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1 INTROBUCTIOM

In course of research and development for the prestressed concrete vessel
of the HTR 500 high-temperature reactor there have been performed compre-
hensive analyses concerning technology and thermomechanical behaviour of
the concrete. The tests were initiated by Hochtemperatur-Reaktorbau GmbH
and executed by the Institut fiur Baustoffe, Massivbau und Rrandschutz. Some
of the results of previcus studies concerning creep and strength at service
and accident temperatures up to 600°C have already been published {see
Backer, 1984; Weber & Diederichs 1985; Diederichs, 1986).

However, up to now there are no established concepts at hand to estimate
the restraint stresses with sufficient accuracy. Thus, restraint tests were
necessary to gather the needed reliable data for elaboration and confine-
ment of a constitutive model.

The vestraint fests, which are reported on in the following, are strongly
related To the real conditions in the PCRY as far as initial mechanical
stresses and heating rate are concerned. The hygral regimes in the PCRY,
which effect the development of the restraint forces to a great extend, are
due to lack of data and calculation methods not yet sufficiently and accu-
rately predictable. Thus, only the two Timit states of moisture regimes
could be included in the test programme: free evaporation of water (so-
called unsealed heating) and complete prevention of the water evaporation
{so-called sezled heating]. Besides, the preconditioning of the specimens
was varied. After demculding one pari of the specimens was cured under
water until testing {o obtain complete hydration of the cement paste; the
other part was wrapped into aluminium and plastic foils and hydrated under
these sealed conditions to simulate the real conditions in the PCRY
structure.

2 EXPERIMENTAL

The restraint tests were performed with cylindrical specimens (diameter 8
cm, length 30 cm). The mix proportions of the investigated HTR-concrete
{basalt concrete) as well as the data of the fresh and hardened concrete
are already reported in detail by Weber et al. (1985) and Diederichs
{1986). The specimens were castied in steel moulds and demoulded after one
day. Part of the cylinders were stored under water for at least 90 days
until testing {water cured specimens) and part of the specimens were
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wrapped in a combination of aluminium foils and plastic foils to provide
water vapour tight sealing (sealed cursd specimens).

The specimens were tested under unsealed as well as under sealed condi-
tions. Sealing was provided by a specific bellow as shown in fig. 1. With
the unsealed spacimens the physically and chemically bound water could
freely evaporate. - The tzsiing procedure was as follows (comp. fig. 2):
The specimens were installed in the testing machine and lcaded thres times
with 15 N/mm® to determine the modulus of elasticity at 20 C. Thegmalter
they were loaded again with the desired initfal slress ¢; (8 W/mm® vesp. 15
N/mm=). The deformation due to the initial load (e;) was mfasuwnd and kept
constant during heat- up to 250°C (sealed specmmems; respectively 300°C {un-
sealed specimens) with constant heating rate of 5 ¥/h. There werz vrecorded
the restraint Torces, but also the water vapour pressure in the sealing
device and the surface Llemperature of the specimens.
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Fig. 1: Sealing device equipped Fig. 2: Schematic represen-
with thermocouples, dilatometer tation of the test procedurs

rods and pressure gauge

Prior to cooling the modulus of elasticity measured again;after cooling
the weight loss and the resudial strength were determined.

In order to obtain reliable data for each type of test three specimens
were investigated. Table 1 gives the survey over the complete test pro-
gramme .
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Table 1: Test programme

wmax. temperature, |curing heat=-up initial load |number of
°C conditions|conditions|level, N/mm2 specimens
250°C soaked sealead & 3
under 15 3
water
sealed sealed | 8 3
cured 15 3
200°C soaked unssaled 8 3
under 15 3
water | ‘
sealed unzsaled b2/
cured 15 3

3 RESULTS AND DISCUSSION

The development of the restraint forces of unssaled ! eaied specimens are
shown in figs. 3, 4 and 5. At the beginning of heating, in the temperaturs
ragion 20°... 35°C, the restraint forces increase near]y independently of
the spacific tesi conditions {e.g. initial siress o;) elmost Tinearly with
temperature. Above 65°C ihe fmrthev increase of the restraint forces decli-
nes. Suhsmmwentlv the restraint forces veach their maximum, which is depen-
ding,_on the initial stress wnd precuvnga in hetween 2% N/mm= (g5 = 15
N/mm=, water curag specmmens;s 24 Wmm= (o5 = N/mm- water cured speci—
mens) and 22 K/mm® (o = B N/nm seaﬁea cured smecmmews) resg. After ex
caedlnq the maximum the WFvaannf forces decrease due to stre mg dewauﬂr1w0
and related creep processes. This holds for the temperature vagion 100°C to
about 200°C. Then the strong drying period ends and the restraint forces
again sTigktﬂv in:rease,

Worth to mbnz ion, the effect of the initial siress o; on the development

of the vestraint forces vanishes with increasing temperature. Already at
100°C the effect of oy 1s almost negligible {comp. ¥ig. 3 and 4}; the vre-
speciive cumwes of tge water cured specimens Toaded fnitially with 8 N/mm
respectively 15 N/mm* indicaie in the temperaiure region 130°C ... 300°C
almost identﬁca] stresses. Generally in this region the scattering of the
data measured with different initial strasses is Jower than the scattering
in the temperature region 20° ...230°C measured with the threes specimens
under identical test conditions.

With the sealed cured specimens and the water cured specimens there iz in
the temperature vegion 120° ...1680°C a2 relatively sivong conformity obser-
vable, H@wevery above 180°C the sealed cured specimens show distinciively
higher restraint forces than the water cured specimens. It is supposed that
this is due to the lower degree of hydration of the cement pastzs respecti-
vely the Tower amount of Fluid phase {comp. Diederichs, 1990).

