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Abstract. This paper deals with experimental study of transient thermal creep and other parameters, as elastic and free
thermal strain, of ordinary, high-strength and high-performance concrete at high temperature. An original test device can
reproduce accident and service conditions with a homogeneous distribution of temperature inside the specimens. Con-
stant values of heating rate and force (when the specimen is loaded) are applied. Successive constant temperature levels
are reached and maintained during the necessary time to ensure internal stabilisation. To observe the importance of
changes in concrete properties after a first heating cycle, some specimens are submitted to a second one. In order to
show the performance of the experimental methods, some results are presented and discussed.
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creep, elastic strain, free thermal strain.

1. Introduction

High temperatures have a significant effect on con-
crete even for moderate heating rates. The internal struc-
ture of concrete changes and defects develop, owing to
free and bound water loss, decarbonation and other physi-
cal and chemical phenomena. Macroscopically, damages
are principally materialised by irreversible strains and
variations of strength and elastic modulus [1-3].

The principal objective of this work is the experi-
mental study of a particular form of thermal strain: the
usually called transient thermal creep [2, 4, 5]. Above
some values of temperature, strains are far different from
those of the only effect of elastic strains, drying shrink-
age and basic creep could be [6, 7]. Therefore, another
strain component must to be considered for explaining
clearly the concete behaviour at high temperatures.

For temperatures near to 100 °C, transient thermal
creep seems to adapt the thermal incompatibilities be-
tween the cement paste which shrinks and the gravel
which expands [8]. For higher temperatures, changes
caused by dehydration of the cement paste also take part
in the phenomenon. The important magnitude of tran-
sient thermal creep helps avoiding excessive damage
during heating. This effect is, however, restricted to the
heating phase and does not appear during cooling, lead-
ing to irrecoverable strains [8, 9].

An accurate test device was mounted to follow the
transient thermal creep evolution [10, 11]. It has also

permitted to study the free thermal strain and the evolu-
tion of the elastic strain with temperature. The determin-
ing factor of the test design has been used to obtain a
quasi-uniform distribution of temperature inside the ma-
terial in order to avoid gradient effects.

Hereafter, tests for following the thermal strains on
ordinary, high-strength and high-performance concrete are
described.

2. Materials and test methods

The RILEM recommendations TC 129-MHT con-
cerning transient creep under service conditions [2] have
been followed as a general framework for the design of
the tests. One of the main recommendations concerns
temperature gradients within the specimen thickness
which are to be as limited as possible during the test.

In order to calculate the real transient thermal creep,
the instantaneous elastic strain has been measured dur-
ing the tests. Other authors [1, 8, 12, 13] deduce only
the initial elastic strain to determine the transient ther-
mal creep strains, called in this case “load-induced ther-
mal strains” (LITS).

2.1. Heating conditions

Two heating conditions have been considered in the
experimental programme:
— Accident conditions, involving short-term exposure
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of drying concrete to high temperatures. According

to Rilem recommendations [6] for the tested speci-

mens (160 mm diameter), this condition can take

place from a constant heating rate of 0,5 °C/min.
— Service conditions, considering long-term exposure

of drying or moisture saturated concrete to high tem-

peratures. According to Rilem recommendations [6]

for the tested specimens (160 mm diameter), this

condition happens at a constant heating rate of about

0,1 °C/min.

In practice, accident conditions correspond with tem-
peratures that can reach 700 °C or more, while service
conditions rarely go beyond 200 °C.

In this paper, tests reproducing both conditions with
drying concrete are described, although the principal re-
sults correspond to service conditions because it was the
principal objective of the initial experimental programme
[11]. Experiments reproducing accident conditions in high
performance concrete are included in the experimental
part of a PhD thesis, which results will be available in
2005 [14].

2.2. Materials and specimens

In order to obtain a uniform distribution of tem-
perature within the specimens, hollow cylinders were cast
to heat the specimens from the inside part, the external
surface, the top and the bottom of the cylinder. A length/
diameter ratio of 4 has been chosen to permit an accu-
rate measurement of strains in the central part of the
specimen. The specimen dimensions were 160 mm for
the external diameter, 30 mm for the internal one and
640 mm for the length.

Fig 1 shows the specimen, scheme with details of
the heating device, the metrology system and the test
setting.

Three different kinds of concrete were tested: an
ordinary concrete, a high strength concrete and a high
performance concrete, with 35 MPa, 60 MPa and 100
MPa as compressive strength respectively (for more in-
formation about concrete mix see [15]).

A single batch of concrete for three 160x640 mm
hollow specimens and four 160%320 mm cylinders for
resistance controls was made at each opportunity. It was
poured in the respective moulds and each layer used for
filling up the moulds was vibrated with a vibrating needle.

Immediately after casting, the moulds were hermeti-
cally closed and the specimens moist cured during 72
hours. After being removed from moulds, they were
stored under water at 20 + 2 °C, at least during 70 days,
until the moment of the test.

