGTH

a) Structural steel : Different kinds
Test conditions : Steady state . -3 -
Strain rate centrol, ¢ = 16.7-10 “.min
Specimen : B o= 6.3 mm, ¢ = 57 mm
Chem. composition H
Remarks : 0.2% proof stress for

different kinds of steel as function
o temperature

Reference : Teesside Laboratories [(1980)
P
0.2,7
Fig 3 ~ 'sz,20c
1.0 —-
\ i
08 [

11 E———

[ T VO

az

= Temp,°C
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3

ajl

i

o . e e -

Structural steel Steal 37, fO.Z,EOOC 250 MPa

Test conditions Steady state . B
Strain rate control, ¢ = 2 1¢

Specimen G o= 7.2 mm, £ = 7% mm

Chem. composition C P 5] Mn Si
0.27 0.033 0.041 0.65 0.128
Ni
0.086

Remarks Proof stress related to
different stress induced strains

Reference Skinner, D.H. {(May 1972)

o

. -

0.2, 20°C

20 fo

08

0.6

0.4

0.2

TENSILE STRENGTH

400

—s Jemp,"C

3 .
= min

Cr
0.6



3.1 TENSILE STRENGTH

a) Structural steel : (I st 60/90, a2 20% © 590 MPa
L2,

¢) Prestressing steel : (2 5t 1457165, f 0. = 1520 MPa
0.2,207C

(3 st 160...180, €4.2,20% = 1570 MPa

Test conditions : Gteady state
Stress rate contrel, o is unknown

Specimen : (D Hot-rolled, # = 26 mm
@) cold-drawn, & = 5.2 mm
Q) cold~drawn, ¢ = 5 mm

Chem. composition

Remarks . 8.2% proof stress as func-
tion of temperature

Reference : bannenberg et al {1959)
m%z}

fo.2,200C
Fig 5

LT I

a6

0.4

[P —

o Terp,®C




3.1 TENSILE STRENGTH

a) Structural steel : (D st 60/90, fu 20% © 1050 MPa
r
¢} Prestressing steel : (3 st 145/165, fu 20% * 1650 MPa
r
@ st 160...180, 4,200 = 1740 mpa

Test conditions : Steady state .
Stress rate contrel, ¢ is unknown

Specimen : Hot~rolled, ¢ = 26 mm
2} Cold~drawn, © = 5.2 mn
(D Cold-drawn, # = 5 mm
Chem. composition
Remarks : Ultimate strength {(rupture strength)

as function of temverature

Reference : Dannenberg et al {1959)

Fig & P L

48

06 [ -

8.2 fore -

Temp,"C



3.1 TENSILE STRENGTH

a} Structural steel : Plate steel A36, fU 5 2p%c T 300 MPa
arbo - = MPa
Low carbon fu,ZGOC 440 MPa
Test conditions : Steady state
Specimen :
Chem. composition :
Remarks : Ultimate strength and 0.2% proof stress

as function of temperature

Reference : Klippstein {1979)

U
f
0.2,20°C

:

Fig 7

0.8

0.6

0.4 : B Torap,"C




3.1 TENSILE STRENGTH

a) Structural steel : Steel 37, t0.2,2OOC = 250 MPa
fu,ZOOC = 496 MPa
Test conditions : Steady state

Strain rate control,
g = 0.1-100-10"3.min~1

Specimen @ o= 7.2 mm, & = 71 mm
C P 5 Mn 31 Or
Chem. composition : 0.27  0.033 0.047 0.6% 0.128 0.16
i
0.086
Remarks : The 1nflucn¢c of strain rate ¢ on 0.2%

prooi stres

Reference : Skinner (1972)

.92‘,,
Fig 8 02,20 C

o BN

E - -1
t:?UO'?G3‘ MR

. -3 -t
e= 10 107 min

. -3 -1
€= P i0: men

. -3 -1
0.2 = 011G min

] Yemp,°C



Fig 9

.1

...29...

TENSILE STRENGTH

Structural steel 1 8IS 14 t4tt,

Test conditions Steady state

£

Stress rate conirol
o = 1.63 MPa/s
@& = 0.03 mMpa/s

0.2,20%

Specimen : & o= 85 mm, b o= 15 mm, t
C P S Mn

Chem, composition : 0.27 0.033 0.041 0.65
Ni
0.086

Remarks : FThe influence of rate of

G.2% proof stress

Reference : Thor, J. [1972)

f,
Jbar

f6.2,20%

i3

(1Y) —

04 pom

Q2

i
] 200 400 500

5 Ternp, °C

340 MPa

3 mm

51 Cr
0.128 0.16

loading an



Fig 10

3

b)

i

TENSILE STRENGTIT

Reinforcing steel

Test conditions

Specimen

Different kinds

Steady state
Stress rate control,
a = 3.5 MPa/s

Hot-rolled

Chem. conmposition

@ = 8-10 mm, & = 100 mm

Remarks 1 Proof stress related to different

Reference

stress induced strains

Anderberg [1978)

o

f0.2,200¢

1.2

1.6

0.8

05

0.4

0.2 |-

0 200 400 600

800

- Ternp,*C



3.1 TENSILE STRENGTH

k) Reinforcing steel

Test conditions

Speciman

Chem. composition

Remarks

Reference

0.4

TP S—

G.2

2*Chmin”
93°Cimin

i
3.8°C/min

31 -

(I 8BSt 42/50 RU, f
() Bst 42/50 RE, f

= 430 MPa
= 430 MPa

0.2, 20
g.2, 20°%

Transient state with leoad control
kRate of heating, T = 3.8 - 247°C/min

3

@ o= 16
o= 18

mm, & = 10 = @
mmw, 2 = 10 x @

Hot-rolted,
Cold-worked,

Ultimate strength (rupture strength)
as function of tewmperature

Ruge & Winkelmann {(1978-80)

A _18°C/min

\S
| MW 8300 min

N
Hh\Y 5 :
\\\\ B 34°C/min

400 500 [ile]
Temp,*C



Fig 12

3.1 TENSILE STRENGTH
k) Reinforcing steel D Bst 42/50 Ry, fO 2 3090 = 430 MPpa
N ]
5 3 =
(D BSt 42/50 RK, £y .0, 20% = 430 MPa
Test conditions Transient state with load con%rol
Rate of heating, T = 3.8 ~ 197°C/min
Failure temgerature criteria, ¢ =
= 1.0 -« 107%.5"]
Specimen Hot~rolled, ¢ = 16 mm, & = 10 % &
Cold-worked, ¢ = 18 mm, & = 10 x @
Chem. composition
Remarks Ultimate strength as function of tempera-'
ture, related to the strain rate
o= 1.0 - q07d g
keference Fuge & Winkelmann (1978-80)
Mo
faz,200c
1.8 |-
9.3 *C/min
T=3.8 - Clminl
: 19°C/min
3 _
6.6} i SN\ SO
. W 3.B°Cmin |
; W H
H IR
0 - G
0.2 i
it i ;
) 260 400 500 200

Temp,*C



Fig 13
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3.1 TENSILE STRENGTH

c)

Pr

estressing steel - = 1559 MPa

*0.2,20%
u,20% = 1848 upa

Test conditions : Steady state
Strain rate control, ¢ is unknown
b= 10 mix
. n
Specinen s @ o= 4.5 mm
Chem. conmnposition :
Remarks : Ulrimate strength and 0.2% proof stress
as function of temperature
Reference : Voves, B. (1978}
-
t B
0.2, 20°C
t2f=
10}

e}

0B -

Qi

0.2

] 200 400 500 Temp, °C



Fig 14

3.1

TENSILE STRENGTH

c)

Prestressing steel

Test conditions

34 -

87 E 35,

Fagersta

fy,20%

steel,

Steady state

Strain rate cont
£ = 751077 «min

Specimen 1 P o= 4.3 mm, ¢ =

Chen, composition :

Remarks v Ultimate strengt
perature

Reference Anderberg {1383)

fur

fy,20°C

e mﬁ““mm\\\\ |

LE]

0.6

0.4

0.2 \\\w

0

o 200 400 600

1700 MPa

i

rol,

1

u,20% = 1900 MPa

200 mm

h as

Temp *C

function of tem-~



w35 -

3.1 TENSILE STRENGTH

c} Prestressing steel @ ASTM A 427, fO.2,2DOC = 1470 MPa

fu’20mc = 1720 upa
Steady state

Test conditions : Strain rate cgntrol
Eo= 19=29.7072enin ]

Specinan : = 4.4 mm, & = 23 wm
= r

I P S Mn 51
Chem. composition ¢ 0.749  0.012  0.031 0.78 0,187

Remarks : Ultimate strength and 0.2% proof stress
as function of temperature

Reference : Harmathy & Stanzak (1970)

a
FPig 15 fn_z,zo=c

Jemp,*C




3.7 TENSILE STRENGTH

c} Prestressing steel - fO.Q,ZGOG = 1070 MpPa

- _ . MPs
Eu,EOOC 1630 MPa

Test conditions : Steady state

Specinen :

C P S Mn 5i
Chem, composition : 0.78  0.024 0.022 0.83 0.21

Remarks i Ultimate strength and 0.2% proof stress
as function of temperature

Reference : Cahill {(1965)

3]

Fig 16 fIs‘z,zr;c

[ ) SOOI 1t

04 |-

0.2 i

[ Temp,*C




3.1 TENSILE STRENGTH

" o] S1 82 A o i 5& -
c) Prestressing steel 10,2,206C 1559 MPa

Iu,2OGC = 1848 MPa
Test conditions : Transient state w%th load contral

Rate of heating, T = WEOC/min

Specinen s @B o= 4.5 nm
Chem. composition :
Remarks : Ultimate strength {rupture strengbh)

as function of temperature

Reference : Voves, B. {14978}

Fig 17 Yy, 2o°c

0.8

b4

—-t- Tamnp,*C

0 400 B00



3.1 PENSILE STRENGTH

- I, — R PR T E £ [ E
¢) Prestressing steel 1 St 1570/1770, 1 Lo.szooc 1570 MPa

2 f

i, 20% 7 1660 MFa

Test conditions : Transient state with load control
Rate of heating, T = 4YC/min
Failure temnera%ure criteria,
Eo= 1,010 %87

Specimen : Eg Cold-worked, $ = 7.5 mm
2" " , B = 5.0 mnm
L 10 x 6
Chem. composition : Ultimate strength as function of tempe-
rature, related to the strain rate
. -4 -1
£ = 1.0-10 Tes
Remarks :
Reference 1 Ruge & Winkelwmann (1978-84)
'u,T
Fig 18 fo.2,20%
Lo | oy
0.8
0
[
6.2
o i
¢ 200 400 600
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3.1 TENBILE SPRENGTH

a) Prestressing steel : PTV f 1750 MPa

u, 209

LT * = 1550 MPa
LTR i = 1550 Mpa
prs " = 1700 MPa
Test conditions : Transient state w@th load control

Rate of heating, T is unknown

Specimnen H

Chem. composition H

Remarks o Ultimate . {(rupture strength}
as function of temperature

Reference : Baus, Brenneisen & Langueville {1968)

Fig 19 fy, 20°C

Iy
W LIR
v v
Lrv \
o8

PTE”
PV

06

04

0.2 e

o Temp ,°C
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3.2 Modalus of elasticity

The variation of the modulus of elasticity with time, Bes
be directly cobtained from o-e relationships as the initial

can

inclination of the curve. If the o-¢ relationships include
craep strains the valus of Ee will be scomewhat decreased. The
test conditions are therefore of importance, when comparing
results from different sources. If ET is determined in a dyna-
mic test the result can also differ. IF ET is obtained from
constructed o-# curves which are related to transient tests

(see chapter 3.5%.2) the influence of creep cannoi be avoided.

