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INTRODUCTION

Within the scope of the research and development work for the prestressed con-
crete vessel of the HTR 500 High-Temperature Reactor mix design, manufacture as
well as mechanical and thermal behaviour of the concrete have been comprehensi-
vely studied (Becker 1984). Of the concrete types analysed, a basalt concrete
showed extremely favourable high-temperature characteristics while a concrete
with Rhine gravel was characterised by a good workability. These two types of
concrete were subjected to numerous tests, whereby the testing procedures were
strongly related to the anticipated combined stress; temperature and moisture
conditions in the real structure.

The principal stress-temperature regimes during construction, prestressing and
service of the vessel are schematically shown in Fig. 1. Phase I refers to the
load-deformation history during prestressing of the vessel. At time tq instan-
taneous elastic deformation occurs, followed by creep at ambient temperature.
Phase II represents the first heating of the vessel up to long-term service tem-
perature. In this phase (t2 ... t3) the socalled transitional creep governs the
stress-strain response of the concrete. Up to time >t3 the service temperature
is reached and thermally steady state creep of concrete starts.
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Fig. 1. Schematic load-temperature history and related concrete deformation of
a reactor pressure vessel

Extensive experimental programs were conducted to study especially deformation
behaviour and creep strength in the phase II (non-steady state thermal conditi-
ons), and at the beginning of phase III (constant elevated temperatures). From
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these tests a lot of data concerning transient creep have been obtained (Diede-
richs (1986) and Diederichs & Ehm (1986)). This article presents a thorough eva-
luation of these results and verifies the effect of the different types of coar-
se aggregates on the specific creep terms.

EXPERIMENTAL

The tests were performed with two HTR-concretes, Rhine gravel concrete and ba-
salt concrete. Both concretes have nearly the same cement and fly ash content.
The water/cement-ratio of the basalt concrete is a 1ittle bit higher than that
of the Rhine gravel concrete. The "Rhine gravel concrete" contains continuously
graded round, natural siliceous gravel from the Rhine area and natural sand;
the basalt concrete is also made with siliceous sand and gravel, but half of the
coarse aggregates is crushed basalt and the grading is discontinuous. Further
details concerning the mix proportions are given by Diederichs (1986), Diede-
richs and Ehm (1986) and Weber et al. (1985).

The tests at elevated temperatures were performed with cylindrical specimens
(diameter 80 mm, length 240 mm). The specimens were cast in metal moulds, de-
moulded after one day and stored under water for at least 90 days until testing.
For testing the specimens were installed in a special testing facility compris-
ing a pneumatic loading system (see Fig. 1) and equipped with thermocouples and
dilatometer system. Then the specimens were loaded three times with 15 N/mm? to
determine the modulus of elasticity at 20 °C.

Fig. 2. Test facility for determining the deformation behaviour and creep
strength of HTR-concrete

The specimens were then Toaded with various load Tevels (¢ = actual stress
op/ultimate stress oy1t¢) and heated unsealed immediately after loading with a
constant hiating rate up to the desired test temperatures (70 °C, 90 °C, 120 °C
and 200 °C).

After reaching the test temperature, the load was maintained constant for furt-
her 30 days to get information concerning long-term steady state creep deforma-
tion and creep strength. Prior to cooling the specimens were again unloaded and
loaded three times to measure the modulus of elasticity at high temperatures.
After cooling the specimens down to room temperature o-e-tests were performed in
a hydraulic testing machine as usual.

The applied load Tevels a were about 0.0, 0.02, 0.3, 0.5, 0.6 and 0.7, which

cover the stress range 0.0 ... 45.9 N/mm2. For each concrete and temperature-
load level-combination three specimens were investigated. During the whole test-
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ing procedure the surface temperature of the specimens and deformation were con-
tinuously recorded.

In Figs. 3 and 4 the complete set of measured total deformation data obtained
during heating of basalt concrete and Rhine gravel concrete specimens is present-
ed. The following comparative analysis concerns mainly these data, i.e. the con-
crete deformation during heating.
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COMPARATIVE ANALYSES OF THE TEST RESULT
Modelling of the Concrete Deformation at Transient Temperatures

In the Titerature the creep of concrete during the transition from one tempera-
ture to another is denoted transitional thermal creep or transient creep. It
comprises the period of time in which the temperature field of a certain volume
element of concrete is in the non-steady state. Therefore it is also often call-
ed non-steady state creep. - The respective creep data are to be determined from
the experimental results of the above mentioned transient creep tests.