2.3. Test device

The choice of hollow cylinders has permitted to
reduce the thickness of the heated zone: 65 mm in the
radius direction instead of 160 mm for the full cylinder.
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Fig 1. Scheme of the transitional thermal creep test de-
vice (measures in mm)

Heating was provided by heating collars, heating
plates of the power press, and a metallic element of high
thermal conductivity. This heating device ensured a uni-
form temperature within the specimen during the tests.

The specimens were then heated from the external
surface in the central part by three heating collars, through
the two plates of the heating power press, specially
adapted for the test, and from the inside part by the way
of a heat-conductor metallic element. On the upper part,
a particular stainless-steel disk has let thermocouple
cables come out and has allowed the transmission of heat
and pressure from the press plate. In order to keep the
temperature of the lower and the upper part of the speci-
men near that of the central part, the external surface
was covered with aluminium sheets and recovered with
a 50 mm layer of thermal insulation.

To measure length variations in the direction of the
central axis of the specimen, a distance of 300 mm be-
tween two cross-sections situated at 170 mm of the top
and the bottom respectively, was considered as basic
length. Length variations during the test were then mea-
sured by a compressometer rig specially conceived for
this experiment: two rings were clamped to the speci-
men at the level of each reference cross-section by three
screws equally spaced around the circumference and
connected to the rings by means of elastic strips. The
displacements were measured employing three linear
variable transducers (LVDT) located into invar supports
mounted vertically at 120 °C intervals around the speci-
men. In case of exceeding the temperature limit of
LVDTs, 70 °C, a water cooling system was provided in
the upper part of the invar tubes.
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For measuring the internal temperatures, five ther-
mocouples of K type, with 700 °C as maximum tempera-
ture tolerance, were placed inside the specimen (Fig 1):
three at 10 mm from the external surface (numbers 1, 3
and 5) and two at 10 mm from the internal surface (2
and 4). Thermocouples 1 and 5 were situated at the level
of the reference cross-section, number 3 at the middle
and numbers 2 and 4 at 100 mm from their respective
cross-section.

The test machine was a heating press with 900 kN
as closing power, 4000 W as heating power in each plate
and 700 mm of separation between the plates when
stopped. In Fig 2 we can see the test machine with the
specimen and the equipment employed for the data ac-
quisition during the experiment.

Fig 2. General view of the test device for transient ther-
mal test of concrete

The test data were acquired by a National Instru-
ments® data acquisition system connected to a PC com-
puter, where the Labview® software permitted to observe
in real time the evolution of temperature and strain dur-
ing the experiment, and to store the numerical output for
data processing.

2.4. Test development

Before testing, the specimens were dried at 60 °C
during 48 h, and the weight loss depended on the con-
crete type: 1,5 % for ordinary concrete, 1,0 % for high-
strength concrete and 0,6 % for high-performance con-
crete, in average values. After that they were conveniently
prepared: the lower surface of the specimen was recti-
fied, and the aluminium sheets, the compressometer rig
and the insulation layers were mounted.

Finally, the thermocouples were put inside their
correspondent cavities, the upper surface was covered
with a thin layer of mortar, the stainless-steel disk was
put on and the whole was set into the heating press.
During a short time, a pre-compression of 1 MPa was
applied in order to assure centring the specimen.

After verification of the well positioning of the speci-
men, a uniaxial compressive load was applied at a rate
of 1 MPa/s until the selected constant load was reached.
In these experiments the 20 % reference “cold” (20 °C)
strength value was chosen as the constant load.

Immediately, the specimen was heated at a constant
rate of 0,1 °C/min for service conditions or 0,5 °C/min
for accident conditions, until the first level of constant
temperature was reached. The stage was maintained till
stabilisation of internal temperature, during a time which
depends fundamentally on tests conditions (accident or
service conditions) and constant temperature level (Figs
3-6). Then the constant heating rate was restarted in order
to reach the next temperature stage.

When the heating part was completed, the warm
device was turned off to follow the “natural” cooling
part of the cycle. At the test end, when ambient tem-
perature was reached inside the material, the specimen
was unloaded.

The first temperature stage was always chosen at a
temperature level higher than 105 °C in order to study
the phenomenon after free water evaporation and the
beginning of dehydration of C-S-H [2, 4, &, 9].

To study whether the phenomenon can develop again
after a cycle of heating-cooling at constant load, some
specimens were submitted to a new cycle with two tem-
perature stages: the first at a temperature level lower than
the maximum temperature reached during the 1t cycle
and the second one at a higher one (for further informa-
tion, see [15]).

In every test, the elastic strain was recorded at the
beginning of the test when loading, during the tempera-
ture stages by means of an unloading-loading quasi-in-
stantaneous process (not more than 2 min of duration),
and at the end of the cycle when unloading the speci-
men already cold.

The free thermal strain, also necessary for the deter-
mination of the transient thermal creep [2, 6], was ob-
tained by submitting virgin specimens to a cycle of heat-
ing-cooling similar to the first cycle of heating-cooling
with constant load but without loading the specimen [15].

