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TESTRESULTS

yield stress and tensile strength

of reinforcement steel

at high temperatures
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The ultimate stress (tensile strength) of hot rolled
and cold deformed reinforcement steel (indicated as
BE 40 a and BE 40 b) in the heated state (critical

temperatures at constant stress levels).

The graphs show the relation between temperature and
tensile strength as found by tests. During the tests
the stress level was kept constant while the temper-
ature was increased by a constant heating rate.

The (Belgian) test results are published in [1]

hot rolled steel

cold deformed steel

The yield stress (0.2% stress) of cold deformed rein-
forcement steel (indicated as BE 40 b) in the heated

state (constant temperature).

The initial yield stresses (0.2% stresses) of the
test pieces at 20°C were av. 450 N/mmz.

The graphs are derived from Belgian test results,
published in [1] (1976).

The tests were performed in the CRM-laboratories.

(1976) .
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The ultimate stress (tensile strength) of cold
deformed reinforcement steel (indicated as BE 40 b)

in the heated state (constant temperature).

The initial ultimate stresses at 20°C were av. 580
2

N/mm" .

The graphs are derived from Belgian test results,

published in [1] (1976).

The tests were performed in the CRM-laboratories.

The yield stress (0.2% stress) of cold deformed
reinforcement steel (Tor-steel) in the heated state

(constant temperature).

The initial 0.2% stresses of the test pieces were
between 450 and 500 N/mmz.

The tests were performed on bars with a nominal
diameter @ 18 mm which were heated internally
electricity.

(00.1 refers to the stress at 0.1% plastic strain,

90.2
The tests and test results are described in the
French report, published by the A.S.P. in 1971 [2].

refers to the stress at 0.2% plastic strain)
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The ultimate stress (tensile strength) of cold de-

formed reinforcement steel (Tor-steel) and hot

rolled steel in the heated state (increasing

temperature and constant stress level).

1 = hot rolled steel (¢ 20 mm; fau at 20°% =
700 N/mn?)

2 = Torsteel (@ 18 mm; fad at 20° = 525 N/mmz)

The information is taken from a French report,

published by the A.S.P. in 1971 [2].

The yield stress (0.2% stress) in the heated state

of cold deformed reinforcement steel (Tor-steel)

(constant temperature).

1. ¢ 24 mm: initial 0.2% stress
| 2 . ¢ 2 O mm: " ” un ”w ”
3 N ¢ 8 m: n " " ”w n

at 20°C: 484 N/mm’ [5]

477 N/um? [5]
: 500 N/mm® [4]

The tests are described in the German reports[4], [5]

(1957) and [6] (1959).
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fe(t”) deformed reinforcement -steel (Tor-steel) and hot
— : rolled steel in the heated state (critical tem-
““\\ peratures at constant stress-levels).
)
Bo @{% .
?\\\A 1,2 and 3: hot rolled steel, ¢ 28 mm (BSt /50 RU)2
60 \\\\\\\ g, , at 20°C = 400 N/mm
3y 4, 5 and 6: cold deformed steel ¥ 28 mm (Tor-steel:
4 Bst “*/50 Rx) o, , at 20°C = 470 N/mn?
| FiG.a-9 7 : cold deformed steel.¢ 18 mm, Tor-steel:
2 Bst %50 RK) o, , at 20°C = 430 N/mn’
t(’o) 1 and 4 : heating rate 16.50C/min
3 z00 400 600 800 4000 100 > 2anas " " 9.4°C/min
*wofau(‘h ' 3, 6 and 7: " " 3.6%C/min
fau(ﬁd The graphs are derived from data, published by the
o i T Techn. University of Braunschweig (Germany) in
100- : 1977 [3].
1 '\\ﬁ B L I The ultimate stress (tensile strength) in the heated
80 Q\ state of cold deformed reinforcement steel (Tor-
= 5 .”_.QS\ 2 steel) (constant temperature).
AV
? =l = \;\.__ == 1= ¢ 24 mm: initial ultimate stress at 20°C: 606 N/mm2
2\ ‘ .
40 Ay S 2
\ FiG.a- 10 2z @ 20 mm: " " " ' 593 N/mm
20 3= @ 8 mm: N "
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The tests are described in the

630 N/mm°
(4],
1(¢) _
p (5] and [6]. (1957-1959)

German reports
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The ultimate stress (tensile strength) of mild steel
reinforcement in relation to the yield stress

(0.2% stress) in the heated state.

The test-results which were used for the graphs are
taken from the German report [20], 1959.