The modulus of elasticity decreases with temperature and at
500-550°C the value is about 0.5 - EZOOC' The original strength
characteristics seems to have little influence on ET. Essen-

tial results are summarized in Pig 1-7.
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3.2 MODULUS OF ELASTICITY

a) Structural steel : Plate steal A3G, fO.H,ZOOC = 300 MPa
Low carbon w,20% 440 Mpa
Test conditions : Steady state
Spacimen H
Chem,. composition :
Remarks : Modunlus of elasticity
Reference : Klippstein (1979)
Ey
Eaaec
A
LG
0.8
06
I g Terap, °C

" i i
g 200 400 £08




3.

2

MODULUS OF LLASTICITY

at

Structural steel : Various steels

Test conditions

Specimen :

Chen. composition

Remarks : Modulus of elasticity

Referance : Stirland (1980}

[N}

0.6

Teesside Laboratories

: i i < Taenp,*C
260 400 ) 600 BGO 100G .
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3.2 MODULUS OF ELASTICITY

a) Structural steel : Carbon steels
Test conditions : Steady state
Specimen

Chem. composition :

Remarks : Modulus of elasticity {(mean curve from
three sources: Garofalo (1950), Lea et
al (1914}, Versgé (1935}

Reference : Harmathy (19%67)

i
Ezoec

08 |

08 |-

04

L ¥l J .

Yemp,*C



DLASTICTTEY

a) Structural she

oModulug of

: thon, J. (18972}

Temp,°C

i Hili) 200 300 A0t 500 400




3.2 MODULUS COF ELASTICITY

a) Structural steel : Fe B 24, f0.2,200C = 270 MPa
Test conditions : Transient state
Constant load control o
Rate ¢of heating, T = 107C/min
Specimen :

Chem. composition

Remarks : Modulus of elasticity
Reference : Copier, W.J. (1972)
By

Fig 5 Eaoec

[\ — i IR

0.z i ‘ - e Ternp, 0
00



3.2 MODULUS OF ELASTICITY

b} Reinforoing steel : Differvent kinds, Ks 40, Ks 60

Test conditions : Steady

Stress vate control, o= 3.5 MPa/s

Speoiman o Hot-rolled, © 8-10, & = 100 mm

Chew. composition

Remarks : Modulus of elasticity (mean curve)

Reference i Anderberg {1878}

rig 6 Eypec

[EX:)

i3

2

: : . i Temp, 't
il 100 200 304 400 500 606G
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3.2 MODULUS OF ELASTICITY

-
c) Prestressing steel : St 1570/1770, E = 2.14+107 MpPa

20%¢

Test conditions : Bteady state

Rate of stress, o is unknown

.

Specimen s Cold-worked, @ = 7.5 mm
Chem. composition H
Renarks : Modulus of elasticity
Reference : Ruge & Winkelmann {1978-80)
B
Fig 7 Ezpeg
1.0

06

04

6.2 i [ Temp,"C
4 100 200 kliley 400 500 800



e thermal

or thermsl

is weasured on un-

Loaded spe

]

in a transient test.

Investigations pub-

st indicate small dewv

el din

iations

£

¥ ogtructu-

ral and orestr

steals, Fpe of

L and strength cha-
racterist

L5

have no significant influence. In Fig 1
n for structural sicel is taken from Tour

ifferent sourc

The curves are relas

vely close togelther,

Yor reinforcing steels Lhere

tion available which

b

only one source of informa-
indicates lower thermal strain than
other steels as shown in Fig 2. In this fic

ure the results
from o prestressing steel are also indicated.
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3.3 THERMAL STRALN

Fig 1 Thermal strain (expansion) for sirnctural steel as func-

tion of temperature

@St 37-2, Ruge & Winkelmann (1978-80)
@ steel 37, Skinner (1972)

(@ a 26, Harmathy (1967)

& stirland (1980)

iy, e
Fig 1

o
Y @)

1.0 .5}
Z

0.8 /

4.6

04 /

0.2 5

4] / Temp.*C




3.3 TURRMAL STRAIN

Pig 2 Thermal strain (expansion} £or(® reinforoing and

C) prestressing steel as function of temperature

{14878}
nlkelmann {1878-80)

. fn. 'k
Fig 2
1.2
)
3.0
o
-
0.4
a7 el
s e
e i
- } ;
9 £ i ‘ Temp, 'C

it 200 00 GO0 700




3.4 Creep strain

Creep behaviocur is unigue for every tvpe of steel and a common
description is hard to find. This is due to the fact that the
chemical composition and the degree of processing strongly
influences this. The c¢reep tendency seems not to he related

to the 0.2% proof stress or other strength characteristics

at room temperature. Therefore the absolute value of stress

is used when describing creep analytically. Analytical creep
models will be presented in chapter 5. The creep starts i{o

be of importance at about 250°C For cold-worked steel and at
about 400°C for hot-rolled steel.

The creep strain c¢an only be directly measured in steady state
tests and if the stress is kept constant it can be separated
into two phases as illustrated in Fig 6. However, the creep
from steady state tests can be used in order to predict the
Creep process in transient teste, which is illustrated in

chapter 5.

Measurements on creep at high temperatures are very complica-
ted and the accuracy and reliability of the testing equipment
are of decisive importance for the resulis. In Fig 5 creep
results are shown from two identical tests on specimens from
the same heat. The creep strain after 1.5 h indicates a dif-
ference of about 20%. If the specimens are not from the same
heat deviation may rise to 40%. The scatter in the results
are not only due to the testing equipment hut also to the

difference in shape and processing of the specimen.

Sceme results on creep published in literature are illustrated
in Fig 1-5, More results for analyvtical studies are given in

chapter 5.



3.4 CREEP STRATN

a) Structural steel . AL 149, {O 3, 200@ = 250 MPa

0.2, 20% = 450 MPa

cady 8
onstant

Specinm

Remarks v Ureep at ent load

lovels

rReference o Mndght et oal 187713




Fig 2

3.4 CREEP STRAIN

a} Structural steel

Test conditions

Specimen

Chem. composition

Remarks

Reference

L4

i g

(U.Z,ZUEC
075 070 6.85

._53m

Steel 37,

Yo.2,20%

= 250 MPa

Fu,20% = 495 Mpa

Steady state
Constant load control

0.27 0.

Ni
0.086

mim, 7 71 mm
P S Mn
033 0.04%1 0.65

81 cr
9.128 0,18

Creep at 550°C for different load

levels

Skinner

{1872)

Tirne,h
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3.4 CREEP STRAIN

b} Reinforcing steel : Ks 40, fU 2 20% = 456 MPa
Ks 60, t062,200C = 710 MPa
Test conditions ¢ Steady state

Constant load control

Specimen B o= & mm, & = 100 mm
Hot-rolled

C P S Mn 51
Chem. composition : 0.471 0.029 0.039 0.66 0.27

Remarks : Creep at about 600°C for different
lead levels

Reference + Anderberg (1978)
. 604 156 0.22
By, i 565 132 0.26
cf s fa 3
s
. rd
o s
Fig 3 v
25 L A -
- s 40 a8 P !
e s 1) 58 ‘ :
20 -
i
I
Temp o g__
LM oo
s
504 132 0.9
10§
602 104 015
H
0.5 1
i
il H | )
¢ s 10 13 Te b



Fig 4

3.4 CREEP STRAIN

b) Reinforcing steel

Test conditions

Specimen

Chem. composition

Remarks

Reference

—— K5 40 08
— T Rs 40 BR{2RE)
e — Ks 40 SEQ8

s Ks 40 810

- 85 -

Ks 40, different kinds

Steady state
Constant load control

@ = Bmm, & =
Hot-rolled

100 mm

Creep at about 650 for
different hot-rolled steels

Anderberg (1978)

Temp O o

T MPa fpy g

- G642 83 Gi6
e 853 B0 038

B&h B3 iz
£5! 66 012

654 65 QL
650 65 DM

= Thne,h
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3.4 CREEP STRAIRN

b} Reinforcing steel 1 Ks 40, f

:O.Z,ZGOC 483 MPa

Test conditions i Steady state
Congtant load contyol

Specimen : P o= 10 mm, & o= 100 mm
Hot-rolied

C B2 S Mn 5i
Chemr., composition + D031 0.024 0.021 0.75 B.,27

Remarks : Deviation in results in two
creep tests with specimens from
the same heat

Eers

Fig 5

05 b

o i ! Hme,h
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3.5 Stress-strain characteristics

The data presented are divided into two categories, namely
steady state and transient state properties. A survey of the
most important properties related to the test procedure is

given.

3.5.1% Steady state data

g—~¢ relationships obtained under strain rate or siress rate con-
trol are illustrated in eighteen (18) diagrams for the three
types of steel: styructural, reinforcing and prestressing steel.
All curves are dirawn dimensicnless and are related to f0.2,2OOC'
The stregs-strain relationship is often obtained at a high

rate of stress or a high rate of strain (test duration pe-

riod less than 1-2 min for structural and reinforcing steel

and less than 1/2 min for prestressing steel) in order to

avoid the influence of creep which is of importance above

about 25¢ and 400°C for hot-rolled and cold-~worked steels,
respectively. At these higher temperatures a slow stress rate
or strain rate (test duraticn period is more than about 1T h

for structural and reinforecing steel and more than about 5 min
for prestressing steel} considerably influence the amount of
creep observed. This results in a displaced o-¢ curve and a

lower ultimate strength.

It can be generally stated for hot-rolled steel that the ulti-
mate strength (maximum point in the o-s curve) at 500 and 600%c

decreases to about 0.8 and 0.5 of £ respectively, if

6.2,20%"
the test duration period is short (high rate of stress or
strain) . For prestressing steel the comparative values are
= [ o
about 0.45 and 0.25 of fO.Z,ZOOC'

Some comparisons have also shown that steels that are not
cold-worked have very similar dimensionless o-& relationships

at elevated temperatures.



In the preéesented test results the strain yrate, o, has been

; A .
qamln for structural steel and from

varied from 2 to 200107
25 to 700»10—3-1111'.;;1 for prestressing steel. This means a va-
riation of the test duration period from about 1 h to 1 min
and from about 6 min to 20 =, yespectively. The influence of

© can be separately studied in Figs 7 and 17.

The stress rate, o, has been varied from 0.03 to 3.% MPa/s,
which means a variation of the test duration period from about
2.5 h to 15 s. The influence of o is illustrated in Figs 10,

11 and 13.

It can be generally noticed that the maximum decrease of ul-
timate strength due to creep effects amounts to about 15% of

- T O it £ e s )
fO.Q,BOOC at 950-600C except for prestressing steel.



