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Preface

This paper is the first report from & research project carriec
out at Lund Institute of Technology, Division of Structural
Mechanics and Concrete Construction and sponsored by the Swedish
Council ‘of Building Research. The scientific werk 1s made by the
suthors under the supervision of Professor Ove Pettersson, head

of the division.

The objective of the research is Io provide the experimentsal

and theoretical basis for the analysis of stresses and deforma-
tiens of concrete subjected to high temperatures. This first part
consists of a general discussion of the problems and a review cf
the literature. Primarily, this report was intended to give &
vackground for the planning of the experimental investigation
which forms the main part of the project. This experimental in-

vestigation is now in progress.

The work on this project is csrried out in close cooperation be-
tween the authors. Thus this particuler report has been cutlined
and written by the authors in close connection, though Sven

Thelandersson has to a greater extent contributed to its final

shape.

The authors want to thank Professcr Ove Pettersson for his
encouraging support and for engaging discussicns about this
matter. Thanks are also due to the staff of the Division of
Structural Mechanics and Concrete Constructicon Tor exchange of
thoughts and practical help. In particular Birgit Olsson, who
typed the manuscript and Margaretsa Nilsson,who drawed the figu-

res, deserve ocur gratitude.



1, Introduction

It has long been known, thet an accurate stress analysis for a
heated, loaded concrete structure is not possible to carry out
without taking intoc account time-dependent deformations (England
% Ross (1962), Hannant & Pell (1962)). Even in the case of fire
exposuré with short auration the time-dependent strains seem toO
be of considerable inportance to the magnitude of stresses,
restraint forces and moments. This is due to the fact that the
rate of creep and shrinkage inereases rapidly with increasing

temperature.

During the recent years many investigations have been performed
in order to get a better knowledge of the deformation characte-
ristics for stressed, heated concrete. This research has prima-
rily beeh induced by the increasing use of prestressed concrete
pressure vessels for puclear reactors. A betier knowledge of

the concrete behaviour may alsc make it possible to increase the

present working temperature of such vessels.

Despite the rather extensive research in this field our know~
ledge of the deformation behaviour of concrete at elevated tem-
peratures is far from clear. The various sources of deformation
are controlled by a large number of variables and the different
types of deformation are not independent of each other. In addi-
tion, the strain increment in a certain moment depends on the

preceding stress and temperature histories.

Since most of the tests in literature have been designed 1o
simulate the concrete in prestressed pressure vessels, &g a
rule only temperatures up to about EOOOC are studied. Further-
more, in most cases rather slow rates of heating are used in
the tests, which are extended over long periods. In the case
of fire exposure, however, we can expect more rapid heating,

short durstions, and essentially higher temperatures than 200°C.

This paper is intended to be a preparatory study for an investi-
gation of the deformation bekaviour of concrete, planned by the

suthors. The investigation will be particularly designed to



simulate conditions during fire exposure i e the effect of
high temperatures and rapid heating on the concrete will be

studied.

The need for such knowledge has increased due to the progress
made in fire reseerch during the last years. It is now possible
to calculate, with a reasonable degree of accuracy, the tran-
sient temperature fields in a concrete structure exposed to fire.
Accordingly, with a better knowledge of the strength and defor-—
mation properties at high temperatures, the structural behaviour
of fire exposed concrete structures could be analysed from such

temperature fields.

As previously mentioned, the present knowledge on deformation
behaviour is insufficient for such an analysis. Take for in-
gtance = fire—exposed column. During the course of heating
thermal stresses will develop, but these stresses can not be
calculated because the constitutive relationship between stress
and strain is not known. Similarly, it is impossible to calcu-
late restraint moments and forces in statically indeterminsate
structures subjected to temperature gradients, without taking
the time-dependent deformations into account (Anderberg (1973)).
Moreover, if the thermal stresses can be accurately estimated,

it may contribute to the understanding of spalling effects.

This paper consists of two parts. Chapter 2 deals with the
various types of deformation that can occur and the influence
of different variables on the deformation as obtained in tests
deseribed in literature. In chapter 3 the problems involved in
an analysis of stresses and deformations are discussed in order
to provide a basis for the design of tests. In chapter 4 a

summary is given and the conclusions that can be drawn are com~

piled.



2, Deformations in heated, stressed concrete

Components of strain

2.1 _Components of strain

As previously mentioned, an accurate estimation of the strains
in neated, stressed concrete is very difficult to make. The
strain components that constitute the resulting total deforma-

tion can be related to any of the categories listed below, c.f.

Birkimer et al (1969).
1) Instentaneous strain assocleted with external loading.

2) Thermal strains. Instantaneous strain due to change of tem-
perature, including volume changes in the concrete due to phy-

sical and chemical resctions.

3) Shrinkage. Time-dependent strain observed on unstressed

specimens, usually caused by a loss of water.

4) Creep. Time-dependent strain observed in heated, stressed

conecrete that cannot be otherwise acccunted for.

The above components of strain are not always uniguely defined
and not independent of each other. However, it is convenient to
define them in relation to possible test procedures instead of
the physical and chemical mechanisms behind them. The creep and
shrinkage mechanisms at high temperatures, for instance, are

probably different from that at normal femperatures.

The following variables affect the magnitude of the strain com-

ponents.

1) Concrete mix proportions and physical nature of the consti-

tuents.
2) Age and curing of concrete prior to heating and loading.

3) Conditions determining the moisture loss from the specimens

during the test.

4) Heating procedure: Temperature level, rate and duration of

heating, temperature history, presence of temperature gradients.



5) External lcading: Magnitude and duration of stress, stress

history in relation to temperature history.
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The resulis of a number of investigations (Saemann & Washa (1957),
Philleo (1958), Zoldners (1960), Harmathy & Berndt (1966), Cruz
(1966), Davis (1967), Sullivan et al (1971)) show that the modu-
1us of elasticity for concrete in compression decreases with in-~
creasing temperature. As an example, results obtained by Philleo
(1958) for the dynamic modulus of elasticity of concrete with
calcarecus aggregate are shown in figure 1. We can observe that

the reduction of the modulus at high temperatures is greater for

40

20

it 200 00 600 ag0

Fig t Variation in the short—time dynamic modulus of elesticity
in a heated state, E, with the heating temperature, deter-
mined at the age of 28 days on concrete prisms, 3,8 x
5,1 x 15,2 em in size, which were not subjected to any
load during the heating period. The water—cement ratio

was 0,k, 0,6 and 0,8. The test specimens were moist—cured
for 28 days (curves marked "w"), or were moist—-cured for
3 days, end then air-cured for 25 days at a reiative hu-
midity of the air or 50 per cent (curves marked "a'"). The
concrete was made with standard Portland cement, and with
fine and coarse aggregate from Elgin, Iilinois, U 8 A.

From Philleo (1958)

greater w/c-ratios. Fig 2 shows the influence of aggregate type
as obtained by Zoldners (1960). We can here discern a relation
between the expansivity of the aggregates and the reduction of

the modulus; concrete with more expansive aggregates are subjec—



ted to a greater reduction.
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Fig 2 Variation in ultrasonic pulse velocity (i e modulus of
elasticity) in per cent of original on three types of con-
crete after exposure to different temperature levels.

Test specimens: Beams of the size 8,9 x 10,2 x 40,6 em.
From Zoldners (1960)

To sum up, it can be established that the elastic properties of
concrete at high temperatures have been thoroughly studied and
+tnat the variation of the elastic modulus with temperature up to

800°¢C is comparatively well known.

However, when we consider the inelastic deformations, which occur
for larger stress-strength ratios, the information in literature
is very scanty. First, it should be notified that in normal fire
engineering applications the working stresses are below the pro=-
portional limit before the fire. But when the concrete is heated
above a certain level the strength decreases and the stress-
strength ratio increases, which implies that the inelastic range
further or later will be reached. Thig means that information on

the stress-strain curves for high temperatures is needed for the

present problem.



Earmathy and Berndt (1966) have determined stress-strain dia-
grams for cement paste and light-weight concrete in compression
at eleveied temperatures. The results for cement pasté are
shown in fig 3 in a 3-dimensional diagram, which gives a good
impression of the change of the stress-strain curve with tempe-

rature. We can observe that the deformation at failure increa-

geg with temperature.
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Fig 3 The stress-strain relationship in compression of hydra-
ted Portland cement {w/c = 0,33) at elevated temperatu-
res.

The stress—strain-temperature surface is formed by ave-
rage curves from scattered data.