1 = bar ¢ 24 mm

2 bar ¢ 20 mm

yield stress (0.2% stress): 290 N/mm2

The yield stress (0,2%-stress) of welded fabric

in the heated state.

The information is taken from the German report
(1957).

The yield stress at 20°C ¥ 560 N/mm-.
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The yield stress of hot rolled reinforcement steel
in the heated state.

The graph is published in the American PCI Manual:
Design for fire resistance of precast prestressed
concrete [8] (1977) which for the backgrounds refers
to [9] (1968).

The critical stress in the heated state of hot rolled

reinforcing steel.

The graphs give information about Swedish hot-rolled
reinforcing steels of which the quality is indicated
as Ks 40, Ks 40 SE and Ks GOX)

To show the importance of a clear definition of
varitical stress", graphs are given for the stress
at a certain temperature-level at which the 0.2%,
0.5%, 1.0% and 1.5% non-elastic strain is reached.

The information is given in [7] (1978)

X)The testing procedure and the definition of
"oritical stress" on which the figure is based are

not exactly known.
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Fig. a-21 : yield-stress (0.2%-stress) in the heated
40 state
80 Fig. a—-22, 23: tensile strength in the heated state
F1G.a-24 Fig. a-24 : Remaining decrease of yield-stress and
120 .f . tensile strength after cooling down to 20°¢
~lau
160 Properties at 20°C before heating:
200 Tempcore steel: 0.2% stress = 456 and 512 N/mm2
ﬂ ' < Temp PC) Tensile strength =545 and 616 N/mm2
| .
0 250 5 850 > Hot rolled steel: 0.2% stress = 455 N/mm2
Tensile strength = 666 N/mm2

More information is given in [22].
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TESTRESULTS

yield stress and tensile strength

of prestressing steel

at hilgh temperatures
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pellJl o .____j . | 1 = hot rolled bars (St 60/90) @ 26 mm
_ 2
eol—I|— . |1 | (fau = 1050 N/mm")
2 = gquenched and tempered wire St 145/160 ¢ 5,2 mm
(fau = 1650 N/mmz)
| | U R/ I (A | FiIg. b-1 3 = cold drawn wire (St 160 ... St 180) @ 5 mm
a i A _ 2
(fau = 1750 N/mm"~)
2ol—|—|—t—t—|-—|——|—]—] - 4 = cold drawn wire (St 180 - St 200) @ 5 mm
_ 2
i Al Hl ) e ‘t(vc) (fau = 1830 N/mm”) .
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ﬂmfaufﬂ The ultimate stress (Tensile strength) of pre-
120 -hT;EFEJ_ . stressing steel in the heated state.
B T T - In this figure for some kinds of prestressing steel
100 = | the relation is given between ultimate stress, the
== = temperature and the rate of heating.
B 1, 2 = Prestr. steel 1600/1800 - @ 4 mm
1 e i T i e o 3, 4 = " 1450/1600 - oval 30 mm
sof—cla e 5, 6 = " 800/1050 - ¢ 14 mm
Y Y
\i k‘ 1, 3, 5 heating rate = soc/min, The graphs are derived from German
40— f-—|— e i e 2, 4, 6 " " - 160C/min. testresults, given in [14], (1965) .
20 B I Y I I I Flc. b-2 . The ultimate stress (tensile strength) of pre-
stressing steel in the heated state and after cooling
, -t(oc}p. down.
0 200 400 600 goo 1000 1200
1°°hwﬁtj - The graphs are made according results of American
120 y— fau (Tz0) 1 tests, performed with strands ¢ 6,4 mm and @ 11,1 mm.
— s M No influence of any significance was found by dif-
100 |m~< — ~——— ferences in the rate of heating between 3 and 80C/
__-\\\ A\ min.

The time during which the temperature in the steel

was sustained at a certain level apparently did not

have an influence on the hot strength of any im-

portance.
I residual slrength sfter The strength after cooling down was also not signi-
40 }——— cooling clown. ficantly affected by the rate of cooling [lGJ, 1961.
o (e (M1 I B (. S . FIG. b-3 The time during which the high temperature was main-
T (. B tained had some effect on the residual strength, as

is shown in the figure [17], 1967.

t(,c) (The times indicated, refer to'the length of the
=

0 200 400 600 800 1000 1200 heating period.)
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The ultimate stress (Tensile strength) of pre-

stressing steel in the heated state.

The figure is based on test results with wire ¢ 5 mm
and ¢ 7 mm and strands ¢ 5,2 mm and ¢ 12,7 mm.

