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ABSTRACT

In this contribution properties of concrete used at TEMELIN (Czech Republic), MOCHOV-
CE (Slovakia) and PENLY (France) nuclear power plants are introduced. In the context of the
safety of containment under severe accidents, these concretes had to be characterized, espe-
cially when high temperature increases up to 200 °C, and even to 800 °C, to determine the ac-
tion of elevated temperatures on their thermo-mechanical properties.

INTRODUCTION

The safety of nuclear power plants (NPP) is related to the material quality of structural ele-
ments besides many other factors. The reactor envelopes of NPPs are made from concretes,
which may be exposed to elevated temperatures and load effects. Information about concrete
behaviour under such circumstances is significant in order to predict some arrangements nee-
ded to ensure serviceability at appropriate reliability level [1, 2, 3].

EXPERIMENTAL

The properties of fresh concrete mixtures used in NPPs under observations [4] are given in
Tab. 1.

Table 1 Fresh concrete mixture properties

Concrete Volume density Slump Air content
kg.m mm % vol.
Temelin 2390 80 -
Mochovce 2356 75 1.8
Penly 2420 280 03
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The concrete specimens of TEMELIN (T) NPP were manufactured at construction site, and
those of MOCHOVCE (M) and PENLY (P) NPPs at laboratory conditions (Institute of Cons-
truction and Architecture, SAS Bratislava) from the identical materials used at construction
sites. Prismatic (100/100/400 mm) and cube (150° mm) concrete specimens were made in
steel moulds on vibration table (50 Hz; 0.35 mm)with vibration time 30 s. The specimens were
stored at 20 °C and 100 % R.H. for 28 days after removing. Reference physico-mechanical
properties of concrete specimens obtained after this storage period are listed in Table 2.

Table 2 Reference physico-mechanical properties of concrete specimens

Volume density Strength
Concrete on cubes
compressive on cubes | flexural on prisms
kgm™ MPa MPa
T 2356 445 54
M 2 355 49.5 6.3
P 2 400 72.0 6.6

Then the specimens were divided into three groups:

1. prisms for exposition to normal environmental effects at 20 °C and 60 % R H. either under
constant mechanical stress of 5 MPa - creep or free environmental effects - shrinkage, vo-
lume density (VD), compressive and flexural strength (CS and FS) and dynamic modulus of
elasticity (DME) as well as unloaded cubes for determining of reference CS when exposed
to the same temperature and humidity;

2. specimens determined for exposition to elevated temperatures for VD, CS, FS, DME, shrin-
kage and creep observations at 40, 60 and 100 °C during 28 days, and at 200 °C during 56
days (SAS Bratlslava)

3. cubes and prisms tested for CS and Young’s modulus of elasticity after 28 days by 60 °C,
after 24 hours by 200 °C, after 48 hours by 400 °C, after 48 hours by 600 °C and by
800 °C after 48 hours. The increase and decrease in the temperature was 20 °C per hour
(TU Kosice).

RESULTS AND DISCUSSION

The review of the physico-mechanical properties of concrete specimens between 20-200 °C
is evident from Tab. 3 and Fig. 1, 2. The CS increases up to 100 °C. After a slight increase up
to 60-100 °C, the FS decreases until 200 °C. The VD and DME are continuously decre-
asing (Tab. 3) . The course of curves illustrating changes in DME (Fig. 1) and shrinkage
(Fig. 2) is characterized by the system of sudden turns which are then followed by a relative
stabilization stage of concrete behaviour. The character of changes in creep is very similar to
that of shrinkage [4].

The main cause of such drops in DME and shrinkage is decomposition of hydrated minerals
(HM) of the CSH and CAH gel-like hydrates that give prevailingly the structure its mechanical
properties. Under the attack of elevated temperatures water bound in the HMs is released bet-
ween 100-200 °C. This is connected with the reduction in the HMs volume because the bound
water mass is replaced by air voids. Due to this process the pore structure of the cement paste
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in concrete is getting coarse (Tab. 4). On the contrary, the thermal expansion begins to exceed
over aggregate. The decrease in volume of the HMs due to the loss of bound water and
increase in thermal expansion of aggregate evokes internal stresses between the cement paste
and aggregate. This promotes strain development and crack propagation inside the interfacial
zone: cement paste-aggregate. The breakdown of the above interfaces is one of the main
reason influencing the DME and shrinkage behaviour of concrete specimens. After a quick
drop in values of both properties, a relative stabilization stage of the concrete ,selfcuring™ is
observed.

Table 3 Physico-mechanical properﬁes of concrete specimens at 20 - 200 °C

Concrete Curing VD on CS on FS on DME on
regime cubes, kgem™ | cubes, MPa | prisms, MPa prisms, GPa
T 40 °C 2264 49.3 4.7 41.0
M + 28 days 2261 60.3 53 40.1
P 2360 83.0 5.9 52.9
T 60 °C 2 255 51.6 53 385
M + 28 days 2247 63.8 59 383
P 2352 86.6 5.8 50.4
T 100 °C 2213 582 52 326
M + 28 days 2220 71.0 72 34.1
P 2256 98.5 5.2 39.9
T 200 °C 2207 53.6 42 235
M + 56 days 2178 64.0 5.7 273
P - 2217 843 5.5 34.1
T 20°C 2300 56.4 6.3 44.6
M 60 % R H. 2311 674 55 434
P 140 days 2368 79.2 5.6 54.8