Fig 1

3.
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5.% STEADY STATE DATA

a)

Structural steel

Test conditions

Specimen

Chem. composition

Remarks

Reference

g
Y0.2,200¢

CSA G40.12, IOQ2,2OOC

Strain rate control

¢ = 51-76.1077 !

min

@ = 5.2 mm, £ = 23 mm
Q P S Mn
0.195 0.015 0.019 1.40
N

Cr
0.03 0.01
s-r relationshins

Harmathy & Stanzak (1970)

207°C

Ejk:

21

426
93

654

04

£,%

340 MPa

Cur
0.08
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3.5 STEADY STATE DATA

a Structural steesl o ASTM AJG, f anda. = 2
33 tructural steesd ASTEM A3E fou?_,z(}‘c 300 MPa
Test conditions : Strain rate control
fox 722102010 P emin
Specimen @ o= 5.2 mm, &= 23 mm
Chem. composition N P g Mn Si
0.19 0.007 0.03 0.7t 0.09
Remarks : o-e velationships
Reference : Harmathy & Stanzak (1970)
i)
Fig 2 2,20
5 _— . 204°C
o BB
//,_ i
el
14 | - ek
e G0
///M
i2 s / b 434
. //
0.6 e e ; 538
- ‘ 650
o i : [
0 2 6 8 10
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3.5.1 B8TEADY STATE DATA

a) Btructural steel 1 Grade 434, fO.2,2OOC = 260 MPa

Test Conditions : Strain rate control, & = 17+10 7 .min
Specimen : @ = 6.3 mm, £ = 57 mm
Chem. composition
Remarks : g-e¢ relationships
Reference ¢ Teesside Laboratories {1980)

o

Fig 3 in‘zizu“c
125°C

2.0

300

0 £, %




Pig 4
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5.1 BTREADY STATE DATA
al Structural steel Steel 37, f(J.Z,EOOC = 253 MPa
Test conditions Strain rate control
= 2-10  enin ]
Spacinen P o= 7.2 mm, & = 71 mm
Chem, composition C i 5 Mn 5i Cr
0.27 0,033 0.041 0.65% 0.128 0.16
Ni
0.086
Remarks o~z relationships
Reference Skinner {1972)
_9
H
0.2, 20°C
30e°C
! /
20
/ .,-»-""”"M
LE |- //
. / |
L~ e 50D
0.8 | -
06 +
500
0.4
0.2
a)
0 £,%
0 1 2 3 4
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2.5.1 STEADY STATE DATA

a) Structural steel : . fU.z,ZGOC = 265 MPa
Test conditions : Btrain rate COnFlDl
e = 510 “.min
Specimen : B = 8 wmm, & = 100 mn

Chem. composition

Remarks : o-g relationships
Reference : Jdrgensen et al (1980)
T
N f
rig 5 0.2, 20°C
a
160 ¢C
i 20
ir [~ 300
400
e
450
08 //2M
06 |
/‘__‘mmm 550
04 1 /
e GO0
MW
i/
0

: s €,
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3.5.1 STEADY STATLE DATA

a} Structural steel H £, [}
Test conditions ¢ Strain rate contyrol
£ = 200.3073epin~?

Specinen ¢ B o= 8 mm, & = 100 mm

Chem. comnosition

Renarks : gwe relationships
Reference s Jhrgensen et al (1980)
0
. f
Fig 6 0.2,20%C
f
10 L 20°C
' #fﬁgwﬂ““ 150
o
/“"'ﬁ’
08 o s
////
06 Aédfﬂwﬂﬂwwwﬂdm 580
L B00Q
(W T FF — gﬁiZﬁjﬁj
0.2
v i = £,




3.5.1 STEADY STATE DATA

a) Structural steel

= =4
fG.2,200C 265 Mpa

Test conditions ¢ Strain rate control

(DE = 2001073 cpin~!

De = 5.1073.qin?
Specinen s @ =8 mm, ¢ = 100 mm
Chem. composition
Remarks : Influence of strain rate on o-g rela-

tionship att 550 and 600°¢

Reference : Jorgensen et al (1980)

.o
Fig 7 f0.2,20%¢

f
06 530°¢

/

/{#/ e —

. i//'{ ~-600°C
/

0 éf €,°%

0.2 0.4

};ﬁ

\\
56 ©

04 |-

pa
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3.5.1 STEADY STATE DATA

a) Structural steel : 8IS 141411, = 340 MPa

0.2,20%

Test conditions : Stress rate control, g o= 1.63 MPa/s
Speciman toh o= 95 wm, b o= 15 mm oand £t o= 3 mm
Chem. composition :
Remarks : o-ec relationships
Reference : Thor, J. {1%72)
i}
Fig 8 f9.2,200¢
300°C
100
%
400
550
500
550
500
650

£,%




Fig 9
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5.1 STEADY STATE DATA

Structural steel

Test conditions

Specimean

Chem. composition

: SIS 141411,

i Stress

& o= 95 mm,

f

0.2,20%

rate control, o =

15 mm and

Remarks : o-g relationships
Reference : Thor, J. (1972)
fo.2, 20
} | o=
) // %’*/W “
5 _/ ...-‘—"‘"“":' 450
/ﬂg”’fﬁ%
08 |- : RN
.a-/—‘_’.w—“_.
06
550
1 600
: 650
i

w
o~

€%

340 MPa

.03 MPa/s

t = 3 mm



Fig 10

|
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STEADY STATE DATA

a)l

Structural steel

Test conditions

Specimean

Chem. composition:

Remarks

reference

5IS 141411, t0.2,2OOC = 340 MPa

Stress rate control D6 = 1.61 MPa/s
a = 0.32 MPa/s
3Hd = 0.03 MPa/s

L= 95 mm, b = 1% mm and £ = 3 mm

Influence of stress rate on ¢-¢ rela-
tionship at 550°C

Thor,

J. (1972}

£,%
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3.5.1 STEADY STATE DATA

g ~al stec : 5 14 8 : =

a) Structural steel SIS 141411, f0n2,2ODC 340 MPa
Test conditions : Stress rate control & = 1.62 MPa/s

5 = 0.32 MPa/s
36 = 0.03 MPa/s
Specimen b= 95 mm, b = 1% mm oand t = 3 mm
Chem. composition :
Remarks : Influence of stress rate on o-¢ rela-
tionship at 500°C

Reference : Thor, J. (1872}

Pig 11 0.3,20%C
to P, ].
|
08
[11:] -
— { |
_MMM
P I N '
04 S— @
= s vt
—
ﬂww -
0.2 S
T=800°C
0 £%



3.5,1 STEADY STATE DATA

b) Reinforcing steel : Different kinds
Taest conditions : Btress vate control, 23,5 MPa/s
Specinen s @ = 8=10 mm, ¢ = 100 num

Hot-rolled

Chem. composition :
Remarks : o~e relationships
Reference i Anderberg (1978)

rig 12 lozzoc

08

/

A

T

N/
v

0 05 1 15 2z L%




Fig 13

3.5.1
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STEADY STATE DATA

Reinforcing steel

Test conditions

Specimen

Chem. composition

Remarks

Reference

fo2, 200

Bifferent kinds

Stress rate control
d = 3.5 and 0.07 MPa/s

@ = 8-10 mm, 2 = 100 mm
Hot~rolled

Influence of stress rate on a—-¢ rela-
tionship at different temperatures

Anderberg (1978)

L059C

498°
501°

goge

35 MPafs
Q.07 MPafs

694 °

1
1.5 20 25 %
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3.5.1 STEBADY STATE DATA

¢} Prestressing steel : ASTM A4ZY, fG 5 20 1470 MPa
: L2,207C
£ = a
’u,EGOC 1720 MPa
Test conditions : Strain rate control
fos 1922910 P enin !
Specimen o= 4.4 mwm, £o= 23 mm
Chem. composition : C P s Mn Si

0.749 0.0%12 0.031 0.78 0.187

Remarks : ¢-¢ relationships
Reference 1 HBarmathy & Stanzak (1970)
o
Fig 14 Yo.2,200¢
12 JRPS—
f,//f”“”‘"“‘“\
10} //’/Jﬂ — 204 ¢
93
n
0.8 | N A bt o
T 315

oe

N S
L//f e e I P
4 { : -

0.z

(-1
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Fig 15

3.5.1 STEADY STATE DATA
c) Prestressing stael

Test conditions

ASTM A421, fO.E,ZOOC

fu,20% =

Strain rate control

£ = 56m98‘'\{)“mein“1
Specimen @ o= 4.4 mm, & = 23 mm
Chem. composition C P s Mn
0.7%4 0.012 0.0317 (.78
Remarks c~¢ relationships
Reference Harmathy & Stanzak {1970}
. S,
fo.2,20¢
¥ . N
o S
T /// R
‘ % o
Ve B
08 // e —
0
D4 ///M
///Mm_mmwmw“w“”“”““‘“—w“~um—wsm
0.2 HA e
500
o £,%
0 H 4 5 8 10 i

= 1470 MPpa

1720 MPa

Si
¢.187
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3.5.1 STEADY STATE DATA

c) Prestressing steel : ASTM B421, E0.2,ZODC 1470 Mpa

tu,ZOUC = 1720 MPa
Test conditions ¢ Strain rate control
¢ = 370-700.10" % emin”]
Specimen s o= 4.4 mm, & o= 23 mm
Chem. composition : c P S Mn 54

6.794 0.012 0.031 0.78 0.187

Remarks ¢ v-e relationships
Reference ;. Harmathy & Stanzak {1%70)

8]

Fig 16 f6.2,20°C
12 e
s 204°C
T
36

ns T ez —

ﬂ//’ memed 423
04 —

|

i¥]

i) 2 o 3 8 H 12
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3.5%.1 STEADY STATE DATA

<) Prestressing steel @ ASTM A421, 1470 MPa

fo.2,20%

£ = MPa
'l.1,2DOC 1720 Mpa

Test cenditions : Strain rate control
M = 550102 emin™?
D BOwiUmgemin_f
w2510 3 enin™?

e

Specimen t P o= 4.4 mm, 2 o= 23 mm

C B S Mn 51
Chem. composition : 0.749  0.01Z 0.03% 0.78 (.187

Remarks : Influence of strain raL‘.g on o-g rela-
tionship at 430 and 540¥C

kReference ; Harmathy & Stanzak {1970)

g
Fig 17 fo.2,200C




~- 75 =

3.5.1 STEADY STATE DATA

¢) Prestressing steel ’ fG.Z,ZOOC = 1559 MPa
: . = 8 MPa
fL],ZGOC 184 MPa
Test conditions : Steady state .
Strain rate control, ¢ is unknown
too= 10 min

Specinen s o= 405 mm

Chem. compogsition :

Remarks 1 a~g relaticnships

reference : Voves, B. (1978)

O S
i 18 foz, 100

L2
— [0
.-""""_'-M
AR N
aB |4

86 |- = ‘M\

200

250

WA i i,

0.2 - 406 450 1™ s00

e 6600

B et 1111
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3.5.2 Transient state data

In this chapter twoe kinds of data will be presented namely
deformation as function of temperature and constructed o-=z
relationships as described in section 2.2.1. The deformation
can be total or total deformation minus initial elastic strain

and/oxr thermal strain. Results are presented in f

teen (15)

diagrams with constructed v-¢ curves in Figs 6, 7, & and 15.

The deformation-temperature curves are very much influenced hy

the rate of heating, %, and in the present

results it has

o P I . -
been varied from 1.7 to 50°C/min. For protected steel the rate

: : . . - . o, .
of heating is in most cases between 5 and 107 C/min.

Some of the results indicate an instability phase of the steel
which suddenly results in increased deformation and give a
more or less marked plateau in the diaqgram, see Figs 1, 3, 9,
12, 13 and 14. Thisa deformation instability occurs at the load

level 0.6-0.9-f How the rate of heating influences

0.2, 20%
this behaviouy is not clear.