Heating procedure: The length of time from the beginning
of the heating tc¢ the beginning of the compression test
was either 1 h or a longer period of time, which asmoun-—
ted to L or 24 hours (prolonged heating). Thus the dotted
surface averages the test values both from 4 and 24 hours
keating.

Test specimens: Cylinders, 4,4 .em in diameter, 8,9 cm long.
From Harmathy & Berndt (1966)

Fischer (1970) has measured stress vs. strain for concrete in
compression at high temperatures., In fig 4 is shown the stress-

strain disgrams obtained on specimens heated to different tempe-
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Fig L The stress-strain relationship in compression of concrete

(made with standard Portland cement and with guartz aggre-
gate in propertioms 1:5,1 and w/c = 0,6) at elevated tem-
peratures when loaded during the heating to 1/3 of the
original ultimate load

a) hot state

b) after cooling down to room temperature

Loading procedure: The test specimens were loaded during
the whole tempersture treatment but unloaded immediately
hefore the compression test. o -1

Heating procedure: Rate of heating 1,9 C.min = and stabi-
lization for 3 hours at each temperature level befeore the
compression test. Rate of cooling 1,9°C.min~T.

Test specimens: Cylinders, 50 mm in diameter, 70 mm long.
From Fischer (1970)



ratures and loaded during heating to 1/3 of the original ulti-
mate load. The tests were performed in a hot state (fig a) as
well as after cooling to room temperature (fig b). We can see
that when the specimens are tested hot, the stress-strain dia-
gram is not affected by temperatures up to hSOOC. This must be
due to the load imposed during heating; if the specimens are un-
stressed during the heating we can expect a larger influence of
temperature on the deformetion characteristics. This is indica-

ted in fig 5, elso from Fischer (1970), where comparison is made

0 T MN/m?
»
) 4 e
kL T
| —e— bEFoRE TEST
25 ?}gk:_ - - =0
1 -B-- Pz 16-Pg

20 4 ol ccfers P Z 113.93
I%v‘g e Pz A2y

AGE . 7 MONTHS

P 1l LOAD
-1 20 0 |[ws | a2
o so7 {213 209 | 269 {360

0
¢ 05 10 5 20 25 34 35 &8 &5 50 55 60 Y

Fig 5 The stress—strain relationship in compression of concrete
(made with standerd Portland cement and with quariz aggre-
gate) after cooling down to room temperature. During the
neating to 600°C various stress levels were applied.

(p=0, 1/6, 1/3, 1/2 x P}
Py = Original ultimate Toad

p Heating procedure: See fig L.
Test specimens: See fig k4
From Fischer (197C)

between stress—strain diagrams obtained after cooling on speci-—
mens heated to 600°C and subjected to.different compressive stress
levels auring heating. It cen be seen that specimens which were
unloaded during heating exhibited a gquite different stress-strain
reletion then the loaded ones. The megnitude of the load, however,

ceems to have small influence on the deformations.
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In view of the test results shown above, we can establish that
the previous load history has & considerable influence on the

deformability of the concrete.

— i - S

A comprehensive review of the thermal expansion behaviour of
concrete &t high temperatures has been made by Zoldners (1971},
and extensive data from thermal expansion measurements on con-

crete can be found in the literszture.

The magnitude of the thermal expansion strongly depends on the
type of aggregate used in the concrete. As a rule, the thermal
expension increases with increasing content of quartz in the
rock usé& for aggregabte. Zoldners gives extensive data on ther-

mal expansion properties of different rocks.

The proportions between aggregate and cement paste also affect
the thermal expansion. This can be observed in fig € which shows
the volume changes during heating for limestone, concrete with
limestone aggregate and five mortars with cement: sand ratios

ranging from 1:5 to 1:1 - tests by Harada taken from Zoldners
(1971).

When concrete is heated, the aggregate particles tend to expand
while the cement paste — above about 15000 - tends %o shrink.

The result of this "thermal incompatibility" is - for normal,
unstressed concrete — an expansion almost equal to that of the
pure aggregate as shown in fig 6. This means that tensile strains
‘~f such e magnitude that some form of cracking occurs, are im—
posed on the cement paste. If the ratio between cement pasté and
sggregate increases, then the thermal strain deviates more and
more from that of pure aggregate and finally the cement paste

prevails, which results in a contraction, as seen in fig 6.

If an external compressive stress is imposed on the concrete
during heating, it will act like a "prestress'. Consequently,

when the concrete is heated, the cracking in the cement paste
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Fig 6 Thermal expansion of mortar {various mix), concrete and
1imestone at elevated temperatures. Mortar mix varies with
the ratio between cement and sand.

From Herada, taken from Zoldners (1971%)

is delayed or prevented and the thermal expansion will be re-
duced. This effect, which has been explained by Fischer (1970),
cannot be directly observed in tests, because simiilltaneous time-

Fependent strains can not be eliminated.

Tt is rather clear that there is a close interconnection between
this reduction of the thermal expansion and the influence of an
applied load on the stress—strain relation, as described in the
previous section and iliustrated in fig 5. If the specimen is
ioaded during heating, the degtruction of the internal structure
is partly prevented, the thermel expansion is reduced and the

strength and elastic modulus vemain relatively high. If, on the



i2

other hand, the specimen is not loaded during heating, the ther-
msl expsnsion is larger, more cracks will sppear in the internal

structure snd the strength and elastic modulus decrease more.

Accordingly, when & loaded specimen is heated, the continuous
"softening" with incressed temperature results in a compressive
strain component, which gives & reduction of the thermal expan-—
sion compared to the "free" thermal expansion of unstressed spe~
cimens. This "softening” or increased deformebility probably
corresponds to that determined from the stress-—strain curves ob-
tained on specimens unstressed during heating. This is gquite
consistent with the fact that specimens which are stressed du~

ring hesting exhibit smaller deformability than unstressed spe-

clmens.

Weigler and Fischer (1968) have measured the thermal expansion
of specimens under coﬁpressive stress and part of their results
is shown in fig 7. The specimens were heated to 600°C at a rate
of 120°C-h-2, meinteined at 600°C for 3 hrs and then cooled down
st the same rate to room temperature. It can be seen that the
effect of the imposed stress on the thermal expansion is consi-—
derable end for a load level equal to half of the original ulti-
mate load the expansion is replaced by a contraction. This effect
is partly caused by short time creep and partly by the instan-

teneous reduction of the thermal expansion due to the load as

explained above.

In the thermael diletation, when measured on specimens, volume
changes due to the formation of new minersl phases will be auto-
matically included. For instance, if rocks contalning quartz are
Jsed as aggregate, the quartz inversion at 57300, which is accom- -
panied by a large expansion, strongly affects the thermal dila-
tation meassurements. This can be observed in fig T as a large

increase in thermal strain immediestely below 600°¢C.
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Fig 7 Thermal expension of concrete specimens subjected to
various compressive stregs levels at a heating and a
cooling rate of 120°C:h™'. The temperature was kept at
600°C for 3 hours. The concrete consisted of standard
Portland cement combined with an aggregate of the type
quartz, in proportions 1:5,1 and w/c = 0,6. The tests
were made at the age of .7 months.

Test specimens: Cylinders, 50 mm in diemeter, 70 mm long.
Original ultimate load, Pg = 50.7 MN-m e
From Fischer (1970)

When measuring the thermal expansion, drying shrinkage will nor-
melly also be included. Due to the shrinkage, thermal expansion
measurements will depend on the initial moisture content and

alsc on the rate of drying. Shrinkage can be avoided if the spe-
cimens are sealed against moisture loss during the test. This is
very difficult to accomplish for temperatures above 100°C vecause
of the high steam pressure that will arise. Another way to avoid

the shrinkege is to dry out the specimens before the test.



1k

o systematic study of shrinkage at elevated temperatures has

yet been made. The reason for this is probably that it is diffi-
cult to make relevant tests when élevated temperatures are invol-
ved. If for example the tests should be made at constant tempe-
reture, the temperature level as such is less significant than
the way in which the temperature influences the moisture state.
Since the shrinkage is very closely connected to the molsture
situation and occurs due %o drying, the results will be strongly
affected by the conditioning pefore the testing temperature is

reached.

A Tvetter way of investigating the shrinkage effect is to study
in what way the thermal dilstetion is affected by the initiael
moisture content. For instance, by comparing predried, air cured

and saturated specimens, the shrinkage strain can be readily de-

duced.