3. Results and discussion

The results presented in this part include the evolu-
tion of temperature and total strain during two heating-
cooling cycles at constant load, and during free thermal
strain tests. From these data, the transient thermal creep
may be calculated and compared for the different types
of concrete [15].

In paper [15] the results obtained are treated in
detail. Hereafter, a general review is given to show the
pertinence of the test method.

3.1. General results

The general evolutions of two mean temperatures and
the total strain for both test conditions are given here.
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cycle of heating-cooling.

It is interesting to note the two equal values of elastic
strain during the first temperature stage, which show that
this strain depends only on load and temperature [2].

3.2. Brief analysis and discussion

The existence of a strain component, which reduces
the material expansion when heating is clearly shown by
the experimental method, used in this work. It can be
seen in the temperature and total strain evolution curves
of the first cycles of heating-cooling and those of the
second cycles when the maximum temperature of the first
one is exceeded. The residual strain at the end of the
test shows that it is irrecoverable and that its value is
important, varying with the kind of concrete.

Complementary expansion test without load (free
thermal strain) plus the elastic strains obtained during
the principal test permit to estimate the values of tran-
sient thermal creep of concrete [15].

Thus, considering the additive approach valid to
describe the strain behaviour [1, 2, 6, 7, 8], transient
thermal creep em(l},c) can be estimated, for the tem-
perature 7} corresponding to the j stage, by:

(T,0) = £,(T,0) - e,(T,0) — £,(T,0,, (1)

Ettc

where:

Emz(]}’ o) is the total thermal strain and

Eth(T]., 0) the free thermal strain

corresponding to the time when internal tempera-

tures reached the T value,

881(7},0) is the elastic strain measured during the j

stage.

The principal importance of transient thermal creep
phenomenon is its beneficial effect when heating because
it reduces the material expansion, but also its contribu-
tion to the strain values when cooling which can pro-
voke tensile stress in concrete higher than its strength
[8, 9].

When comparing the curves for ordinary concrete
in accidental and service conditions, it is only possible
to say that this concrete shows a higher thermal inertia
to reach the internal stabilisation during accident condi-
tions. Only one temperature stage was maintained the
necessary time when testing at accidental conditions. The
existence of a transient thermal strain can also be ob-
served but it seems to be of lower intensity than under
service conditions. More experiments will be made [14]
to state further conclusions.

Considering the second cycles of heating-cooling, it
has been always found the same behaviour: any strain
variation during the first temperature stages and a new
development of the phenomenon for the second ones.
Thus the transient thermal creep depends only on irre-
coverable physical and chemical processes taking place
in the material due to the temperature increase [15].

The technique used for obtaining the elastic strains
has also permitted to estimate the Young’s modulus and
to follow its evolution during the process [10]. Its “hot”
value can be estimated by the ratio between the constant
stress and the “hot” elastic strain, which corresponds to
the absolute value of the total strain difference measured
during the quasi-instantaneous process of unloading and
loading. Fig 8 shows the tendency obtained for the heat-
ing part of the 1% cycles of heating-cooling, for three
concretes.
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Fig 8. Young's modulus evolution with temperature for
three concretes during the heating part of the Ist cycle

Finally, it is interesting to observe (Figs 3-7) that
with this test device the uniformity of temperature inside
the central part of the specimen is assured: in any case
IT, — T.J has exceeded 6 °C [15].

a

4. Conclusions

The experimental method presented here permits to
observe temperature and strain evolutions of different
kinds of concrete during cycles of heating—cooling.

A special shape of the specimens and the heating
system ensure a uniform temperature field inside the
material, without temperature gradients, which is a prin-
cipal condition for studying the transient thermal strains.

The data acquisition system permits to follow in real
time the evolution of temperatures, displacements and
force and to make a detailed analysis of the results.

The obtained results put in evidence the existence
of a transient thermal strain, so-called transient thermal
creep, which develops during the first heating process
and also during a new one if the maximum temperature
of the first cycle is exceeded.

The experimental techniques used in this work al-
lows to follow the total strain evolution under constant
load and the elastic strain evolution with temperature,
owing to the possibility of unloading and loading the
specimen in a quasi-instantaneous way during the pro-
cess. The free thermal strain is obtained with a similar
test device without load.
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Thus, for the mean reference temperature of a stage,
the transient thermal creep can be easily estimated from
eq 1 with the total and free thermal strains values ob-
tained from the strain-temperature curves, plus the “hot”
elastic strain value determined during the stage.

This technique also allows to estimate the Young’s
modulus variation with temperature, for different con-
cretes under the same test conditions, by the ratio be-
tween the constant stress and the values of the elastic
strain at the beginning of the test, for each temperature
stage and at the end of the experiment.

The test by temperature stages is a relevant way for
studying the thermal behaviour of concrete. In future
works a more complete description of the phenomena,
concerning accidental conditions, may be obtained by
including more temperature stages and an accurate study
of the length of each stage.
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