Due to the rate of heating, the time for the creep to develop
is different and this influences the total deformation. As a
consequence this also makes the critical temperature dependent
on the value of . By studying the results presented in the
diagrams, the following decrease in failure temperature is

obtained:

Scurce T, oC/min Decrease, °C
Skinnexr {1972} 10 7 a5
Copiar (1972} 50-5 40
Ruge & Winkelmann {1978-80}) 10-4 20

It may be noted that there are great differences in the deforma-
tion curves taken from different sources,

Finally, it c¢an be noticed that in e-g curves constructed from
transient data a great deal of creep is included. The resulfs
for structural steel given in Figs 6 and 7 are in a relatively

good agreament.
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3.5,2 TRANSIENT STATE DATA

a) Structural steel : Felb 24, f0.2,200C = 270 MPa
Test conditions ¢ Constant load control o
Rate of heating, F = 107C/min

Specinen

Cham. composition :

Ramarks : Total deformation minus thermal strain

as function of tewmperature at different
lcad levels

Reference : Copler, W.J. {1972}

Ternp, *C

‘70 =
Fig 1 fo.2,20°¢

=02

£,%
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.2 TRANSIENT STATE DATA

Structural steel

Test conditions :

Specinen :

Chem. composition

Remarks H
Reference :
Tamp, “C

Fe E24, 270 MPa

*0.2,20%

Constant load control ,
Rate of heating, T = 5,10,50CC/miﬂ

Influence of rate of heating on total
deformation minus thermal and initial
elastic styrain as function of tempera-—
ture at different load levels

Copier, W.J. {1972)

o
tp.2, 200¢

200 ) i

aQ°Cimia
0*C/ min
= 5°'Cimin

w1

........ ; ; : L £,

b0 5.0 6.0 7.0 B.O LR 0.0
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3.5.2 TRANSIENT STATE DATA

a) Structural steel : St 52, f = &80 MPa

6.2,20%

st conditions : Constant load control
Rate of heating, T = 4 and 109C/min
Speciman b= 10 mm, 2 = 100 mm
Chem. composition
Remarks : Total deformation minus thermal strain

and initial elastic strain as function
of temperature at different load levels

Reference Ruge & Winkelmann (1978-80)

Temp,*C

Pig 3 JU 2

600 ; e e 1 e = g4

400

300

7= 42Cimin

= 10°C/min
200

100 oo

o — i : £%



Fig 4

3.

5.
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2 TRANSIENT STATE DATA

al

Structural

steel

Test conditions

Steel 37, f = 250 MPa

9.2,20%

fu,EOOC = 496 MPa

Constant load control o
Rate of heating, T = 1.7 and 10 C/min

Specimen ¢ = 7.2 mm, £ = 71 mm
Chem. compasition C P S Mi 8i Cr
0.27 0.033 0.041 0.65 0.128 0.18
Ni
0.86
Remarks Total deformation minus thermal and
initial elastic strain as function of
temperature at different load levels
Reference Skinner (19%72)
Temp, °C
Y
fo.2,200¢
700 N
J 033
500 & : 0.66
s H e e e v i i
/4 : JEDS ISP S
/i fm
600 Lol 71
Pl H
4
i
400 Fo e _
T =10°C min
s T2 17%C/min
300 L-- S SO SRS (R R -
200 :
o 05 1o 15 20 25 10 35 40 W5 £
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3.5.2 'TRANSIENT STATE DATA

a) Structural steel ; Steel 37, f0.2,2OOC

£

250 MPa
o
u,20°C = 4%6 MPa

Test conditions ¢ Constant load control o
Rate of heating, T = 1.7 and 10°C/min

Specimen »f o= 7.2 mm, % = 71 mm
C D s Mn si Cr
Chem. composition : 0.27 0.033 0.041 0.65 0.128 0.16
Mi
0.086
Remarks : Influence of rate of heating on total

deformaticon minus thermal strain as
function of temperature at different
load levels

Reference : Skinnex (1972)

Temp,*C

Fig 5

800

; f:10 “Clmin
e LR T 1.t [ p—

200 -

15 2.0 25 3.0 35 [l 4.8 50 £%
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3.5.2 TRANSIENT STATE DATA

a) Structural steel - 5t 37-2, = 255 MPa

fo.2,20%

Test conditions : Constant load control o
Rate of heating, T = 107°C/min

Specimen b o= 10 mm, ¢ = 100 mm

Chem. composition

Remarks 3 Constructed o-e¢ relationships
Reference : Ruge & Winkelmann (1978-80)

g
foz,20%c

S —ap*
1.0 T 20°C
300 [ 400
6.8 J— 450
’//A 500
0.6
| 550
0.4 f- - GO
0.2 -

0 m= £ %



Fig 7

3.

5.2 TRANSIENT STATE

- 84 -

DATA

a)

Structural steel

Test conditions

Specimen

Chem. composition

rFel 24, f = 270 MPa

0.2,20%

Constant load control
Rate of heating, T = ?OOC/min

Remarks Constructed o-e relationships
reference Copnier, W.J. {1972}
q
f
0.2, 20°
10
08 b
mwi////,ﬁm
[+1: 3 N— N—
80
__-—"“_'————F—-
/
04
-
,——"‘/—
82
0 £%
0 05 10 15 20 25
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3.5.2 'TRANSIENT STATE DATA

a) Structural steel : Fe B2Z4, f = 270 MPa

0.2,20%

Test conditions : Constant load contrel o
Rate of heating, T = 10 C/min

Speciman

Chem. composition

Remarks : Constructed o-e relationships for ECUS
Reference : Witteveen, J. et al {(1977)
G
. f
Fig 8 0.2,20°C
4
10 2G°C
| msmermersmsmdormsrearcmnss 2 (10)
0.8 yd
// e 300
400
{]‘6 ?/
0.4
/»/ww»ff’“’#ﬂ °%0
600
M“’M
02 e
0 : L g £y



Fig 9

3.5.2 TRANSIENT STATE

- Bf -

DATA

b} Reinforcing steel

Test conditions

Specimen

Chem. composition

Ks 60, £ = 710 MPa

0.2,20%

Constant load control o
Rate of heating, T = 107C/min

C B 5 Mn 51
0.31 0.040 0.041 1.11 0.033

Remarks Total deformation minus initial elastic
strain as Tunction of temperature at
different load levels

Reference Anderberg (1982)

O S

Temp,'C foz,20°c

03

600 e S N

400

300

500 ‘/,,,ﬂq~_“””€"””~”f

200 }-

100

IR

5 Lo

5 2.0 25 e 5 L0
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3.5.2 TRANSIENT STATE DATA

a) Reinforcing steel : C)Hot“rolled, fO 2 20% 210~-670 MPa

@ Torsteel, £5 5 5000 L 430450 upa

Test conditions : Constant load control o
Rate of heating, T = 107C/min

Specimen @ = 10 mm, 2 = 400 wm
Hot-rolled
2) Cold-worked
Chem. composition
Remarks : Total deformation minus initial elastic

strain at different load levels as func-
tion of temperature

Reference : Soretz (1967)
Temp,°C
A
Fig 10 g
fo2,200¢
a0 .
o 08
%
600
500
@ [31:]

i e E, %
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3.5.2 TRANSIENT STATE DATA

¢) Prestressing sgteel fO 2 20% ~ 1559 MPa
W2, :
= 4 ¥
fu,EOOC 1848 MPa
Test conditiong : Constant lLoad control

Rate of heating, T = 120C/min

Specimen s @ o= 4.5 mm

Chem. composition

Remarks : Total deformation as function of tem-
perature at different load levels

Reference : Voves, B. (1978)
Temp ,°C
1
Fig 11
_a
fu, 20°C
4006 06
S
///’M” 0.7
300 e 08
0.9
/MM
200 /

100

I | L L 1 f ! I e EJ»/B

0

(=)
[
(%)
-~
(5]
(=]
-3
(=]
w0



Fig 12

3.5.2 TRANSIENT STATE
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DATA

c) Prestressing sgteel

Test conditions

Specimen

Chem.

composition

Remarks

kRaference

Jemp,°C

600} \

St 1570/1770, 1570 MPa

£0.2,20%

Constant load centrol

Rate of heating, T = 4OC/min

Cold-drawn, @ = 7.5 nm, & = 10 x @

Total deformation minus initial elastic
strain as function of temperature at
different load levels

Ruge & Winkelmann (1975-80)

£,%
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3.5.2 TPRANSIENT SYATE DATA

c} Prestressing steel : 8t 1570/1770, = 1570 mMba

fo.2,20%

Test conditions : Constant load control
Rate of heating, T = 4°C/min

Spegimen : Cold-worked, @ = 7.5 mm, £ = 10 =

Chem. composition

Remarks : Total deformation minus thermal strain
and initial elastic strain as function
of temperature at different load levels

Reference : Ruge & Winkelmann (1978-380)

Temp,°C

Fig 13




Fig 14

- 91 -

st 15%6/1770, 1660 MPa

T5.2,20%

Constant load control
Rate of heating, T = 4®c/min

Cold-worked, ¢ = 5 mm, ¢ = 10 % ¢

Total deformation minus initial elastic
strain as function of temperature at
different load levels

Ruge & Winkelmann (1978-80)

3.5.2 TRANSIENT STATE DATA
¢} Prestressing steel

Test conditions

Spacimen

Chem. compogition

Remarks

Reference

Temp, °C

fo2,200¢

€%
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3.5.2 TRANSIENT STATE DATA

Prestressing steel r 8t 1870/1770, = 1570 MPa

8]

0.2,20%

Test conditicons : Constant load control o
Rate of heating, T = 4°C/min

Specimen : Cold-drawn, @ = 7.5 mm

Chem., composition

Remarks : Constructed cv-e relationships
Reference : Ruge & Winkelmann (1978-80)
g

Fig 15 02,20

&

250
6.8 Lo ///, - e

06

” 200
o /% [——
]

450

0.2 |- Al B

o £ %,
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3.6 Relaxation

A relaxation test ls in most cases carried out at constant
strain and temperature and the stress decrease ig studied as

a function of time. However, in a fire-exposed prestressed
concrete structure the temperature is varying and the loss in
prestress is due to substantial relaxation. As the temperature
increases the relaxation process develops more rapidly, which
makes the situation more complicated. The relaxation in pre-
stressed concrete structures can only be studied analytically,

which is only done fragmentarily so far.

bimensionless relaxation curves for reinforcing and prestress-
ing steel are illustrated in Figs. 1-3 from Anderberg (1983),
Cahill (1965) and Voves (1978). The results deviate very much
from each other, the reason of which is hard to find when only

three sources are to be found.