2.2 _Creep
2.5.1 General considerations

Creep of concrete in the tempersture range up to 200°C has been
studied in a number of investigations, most of them being moti-
vated by the use of prestressed concrete for nuclear reactor
pressure vessels. Hence, comparatively low rates of hesting and
long durations have been used, while in the case of fire we are
interested in the creep behaviour within the first hours from
heating begins. Many investigators have not accounted for the

creep strains within the fiprst hours from losding; they are rather
thinking in terms of days than in hours. Concrete structures sub-
jected to fire are also heated very rapidly and subjected to con-—

sigerably higher temperatures then 200°C.

Furthermore, most of the testis nave been done at steady state
conditions; i e at constant temperature and in a stabilized
moisture state. In fire applications the temperatures as well
a5 the moisture state change comparatively quickly, which leads

to a radicelly different creep behaviour.
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Nevertheless, the experience gained in such "iong term" creep
tests at elevated temperatures described in literature could be

very valuable to the present problem.

In the temperature range up to 15000 the evaporable water plays
the mein role in the mechanisms controlling creep behaviour.
Conseguently, variables controlling moisture content, moisture
migration end moisture loss from the specimens are elso signi-
ficant for the magnitude of creep. The conditions fixing the
moisture loss in tests are ususlly considered in that the spe-
cimens can be either completely sealed against moisture loss or
unsealed. The sealed specimens then approximate to The situation

of concrete in the interior of massive structures.
2.5.2 Tests on sealed specimens at constant temperature

Creep of sealed specimens has been reported by various suthors
(England & Ross {1962), Nasser & Neville (1965), Arthanari &

Yu (1967), Browne (1968), Hannant (1968), Ruetz (1968), Maréchal
(1970)). Due to experimental difficulties such tests are usually

limited to the temperature range up to 100°C.

It is generally agreed that sealed specimens don't shrink, i e
that no significant deformation will occur in an unstressed spe-

cimen at constant temperature.

geversl aubthors have found & steady increase in creep with the
temperature for sealed specimens in the range 20-80°C, For in-
stance,fig 8 shows the results from Hannant (1968), with speci-
mens cured for 5 months under water and then 1 month in a sealed
éondition before testing. We can see that the creep is accele-

rated for temperatures near 100°cC.

In tests by Maréchal (1969, 1970), see fig 11, curve 3,also &
steady increase in creep was observed -up to 9500, the rate of
inerease however decreasing with temperature. These specimens

nad been cured for one year in 20°C and 95% RH. The difference
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Heating procedure: Rate of heating 10°¢.n"~"

The losd was applied 24 h after the start of heating in
all tests. ‘

Concrete mix: Sulphate resisting Portlend cement with
plasticizer, course aggregate of limestone, maximum
grain size 9.5 mm, and sand. Cement: aggregate ratio =
= 1:4.5 and w/c = 0.47.

Curing procedure: Water curing for 5 months and then
sealed 1 month before test.

Test specimens: Cylinders, 105 mm in dismeter, 305 mm
long.
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between Maréchal's and Hennant's tests, in which similar pretest

curing conditions were used, was that Maréchal's specimens were

hested very slowly and then maintained at the temperature for 15

days before loading, while in Hannant's tests the total time

elapsed from heating commenced until the load was applied only

amounted to 1 day. The somewhat different temperature dependernce

mey be explained by the fact that the degree of hydration of the

cement paste is increased due to heating. This increase depends

on the temperature level and the heating procedure, i e the time

under temperature before loading. As a matter of fact, the effect

of continued hydration during elevated temperature creep tests

is considerable. Ruetz (1966) has invéstigated this effect in

creep tests on cement paste. In fig ¢ is shown the creep as a

function of temperature for sealed specimens treated in different

ways. Curve 1 corresponds %o saturated sealed specimens heated

to respective test temperature and then loaded, while curve 2
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Fig ¢ Creep strain during 48 hours of saturated, sealed cement
paste specimens, releted to temperature.
Curve 1. Specimens heated to respective test temperature
and then stressed for 4§ hours.
Curve 2. Specimens expesed Lo 80°C for 72 hours without
losg of water, and then tested as those of curve 1.
Test specimens: Cylinders, 1.7 cm in diameter and 6 cm

long. w/c = 0.30.
From Ruetz (1966).

shows the creep for specimens treated as those of curve 1 except
that they have been exposed to 80°C for 72 hours before testing.
Tn the latter case the increase in hydration takes place before
the test and for all temperatures, which implies that curve 2

more shows the "true" temperature influence. We can see from the

figure that the behaviour is notably different in the twg cases.
2.5.3 Tests on unsealed specimens &t constant temperature

Yhen trying to simulate concrete, from which the moisture loss
is prevented only partly or not at all - which applies to the
majority of normal building structures - several difficulties
arise. The creep rate depends not only on temperature and mois-
ture content, but is also influenced by the change per se of

moisture content and temperature.

In the literature many tests aimed at determining the effect of
temperature on creep on unsealed specimens are accounted for.
In practically all cases the testing procedure has been the

following. The specimens are heated at the same rate until the
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sctual test temperature is reached. Then, after a certain period
of time, during which the temperature is stabilized, the con-
stant load is applied end the strains are measured. The strains
cf unlcaded specimens treated in the same way are simultaneously
measured. The difference between the strains of the loaded and

the unloaded specimens then constitutes the creep strain.

This method of testing involves certain problems. When meist
specimens are treated according to the above procedure, the mois—
ture situation in the specimens &t start of and during the creep
regts will be different for different test temperatures. Since
the creep rate besides temperature elso strongly depends on
moisture content snd rate of molsture chenge, the creep in such
tests will be influenced by the initial moisture content, the
time of heat treatment before loading and the geomeiry of the
specimené: Therefore, in many such tests the temperature level
per se is not significant for the creep rate, but serves rather

ze & condition determining the moisture situation.

This is illustrated in fig 10, from Hennant (1968), which shows
the weight loss with the time at 3 different testing tempera-
tures. The heating started 1 day after removal from water. In
Hannant's tests the load was applied 1 day after the start of
heating. Hannant concludes that creep tests under these condi-

tions sre "of little relevance to conditions occuring in prac-

tice".
&< .
# e
—
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g
J L )
£ 55 °C
< F .—-f""'-‘.
Sk a .
S 27°c
= ‘/“,—.‘-—.—_——‘—
5z s
o5
2= £ N3

& 8 10
TIME FROM REMOVAL FROM WATER :DAYS

Fig 10 Moisture loss after removal from curing tank of unsealed
concrete cylinder specimens. Heating commenced after 24
hours and losding was epplied after 48 hours.

S = Approximate shrinkege strain x 10-6,
Size of specimens and concrete mixture: see fig 8
From Hannent (1968) '
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Maréchal (1970) has made comprehensive creep tests on unsealed
specimens at stabilized temperature. A special feature in his
tests was the considerably long time from heating commenced un-
+il the load was epplied, which implied that the desorption of
evaporable water from the specimens had decreased to a very low
rate when the load was applied. This means that the specimens

at the etart of the creep tests were almost in moisture equili-
brium with the environment and that the main part of the shrin-
kage had already occured. Furthermore, Maréchsal made tests on
initially dry specimens a&s well as sealed specimens for compari-

son. His results are shown in fig 11, where 3 cases are compared,

@ A
Zz
5, Wi
>
&
3
=
&
<
’
[+
g,
.
% ’
u
£ 1@
1 \\\\
0 T - 273 }2
b 100 00 300 L0 [
TEMPERATURE

Fig 11 . Varistion in rate of creep related to elevated tempera-
/ tures for three types of concrete specimens viz.
(1) specimens predried at 105°C
() Saturated specimens tested unsealed
Saturated specimens tested in a sealed condition
A1l specimens were cured in 95% RH, 20°C for 1 year be-
fore the test.
The heating rate was 0,25°C/h and the test temperature
was meintained for 15 days before the load was applied.
Concrete mix: Portland cement and quartz aggregate. The
proportions were not given in the reference.
Test specimens: Prisms, T0 x TO x 280 mm.
From Margchal (1970)
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viz. specimens predried at 10500, initielly saturated specimens
tested unsealed and saturated specimens tested in sealed condi-
tion. All specimens were cured in 95% RE, 20°C for 1 year before
the test. The specimens were slowly heated at a rate of 0,25OC/h
and meintained at the testing temperature for 15 days before the
load was applied. The creep was obtained after subtraction of
shrinkage and the creep rate is represented as the slcpe of the

creep curve, when plotted against log time, c.f. fig 19.