A number of complex material models have already been presented (see e.g. Ander-
berg & Thelandersson (1976), Khoury et al. (1985), Jumppanen et al. (1986),
Schneider (1982) and Bazant & Panula (1979)), which describe the deformation be-
haviour more or less realistically. In nearly all models the total deformations
(et t) are divided into load independent thermal strains (= thermal expansion,
etp) and load dependent strains (ec):

£ =t e (1)

whereby the components are considered dependent on multiple internal and exter-
nal factors, e.g. concrete age at loading 1, temperature T, moisture h, stress
o; their time derivatives T, h, & and histories:

Etot = Eth (Ts Ts Ts hs h)+ e(U,O(t), T, T, h, h ...) (2)

The Toad dependent strain components are divided e.g. (see Anderberg et al.
(1976)) into time independent, elastic and plastic deformations (egq (o, t)) and
ep1(o, T), transient deformations (etp(0,T)) and into time dependent creep
sbrains ecr(o,T,t):

€g = €e1(0,T) + ep](c,T) + e4p(0,T) + ecplo,T,t) (3)

Schneider (1988) has presented a refined model:
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6 = FE,5,m (1 * X(0.EE) + o(0,T,h)) )
o’ ]

This model takes into consideration plastic deformation x(o,E,EO), which can be
usual observed in o-e-diagrams at high stresses. Furthermore, in this model the
modulus of elasticity and the ¢-function are considered load and moisture depen-
dent.

In Schneider's model (Schneider (1988)) as well as in the model of Ba%ant and Pa-
nula (1979) the modulus of elasticity plays a dominant role, because all other
strain components are related to it. On the other hand, there is a complex inter-
relationship between the modulus of elasticity and the hygrothermal conditions,
the testing methods and the evaluation method (see Jumppanen et al. (1986) and
Diederichs et al. (1987)). Additionally, concrete behaves - particularly at
higher temperatures - strongly non-linearly.

To illustrate the mentioned effects, the modulus of elasticity of a high strength
concrete determined by different test methods is shown in Fig. 5 (see Diederichs
et al. (1989)). The modulus of elasticity has been measured in three different
ways: Curve 1 represents the modulus of elasticity measured in transient tests,
whereby the specimens were subjected to continuous cyclic loading between 9.1 and
27.3 N/mm#. Curve 2 indicated the modulus of elasticity obtained with cyclic
loading between 0.2 and 18.2 N/mm2. The values of curve 3 are results from so-
called steady state tests (heating without external load, 2 h hold time period
after reaching the test temperature, determination of the modulus of elasticity
by loading and unloading the specimen three times at constant temperature). It
can be seen, that the values of the modulus of elasticity obtained with different
test methods yield at high temperature, e.g. 600 °C, ratios up to 1:4, with re-
spect to equation (4) the ®-values must be altered - according to the selected
value of the modulus of elasticity in the ratio 1:4, too.
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Fig. 5. Modulus of elasticity of high strength fly ash concrete determined
by different test methods(%,y¢ = 91,8 N/mm?, E (20°C) = 57,7 kN/mm?

In fact, the ratio between elastic and plastic Toad dependent deformation redu-
ces with increasing temperature, as it can be seen in Fig. 6, which indicates
the load dependent deformations (comp. equation (1)) of a high strength concre-
te specimen heated under load (roughly 10 % of its ultimate load at 20 °C). From
20 °C up to 100 °C the load dependent transient deformations are nearly comple-
tely governed by the elastic modulus. In this temperature region the original
modulus of elasticity is maximally reduced by 10 % ... 20 %. Above 100 °C bigger
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load dependent shortenings occur; but the increase of strain due to the thermal-
1y induced reduction of the modulus of elasticity (og/E(82,T) - 00/E(20°C)) re-
spectively (oo/E(81,T) - 0o/E(20°C)) is at 150 °C only 1/4 to 1/3 of the additi-
onally to the initial elastic strain (eq1(20°C) = 0o/E(20°C)) occuring strain
(designated 0g*&/0y71t in Fig. 6); at 700 °C the mentioned ratio is reduced to
1/5 to 1/25.
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Fig. 6. Components of the load dependent deformation of high strength, fly
ash concrete heated under sustained load

For the mentioned reasons and with a view to simplify the mathematical descrip-
tion of the transient deformation, in the following model, the strains due to
thermally induced alterations of the elastic modulus (o/E(c,T) - o/E(20°C)) and
the other load dependent deformation components ety(o,T) are combined in the
term g-q respectively €:0/0y1t (see Fig. 6). € represents the temperature and
load dependent deformations normalized to the load level @ (normalized transient
strain). According to this definition the total deformation is composed of three
components:

T) + ¢

€tot = Ethl 1(0) + e, (0,T) (5)

respectively

e

_ o ~
ot = Stn(t) * EFr2oecy * e &(m) (6)

c,, depends only on the temperature, & on the temperature and, presumably on the

16ad level and E(20°C) as well as o]t are constants. & can be determined from
results of transient creep tests:

g = - ° -
5 (etot €a (20°C) eth)/a (7)
The evaluation of a series of transient tests with various mixtures has yielded,
that the concrete deformations may be predicted with sufficient accuracy by equa-
tion (7). However, in some cases it seemed to be more advantageous to normalize
the measured load dependent transient strains to the actual stress o

€ = (etot - €e1(200C) - eth)/o (8)

respectively in connexion with transient creep tests to the initial stress og,
which is maintained constant during the whole testing time with this type of
tests.
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€ = (etot - se](20°C) - eth)/o0

Evaluation and Discussion of the Test Results

The measured total strains of Rhine gravel concrete and basalt concrete are com-
prehensively presented in Figs. 3 and 4. Here the values at the stress level

o = 0 represent the thermal expansion.