Fig 2

.6 RELAXATION

Prestressing steel

Test conditions

Specimen

Chem. composition

Remarks

Reference

4

Y6.2,20°c

ELI

1 1070 MPa

0.2,20%

fu,ZOOC = 1630 MPa

Steady state

An initial strain related to 0.2% proof
stress at each test temperature was
kept constant during the test

C P o Mn 51
0.78 0.024 0.022 0.63 0.21

Relaxation at different tempsratures

Cahill (1965)

Elilaklo

Fime,k



Fig 1

3.6 RELAXATION

b) Reinforcing steel

Test conditions

Specimen

Chem. composition

Remarks

Reference

_95_

£ = 710 MPa

0.2,20%

£ 880 Mpa

u,20%

Ap initial strain related to diffe~
rent lead levels was kept constant
at different temperatures

C P 3 Mn si
0.37 0.040 0€.33 1.11 0.041

Relaxation at different temperatures

Anderberg (1983)

DV

400

s00

300

g
G0

Time, b
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uf -
3.6
)] B B = MIPa
B4R MPs
t conditions o Steady state

ritial strain related to d
Load levels was kept cons nt at
¥ it benparatures

Specimnen s o= 405 nm
Chem. composition :
Remarks r Relaxation at arent temparatures

Reference T Woves, B, {1878)

Fig 3

U4 Lo i H .
o 1 2 1 Timeh
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3.7 Thermal properties
Information about thermal properties of steel is in litera-
ture very limited, Four references are sorted out represent~

ing the thermal conductivity, specific heat and gpecific volu-

metric enthalpy as function of temperature for structural stee

s¢e Filgs 1-4. The thermal conductivity curves taken from three
different investigations seem to be in good agreement with

each other.
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3.7
ap Structural st (ﬁ) Fe 52
(2) Fe 33, Fe 37, re 44
Remarks : Thermal conductivity as

function of femperature

(1) ana (2) stirland (1980}

{3) Alpsten (1967), Wickstrém (1979

Therreed conductivity, Wi

al

Temp, °C
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3.7 THERMAL PRCPERTIES

a} Structural steel

Remarks : Specific heat as function of
temperature
Reference 1 Stirland {1980)

Specitic heat, K) fkg °C

, &
Fig 2

08

a6

Q.4

0.2

; H foer ToiMp,*C
) 200 400 600 ‘800 Jals]
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3.7 THERMAL PROPERTIES

a}l Structural steel H

Remarks ¢ Bpecific volumetric enthalpy
ag function of temperature

Reference o Alpsten {19673, Wickstrdm {1979}

Gpecilic volumeiric enthaipy
K F 3
Pig 3

2

5000

4000

3064

2000

000

0 Temp, *C
0 200 400 6500 808 1000



- 0T -

3.7 THERMAL PROPERTTES

a,b,¢) Different steels

Remarks ¢ Thermal conductivity as function
of temperature

Reference : Schneider & Diederichs (1981)

Thermat conductivity , W/m°C

FPig 4

70y e ‘
\ i
N 1
%Low carban steel

60 Y

AN
ibiner sleat
.| treinforcing
50 steel

£0

t.ow abloyed

steel ¥ .
30 A ! Exlmpmlmiuni ‘“Q"
20

,...-//m resistant steet

\
i T Temp, °C
0 200 400 [as] 300
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Speciman
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0.2%

COncerns

englh. Cold-

) . e g )
have some decr veg 50070 {se

men is wevar, only

5=
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1

ing st

2ol
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60070 =
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3.8 RESIDUAL PROPERTIES

a} Structural steel . D st 60/90, = 590 MPa

fo.2,20%

¢} Prestressing steel C)St 145/165, 1520 MPa

i
*p.2,20%

D st 160...180, f4.2,50% = 1570 Mpa
Test conditions : Mo leading during heating or cooling
Specimen :() Hot-rolled, @& = 26 mm

(D cold-drawn, % = 5.2 mm

(3 cold-drawn, ¢ = 5mm
Chem. composition
Remarks : Residual 0.2% preof tensile stress

Reference : Dannenberg et al (1%59)
TAS
Fig 1 fa2,20%¢
£0 ) 0
0.8 ™.
?
0.6 i
i
i
04 i Temp, ¢




PROPFI

a} Structural steel : @}St a0/90, fu,zo“c

sing steel 3 st 1457165, €

= 590 MPa

o} Prestrs 1850 Mba

u,ZUDC
(D8t 960.,.180, F ,.0. = 1740 Mpa

v, 207

Test conditions oo leading during heating or  conling
Specimean :(D Hot-rolled, ¢ = 26 mm

D cold-drawn, § = 5.2 mm
Cj Cold-drawn, © = 5 mm

Chem. composition

Remarks 1 Residual unitimate tensile strength

Reference : Dannenberg et al {1959}

{UJ'F
Fig 2 f.200c

i)

DB

04 Temp,"C



Fig 3

3.

8

RESIDUAL

PROPERTIES

a)

Sstructural

steel

Taest conditions

Specimen

Chem. composition

105 -

B8t 37-2, 255 MPa

£9.2,20%

Rate of heating, T o= 1GOC/min

b = 10 mm, £ = 100 mm

Remarks Regidual ultimate tensile strength
Reference Ruge & Winkelmann {(1978-80}
at
fu, 00
L2
WM—*———ﬁ.

Lo - . e
0.8
0.6 Temp,*C

3 209 400 B0



Fig 4

3.8

RESIDUAL PROPERTIES

)

Reinforcing steel

106 —

0 e - [ r = 0 Ms
8BSt 42/50 RK@EDIE'zooc 430 MpPa

4 = M P
®-0,2,2o°c 470 MPa

s L . . = 3 .
Test conditions : Rate of heating, T o= 30cc/m1n
Specimnen o= 18 mm, 2 = 10 x @&
@ o= 28 mm, £ = 10 x @
Cold-drawn
Chem. conmposition :
Remarks : Residual ultimate tensile strength
Reference : Ruge & Winkelmann {1978-80)
gu,T
fu,20c
1.2 ;
o .____:‘:—%—\h_::\
0
0.8 .
a8 T "G
0 200 400 800 eme. o
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3.8 RESIDUAL PROPERTIES

: estressing steel £ . = 1559 MP
c) Prestre ng stee ; lO.2,2ODC 15 MPa
F o, = 8 MPa
‘ fu,ze c 1848 MPa
Test conditions : Heated to a specified temperature
level with a stabilizing period of
10 minutes before a cooling down to
room temperature
Specimen @ o= 4.5 mm
Chem. composition :
Femarks : Residual ultimate tensile strength
and 0.2% proof stregs
Reference : Voves, B. (1378}
o
Fig 5 o2, 200¢
12 |
ok
B.6
04 : : Tamp,"C
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4 A review and comparative study of different properties

When the results are comparalle (i.e. test procedure is simi-~
lar), it can be shown that the relative decrease in ultimate
tensile strength with increasing temperature in most cases is
almost the same for all steels, prestregsine steels and others
separated. Som deviations may occur for cold~worked steel. For
hot-rolled steel the decrease in 0.2% proof stress has the same

tendency.

When comparing the ultimate strength curves obtained from a
steady state test with stress rate control and from a tran-—
sient state test, a difference can be observed as illustrated
for hot-rolled steels in Filg 12. The transient test results
are here about 10% lower at temperatares above 450°C. If,
however, the stress rate had been chosen much lower, the

curves should be much closer to each other.

o~¢ relationships on stress rate controlled steady state con-—
ditions for Swedish hot-rolled steel and different structural
steels are compared in Figs 13-15. The o-e curves shown in
Fig 13 are in good agreement due to very similar test condi-
tions. The agreement is not that good in Figs 14 and 15, which
may be explained by the fact that the exact test conditions

are not known for Reichel's results.

A similar comparison lg illustrated for two kinds of structu-
ral steel under strain rate controlled steady state conditions.

The ¢-~¢ curves are in good concordance with each other.

In transient tests the rate of heating influences the deforma-
tion-temperature curve. Comparing results when T = ﬁﬂOc/min for
reinforcing and structural steels, curves as illustrated in Fig
17 are obtained. The curves are quite close to each other. The
instability phase at about ETSOC, however, are more marked in

Copier's results.
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Prom fransient test results o-e curves ¢an be evaluated. Such
curves on structural steel from two different sources are ¢om-
pared in Fig 18. The curves from Ruge & Winkelmann are all

above those from Copier.

In Fig 19 o-¢ curves from steady state and transient state
tests on prestressing steel are compared. The curves on steady
state conditions are lying above the corresponding constructed
curves. If, however, the stress rate or gtrain rate in the
steady state test is chosen lower, the curves are appyoaching

each other.

Theoretically, it is possible to evaluate what stress rate or
strain rate in a steady state test that shall be coupled with
a certain rate of temperature increase in a transient test in
order to get the same ¢-¢ curve or ultimate strength. Analy-

tical mcdelling will be discussed and illustrated in chapter 5.
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08 b \\
N - ]

U Slecdy slale J=35 MPak

) Transient e, =10 frain

0.z @

¢} Temp *C

Fig 12 Ultimate strength as function of temperature for hot-
rvolled steels in (1) a steady state test and in {2) a
transient state test. Anderberg {1982)

_ 9
foz, 200
300°C
Lpoe
500°
600 °
07 —"-*ReiMorci}r‘:g stecl ho.l-rclled
: Anderberg {1978}
— —Siructural steel 14144
Tror {1872}
o ; ] ¥
o] 0.5 1.6 1.5 20 £, %

Fig 13 wo-e¢ curves from steady state tests under stress rate
control for reinforcing and structural steel.
o = 3.5 and 1.6 MPa/s, respectively
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4 -
ra P
y i 600
ok |-, st
o
-
/e Stetctural sleel Steet 52
o2t fo toz,20:c=360MPa ~
f Reichet
1 -~ Reinforcing steel hot-rolled
| Anderberg {1878}
8 : | £, Y
a 0.5 .0 145 z2.0

Fig 14 o¢-¢ curves from steady state tests under stress rate
control for structural and reinforcing steel

.9

02,20

3 g H—

=L T. 300 ¢
MM:’:W}
,-—-“”'f—-‘,/'— e
- Lo 4

0.8 . _} so

® .
I~ e -
o // - s
£
Vx/‘ [ B
ou LIV g P 777} §00

s

7 e Stiuctural steel Stee] 42
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5 Analytical modelling

5.1 Models

It is generally agreed that the deformaticn process of steel
at elevated temperatures can be descrilbed by the three strain
components defined below, namely thermal strain, instantaneocus,

stress-related strain and creew strain. Thus

Srotal © fp = fpptiTh ot e {T0) v oo (E,T,0) (1)

where

cth(T) = thermal strain

EU(T,U) = instantansous, stress-related strain based on
g-e relationship

Eop (LT ) = creep strain or time dependent strain

The strains are found separately in steady state tests and
saeveral analvtical expressions are presented in literature.
Behaviour models based on steady state data only partially
predict the transient behaviour of any given fire process,

load and strain history.

An analytical description of the g~:¢ curve as a function of
temperature can be made in different waye as illustrated in
Fige 20 and 21. In the first case the curve is approximated
by two straight lines and in the second case by an elliptic
branch placed between straight lines. The curve can also be

approximated by other analytical expressions.

Models of creep are in most cases based on a concept put for-
ward by Dorn (%954}, in which the effect of variable tempera-~
tures is considered. The extension of the model to be applic-
able to variable stress can, for instance, be based on the

strain hardening rule.

The creep strain is assumed to be dependent on the magnitude

of stress and on the temperature-—compensated time evaluated



from the expression

4H
N U
o =1 e At (h) {2)

O
where
41 = activation energy of creep, J/mel
R = gas constant, J/mel K
b o= time

The relation between creep strain, Eopt and temperature-com-
pensated time, &, at different stress levels is shown princi-
pally in Fig 22. The change from the curved branch teo the
straight line (primary and secondary phase) is denocted by £
and the intersection between the straight line and the creep
axis is called Ccr,o‘ The slope of the straight line is called
Z. Harmathy (1967) has derived an analytical expression betf-

ween ¢ and the parameters 0, 7 and Cop o 05 follows:
r

“0/e

- - [ _ cr,o
By ® (Ecr,o/lnzj arcosh (2 ) (3]

A modified expression is also made by Plem (1975} where the
primary phase is defined by a parabolic equation and the se-
condary phase by a linear slope. The transfer cccurs at time

@O. The mathematical formula ig

/% . O

for ¥ Ecr,o(z‘ o] when 0<e<e
cr, o } (2)
. o . A
Sor T fer,ol it when >0
cr,o s
where
. Cergo .
o 7 (5}

A simplified way is to approximate the creep curve by two

straight branches with slopes ZD and Zg (Anderberg 1%78)
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as illustrated in Fig 23. The creep strain 1s an explicit

function of time, ftemperature and stress, where

Ecr(t,T,n} = teZ{T,u) {6}
: = Z T, i L

CCI &p(F,J) if 03t tt

N } (7}
bap = Eg(P,o) AL trt,

Nomograms for the rate of creep in primary and secondary phase
for reinforcing steel Ks 40 ¢8 were published by Anderberqg (1978} .
These nomograms including the determination of the transition

time, t are given in Fig 24. These diagrams facilitate an

t ¥
estimation of the magnitude of creep.