In the temperature range 20—10000 the presence of the eveporable
water causes a considersble increase in creep compared to that

of &ry specimens. The cree§ rate for the initially saturated un-
gealed specimens at 5000 was ebout the same as the creep rate

for sealed specimens at the same temperature. Above 5OOC however,
the creep\rate of the unsealed specimens decreases rapidly. Evi-
dently, at theée temperatures, extraction of moisture bvefore the
creep test is so large that the rate of creep apprcaches the curve

for predried specimens.

If the specimens are more rapidly heated end if the load is
gpplied within a short time after the start of heating, then
descrption takes place during the creep test and the results

can be radically changed. In fig 12 the influence of different
test procedures is illustrated by a compariscn between Mar&chal's
teste and tests by Fnglend & Ross (1962)..The results are presen—
ted in terms of specific creep in order to make it possibvle to
compare Creep strains under different stresses. The stresses

used in the tésts are given in the text of the figure and it can
e seen that they-are of the same order of magnitude for both

test series. In all the tests the creep after 60 days under load

F)
was chesen.

In the tests performed vy England & Ross the specimens were only
10 days old at the start of the tests and they were heated only
one day before loading. We can observe that the specific creep
in this case is approximately equal to that of Maré&chal's test
at EGOC, but at higher temperatures the creep is considerably
iarger. This is apparently due to continued drying followed by

increased creep in England & Ross's tests.
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Pig 12 Variation in specific creep of unsealed concrete speci-—
mens, relsted to elevated temperatures. Comparison be-
tween different test procedures.

(D Mardchal (1970). Pretest curing and heating as in fig
i1, Stress 5 MN-m~

(@) England & Ross (1962)., Curing: 3 days under water and
fthen in 90% RH, 17°C until the test at 10 days. Stress:

T MNem™Z,

An interesting contribution to the discussion of these problems
has been given by Birkimer et al (1969). These authors are well
aware cf the importance of & more complete picture of the strain
behaviour. In fig 13 is shown results from their tests, illustra-
ting the influence of different temperature and loading histories
on creep behaviour. The explanation of the curves is given in

the figure text. It can be seen that for specimens which are loa-
'ded before heating (curve E} the thermal expansion is cancelled
and a further contraction takes place with the time, while for
épecimens which are loaded after the temperature 121°C is reached
(curve D), the final deformation is quite different from curve

E. The figure as a whole shows clearly that the three parameters

stress, temperature and time is far from independent of each

other when their influence on deformation behaviour i1s concerned.
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Fig 13 Time-~dependent strains in gravel concrete.
Curve A: Specimens neither heated nor stressed.

Curve B: No heating. Load level = h0% x 05000

Curve C: First heating to 121°C. After 7O days the tem-
perature increased to 260°C and after 160 days the cooling

started. No load. o
Curve D: First heating to 121°C. After 28 days a load =

;FH6%HE oiggc was applied and after TO days temperature
increased to 260°C. The load was removed after 1L5 days.

Cooling after 160 days. .o

Curve E: A load = 40% x Galtc was applied from the be-

ginning. Then, heating to 721°C and after 75 days hea-
ting to 2609C. The load was removed after 150 days. Coo-
ling begun after 165 days. From Birkimer et al (1968).

2.5.4 Effect of drying end temperature change

1t is a well known fact that concrete during drying will creep
far more rapidly than concrete in moisture equilibrium with the
environment; In fig 14 from Ruetz (1968) a comparison is meade
$etween the 6-dsy cfeep‘strains for cement paste specimens in
moisture equilibrium during the test (basic creep) andé specimens
which were drying during the test (sorption creep). On the
abscissa is indicated the moisture content during the test and
at the end of the test respectively. Ruetz also found that the
creep inéreases with the rate of drying and creep rates more

than 10 times larger than the corresponding basic creep were

observed.
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Fig ik ©6-days creep strain for cement paste as influenced by

1
drying.
C} Specimens vwere dried to equilibvrium befcre the creep

test (basic creep).

Q) Specimens were drying during the creep test (sorption
creep). In this case the creep strain is plotted against
the moisture loss at the end of the 6-day pericd.

w/e = 0.30
Test specimens: Cylinders, 17 mm in diemeter, 60 mm long.

From Ruetz (1968},

Anotner effect, which is of importance in this connection, is
that the creep seems to increase due to temperature change.
Hensen and Eriksson (1966) have measured time-dependent deflec—
tions of cement mortar beams, loaded in flexure and subjected

to various temperature conditioms. All the beams were cured for
28 days in water at 50°C and alsc stored in water throughout

the test, in this way moisture conditicns being constant and
equal in all tests. The creep deflection vs. time is shown in
flg 15 for 4 daifferent cases. Curve 1 shows the creep of beams
Whlch were first loaded and then heated from 20 % to 40°C at a
rate of 120 °c.h - then maintained at 40°C for the rest of the
test. The specimens of curve 2 were treated in the same way
except that the rate of heating was EOC-h_i. In the third case
the specimens were heated to 40°C at a rate of QOC-h—1 and then
slowly cooled %o 20°C, Then the beams were loaded and again hea-
ted (EOth_1) to 40°C and maintained there during the rest of the
test. Curve 4 shows the creep of specimens which were first heea-
ted to 10°C at a rate of EOC-h"1 and then loaded. The tempera-—

ture was held constant at 40°¢c during the test.
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Long-time deflection of cement mortar beams loaded in
water and exposed to various rates of temperaturé change
before and after load application.

Curve 1: Beams were first loaded and then heated from 20°C
To 40°C at a rate of 120°C.n"1,

Curve 2: The same as in curve 1 but the rate of hesting
was 2°C.h~

Curve 3: Beams were heated to 40°C at a rate of 2°C.h”
and then slowly cooled to 20 ©C. Beams were after that
loaded and heated again in the same way as for curve 2. _
Curve L: Beams were first heated to Lo%C at a rate 2°C-h
and then loaded.

Tegt beams: 20 x 50 x 400 mm, made from standard Poriland
cement and sand from glacial origin in proportions 1:1.18.
w/e = 0.37.

Loading: Simply supported beams loaded in flexure by two
symmetrical point-lcads giving a constant moment over a
length of 280 mm. The deflection is referred to the con-
stant moment zone.

From Hansen et al (1966)

Comparing curves 2 and L, we can concliude that the temperature

change in itself gives an increased creep. We can also see that

the creep increases with the rate of heating. Furthermore, if

i
the specimens sre subjected to one temperature cycle before loa-

ding the creep will be reduced.

To sum up, changes in temperature and moisture conditions gene-

rally tend to increase creep. The creep alsc increases with the

rate of

change of these conditions. The question if these con-

clusions also hold at higher temperatures than 40°C remains to

be answered.
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2.5.5 Creep under rapid heating to high temperatures

Ag previously mentioned, most of the above described test results
from existing literature have been obtained on specimens which
have been slowly heated and then subjected to the actual tempe-
reture during a long period of time. The question is how the in-
fluence of free moisture should be considered when concrete is
rapidly heated to high temperatures. And how is the creep beha-

viocur affected by temperatures in the range above 200 C?

Tt can be established that the dimensions of normal concrete
structures, that are of interest in connection with fire, are
such that the moisture is free to disappear i e they are most
accurstely approximated with unsealed specimens, though it must
be remembered that the moisture migration depends very much on

geometry.

In view of the discussions in section 2.4.4, we can expect &
large creep during that period when the concrete 1z heated and
moisture is extracted. This is sustained by creep tests made by
Thelandersson (1972) in pure torsion. In fig 16 a comparison is
mede between the angular deformations obtained if on the one
hand, the load is applied before heating, and on the other hand,
the load is applied after that the temperature is reached . The
temperature time curve is the same in both cases and is also
shown in the figure. As we can see the deformations &re much
larger during that period when the temperature is changing then
st constant temperature. It should be noted that in torsion tests
the angle of twist is not affected by neither thermal strains
nor shrinkege strains. A reservation must be done for the possi-
éility that steam pressure during the heating period might have
affected the creep rate. The steam pressure gives hydrostatic
tensile stresses in the material and thus increases the tensile
stress level which leads to an increased creep rate. However, if
the steam pressure should have any significant effect the creep
rate should be largest during that pericd when the water is va-
porized. Since, the tests at higher temperatures did not exhibit
such a behaviour, the influence of the steam pressure seems tc

be less important. The conclusion must be that the creep under
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Fig 16 Influence of the time at which the load is applied on
creep behaviour in torsion. The load is egqual to 30% of
ultimate load at room temperature. In the figure is also
shown the temperatures in the test. Cylindrical speci-
mens, 15 e¢m in diameter.