It has been shown by comparison of test results,
that the relation between the ultimate stress and
the temperature is the same, whether the temperature
is kept constant at an increasing load or the load
is kept constant at an increasing temperature (if
the heating~rate is moderate).

The increase of heating rate from 2,50C/min to IOOC/
min. causes a slight increase (¥ 5%) in the critical
temperature.

About 30 types of prestressing steel (wires and
strands) with a strength between 1500 and 2200 N/mm2
were tested.

All kinds of material gave high as well as low

test results for the critical values. About 70% was
found to be situated in the hatched area and almost
all test results were between the two extreme
boundaries.

The information was given in a Belgian paper,
distributed at the FIP Congres 1978 in London [15].
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The

ultimate stress (tensile strength) of prestressing

steel in the heated state.

The
the

graphs are made, using test results, published in

German report [5] (1957).

hot rolled bars (St 60/90) ¢ 26 mm
3 2
(fau = 1050 N/mm")
guenched and tempered wire St 145/160 ¢ 5,2 mm
_ 2
(f,, = 1650 N/mm™)

cold drawn wire (St 160 ... St 180) ¢ 5 mm

_ 2
(fau = 1750 N/mm"~)

cold drawn wire (St 180 - St 200) ¢ 5 mm
_ 2
(fau = 1830 N/mm")

The residual 0,2% stress at 20°¢ (after cooling down)

of prestressing steel.

The
the

graphs are made, using test results, published in

German report [5] (1957).

= hot rolled bars (St 60/90) ¢ 26 mm,

_ 2
fau = 1050 N/mm")

= quenched and tempered wire St 145/160 @ 5,2 mm

£ = 1650 N/mm?)
au
= cold drawn wire (St 160 ... St 180) @ 5 mm
(£,, = 1750 N/mm?)
= cold drawn wire (St 180 ~ St 200) ¢ 5 mm
_ 2
(fau = 1830 N/mm")



DIAGRAMS - RECOMMENDATIONS

strength =temperature relation

for reinforcement and prestressing steel
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The yield stress (0.2% stress) of reinforcement

steel in the heated state.

The graph shows the relation between the yield
stress and the temperature of reinforcing steel,
given in the French recommendations for the calcu-
lation of the behaviour of concrete structures under
fire-conditions [13] (1974). (In 1978 a proposal is
made for new recommendations in which the yield
stress is supposed to decrease in about the same way

as the ultimate stress.)

The ultimate stress (Tensile strength) of reinforce-

ment steel in the heated state.

The relation are given in the French recommendations
for the calculation of the behaviour of concrete

structures under fire conditions.

steelquality FeB 400
the steelqualities FeB 220 and 240

welded steel fabric

From: [13], (1974)
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The yield stress of prestressing steel in the heated

state.

The graphs show the relation between the yield
stress of prestressing steel and the temperature
according the French recommendations for the
calculation of the behaviour of concrete structures

under fire conditions [13], 1974.

1 =
2

rolled steel and strands

stabilized cold drawn wires

The ultimate stress (tensile strength) of prestressing

steel in the heated state.

The graph shows the relation between tensile strength

and temperature for rolled prestressing steel and
strands according the French recommendations for the
calculation of the behaviour of concrete structures

under fire conditions [13], 1974.
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The variation of the yield stress (0.2% stress) or
tensile strength of reinforcement and prestressing

steel in the heated state.

1. - high yield reinforcement bars
- mild steel reinforcement bars
- high strength alloy steel bars
2. - prestressing wires and strands

The figure is taken from the English publication:
"Design and detailing of concrete structures for

fire resistance" [19], 1978.

The critical combination of stress and temperature

for reinforcement steel and prestressing steel.

reinforcement steel FeB 240
2 = " " FeB 400
3 = { welded steel fabric FeB 500
hot rolled prestressing steel FP 1050

cold drawn prestressing steel (strands included)

graphs are taken from the Dutch report [21], 1972.
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The yield stress of reinforcement steel in the heated

state.

1 hot rolled steel, 220/340 (= ledd stress )
tensile strength’
at 20°c
2 hot rolled steel, 420/500 ( ks )
at 20°%
3 cold twisted steel, 4297500 ¢ n
at 20°%
4 cold drawn steel, 500/500 ( " )
at 200C

The information is given in the FIP/CEB publications:
[10] , (1975) and [11] (1978). In the latter it is
said, that the information given here, necessarily
must be general, because comprehensive investigat-
ions leading to statements of general validity are
not yet available. Since there can be differences

in types of steel from country to country, a close

agreement in test results should not be expected.
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The ultimate stress (tensile strength) of pre-

stressing steel in the heated state.