The Dorn-Harmathy creep thecory has not only been used by
Harmathy but also by Thor (1972}. In Figs 25-27 the validity
of the creep model can be studied. The agreement is satisfac—
tory. In Anderberg (1978) the modified version of the porn-
Harmathy thecry has been used and the concordance between test

and calculation is shown in Figs 28-30.

Creep parameters for different kind of steels and used in cal-
culations are collected in Table 5.1. The following eqguations

are governing 72 and e H
g e cr,0

oo’ i <510

z Feo 55 558161

=5 ¢

1Hx o (9)
The coefficients in these eguations are given in Table 5.1 for
steels accounted for in three sources, 1. Thor (1972}, 2. Har-
mathy & Stanzak (1970) and 3. Anderberg (18978).

5.2 Comparison test and calculation

Using the complete behaviour model as expressed in Eg {1}, any

test can be simulated. The total deformation as a function of
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temperature measured in a transient test, o= 1GOC/min, is
calculated in Anderberg (1983) and the comparison is illustra-
ted in Fig 31. The calculation is very close to the measured
curves. o-c curves from steady state and transient state tests
at different temperatures are compared to each other in Plg 32.
Agreement between calculations and measurements i1s also close
in this case. The curve of the steady state conditions con-
tains no creep due to the high stress rate. In the curve of
the transient state conditions the influence of creep, however,
ig of importance. The difference petween the curves at e > 2%
and the decrease in ultimate strength at 500 and 6007C amount
to abhout 5% of fO.Z,ZGOC“

gwg curves from steady state tests {(strain controlled) on pre-
stressing steel are compared to calculated data in Pig 33. The
agreement is very good up to the maximum stress. However, the
negative siope is not obtained in the calculation which may be
due to a contraction of the steel area during the experiment.
The reduced cross-section causes a decrease in tetal load but

the stress may be constant?

It is also possible to simulate a relaxation test. A compari-
son is made between measured curves (Cahill 1%65) and curves
predicted on the basis of creep data according to A421-065
{Harmathy 1967}. The result is illustrated in Fig 34. The
American prestressing steel seems to be a little more sensi~
tive to relaxation above BGOOC, but at 40006 the curves are

close to each other.

The predictions illustrated above indicate that any test pro-
cess can be calculated satisfactorily, when the model is based

on steady state data,
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[Pieg 20 Simplified model of the stress-strain curve for steel
o
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Fig 21 Refined model of the stregs-—strain curve for steel
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Fig 22 Principal creep curve for steel according to Dorn's

theory
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Fig 23 Measured creep curve approximated by two straight
branches with slopes Zp and Zg
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Fig 371 Measured and predicted total deformation asz a func-
tion of temperature at different load lavels in a
transient process, T = 109C/min. Reinforcing steel
Ka 60 98, fO.2,2OOC = 710 MPa, Anderberg (1978)
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Fig 32 Measured and predicted o-ec curves from steady state
and transient state tests.

1. Steady state test, stress-controlled, g=3.5 MPa/s
2. Transient state test, constructed curve, @z?OGC/min

3. Transient process, curve derived analytically,
#=109C/min
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5.3 How to compare results obtained at different test proce-

dures

Analytical modelling opens up the possiblity of relating steady
state and transient state tests. For instance, the strain or
stress rate can be determined in steady state tests to give
the same ultimate strength as occurs in a transient test for

a glven rate of heating.

> predicted influence of stress and strain rates on the stress-
gtrain relationshio upder steady state conditions can be studied
in ¥Figs 39-37. From such curves the ultimate strength as a func-
tion of temperature can be evaluated {(Figs 38-41). In Fig 40 a-
Iy, the influence of stress and strain rates on the nltimate
strength under steady state conditions is 1llustrated. The in-
fluence of rate of temperature under transient state conditions
is given in Fig 40 c¢. The ultimate strength is defined by the

stress at which the strain is 4%, the thermal strain excluded.

In the analytical modelling {(Anderberg 1983) the strain and
stress rate in a steady state procedure to give the same ulti-
mate strength as under transient state conditionsg Is found,
if the rate of heating is chosen to 10°C/min. The result is
shown in Fig 40 4 for a specific reinforging steel (Ks 60,

fa.2,20%
computation are thus

= 710 MPa). The strain and stress rates obtained by

¢ = 20%./min
and
g = 0.20 MPa/s = 12 MPa/min

These values presented here vary somewhat depending on the

type of steel, which is shown in Pable 5.3.1 for

a) structural steel 1411, fo 2 0% = 340 MPa
i s
b) hot-rolled reinforcing steel Ks 40, fU 2 20% ° 456 MPa
w Ly
c) hot-rolled reinforcing steel Ks 60, f o, = 710 MPa
0.2,207C

d) prestressing steel ASTM A 421-65, f o. = 1470 Mpa
06.2,207C
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Table 5.3.1 {Anderberg 1983)

Type of steel P g ¢
OC/min MPa/s %o /min
Steel 1411 16 0.20 10
Kas 40 10 .20 10
Ks 60 10 .20 20
ASTM A 42165 10 0.50 16

For the additional steels in Table 5.3.1 the results of compu-
tation ave given in Figs 38-3%9, 41.

If the strength-temperature curve, based on the transient state
condition where for instance i‘:?OOC/min is accepted as a re-~
ference curve, test results can be directly interpreted and,
thus, comparable. If the rates ¢ and o are below the values
mentioned above, the measured ultimate strength should he cor-
rected upwards. If one has the oppesite situation the strength

values are corrected dowanwards.

The rate of stress or strailn in a steady state test and the
rate of temperature in a transient test are governing the de-
velopment of creep which causes the changs in the ultimate
strength. The influence of creep for three different procedures
is also fully 1lllustrated in Figs 35-41. It ig also important
to observe that there is a great difference betwegen the time
history of c¢reep development in a stress and strain controlled
steady state test. This is principally illustrated in Fig 42,
where curve 1 represents a stress-strain curve at a very high
stress or strain rate and curve 2 and 27 represent a curve at

a slow stress and strain rate, respectively. The points A and
A' dndicate the time at which creep starts to he significant
and point B is the assumed failure point {e =4%). In the stress
controlled test the time to reach point A is about 50% of the
total testing period but in the strain controlled test the cor~
respending time is only about 15%. If & test is carried ocut at
GOODC at the stress rate o= 12 MPa/min and at the strain rate

¢ = 20%:/min the testing period amounts to 22 and 2 min, respec-
tively., Although these differences exist, the creep influence
on the ultimate strength is the same. In the corresponding
transient test this period is about 58 min. This means that

the testing period is not a critical parameter in the analyti-
cal study by rather the time period of the test when creep de~

velops.
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PARTICULAR PROPERTIES

General properties Additional

Structural steel headings

Andrews, C.W.: Verhalten des Stahls bei erhdhten
Temperaturen (Behaviour of steel at high tempera-
tures) Stahl und Eisen (73), (1953).

Copier, W.Y¥.: Krulp van staal bij brand (Creep 6.1.3,
of steel during fire) Report No. BI-72-73/05.3. 6.1.6.2,
11.640. Institute TNO for Building Materials and C 1
Building Structures, Delft, The Neatherlands,

October 1972,

Diederichs, U., Fhm, C., Schneider, U.: Effect 6.1.

2
of temperature on steel and concrete for PCRY's., 6.1.4,
[

Technische Universitdt Braunschweiqg, 1981. 6.7.6.1
Glen, J.: Elevated tensile, creep and rupture 6.1.2,
properties of various carbon steels. Proc. of 6.1.5

Joint Conf. BISRA and IS, Eastbourne {1966).

Groenhaut, R., Knight, D., Skinner, D.H.: Steel 6.1.2-6,

properties for fire resistance. Melbourne Re- 6.1.8, 6.1
search Laboratories (MRL 6/1), May 1969%. 6.1.10
Gantwoort, G.7J.: The mechanical properties of 6.1 2=-10 b
reinforcing and prestressing steel during and and o©

after fire. TInstitute TNO, Delft, The Neather-
lands, Spetember 1979.

Harada, 7., Purumura, F.: The behaviour of steel
at high temperatures {in Japanese). Conseil In-
ternational du Batiment., {CIB/CTF 67/24).

L9,



6.1 PALRTICULAR PROPLRIIES

6.1.1. General propertl

Additional

a) Structural steel headings

Harmathy, T.7., Stanzak, W.W.: Blevated tempera- 6.1.1,
tures tensile and creep propeviles of some struac- G.1.2,
tural and pres . Wat. Res. Couno G.5.0,

Canada. Res, Paper 424 of Div. Bldg Res. NOR 11163,

Ottawa 1970,

Harmathy, T.4.: Deflection and failure of steel €.

.
supported floors and heams in fiv ASFM NO . (O

14967,

Harris, G.7.: Verhalten des Stahbles beil erhthiten
Pemperaturen {(Behaviour of steel at elevated

temperatures) . Stahl und BEisen {7h), H.3, (1955}

Enight, D.C.: Evaluation of the behaviour of 6.1.2
steel in fires, Melbourne Reseaych Laboratories,

June 18771,

Reichel, V.: Behaviour of building steels at Gal.2-0,
elevated temperatures. The Building Research GB.1.8,
Institute, Prag, Pers, Mittellung. [
Ritter, J.0., McPherson, R.: Anisothaermal hol. 2,
stress rolawation In a carbon nganese steel. o103,
Journal the d Bteel Institube, G.0.5,
Oclober 1470, EL 5.7.8
fuge, J., Winkelmann, G.: Deformation bhehaviour L% 30,

of reinforcing and structural st at high G.1.4¢,
temperatures. sSonderforschungsh 148, G.1.6b, o,
Brandverhalten von Bautelilen, Arbeitshericht G

1978, B0 pp 147-192, Part FI, Braunschweig,
June 1980.

Ros und Bichinger: Festigkeitseigenschaften der
Stidhle bei hohen Temperaturen (Strength of steel
at high temperatures). EMPA, Berichit Nr. 138,
Zlirich (1841).
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PARTICULAR PROPERTIES

General properties Additional
Structural steel headings
Saito, H.: Fire resistance design for steel 6.17.2,
structures, BRI Research Paper No. 53, Buil- 6.1.3,
ding Research Institute 1972. 6.1.6.1
Saito, H.: Fire resistance design for steel 6.1.2,
structures, Building Research Institute, May 6.1.3,
1976. 6.1.10

Simmons, W.¥., Cross, H.C.: Elevated tempera-
ture properties of carbeon steels, ASTM STP 180,
1955,

Skinner, D.H.: Measurement of high temperature ©6.1.2-G,
properties of steel, Melbourne Research Labo- 6.1.8
ratories (MRL 6/10), May 1972.

Skinner, D.H.: Behaviour of steel during fires,

Melbourne Research Laboratories, May 1972,

Skinner, D.H.: Mechanical behaviour of steel
during fires, Melbourne Research Laboratories,

November 1974.