The vestraint forces of the sealed heated specimens (comp. figs. & and 7}
in the initial heat-up phase (20°...80°C) hardly differ from the respesctive
curves of the unsealed heated specimens. Also with the sealed spacimens the
effect of the initial stress on the development of the restraint forces de-
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creases with increasing temperatures: above 1606°C it is usually lower than
the usual test scattering.
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strain &{T) obtained from
the restraint tests

Above 80°C there are appearing significant differences between unsealed
and sealed specimens. The maximum restraint forces of the sealed heated

specimens are Tirst reached at about 110°C. They are al
higher than with the unsealed hgated specimens {30 N/mm
resp. 26 N/mm )

with o; = 8 N/mm

50 a 1ittle bit
with o5= 15 N/mmz;



After exceading the maxima the restraint forces of the sealed specimens
decrzase in the same manner Tike the unsealed specimens. The strong decrea-
se, nowsveyr, occurs Tirst at ca. 135°C. Compared with unsealed specimens,
it is shifted by about 35°C to higher temperatures. - After an initiaily
strong decreasz of the resitvaint forces their decrease slows down in tha
same way as it is observed with the unssaled specimens, but in the tempera-
ture regfon 120°...250°C the restraint forces of the seaied specimens are
distinctably higher than the respective values of the unsealed heated spe-
cimens.

The intTusnce of the hydration and curing conditicns of the zpecimens ap-
pears to be remarkably smailer with the sealed heated specimens than with
the uncealed heated specimens. With the sealed heating the sealsd hydrated
respectively cured specimans also show sTightly higher resiraint forces
than the water cured specimen. This holds mzinly for tempevatures > 160°C.

Fig. 8 summarizes ?hf measuved data. There are indicated the specific
transient creep Tunctions € calculated according to a material model given
by Diederichs et al. (1987} and Diederichs et al. (1989).

Inm this model the total deformation e,... is composed of Three components:

Lot
Eigr = EeplT) + egplo) + e o, T)  respectively, {1}
: e [T) - : g - AT (73
CE.@"'L = “‘th([) v - - O C(l) \tﬁ)

The thermal @YDWHS] N Eep depends only on temperaiure and maisture the
normalized transient strain € on the temperature and mrequmeQ]J h Toad
Tevel., The modulus of elasticity E{20°C) 1= a constant; ¢ 1s the mctr
stiress. € can be dELernﬂne@ FVOW resu]ts of transient craep tests,

The wa@%auﬂor of a series of transient tests with various mixtures has
yielded, that the concrete deformaiions nay be predicted with sufficient
accuracy by the sguation (3} the ﬂecsurce Toad dependent transient strains
are normalized ts the actual stress ¢ as following

e
al

5

E = (eypr - €7 (9) - €qp)/o (3)

—

N

%fth restraint tests tne total deformation €rot 18 identical with the ini-
tial deformation ¢, = ¢;/E(20°C}, this gives
(aﬁjEQ2@°E) - Eth)/ﬁ - 1/E(?0°C) {4}

For the calculations the different thermal expansions of sealed and un-
sealed heated specimens have been taken into account. The resulis show that
the creep functiens up to abouit 140°C are almost independent of the type of
precuring and the moisture regime during heating. Above 140°C the norma-
Tized transient strain function splits into three different branches: The
function of the sealed heated specimens further monotonecusly runs with in-
creasing rate. The functions of the unsealed heated specimens show at Tirst
a higher increase of the rate than the sealed specimens. But, after the
strong dewatering reactions have ended, the transient strain function shows
a more or Jless pronounced hold time pemod° A further increase of the
values starts again at about 260°C.

Only with the unsealed heated specimens occurs a distinct difference con-
cerning the transient behaviour of sealed cured and water cured specimens
The specimens which were sealed cured, and therefore having lower degree of
hydration and water content, respectqve]ys indicate rema“kabﬁy Yower ifran-
sient strain values., The dryer the concrete the lower the transient strain.



SUMMARY

PCRY contains of certain areas where the hot concrete is vestraint by the
surrounding colder concrete regions. There we have no established concepts
at hand te estimate the arising restraint stresses with sufficieni accur-
racy. Therefore restraint tesis were conducted to gather the needed reli-
able data for elaboration and confinement of a constitutive model.

The tests were performed with HTR-basalt concrete. Cylindrical specimens
{diamater = 8 cm, length = 24 %m) were uniagiaﬂiy Toaded at ambient tempe-
rature with stresses of 8 N/mm* and 15 N/mm®, resp. The respective initial
deformation was measured and the specimens wers heated under sustained
{(initial) deformation with constant heating rate (5 K/h} under sealed as
well as under sealed conditions up te 300°C.

The tests yielded transient restraint forces data during heat up of sea-
led and unsealed specimens. These data have been evaluatad by the aid of a
materials medel interlinking the restraint forces development and transient
creep behaviour.

The tests showed that up to 100°C theave is hardly a diffevence in ve-
straint behaviour of sealed and unsealed specimens. But the higher thermal
expansion of sealed specimens caused also higher restiraint forces of sealed
specimens in the temperature region 100°C to 250°C.

Furthermore, the evaluation of the test data showed that the unsealed and
sealed heated specimen indicate up to 146°C the same transienit strain
value, but above 140°C marked differences occuv, which are mainly causad by
the differences in moisture migration.
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