Curve 1: Desired furnace tempersture.
Curve 2: Temperature inside specimen, 10 mm from the sur-

face.
Curve 3: Temperature inside specimen, 72 mm from the sur-

face.
Concrete mix: Portland cement and quartz aggregate in

proportions 1:4.65.
w/c = 0.55
From Thelandersson {(1972)

heating is significantly higher than the creep at constant

temperature.

[

In literature a few other creep tests at high temperatures can
be found. All those tests were performed at constant stabilized
temperature. In fig 11 from Maréchal we can observe that the

rate of creep increases steadily from 150°¢C to 400°C.

It should be born in mind that beoynd 150°C the dehydration of
the hardened cement paste starts and non-evaporable water is
lost. Fig 17 shows this water loss alter a prolonged heating

pericd at temperatures up to 260°C. It should be noted that in
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Fig 17 Effect of prolonged heat exposure on +he nconevgporable
water content of cured Portland cement and mortar.

From Lankard et al (1971)

Maréchal's tests the concrete was subjected to the testing tem-
perature.for a long time before the load was applied, which im-—
plies that the non-evaporsble water content probably was stabi-
jized before the test. Different results might be expected if

the loss of the non-evaporable water takes place during the creep

test.

The test results by Cruz (1968) shown in fig 18, indicate simi-
lar temperature dependence &as that found by Maréchal. We can see
that the deformation under load increases menotonicalliy with the
temperature. In these tests the specimens were heated at a rate
of 5.50C/min until the test temperature was reached, and then

the temperature was held constant throughout the test. The load
was applied about 1 h after that the test temperature was reached.
Tn sddition, it must be noted that in €ruz's tests the creep
strains were not corrected for shrinkage and, accordingly, a com-—

parison with Maréchal's results may be misleading.
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Fig 18 Creep of carbonate aggregate concrete at high tempera-

tures.

a) Creep vs time.

b) 5 hours creep vs temperature

Heating procedure: Rate of heating 5.5%C min”
The creep test started 1 hour after the test temperature
was reached.

Concrete mix: Sand and gravel aggregate and Portland
cement in proportioms T:1. w/c = 0.56.

Curing: Moist for 7 days and then until test at 28 days
in air at 50% RE_and 20°C.

020gC = 29 MN-m™2 50°C

Applied stress = O,hS-Gult

1

Specimens: Cylinders, 50 mm in diameter, 100 mm long.
From Cruz (1968)

2.5.6 Mathematical formulation of creep behaviour

In the previous sections the influence of temperature on the mag-

nitude of creep has been discussed on a phenomenological level.

In this section the time and stress dependence for creep at high

temperatures will be discussed. Mathematical formulas for the

temperature dependence given in literature will also be accounted

for.
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Numerous mathemsticel expressions have been introduced to de-
scribe the time variation for creep of concrete. Neville (1970)

mentions the following cathegories:

Power expressions €~ t® or log € ~ log t
Exponential expressions €.~ exp{-f(t})

E bolic expressions g = L

yperbolic express e = Wt

Logarithmic expressions €. log t

where €. 7 creep strain
t = time

A, B = constants depending on stress and temperature

The most widely used time function for the creep of concrete &t
eleveted temperatures is the logarithmic one, which implies that
the creep plotted against log t forms a straight line. Among
others, Maréchal (197C), Browne (1968) and Lewis et al (1968)
have suggested expressions of that type. Results from Maréchal

plotted in a semilogarithmic diagram is shown in fig 19. Maréchal

writes
e, = brlog t + €/ (2:1)

where b is & constant equal to the slope of the straight line
and depending on stress, temperature and age of concrete and eo

is the creep at the time %=1,
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Fig 19 Creep of quartz aggregate concrete at elevated Tempersa-

tures.
A1l specimens were cured in 95% RH, 20°C 1 year before

the test.
Tne heating rate was 0.25°%C/h and the test temperature

wee meintained for 15 days before the load was applied.
Test specimens: Prisms, 70 x 70 x 280 mm of quartz aggre-
gate and Portland cement. Proportions were not given in

the reference. o
Applied stress 5 MN/m®, which corresponds to 4% of ul-

timate load at 20°C.
From Maréchal (1970)

The logarithmic expression can alsc be used in ancther form,

€, = brlog(t + 1) {2:2)
which has the advantage that €, is defined and equal to zero

when t=0. Then it is also possible to make a well-defined dis-
tinetion between instantaneous and time-dependent strain as shown
principally in fig 20, from Lewis et al (1968). The total strain
is plotted against log(t + 1) and forms a straight line, except
for very short times. The intersect with the axis t = 0 defines
an initial strain component which can include some short—time
creep. If desired, a modified elastic modulus E'less than the
ordinary elastic modulus E can be introduced as shown in the fi-

gure. In that case the total strain can be written
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Fig 20 Typical time-deformation curve for sealed concrete.
From Lewis et &l (1968)

=92, . )
ot = 7 * brioglt + 1) (2:3)

where b depends on stress, temperature and age of concrete.

Browne and Blundell (1969) heve suggested that a power expres-
gion could be used at high temperatures. This can be written
e = at" (2:4)
¢
where a and n are constants. If the creep strain is plotted against
time in a log-log diagram, the results will be straight lines
having a slope equal to n and intersecting the axis t = 1 at a.
Browne and Blundell have shown that results from creep tests made

by themselves and others agree with the above expression.

The influence of the stress on the rate of creep is most often
supposed to be linear up to a certain stress-strength ratio. At
normal temperatures this upper limit has been estimated to values
ranging from 0.30 to 0.75 (Neville (1970)). Above this level the
strain rate incresses more than linear with stress as shown in

fig 21 from tests by Gvozdev, taken from Neville (1970).
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Fig 21 Reletion between creep and stress-strength ratic for
some Russian concretes at normal temperature.
From Gvozdev (1966), but taken from Neville (1970)

Because the working stresses usually fall within the linear
region, many scientists assume a linear relationship in that
they work with the specific creep, which is the creep strain
divided by the actual stress. This is also done in many in-
vestigations dealing with creep at elevated temperatures, and
some test results in the temperature range 20-100°C support this
assumption (Nasser and Neville (1965)). But, since the strength
changes with temperature, the question arises whether the abso-
lute stress or the ratio between stress and strength is the
most significant parameter. The change of strength is not so
important for temperatures up to 100 or 20000, but when higher
temperstures are considered it might be better to define a
"specific" creep in terms of the stress-strength ratios at the
respective temperatures. At higher temperatures the stress-
strength ratio will be large and the relation between strain

rate and stress will become non-linear for stress values lying
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within the linear region at normal temperatures. This means that
we are interested in creep at high (relative to the strength)
stresses at high temperatures and that the linear relaticnship

then is not sufficient to describe the stress dependence.

In literature the following expressions have been suggested for
describing the stress dependence of the rate of creep for con-

crete over the whole stress range.

écfv sin h (c+a) )

and \ (2:5)

where ¢ and n are constants. The first one has been deducted

theoretically by Freudenthal in 1950 and the second is an empi-
ricel formule. Both of them fits well with test data at normal
temperstures, although the power expression is more widely used

for the sake of convenience.

At high temperatures sufficient date on the influence of stress\
ievel on the rate of creep are lacking, especially at large
stress—-strength ratios. Maréchal (1970}, in his comprehensive
study c¢f elevated temperature creep, used 3 different stress le-
vels 5, 10 and 15 MN/m2 corresponding to about 12, 24 and 36%

of normsl temperature strength for porphyry concrete. Maréchal
proposed thait for constant temperature and time the strain rate

éc should be proportional to

kT
o

where T = absolute temperature, k = Bolizmenn's constant and o
is another constant. In fig 22 the strain rate expressed as the
factor b in eq (2:1) is plotted against o for different tempera-

tures in a log-log diagram. As seen, parallell straight lines
o

kT
was found to be approximately 0.82, which

are obtained which implies that the exponent is independent

&
of temperature. W
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Fig 22 Creep rate of porphyry concrete as s function of ¢ &t
different temperature levels in a log-log scale.
In the figure is indicated one half of the strength at
respective temperatures {(1/2 Uult)
From Maréchal {1970)

means that the strain rate increases almost linearly with the

stress. Thus Maréchal's results can be interpreted as
g ~ o (2:6)
where n is constant and independent of temperatures up to 500°C.