Stiriand, C.: SBteel properties at elevated 6.1.3,
temperatures for use in fire engineering cal- 6.1.4,
culations, Document ISO/TC92/WG15/Na. 14, 6.1.6.7%,
September 1980, 6.1.9

Gding, I.A.; Strength of steels, ONTI, Moscow-

Leningrad, 1937,

Witteveen, J., Twilt, L.: Biilaard, P.5.K.: The
stability of braced and unbraced frames at cle-
vated temperatures, Institute TNO for Building
Materialse and Building Structures, Delft 1877.



PARTICULA

General

Struc

henkov,

unde

in

ML T

ERNOBUTH

Changs of

e

eyl

stizltit

han

BTG

It
=
£

i et ineg

Lempae

urcd

sl

e i)

ST

ure

Tenperatuy

Lten

RN

sniabance,

5 oan

stecis

5,

3

auf
Verlag de

in

strenglh

Indus

ite boha-

anhnl el

{1921} .

Inaned 1876,

1968.

wetural

e dd

Lands oy

COnC

Pl

voinioros

ent

arrdd

tendans

; Concrete July-August

e i



PARTICULAR PROPERTIES

General properties Additional
5

tructural steel headings

Bannister, J.L.: Steel reinforcement and tendons
for structural steel, University College Cardiff,
Concrete, July 1968.

Lancaster, R.I.: Steel reinforcement, Structural

Concrete, Vol. 3 No. 4, July-August 1986.

Milovanov, A.F.: Influence of temperature on phy-
sico~technical properties of concrete and rein-
forcement and fire resistance of reinforced con-
crete constructions, Proceedings of V Congress

FIP, Cemant and Concrete Asscciaticon, London 1968

Woodmarn, G.D., Copeland, W.R.: The behaviour of
reinforcing steels at elevated temperatures, J,.
Instn, Engrs. Aurt., 38{3), 53~9, 19664.

Prestressing steel

Abrams, C.: The behaviocur at high temperature of
steel strands for prestressed concrete, Bulletin
134 of the Research Department of the PCA, Skckie,
Illinois, USA, 1961.

Bannister, J,: Steel reinforcement and tendons for

structural concrete, Concrete, July-August 1968,

Paus, Brenneisen, K., Langueville:; Contributicn 6.1.2 ©

d 1'étude du conmnportement au feu du beton précon-
traint (Contribution to the study of prestressed

concrete gstructures) Université de Lidge, 1968,
T =



d}

.,.VI._
PARTICULAR PROPERTIES

General properties

Prestressing steel

Bates, 5.C.C., u. Corson, R.H.: Effect of tempera-
ture on prestressing wires, Conference on Prestres-—
sed Concrete Pressure Vessels, Inst. Civil Engineers,
1968, Also in Institution of Civil Engineers, Confe-
rence on Prestressed Concrele Pressure Vessels, Pro-

ceadings, 1967.

Brenneisen, K.: Ré€sultats au feu des armatures de pré-
contrainte (Results of heating prestressing steel),

Université de Ligge, 1878,

Cahill, T.: The bevaiours of prestressing wire at
elevated temperatures, Proc. of Symp. of Fire Re-
slstance of Prestressed Concrete at Braunschwelq,
1965,

Cornish, R.C., Stevens, A.G., Skinner, S.H.: Short
term creep and tensile data on AS AB2 wire, BHD
Report No., MRL/6/6.

Harmathy el al - see 6.1.1 a.

Ruge, J., Winkelmann, 0. - see 6.1.1 a.

Insulaticon material for steel protection

Homer, R.D.: The protection of cold-forwmed struc-

tural elements against fire.
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PARTICULAR PROPERTIES

Tensile strength Additicnal

Structural steel headings

Boué&, P.: Dag Verhalten von Stahl und Stahlkonst-
ruktionen bei Temperaturen, wie sie im Brande auf-
treten (Behavicur of steel and steel structures at
elevated temperatures). Der Feuerschutz im Stahl-—
hochbau - insbesondere Stahlistiitzen., D. Ausschusses
flir Stahlbau H21.

Fritzsch, G., Siegel, R.: Kalt- und Warmfliesskurven
von Baustdhlen (Yield curves of structural steel at
high temperatures), Zentralinstitut fiir Fertigungs-
technik des Mashinenbaus, Karl-Marx-Stadt (19565).
Glen, J. - see 6.1.1 a.

Groenhaut et al - see 6.1.1 a.

Gantwoort - see 6.1.7 a.

Harmathy et al - see 6.1.1 a.

Holmes, R., Pook, L.P.: Plain fatigue strength of a
carbon manganese steel at elevated temperatures,
National Engineering Laboratory, WEL Report No. 583
Fast Kilbride (1974},

Jérgensen et al ~ see 6.1.6.1 a.

Klippstein, K.H. - see §.3.2.

Enight, D.C. - see 6.1.1 a.

Kosiorek, M.: The effect of high temperature on 6.1.3 a

the basic mechanical properties, Institute of and ¢

Building Technology, Warsaw, 1979.
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PARTICULAR PROPERTIES

Tensile strength

Structural steel

Millar, R.F.: The strength of carbon steels for
elevated temperature applications, ASTM (54},

Proceedings (1954},

Reichel, V. -~ ses 6.1.1 a.

Ritter, J.C. et al - see 60101 a.

Ros, Richinger ~ see 6.1.1 a,

Saito, H., - see 6.71.1 a.

Skinner, D.H., Knight, D.C.: Llevated temperature
tensile properties of AS A151, October 1971,
Melhourne Research Laboratories.

Skinner, D.H. - gee 6.1.1 a.

Skinner et al - see 6.1.1 a.

Smith, A.J., Jenkinson, D.J., Armstrong: Creep
and rupture properties of carbon steels,
Proceedings, Inst. of Mechanical Engineers,
vol., 174 (1960) .

Smith, G.V.: Evaluation of the elevated tempera-
ture tensile and creep-rupture properties of

1/2 Cr-1/2 Mo, 1 Cr-1/2 Mo and 1 1/4 Cr-1/2 Mo-§i
steels, ASTM, DS50, September 15973.

Stevens, A.G., Cornish, R.C., Skinner, D.H.:
Tensile data on four structural steels, November
1971, Melbourne Research Laboratories.

Welter, G. - see 6.1.71 a.

White, A.E., Clarke, C.L., Wilson, R.L.: The

fracture of carbon steels at high temperatures,

americ. Soc. Metals, Transactions (25) (1937).

Additional

headings

6.1.5
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PARTICULAR PROPERTIES

Tensile strength

Reinforecing steel

Anderberg, Y. - see 6.1.1 b.

Dannenberyg, J.: Festigkeitsuntersuchung des Be-
wehrungsstahls bis 600°C (Strength investigation

of reinforcing steel up to GGOOC}, DAfSEB, H. 132,
Ernst & Sohn, Berlin (1959},

Gantwoort, G.J. ~ see 6.1.1 a.

Skinner, D.H.: Fire resistance of hot rolled and
cold worked steels, April 1971.

Prestressing steel

bay, M.F., Jenkinson, E.A., Smith, A.I.: Bffect

of elevated temperatures on high tensile wires for
prestressed concrete, Proc. Inst. Civil Eng. Vol. 16
May 1969, pp 55-70.

Harmathy, T.2. et al - see 6.1.1 a.

Marks, G., Watson, J.D.; High temperature strengths
of some deformed bars, October 1972, Melbourne Research
Laboratories.

Rehn et al - see 6.1.6.1 c.

Voves, B.: Behaviour of prestressed concrete struc-
tures during fire, Czech Technical University,

Prague, Czechoslovakia.

FIP/CEB - see 6.1.1 a.



PARTICULAR PROPERTIES

Tensile strength

Cast iron

havies, V. de L.: Stress-rupture testing of Aluminiunm
= 1% Wickel - 0.5% Tron Alloy, Journal of Institute

of Metals, Vol. 89 13860-61, SINTEF, Trondheim, Norway.

bavies, V. de L., Bakken, X.: Stress-rupture testing
of extended hypoeutectic aluminiuvm-silicon-nmagnesium
~nickel alloys, Journal of Nuclear Materials, vVol. 13

Ne. 1, SINTEF, Trondheim, April 1964, Norway.

Davies, V. de L., Bakken, K.: High temperature low
cycle fatigue of an extended aluminium-magnesium-
nickel alloy, SINTEF, Trondheim, September 1965,

Norway.
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PARTICULAR PROPERTIES
Modulus of elasticity Additional

headings
Structural steel

Garofolo, E., Malenock, P.R., Smith, G.V.: The
influence of tempevature on the elastic constants
of some commercial steels - Determination of
elastic constants, ASTM Special Technical Publi-
cation (8TP) 129 {1952).

Groenhaut, et al - see §.1,1a.

Gantwoort, G.J. - see ¢.1,1a.

Jérgensen et al ~ see §.1.6.1a.

Klippstein, K.H. - see ¢,3.2 6.1.2, 6.1.0.1
Kosiorek, M. -~ see 6.1.1a.
Lea, F.C., Crowther, O.H.: The change of the

modulus of elasticity and of other properties

of metals with temperature, Engineering, Vol. 98,
1914, p. 487.

Reichel, V. -~ se2 6.1.1%a.

Ritter, J.C. et al -~ see g.,1.1a.

Ros, Eichinger - see g.1,1a.

Saito, H. ~ see g.1.1a.

Stirland -~ see §,1.1a.

Welter, G. ~ see 5,1,1a.

Verse, G.: The elastic properties of steel at high

temperatures, Transactions American Society of

Mechanical Engineers, Vol. 57, 1935, p. 1.



PARTICULAR PROPERTIES

Modulus of elastilicity

Reinforcing steel

Anderberg, Y. - see §.1.1b.

Santwoort, G.J. - see 6.1.7a.

Prestressing steel

Redchel,

Ruge,

J.y

V. - see 6.1.1cC.

Winkelmam, 0. -

sae

G.

1.41a.
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PARTICULAR PROPERTIES

Thermal strain

Structural steel

Groenhant et al - see &6.7.17a.
Reichel, V. = see 6.1.17a.
Skinner, D.H. - see &.1.1a.
Stirland, C. -~ see 6.1%1.17a.

Reinforcing steel

Anderberg, Y. -~ see 6.1.1b.

Prestressing stesl

Ruge, J., Winkelmann, O. - see 6.1,1a.
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PARTICULAR PROPERTIES

Creep strain

Structural steel

born, J.E.: Some fundamental experiments on

high temperature creep, Journal of the Mechanics
and Physics of Solids, Vol. 3 {1954).

born, J.E.: Progress in understanding high
tanperature creep, GCuillet Memorial Lecture,
ASTM 1962,

Glen, J. - see 6.1.1a.

Groenhaut et al -~ see 6,1, 1a.

Gantwoort, G.J. - 8ee 6.1.1a.

Harmathy et al - see ¢,1.1%1a.

Jérgensen et al ~ see 6.1.1a,

Knight et al - see €.3.1

Reichel, V. - see 6.1.1a.

Ritter et al - see 6.%1.1a.

Skinner, D.H. - see 6.1.1a.

Skinner, D.H., Stevens, A.G.: Anisothermal creep
of fire steels, May 1972, Melbourne Resegarch

Laboratories.

Skinner, D.H., Stevens, A.G., Marks, G.L.: Fire

rasistance properties of three steels, March 1973,

Melbourne Research Laboratories.