The figures with the basalt concrete

show, that already at relatively low stress levels, e.g. 16.1 N/mm?, the super-
posed transient creep strains compensate the thermal expansion of the concrete.
At higher creep stresses, e.g. 26.0 N/mm? in Fig. 3, the transient creep strain

already doubles the thermal expansion.

Besides the values obtained with the spe-

cimens loaded with 32.2 N/mm2?, it can be seen, that the measured data indicate

relatively Tow scattering.

For a better description of the various phenomena, mean values were calculated
and subsequently analytically transformed to obtain exponential splines for fur-

ther data processing. The used methods
et al. (1985) and Weber et al. (1987).

are comprehensively described by Wydra

The computed mean value curves are shown in Figs. 7 and 8. It is obvious, that -

nearly independent of the stress level
60 °C the concretes indicate transient

- all specimens expand up to 60 °C. Above
creep of increasing magnitude. The creep

rates reach their biggest values in the temperature region 90 °C ... 120 °C,
where simultaneously the forced liberation of physically bound pore water

occurs. After completion of the drying
rates decrease.

2

.\: Go in N/mm2 _0_:_/
1
< 184
- _
- 16,1
s — - \'\.L\
) <‘~::::: <\~\‘\~
-2 \\\ I~
-3 N \\
-4
basalt concrete \\ 375,
-5 ,
-6

0 20 40 60 &80 100 120 140 160 180 200
~————== temperature in °C

Fig. 7. Calculated mean values of the
total deformations of basalt
concrete

For illustration, the transient creep d
according to equation (5) utilizing the
spontaneous initial elastic strains are
can be seen, that the curves of the tra
with different stress levels are very s

The further evaluation according to the
shows, that with Rhine gravel concrete
up to 26.8 N/mm2, the magnitude of the
on the stress level.

at about 120 °C ... 140 °C, the creep

~

T T
3 Go in N/mm?2 //
c 1
= N
£ 1 0
L -
T — 15.3
R -~ [
—— 255
" \\\\ \ \z_‘,_
, , \\\ N3
Nis.s —
-4
Rhine gravel concr.
-5
-6

0 20 40 60 &0 100 120 140 160 180 200

———————== temperature in °C

Fig. 8. Calculated mean values of
total deformations of Rhine
gravel concrete

eformations, which have been calculated
thermal expansions and the measured
presented in Figs. 9 and 10. Clearly it
nsient creep strains which were obtained
imilar.

equation (9) (compare Figs. 11 and 12)
up to 45.9 N/mm2 and with basalt concrete
transient creep strains depends linearly
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With basalt concrete higher stress levels - in this case stress levels of

32.2 N/mm2 and 37.5 N/mm2, which are about 60 % respectively 70 % of the ultima-
te stress at 20 °C - the transient creep strains increase progressively with in-
creasing stress. Therefore a correction function 1 + x was introduced. It is gi-
ven in Fig. 13. Up to stresses of 26.8 N/mm2 it runs parallelly to the stress
axis. Above the stress of 26.8 N/mm2 the function progressively increases with
increasing stress. At about 45.6 N/mm2, which represents nearly 85 % of the ul-
timate stress at 20 °C, the function approaches very high values and so indica-
tes the onset of failure of the specimen under the acting creep stress.

Fig. 14 indicates the transient strain functions which were renormalized accord-
ing to the following equation:

= - Stot” €e1(20°C) - ey, (10)

tr %, (1T +x)

The dotted curves show the single renormalized transient creep curves obtained
with different stress levels. The full line represents the mean value curve. It
can be seen, that the presented renormalization yields excellent conformity of
the transient creep curves measured with different stress levels.
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A direct comparison of the normalized transient creep curves is given in Fig. 15.
It is obvious, that the Rhine gravel concrete shows a little bit higher norma-
lized transient strain than the basalt concrete. But, the two concretes differ
in their normalized transient creep functions only to a very small extent, thus
for rough calculations it is sufficient to use the same transient creep function
in calculations for both concretes.

CONCLUSIONS

The evaluation has revealed, that the type of the coarse mineral aggregates
mainly determines the thermal expansion of the concrete, affecting, however, the
transient creep deformations only to a minor extent. Thus, in cases where limit-
ed accuracy is accepted, it is sufficient to use the same transient creep func-
tion in calculations for both types of concrete. However, for more exact calcu-
lations specific effects, like higher transient creep deformation of basalt
concrete at very high load level, should be taken into consideration, too.
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