The influence of temperature on the rate of creep is often estima-
ted assuming that the creep can be trested as & flow of a new-

tonisn liquid. Newton's formule is

(2:7a)

-l
U
3|~

shear strain rate

1l

where %

shesr stress

T

coefficient of viscosity

]

n
Tor normsl stresses we can write

é = % (2:7b)
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strain rate

ms
H

where

normal stress

Q
i

Trouton's coefficient of viscous tracition

Assuming incompressible flow, Peisson's ratio equals 0,5 and

the coefficient of viscous traction A is equal to 3n.

The viscosity of a liguid is related to temperature in the

following manner

1
iAn N~ T (2:8a)
where T = absgolute temperature.
Accordingly,
1
in A~ T {2:8b)

The sbove interrelations have been used to predict the tempera-—
ture sensitivity of creep in different materials. For metals and
later also for concrete and cement paste this has been formula-

ted in terms of Arrhenius' activation energy equation

- AE
. RT
e~ e {(2:9)
where AH = activation energy for creep

gas constant

absolute temperature

This relationship agrees with the creep experiments by Maréchal
(1970) on predried specimens. In fig 23 is shown the plot of log
¢ against % for 3 different stress levels. éc is expressed as
the slope of the creep vs log time curve. As seen from the fi-
gure the data fit with straight lines, their slope determining

the activation energy A4H.
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Fig 23 Creep rate of porphyry concrete as a function of % at
different load levels.
From Mar&chal (1570)

However, Mar&chal's data on the creep of initielly saturated
specimens is not in conformity with the relation (2:9) as far
as the temperature range up to 10000 is concerned, which means
that the influence of moisture have to be superimposed on the

"basic" temperature dependence, cf fig 11.

It is interesting to compare these data with creep tests on cement
paste made by Ruetz (1966). He studied the temperature range
20-80°C and in fig 24 some of the data are plotted in the same

way as Maréchal's data in fig 23, viz. log E vs %.

Curve 1, corresponding to predried specimens, is a straight line
end the activation energy calculated by Ruetz from its slope
amounts to 15500 J/mole. Maréchal found for concrete with 5
different types of aggregate values of AH in the range between
13400 and 16300 J/mecle, i e of the same order of magnitude as
for cement paste. Ruetz notifies that the value of AH for free
weater obtained from the relation between viscosity and tempera-
ture is about the same as that for cement paste (AHwater =

= 14600 J/mole}. According to Ruetz this indicates that the creep

process takes place in the water layers between gel particles.
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Fig 24 Creep rate of cement paste as & function of %.
CQurve 1: Predried specimens
Curve 2: Initially containing eveaporable water.
Age of specimens: 28 days. w/c = 0.30,
Test specimens: Cylinders, 17 mm in diameter, 60 mm

long.
From Ruetz (1966)

Curve 2 in fig 24 corresponds to cement paste specimens ini-
tially containing evaporable moisture, all other things being
equal to curve 1. The presence of evaporable moisture increases
the rate of creep and the plot of log éc against % is no longer

a straight line.

T+ should be noted that the discussions above refer to creep
under stabilized temperatures and moisture states. Under these
circumstances the temperature influence can be described with
the Arrhenius' expression, eq (2:9), with some modifications due

to the moisture content in the range below 100°C.

If the temperature is varying with time a method originally
suggested by Dorn (1954) for the creep of metals may be applied.
Dorn combined temperature end time into cne single parameter,
called temperature compensated time O. Then the rate of creep

st constant stress could be presented as a unique function of
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8 only. The temperature compensated time is based on the

Arvhenius'! activation energy equation (2:9) and 1is derived from

AH

t RT
0 =.J’e «dt
[») .
where t is time coordinste.

The use of a temperature compensated time postulates however
+hat the creep rate st a certain temperature is the same whether
the temperature is changing or not. This is not the case for
concrete as has been shown in section 2.5.4. Accordingly, the
Dorn theory in its original form can probably not be used for

predicting creep of concrete under veriable temperatures.
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3, 'The possibility of predicting stresses and deformations in

a fire-exposed concrete structure

o i o —— o ———

As seen.from the previous review of literature the deformation
behaviour of concrete at elevated temperatures is extremely
complex, and it seems to be very @ifficult to establish any theo-
ry that is capable to give a general description of this behaviour.
Therefore, we have to make clear to ourselves the special condi-
tions occuring under fire exposure, and then, possibly, we cen

find solutions for this more limited problem.

Tn view of the complexity of the behaviour, we alsc have to con-
sider'thgkpractical application of our data at this stage. This
means that the aim of the planned investigation should be rather
to provide basic deta for solving important practical provlems
than to give a complete "ooientific" description of the behaviour.
For that reason, a brief outline is given below {sectiocns 3.3,
3.4) of two suggested methods for theoretical calculations. The
description of these methods will serve as & basis for the estab-
1ishment of definitions for the strain components and for the

outliine of the test program.

The fire exposure is characterized by one cycle of rapid hea-—
ting to high temperatures and & subsequent cooling phase. Hence,
every point inside a concrete mass will undergo a similar cycle,
with the meximum temperature depending on its distance from the
fire exposed surface. The transient temperature fields can in

principal be calculated for arbitrary geometry and temperaiure

exposure.

The maximum gas temperature in a fire-amounts to 600-1200°C, cof

Magnusson & Thelandersson (1970},



Lo

Ordinarily, if the structure is not too massive, the temperatures
will cause an extraction of the mein part of the evapcorable wa-
ter during the course of the fire. In addition, large quantities

of +he non-evaporsble water will alsc disappear.

Another .characteristic feature of structural fire engineering
problems is that the external mechanical loading on & structure
usually is constant during the whole fire exposure. Failure
occurs when the load—bearing cepacity due to the fire exposure

hes decreassed to the same level as the actuzl load. Before fai-—
lure the internal siresses are continually redistributed under
the influence of imposed thermal, creep and shrinkage strains

ss well as changing deformation properties. For gtatically deter-
mirate members the stress redistribution tekes place within the
sections?\while the distribution of moments, normal and shear
forces remains unchanged. In statically indeterminate structures,

on the other hand, the redistribution involves also moments and

forces.

For an internal point in a fire exposed structure the stress can
very almost arbitrarily. In some parts of the concrete structure
the stresses will increase due to imposed thermal strain while
in other parte the stresses may decrease, according to the equi-
1ibrium conditions. However, if the stress tends to be higher
than the proportional limit in some point, the strain in this
point will increase more than 1inear snd hence a further increase

in stress tends to be prevented.

In this way the state of stress successively approach the limit state
where failure occurs. If the material in the structure were per-
fectly plastic, the load-bearing capacity could be uniguely esti~
mated by inserting the yield siresses into the relevant egquili-
brium eguation. This is valid even if-the yleld stresses vary

with temperature. According to plastic theory the stress distri-
bution in the limit state is completely independent of imposed

tnermal, creep and shrinkage strains. Such strains will influence
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the stress aistribution before the limit state is reached, but

the strains will be automatically cancelled as the limit state

is approached.

Although concrete is not a perfectly plastic material it seems
to have .a considerable "deformation capacity” at high temperatu-
res. We have seen that the rate of creep increases rapidly with
the tempereature and the creep strains will tend to facilitate
the plastic behaviour. Existing test results show that the in-

stantaneous strain under stress increases with the temperature.

In cases where sufficient deformation capscity exists an appro-
priste calculation of the load-bearing capacity is comparstively
simple. The only date needed for such & celculation is the ulti-
mate strggs as & function of tempersture. Unfortunately the ul-
timate stress at high temperatures is not uniquely defined; it
will depend on the method of testing. When the strength is mea-
sured at stabilized temperature the resull will be different if
the specimens sre stressed during the heating or not. Another
method of testing, which probably gives the best results for this
purpose, is to apply the load from the beginning, and then heat
the specimen at a constant rate of heating until the specimen
fails. This is a method widely used for testing of ceramic mate-
rials for high-temperature use. From such tests we can get infor-
mation on the deformations and hence it might be possible to
estimate the deformation capacity i e to examine in which cases
the plastic theory is valid. One problem with such tests is that
a certain temperature gradient is present during the whole test.
Therefore, it is difficult to know if thermal siresses will in-
fluence the result. The fact that the temperature varies inside
the specimen implies that the temperature at failure will not be
uniquely defined. But despite these problems it ought to be possible

to obtain the necessary data for the purpose mentioned above.