Skinner, D.H., Carnish, R.C., Toyama, M.: Parameters
for short-term and anisothermal creep, April 1973,

Melbourne Research lLaboratories.




a}

B)

...X_V‘..

PARTICULAR PROPERTIES
Creep strain
Strxuctural steel

Thor, J.: Investigation of creep properties of
varicus types of structural steels exposed to
fire (Understkning av olika konstruktionsstals
krypegenskaper under brandfdrhdllanden, in
Swedish}, Jernkontorets forskning D40, Stockholm
1972,

Reinforcing steel
Anderberg, Y. - see 6.1.1b.

Reichel, V. - see 6.1.1a.

Prestressing steel

Harmathy et al - see 6.1.1c,
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6.%. PARTICULAR PROPERTIES
6.1.6. Stress-strain characteristics

6.1.6.1 Steady state testis Additional
headings

a} Structural steel

Gantwoort, G.J. - see 6.%1.1%1a.

Groenhaut et al - see 6.1.1a.

Harmathy et al - see §.1.1a.

Jérgensen, J.R., S8rensen, A.H.: Mechanical 6.1.

3]

properties of structural steel at elevated 6.1,

(58]

temnperatures, Institute of Building Technology G.1.

[

and Structural Engineering, Aalborgs Universi- a
tetscenter, July 1280.

Magnusson, S.E. - see 6.3.2.
Reichel, V. - sea §,1.%a,
Saito, H., (1972) - gee 6.1.1%1a.

Skinner, D.H. (1972) ~ see 6.1.1a.

Stirland, C. {198Q) ~ see 6.1.1a.

Teeside Laboratories: Elevated temperature tensile
properties of structural steels manufactured by

the British Steel Corporation, British Steel Corpo-
ration, Report No. T/RS/11/80C, July 13980.

¥} Reinforcing steel

Ruge, J., Winkelmann, Q. -~ see 6.1.1a.
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6.1, PARTICULAR PROPERTIES

6.1.6. Stress-strain characteristics
6.1.6.1 Steady state tests

c) Prestressing steel

Dannenberqg, Deutschmann, Melchiour: Warmzerreiss-
versuche mit Spannstdhlen {Tensile strength of
prestressing steels at high temperatures} DAFSLE,
Heft 122, Ernst & Sohn, Berlin {19$57).

Gapntwoort, G.J. — sea 6.%7.%a.

Harmathy et al - see 6.1.1%1c.

Rehm, G, Nirnberger, U.: Zur Frage der Dauerhalt-
harkeit von Spannstdhlen (Mitteilung des Lehrstuhls
flir Werkstoffe im Bauwesen am Otto-Graf-Institut
der Universitdt Stuttgart) (On the question of
duration of stability of prestressing steels),
Betonwerk + Fertigteil-Technik, Heft 9 (1976)

Ruge, J., Winkelmann, C. -~ see 6.1.1a.

6.1.6.2 Transient tests

a) Structural steel

Copier, W.J. - see 6.1.%a.

Ehm, H., Witteveen, J.: Dic kritische Temperatur
rei hochtemperaturbeanspruchten Bau- und Beton-
stidhlen (The critical temperature for high tempe-
rature stressed structural and reinforcing steel),
Stahlbau, H. 11 {1978).

Gantwoort, G.J. - see 6.1.1a,

Ruge, J., Winkelmam, 0.: Method for the determina-
tion of a critical value in case of instationary
heating when simulating the influence of fire on
steel (in German}, Materialpriif. 19 (1277), No. B
August.
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G.1. PARTICULAR PROPERTIES

6.1.6. Stress-strain characteristics
6.1.6.2 Transiaent tests

a} SBtructural steel

Witteveen, J.: Brandveillghed Staalconstructies
{Fire resistance of steel siructures), Centrum

Bouwen 1in Stazal, Rotterdam 1966,

Witteveen, J., Twilt, I.,: On the hehaviour of
steel coluwmns at elevated temperatures, Collo-

guium on Column Strength, Paris 1972.

b} Reinforcing steel

Ruge, J., Winkelmann, 0.: Deformation behaviour of
concrete and prestressing steels at high tempera-
tures, Sonderforschungshereich 148, Brandverhalten
von Bauteilen, Arbeitsbericht 1975~77, pp B4.1-56,
Part 1T, Braunschweiq, July 1977.

Soretz, $.: Tor-gtahl bei Brandtemperaturen {Tor
steel on fire conditions), Schweizer Archiwv,
Heft 1, 1955,

Soretz, B.: Fatigue behaviour of high yield steel
reinforcement, Concrete and Constructional Engineer-

ing, July 1965,

Soretz, S5.: Tenslile tests on reinforcing steel
under sustained load and increasing temperature,
Tor-Isiog Steel Corporation, Luxemburg, Vienna,
Vol. 31 (1%867).

<) Prestressing steel

Jdniche, W., Wascheidt, H.: Warmkriechversuche an
Spannstihlen (Load controlled transient tests on pre-
stressing steels at high temperature), FIP-Commissicn

on Fire Resistance of prestressed concrete {Juni 1965)

Voves, B. - see 6.1.2cC.
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6.4, PARTICULAR PROPERTIRS
6.1.7. Compressive strength

a) Structuvral stesl

Ingberg, 8.H., Sale, P.D.: Compressive strength
and deformation of structural steel and cast
iron shapes at temperatures up to 350%;,
Proceedings, American Society for fTesting and

Materials, (26), Part III, Philadelphia (1926).

Sale, P.D.: Compressions-tests of structural
steel at elevated temperatures, Journal of
Research of the Natiocnal Bureau of Standards,
Vol. 13 (1934},

pe Falco, F.D.: Investigation of the compressive
response of modern structural steels at fire
load temperatures, University of Connecticut,
1974 (Structural steesl A36}.
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PARTICULAR PROPERTIES
8. Relaxation

a) Structural steel

Groenhaut, G.J. - see 6.1.1a.
Reichel, V. - see 6.1, 1a.
Ritter et al - see 6,1.1a.

b) Reinforcing steel

Reichel, V. -~ see 6,1.1a.

¢) Prestressing steel

Cahill, T., Branch, G.D.: Long term relaxation
pbehaviour of stabilized prestressing wires and

strands.
FIP: Concrete for fire resistance construction,
a Cembureau report prepared with the assistance

of FIP 1879.

voves, B. - see b.1.2¢.

d) Cast iron

Davies, V. de L., Augland, B., Christensen, N.:
Relaxation of pearlitic cast iron, Journal of the
Iron and Steel Institute, Vol. 202, April 1564.
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PARTICULAR PROPERTIES

Thermal properties

Structural steel

Alpsten, G.: Bgenspdnningar i varmvalsade stdl-
profiler (Residual stresses in hot-rolled steel
sections) . Iastitutionen fdr brobygynad, KTH,
Stockholm, 1967 (In Swedish).

{conductivity of steel specific volumetric

enthalpy MJ/m3 TASEF)

Butler, I.: Thermal diffusivity of metals at
elevated temperatures, USNRDL TR 177, pp 1 = 27,
1957 (AD 143 863},

Fink, K.et al: Physikalische Eigenschaften von
Stdhlen, insbesondere von warmfesten Stdhlen
(Physical properties of steel especially hot-
rolled steel}, Thyssenforschung 2. Jahrg. 1970,
Heft 2.

Groenhaut et al -~ see 6.1.7a.

Lie, T.7%., Stanzak, W.W.: Fire resistance of
protective steel columns, National Research
Council of Canada, Research Paper No. 574,
Ottawa 1973.

Lindner, J., Stens, W.: Filre protecticn of

buildings, Warsaw, 1974,

Pogorzelski, J.A.: Thermal properties of some
building materials, Building Research Institute,
Warsaw, Poland, 1979,

Richter, Fr.: Die wichtigsten physikalischen
BEigenschaften von 02 Eisenwerkstoffen {The most
important physical properties of 52 ivon mate-
rials), Forschunginstitut der Mannesmann AG,

Verlag Stahleisen mbi, Diisseldorf, H., 8§ (1973).
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6.1.9.

a)
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PARTICULAR PROPERTIES

Thermal properties

Structural steel

Schneider, U., Diederichs, U.: Physical proper-
ties of steel and concrete up to melting and
ablation, Technical University of Braunschweig,

1981,

Sidles, Danielson: Thermal conductivity of metals
at high temperatures, USA EC Report I8SC~198,
pe. 124, 1951,

Sidles: Thermal diffusivity of metals at high
tenperatures, USA EC Report TID-5185 (Rev.)
(Del.), 110-6, 1953.

Skinner, D.H, - see 6.1.1%a.
Stirland, C. - sem 6.1.17a.

BISRA: Physical constants of some commercial
steels at elevated temperstures, The British
Iron and Steel Research Association, Butterworths

Scientific Publications, London (1%53).

C.T.I.C.M.: Prévision par le calcul du com-
portement au feuw des structures en acier,
recommendations établies par le C.T.I.C.M.,

Puteaux (France) - septembre 1975,

Wickstydm, U.: TASEF-2 - A computer program for
temperature analysis of structures exposed to
fire, Report No. 79-2, Lund Institute of Techno-
logy, Lund 187%.
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PARTICULAR PROPERTIES
Residual strength

Structural steel

Gantwoort, G.J. - see 6.1.1a.
Groenhaut et al - see 6.1.1%1a.
Klingsch, W., Winkelmann, o.: Investigation of

residual strength of reinforcing and structural
steel exposed to fire, Sonderforschungsbereich
148, Brandverhalten von Bauteilen, Arbeitsbhbe-
richt 1978-80, pp. 337-333, Part I, Braunschweiqg,
June 1980,

Reichel, V. - see §.%1.%1a.

Saito, B. - see 6.1.1a.

Smith, C.I. et al: The reinstatement of fire
damaged steel framed structures, British Steel
Corporation, Teeside Research Laboratories,
Fire Safety Journal 4(1981).

Reinforcing steel

Winkelmann et al - see 6.1.1%a.

Reichel, V. - see $.1.1a.

Prestressing steel

Abrams, M.S., Erlin, B.: Estimating post-fire

strength and exposure temperature of prestressing

steel by a metallographic method, Bulletin 219 of the
Research Department of the PCaA, Skokie, Illinocis, 1967,
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PARTICULAR PROPERTIES
Residual strength

Prestressing steel

FIP/CEBR -~ see 6.1.1%a.
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STRUCTURAT, BEHAVIOUR

Hoffend, I.: Behaviour of fire-exposed steel columns
with eccentrical lvad, axial restraint and partly
insulated, Sonderforschungsbereich 148, Brandver-—
halten von Bauteilen, Arbetshericht 1978-80,

pp. 29-59, Part I, Braunschweig, June 1980.

Hoffend, F.: Fire tests of steel frames - Experi-
mental and theoretical study, Sonderforschungsbereich
148, Brandverhalten von Bauteilen, Arbeitsbericht
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7 Symbols and abbreviations
e a.,
Cp specific heat EJ/ kg C
N

I apecific volumetric enthalpy MT /1

3 Lo O
2 thermal conductivity W/im O
E. 6 . C

20%C modulus of elasticity at roon temperature
ET ¥ temperature T
to.z,209C 0.2 % proof stress at room temperature
- T T s A s .
iO,E,T temperature T
i:u,ZOGC pltimate strength at room temperatura
£ . - temperature T

un, T
t time (h, s)

o

T temperature C
T rate of heating Yo min
3 strain
& rate of strain s—‘
e thermal strain

th
uU stress—related strain
€. Creep strain
o stress MPa
G rate of stress MPa/s