The graphs are published in the American P.C.I.-
Manual: "Design for fire resistance of precast pre-
stressed concrete" [8], 1977, which for the back-
grounds refers to [16], 1961 and |18], 1971.

1
2

high strength alloy steel bars

cold drawn prestressing steel (tensile strength:
1750 or 1890 N/mm2

The ultimate stress (tensile strength) of pre-

stressing steel in the heated state.

1 = quenched and tempered steel
2, 3, 4 =stabilized, cold drawn steel
Tensile strength at 20°%C:

1, 2: £ = 1600 N/mm’
au

3 : " =1800 "

4 : " =1850 "

The information is given in the FIP/CEB publications
[10], (1975) and [11] , (1978).
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100 fe (1)
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. Zan(t-‘tz)n for t < 't; t

100 £

jéihxﬁ::i 11 e(20) L o 1
80 \\ fe(t) - 2
\_\ | fe(20) ( z bn tn)_l for t > 1;1

n=0

! I [ _\ \_ . The values for a, b, 1 (Temperature) and for n = 0,
il \_\ \ ) 1 or 2 are given in the table below.
\ \ \ FIG. c-10
\ \\ n = 0 1 2
20 [ R0
1'< _— =
c%\%_ al 1,0 |Fo,91 . 107°]- 1,988 . 107°
o N e o calculat- - -
0 SO T t( ij ion valuel|b| 24,1 |- 0,881 . 107'| 0,881 . 10 4
[} 200 400 600 800 1000 12o00
t]| 20,0 550,0 20,0
al 1,0 |-o0,98 . 1077 |- 1,176 . 107
The yield stress (0.2% stress) of reinforcement- min. b |754,66 |- 2,827 0,267 . 1077
steel in the heated state. t| 20,0 550,0 20,0
al 1,0 0,339 . 107> |- 0,224 . 1077
Many test results were collected after which the
-1 =
boundaries could be given between which the majority max. b| 12,389 |- 0,427 . 10 0,427 . 10 4
of the test-results are situated. The calculation t| 20,0 550, 0 20,0
value fe(t) has been defined for cold deformed steel
and is assumed to give the lowest values found in The information is given in [12], to be used for the
tests. The values are given by the equation: calculation of the fire resistance of reinforced

concrete structures (T.U. Braunschweig, 1976)
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The ultimate stress (tensile strength) of reinforce-

ment steel in the heated state.

In this figure the boundaries are given between which

most of the test-results are supposed to be situated.

The calculation value is defined by the equation:

2
N _ n
_.fau20 E: a_ (t Tz) for to < t< tl
n=0
fau(t) -1
=f_. b0 (t - t3) for t > tl

20

The values for a, b and T (Temperature) are given in

the table below.

n = 0 1 2 3
al 1,1 |-0,2.107% |- 0,421 . 107 =
calcula-
tion - b (41,6 - - -
value
t 20,0 600,0 200,0 480,0
al 1,0 0,585 .107° |- 0,324 . 10~ -
min. |(b(21,5 - - -
t (20,0 600,0 20,0 514,0
al 1,25] 0,337.1073 |- 0,584 . 10~ =
max. |b|65,8 - - -
t(20,0 600,0 200,0 454,0

The information

schweig, 1976).

is taken from

[12]

(T.U. Braun-
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The prestressing force as a function of the temper-

ature in the prestressing steel.
100 Fap(t)
Fap(tzo ¢
! ap( ) (t The relation is based on American test results.
w ; ;
U100 |~ -~ a el coujmr In the tests % in diameter (¢ 9.5 mm) strands were
Y = _\i\_ QEMN":“; " initially loaded to 40, 56 and 71% of the ultimate
S s N F t . .
3 80 ] NN ;';5;;Rzir’(’)'fﬁgof(ﬁ ap(t) strength at room temperature, after which the tem-
F - | V(AR TER coOOLING DoWN) perature over some length was raised in an elec-
z
- 2 trically heated furnace as is shown in the figure.
w e —
% EREES:;;::EG Forte \ | The length of each strand specimen between the
1 AT GIVEN TEMPERA- \| grips was six feet (1.83 m).
W |TuRe: Fap \ = e = i
VLY il _ Flg. d-1 The length of the strand in the furnace was 8 in-
o
b i T e 1 .ches (203 mm).
]
Z 20— \\ s .The tests and the results are described in [16],
z i
4 | \ ~ =y S 1961.
\ t(°c)
2 Lo,
iy - 200 400 600 800 1000 1200
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