Tt should be noted here that the plastic theory becomes far more
complicated when the stresses are two- or three—-dimensional. In
this case some yield condition has to be found, and it is very
difficult to do this for concrete. Although many important buil-
ding structures can be characterized as one~dimensional stress

problems, we must consider the thermal stresses, which are of
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s three-dimensional nature. However, we may hope that these

thermal stresses remain at such a low level that the uniaxial

yield stresses will not be changed too much.

3.4 _Step-by-step method
If we are interested in the total behaviour of the structure
under fire exposure we have to make some kind of successive cal-
cilations of the stresses snd strains from time to time using
small time steps. In this case & much more detailed knowledge of
the strain behaviour is required, in order that the necessary

constitutive relationships between stresses and strains shall

be established.

in the follow1ng the method of step-by-step calculations is
1llustrated by & simple example. The main problem of finding
the appropriate constitutive relationships is the same in this

simple application as in more complicated cases.

Consider a short, circular concrete column, centrically loaded with
a load P. The column is axisymmetrically exposed to fire i e

inside the column there is a transient, axisymmetrical tempera-
ture field (fig 25). We went to calculate the development to
strains and stresses during the fire exposure from the initial
stage with uniformly distributed stresses until the moment when

feilure occurs. The equilibrium equetion is easily written

-[ Odi =P (3:1)

A

where o, = the normal stress in the axial direction and

A = area of cross section.

The compatibility conditioms in this case give

e, = ¢ = constant . (3:2)

where €y = normal strain in the axial direction

€ = overall strain of the cclumn.
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Fig 25 Schematic temperature and stress distridbutions in a
centrically losded, axisymmetrically fire-exposed con-
crete column at an arbitrary instant t.

It follows from eq (3:2) that this is a plane strain problem.

Bq (3:1) end (3:2) together with the appropriate constitutive

relations give the solution of the problem.

We assume that the calculation has proceeded until the time t
and that o , €, € and the tempefature1ﬁ is known at t. Then

we want to calculate the increments on, Aex and Ae of these
gquantities between the times t and t + At. The temperature ¥

is assumed to be known at t + At the equation of heat conduc-
tion can be solved simultaneously or the temperature fields can
pe included in the initial data. The cross section is divided
into n small elements, within which the temperature and stress

are uniform {fig 25). The equilibrium equation at the time t will

be written

T g. A. =P (3:3)

stress in element 1

=
=3
4]
H
m
Q

1}

grea of element 1

Lo
li
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In difference form:

T Ac, A. =0 (3:4)
1 1
n

Adi = gtress increment in element 1.

The total strain increment Asx 5 in element i is divided into

L]
two perts, c [ Gustaferro (1971)

AEX . = Ag + AE_ . (3:5]}

where e; ® "imposed" strain, including thermal, creep and

shrinkage strains, and

e, = Netpess-related" strain, i e that part of the strain, which

directly depends on the stress.

The imposed strain increment AEI frem t to t + 4t must be pre-
dicted from the stress, strain and temperature values at the time
t and the temperature at the time t + At. The gquantity €5 cen
be separated into thermal strain ey and viscous strain €, Then ,
the thermal strain is supposed to be stress and time invariant
and depends only on temperature. The viscous sirain depends in

a complex manner on practically all invelved perameters.

At a given temperature the stress-related strain €5 depends only
on stress and stress history; it is independent of time. This
component has to be subdivided into reversible, elastic strain
€, and irreversible, plastic strain ap. Some kind of inter-
relationship must be established so that a given value of Ae_

can be translated into a stress increment AC.

The method of calculatiorn is as follows. AsI 5 1s determined for
- . » -
each element. A value of Ae is chosen on trial (for example Ae =

= 0) and inserted into eg (3:5):

Aeo . = he - ASI,i i=1...n (3:6)
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From the n values of Asc,i we get n values for Aoi. Inserting
these values into the left hand side or egq (3:4), we get the
resultant of the stress increments which shall be equal to zero.
If this resultant falls within a certain small interval around
zero, the chosed value on AE is deemed correcit, otherwise a new
value has to be picked. Some criteria has to be found, after
which the new value is chosen. This procedure is repeated until
the correct value on Ae is found, and hence all stresses and
strains at the time t + A% are known., Then, the whole procedure

is repeated for the next time stép At , and so on.

1f this limited problem can be solved, the method can easily be
extended to many other problems. The equilibrium and compatibi-
lity equations will be different but the constitutive relation-—
ships are, the same. Complicetions will arise if the siresses and
strains are of a two- or three-dimensional nature. The discussion

of this matter in the previous section is also valid in this case.

However, before the above described method can be applied, we
need basic input data which have to be obtained from tests on
concrete specimens. A successful application of the step-by-step

method reguires the solution of the following problems.

1) Separate, in a unigue and well-defined manner, the total

strain into "imposed" and "stress-related” components.

2) Find a theoretical description of the imposed strain compo-
nent, taking into account all relevant parameters and their
previous histories. This is essentially & question of ana-

lysing the creep behaviour,

3) Describe theoretically the stress-related strain vs stress,
for different temperatures and loading histories, Arbitrary

stress variation under changing temperature must be conside—

red.

These problems will be discussed in more detail in section 3.5.
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3.5 Definitions_of the strain components

Starting from the concepts "imposed" and "stress-related" strains,
we will discuss the problems of establishing consistent defini-
tions of the strain components. The aim should be to find gene-

rally valid theoretical descriptions of the strain components.
3,5.1 Stress-related strain

The stress-related strain component is independent of time and

" is characterized by a stress-strain relation. The stress—strain
relation for concrete depends on the temperature, which means
that we have a set of stress-strain curves, one for each tempe-
rature, as indicated schematically in fig 26. Such curves can

be descriped with suitable enalytical expressions, which then
should give the stress-related strain as a function of stress
and temperature. Complications arise if a change in stress or
tempersture corresponds to an unleoading, because some part of
the strain is not reversible. This will be discussed in some
detail in what follows. It will be assumed that the elastic

part of strain is determined by the initial slope of the stress-—
strain curve and that the remaining part of strain is irreversible.

This remains still to be proved for concrete at high temperatures.

STRESS

INCREASING
TEMPERATURE

"STRAIN

Fig 26 Schematic stress-straln curves for conerete at elevated

tenmperatures.
€. = elastic strain, Ep = plastic strain
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Let us consider the case when the temperature increases from'lﬁ1
at the time t1 to'ﬂ2 at the time te,corresponding to two diffe-
rent stress-strain curves indicated in fig 27. At the time t,

+the stress is 01,.corresponding to a strain €, {(point A in the
figure), which can be divided into two parts €_, and EP1. If

the stress a, remains constant between t1 and t2, or if 1t increa-
ses to 9, the strain at the time t, will be easily determined
from the new stress-strain curve at point B and C respectively.
But if the stress decreases we must distinguish between the elas-—
tic part and the plastic part of the strain. The plastic strain,

.

‘which is irreversible can not obtain a value smaller than SP*
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%
/
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/ /
/ / ?
<. 7 7 z
H C
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Fig 27 Stress-strain relations under changing temperature and

stress.

A B The temperature increases from #1 to'a?-2 under
constant stress.

A C The temperature increases to 62 and the stress
increases to Oy

A D The temperature increases to'ﬂ*2 end the stress

decreases to cé.

Thus, if the decreased stress—level Ué gt the time te corresponds
to & point on the stress-strain curve, where the plastic part

g'_  is less than ap?’ then the total strain will be eéz + €

pz 1l
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(point D in figure 27) instead of eé, which corresponds to the
actual stress—strain curve. Generally, we can represent the

stress—related strain €, s the sum of one elastic part € and
one plastic part ep, both of which are functicns of the stress

o and the temperaturet. The elastic part can be assumed to be

aq_ (3:7)

where E(w) is the elastic modulus which varies with the tempera-
ture %. The plastic part can also be written as & function of
and ¢, obtained from the set of siress strain relations:

L (3:8)

. P p )

This is valid as long as no decrease in ap tekes place. If the
stress o and temperature * are changed to o + Ac and P+ Av re-

spectively the plastic part is changed to o + p’ Then we get

AEP = max(0, ap(afw A, o + Ao) - ep(ﬂ, a)) (3:9)

which is the condition of irreversibility.