Decrease in CS and Young’s modulus of elasticity (Fig.3, 4) is caused by the release of
bound water from HMs, Ca(OH), dehydroxylation and CaCO; dissociation. The decomposi-
tion of the HMs takes place between 100-450 °C mainly, dehydroxylation of Ca(OH), bet-
ween 450-700 °C and over 700 °C the CaCO; disintigration to CaO and CO, occurs prevai-
lingly in concrete. Table 5 also shows simultaneous pore structure coarsening under the tem-
perature attack (pore median values increase). This effect is more pronounced at higher tem-
perature levels. It appears that the next cause of the above concrete properties decrease is the
different thermal movement between the residual cement paste and aggregate. This is very
intense over the temperature 450 °C It leads to marked crack propagation in the interfacial
zone between the cement paste and aggregate as well as in the hydrated cement itself. Strength
and Young’s modulus of elasticity of concrete specimens are being reduced.

Dependence of the loss in mechanical properties of MOCHOVCE concrete specimens upon
degradation of the hydrate phase and pore structure of the cement paste is illustrated in Fig. 5.
Changes in CS are given in brackets. The reduction in Young’s modulus of elasticity and CS
in region A is caused mainly by the decomposition of gel-like (CSH, CAH, CSAH) hydrate
phase; in region B by the Ca(OH), break to CaO and vapour of H,O and in region C by the
CaCO; conversion to CaO and gaseous CO, The CS at 800 °C is only 35 % for
MOCHOVCE, 25 % for PENLY and 20 % for TEMELIN concrete specimens as compared
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Tab. 4 Results of thermal analysis and pore structure of concrete specimens

Concrete Curing Ignition loss Median of total Total
regime between pore radius porosity
100-200 °C nm %
T 20°C 225 474 15.8
M 100 % R H. 1.39 36.5 13.7
P 28 days 1.12 25.6 8.7
T 40°C 1.61 62.2 13.2
M +28 days 1.50 47.0 12.7
P 0.98 23.1 11.8
T 60 °C 1.38 79.3 17.3
M +28 days 1.46 55.1 13.9
P 0.91 41.8 7.6
T 100 °C 1.24 76.4 14.4
M +28 days 1.45 583 15.6
P : 0.96 46.3 10.1
T 200 °C 0.64 106.3 15.1
M +56 days 0.74 65.0 152
P 0.61 62.8 10.1
T 20°C 1.00 56.5 15.5
M 60 % R H. 1.34 65.0 13.1
P 140 days 1.36 26.1 10.0
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Fig. 1 Dynamic modulus of elasticity of concrete specimens
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Fig.2 Changes in shrinkage of concrete specimens
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Fig. 4 Decrease in Young's modulus of elasticity of concrete specimens
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Tab. 5 Results of thermal analysis and pore structure of concrete specimens

Curing | Content of bound CaO bound in Median of total
Concrete regime | water in the HMs | Ca(OH), CaCOs pore radius

°C % % % nm
200 0.82 0.94 1.01 106.3

T 400 0.75 1.14 1.26 79.1
600 0.65 0.26 0.90 104.8
800 0.30 0.00 0.18 309.5
200 2.75 1.42 1.45 60.8

M 400 2.60 1.37 1.38 873
600 1.27 1.16 1,12 2227
800 0.80 0.37 0.22 204.6
200 3.00 1.46 4.30 38.2

P 400 0.92 1.49 4.39 72.8
600 0.65 1.11 3.32 832
800 0.00 0.94 0.48 1732
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Fig. 5 Dependence of mechanical properties decrease upon changes in the phase composi-
tion and pore structure of the cement paste of MOCHOVCE concrete specimens

with those at 100 °C. This strength loss may be markedly influenced by the aggregate beha-
viour e. g. significant strength loss of PENLY concrete specimens between 200-800 °C is cau-
sed by the disintegration of reaction products of the cement with calcareous constituents used
for PENLY concrete manufacture (calcareous filler PIKETTY as well as aggregate).
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It is obvious that the strength and Young’s modulus of elasticity loss of concrete specimens
attacked by elevated temperatures depend to a large extent on concrete mixture composition
(CMC). As individual concretes differ in their mixture composition, so they differ in phase
composition and pore structure (differences in bound water content, Ca(OH), , pore median,
total porosity) and consequently with it in the strength reduction. Therefore the design of
CMC withstanding better the detrimental attack of elevated temperatures gains a large signi-
ficance. From this viewpoint the aims for the development of the next research are high.

CONCLUSIONS

The loss in mechanical properties of concrete influenced by its degradation through changes
induced in basic processes of cement hydration and hardening of bonding systems in the ce-
ment paste under the action of elevated temperatures was found. A foregoing decomposition
of the hydrated minerals on the one hand and thermal expansion of aggregate on the other
hand with direct consequence on the breakdown of interfaces between cement paste and
aggregate are the cause of concrete deterioration attacked by elevated temperatures. The loss
in concrete integrity is proportional to achieved temperature level. A more detailed
clarification of the structure-property relationships in concrete exposed to short or long-term
symetric or nonsymetric temperature load is imperative.

A lot of research with trustworthy testing and especially organized combining of the inte-
rests are required yet. As Europe grows together, it becomes more important to cooperate di-
rectly in the fields of concrete protection research, practical engineering , quality assurance,
standardization and testing operations. In the course of political federation of Western Europe
and opening of Eastern Europe, single activities may hardly help to push open the door for the
exchange of knowledge in the entire European territory.
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