The above description of the stress-related strein postulates
stress-strain relations which are uniguely determined by the
temperature. According to test results in literature (see sec-
tion 2.2) the stress-strain curve obtained at a constant high
temperature is different depending on the presence of stress
during heating or not. This variatiocn in the stress-strain re-
igtion with the stress history corresponds to the higher strength
that concrete specimens exhibit when they have been subjected

to compressive stress during heating. Accordingly, the stress
history influences the stress-related strain as well as the
ultimate stress. It is very difficult to take this influence

into account in a theoretical description of the stress-related
strain and it seems that ordinarily the assumption of one unique
stress-strain relation for each temperature has to be maintained.
This means that some stress-strain relation has to be chosen as

e basis for calculating the stress-related strain. What is
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nearest to hand is to use & stress-strain relationship which is
directly obtained by testing specimens at different temperatures,
vith or without stress during heating. But if data from speci-
mens being unstressed during heating are used, the ultimate
stresses might be underestimasted when compressive stresses are
present. On the other hand, if we use the stress-strain curves
obtained on specimens which have been stressed during heating,
difficulties will arise in defining the thermal dilatation; it
will not be correct to put together free thermal expansion with
stress~relatéd strain defined in this way, cf. section 2.2. Further-
more, it should be remembered that in the real case the mechani-
cal load is present the whole time and the load-bearing capacity
successively decreases with temperature until failure occurs.
This type of failure is of a long-term nature and probably cccurs

at & lower stress level than the corresponding short-time strength.
3.5.2 Imposed strain

The imposed strain consists of two componenis, thermal strain

and snother part which will be termed viscous strain.

€. = € Ft € (3:10)

I
The thermel strain must be independent of time and stresses and
hence be a unique function of temperature. If the free expansion
of an unstressed specimen is measured during heating, & relation
between temperature snd thermal strain is obtained. This rela-
tion, however, is not unique, not even for the same concrete
mixture and type of aggregate. Since shrinkage of the concrete
takes place simultaneously the expansion of an unstressed specl-—
men depends on moisture content and rate of heating. It is not
clear from literature how large these influences are compared

to the other strain components. If they are small they can be
included in the thermal strain component, but if the shrinkage
effects are of some magnitude they have to be treated together

with the viscous strains.
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The viscous part of strain is time-dependent and is also the

most difficult of the components to predict. At constant tempe-
rature and constant stress the viscous strain appears as a

creep deformation. Tests of this type has been thoroughly re-~
viewed in section 2.L. It is also clear from section 2.%&, how-
ever, that test results &t constant, stabilized temperature can
not be used for predicting the creep strain under variable tempe-
rature when moisture is extracted from the concrete. Therefore,
wé must study the deformations under varying temperature in or-
der to examine the influence of drying and heating on the viscous
deformations. Under these conditions thermal and stress-related
straing will develop together with the viscous strain, which
then will be determined as the total strain €. minus the stress-
related and the thermal strains.
e, =€ T e, gy (3:11)
Accordingly, the viscous strain determined in such tests will
depend on the definition of the thermal and stress-related com-
ponents. In other words, the viscous strain constitutes that

part of the strain that can not be accounted for otherwise.

The primery parameters determining the viscous deformation is
time, stress and temperasture. The influence of each one of these
has been discussed in section 2.5.6. When considering the com-
bined effect of these parameters the effect of the stress and
temperature histories must be included in some way. The first
task will be to find a way to describe viscous strain under con-
stant stress but varying temperature. In doing this, the effect
of drying and heating on the viscous deformations must be inclu-
ded. If this is possible to acgquire, the next step will be to
find some superposition principle to tske into account varia-

tions of stresses.

It is necessary to perform tests to ggt such a picture of the
viscous strain behaviour. The tests must be made under constant
as well as varying temperatures and stresses. Then, hopefully, it
will be possible to Tit some kind of theoretical description of

the viscous strain with the test results.
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4, Summary and conclusions

When concrete structures are subjected to high temperatures, as
in the case of fire, large temperature gradients are induced.
These gredients give rise to thermasl stresses in the concrete
which are superimposed on the stresses due to mechenicel load.
These stresses cen hot be calculated, however, because we know
too little sbout the deformation properties at high temperatures.
Inelastic and time—dependent deformations must be taken into
account and the knowledge of this type of deformatiqns at high

temperatures are very insufficient.

In this peper the problems involved in making a theoretical
stress analysis of concrete structures at high temperatures are
formulated and discussed to som extent. The information available
in_literéiure on deformation properties of concrete at elevated
temperafures is reviewed from the point of view of high tempe-
ratures and rapid processés of heating, i e the conditions
characterizing fire exposure. Possible methods of calculation

are briefly outlined and the needs of data for applying these
methods are accounted for. Therpaper is part of a research pro-
ject, which will also comprise a comprehensive test series for

studying the deformation behaviour of concrete at higher tempe-

ratures.

Reletively much informetion was found in the literature regsar-
ding creep at temperatures below QOOOC, while prectically no
studies of time—-dependent deformstions have been performed at
higher temperatures. The results in literature clearly showed
that the influence of moisture content, moisture change and
moisture migration is very significant at least at lower tem-
peratures. It was established that the deformations became much
larger under changing temperature and moisture state than under
stable conditions. This is & paralleil to the distinction be-
tween basic creep and sorption creep which is & well-known fea-

ture for creep at normal tempersatures.
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As regards the instantaneous strains the most important aspect
is the marked influence of the previous stress history. Concrete
which has been subjected to stress during heating exhibits
different strength and accordingly different stress-strain re-
lation compared with concrete which have been unstressed during
neating, It is emphasized that the inelastic part of the siress-

strain curve is very important for the present problem.

The possibility of applying an ultimate load approach on concrete
at high temperatures is briefly discussed. The main question 1in
this context is whether the deformability of heated concrete is
lerge enough for the redistribution of stresses to take place.
Another aspect is the definition of the ultimete stress, since,
in tests, this quentity hes been found to depend on the previocus
stress history. It is suggested that the ultimate stress might

be deterﬁined from tests, where the specimens are first loaded

to cerﬁain atress levels and then heated until failure occurs.

The problem of calculating the complete stress end deformation
behaviocur of a fire exposed concrete structure can be tackied by
using & stepwise procedure. In this case a very thorough know-
ledge of the constitutive relations between stresses and strains
including time-dependent behaviour is needed. The most complica~
ted problem is to find consistent definitions of strain compo-
nents, which together must constitute the total strain and which
are readily obtainasble from the given parameters. It is sugges-—
ted that the total strain should be divided into & "stress-rela-
ted" component, which is directly related to the actual stress,
and an "imposed" strain component which includes thermal and
viscous strains. The "stress-related" part is characterized by
stress—-strain relations at different temperatures. A distinction
must be made between the reversible and irreversible parts of
this strain. The construction of such stress-strain curves re-
guires experimental informetion which is not available at the

pregent time.

The imposed strain consists of thermal strain and a second com-
ponent which in this paper is termed viscous strain. This name

is not strictly justified, but was chosen because the main part
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of that component probsbly consists of irreversidle time-depen-
dent strain. Our knowledge of these properties.is insufficient
st the moment. It should be emphasized that the viscous strain
in general depends on the definitions on the other strain com—
ponents. In tests under verying temperature it can never be mea-
sured separately. The viscous strain is the most complex part

of the total deformation, since it depends in a complicated way
on time, temperature snd stress and on the history of the latter
two parameters. It seems to be rather significant compared to
the other components, and it is necessary to make experimental

studies snd find a way to predict this component of strain.

To sum up, an appropriste analysis of conerete structures sub-
jected to high temperatures can only be done if the deformation
behavzour can be understood. In this paper we have put forward
some prlnc1pal methods for such an analysis and explained what
kind of information is lacking. This hses served as a basis for

the planning of an experimental investigation, which is now in

Progress.
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Main symbols

Letters
A

A
i

Greek letiers

Ares of cross section
Area of element no i
Coefficient
Dimensionless coefficient

T "
Coefficient
Modulus of elasticity
Modified modulus of elasticity
Activation energy for creep
Boltzmenn's constant
Coefficient
Gas constant
Time
Time interval
Absolute temperature

Load

Ultimate load at normal temperature

Coefficient
Straln

Strain rate

Strain increment during time inter-

val At

Total strain

Trouton's coefficient of viscous trac-—

tion
Stress

MN-m

MN-s-m
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G2o°c
ult

Uult

Ultimate strength at 20°C
Ultimate strength at » °C
Shear stress

Shear strain

Shear strain rate
Temperature—-compensated time
Temperature

Coefficient of viscosity

Creep

Elastic

Imposed

In element no i

In element no n
Viscous

In axiel directicn
Thermal

Stress-related

MN-m

MN-m

I~ﬁl\T-s-m—2
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