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1 INTRODUCTION

Prestressed concrete reactor vessels for high-temperature reactors 
(HTR) are to be erected from concretes which have been developed espe­
cially for this application. Stringent requirements are made to the me­
chanical, physical, and workability characteristics of these concretes 
for safety and economic reasons.
Extensive experimental investigations on concrete have been pursued 

by Hochtemperatur-Reaktorbau GmbH within the HTR 500 development work. 
The investigations performed in cooperation with the Institut fur Bau­
stoffe, Massivbau und Brandschutz, Technical University Braunschweig, 
as well as with other institutes were primarily directed on the deter­
mination of suitable concrete mixes; the requirements were: serial 
strength 61 N/mm2 , nominal strength 51 N/mm2 also after a thermal load 
up to 300 °C, low changes of elasticity modulus up to 250 °C, low creep 
and shrinkage, low thermal expansion, good workability and pumpability. 
A basalt concrete and a Rhine gravel concrete met the requirements best 
of all (see e.g. Weber et al. (1985) and Schneider et al. (1984).

In this report first test results are presented on the strength and 
deformation behaviour of these HTR-concretes under biaxial stresses 
and elevated temperatures.

2 EXPERIMENTAL

The biaxial tests were performed with both HTR concretes, Rhine gravel 
concrete and basalt concrete. In the experiments disc-shaped specimens 
(200 mm x 200 mm x 50 mm) were used. The discs were sawn out of cubes 
(200 mm x 200 mm x 200 mm). They were loaded on their narrow sides, 
which were ground. The mix proportions and the data of the fresh and 
hardened concrete are given in the report of Diederichs and Ehm (1986). 
The specimens were demoulded one day after casting and subsequently 
stored under water for more than 90 d until testing.
The tests were performed using a special biaxial test facility. The 

loading frame of this machine is designed as a welded steel construc­
tion of high stiffness. The mechanical loading of the specimens is 
achieved by four stress or strain rate controlled hydraulic cylinders 
each with a maximum force of 1000 kN. The heat resistance pressure pi­
stons are cooled by water. The disc-shaped specimens were loaded by 
so-called "loading-brushes" in order to provide a defined, homogeneous
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stress state. In addition, it is ensured by special control units that 
the center of the test specimen does not shift from its original posi­
tion after installation during heat-up and during the application of 
load. Thus in every case symmetrical load applications are ensured. The 
deformations were measured continuously in all three principal direc­
tions of the specimen by a special high-temperature dilatometer (for a 
more detailed description of this equipment see Ehm (1986)). The speci­
mens were taken from the storage basin, dried on their surface, equip­
ped with thermocouples as far as necessary, and installed in the test 
facility.
At first reference specimens were loaded at ambient temperature 

(20 °C) using a constant given load ratio (02:01 = 0.0; 0.2; 0.4; 0.66; 
1.0) up to rupture (loading rate 0.08 N/mm2-s).
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Figure 1. Testing procedure

To determine the biaxial ultimate stresses at elevated temperatures, the 
test specimens were initially loaded with 15 N/mm2 in the first axis and 
to a lower load corresponding to the stress ratio indicated above’ in the 
second axis. Then the specimens were heated unsealed to the test tempe­
ratures (70 °C, 120 °C, 200 °C respectively) at a heating rate of 5 K/h 
up to 70 °C and 20 K/h above 70 °C. After a hold time period of one hour 
the specimens were loaded up to rupture (see Figure 1). For each test 
temperature and stress ratio three specimens of each type of concrete 
were investigated; totally 120 specimens.
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During the total test procedure all deformations were measured and 
recorded; i.e. in addition to transient creep deformations during heat­
up, also a-£-relations for loading up to rupture were measured.

3 RESULTS AND DISCUSSION

In the strength tests nearly all specimens failed without warning 
accompanied with an explosion-like bang. As is known by experience, 
this type of failure reflects a relatively brittle behaviour and a high 
energy accumulation capacity of these high strength concretes (Be(Rhine 
gravel concrete) = 67 N/mm2; Bc (basalt concrete) =71 N/mm2).
The crack surfaces of the tested specimens were comparatively smooth 

and ran also continuously through the coarse aggregates as long as the 
maximum test temperature did not exceed 70 °C. Specimens tested at 
120 °C and 200 °C, resp., indicated a slight tendency to shift the 
crack surface to the interfacial zone between coarse aggregates and fine 
mortar matrix.

The mascroscopic planes of fracture mainly ran parallelly to the direc­
tion of the stresses applied. This indicates that due to the special 
loading brushes used no remarkable lateral restraint appeared and that 
in the tests mainly the desired pure biaxial state of stress was 
reached.

The biaxial ultimate strengths data obtained from the tests are sum­
marized in Figs. 2 and 3. In the diagrams the measured biaxial ultimate 
stresses are normalized to the uniaxial ultimate stress determined at 
20 °C.

For each stress ratio K = 02/01 indicated in the Figures as K = 0, 
0.2 ... K = 1,0 three specimens have been tested at a certain tempera­
ture. The curves in the diagrams were obtained by interconnecting the 
respective mean values.

It is obvious that the biaxial ultimate strengths exceed the respec­
tive uniaxial ultimate strengths. This holds for both types of con­
crete. The increase in ultimate strength is already significant with 
low stress levels in the second axis. This increase in strength due to 
biaxial load grows with rising temperatures.

The stress ratio 02/01 which gives the highest biaxial strength 
(Oult,max) shifts towards higher values when temperature increases. 
The temperature dependent shift of the maximum Oult max is caused by 
thermally induced alterations in the strength properties of the cement 
paste matrix as well as by microcracking during heating. The micro­
cracks form because of the differing thermal expansions of cement paste 
and aggregates (see e.g. Hinrichsmeyer, 1987).
The strains €1, £2, £3 measured during the tests at 70 °C are re­

corded in Figs. 4 and 5. The 01-€1-relations show a strong dependence 
on the biaxial stress ratio. In axis 01 maximum strains are measured 
for a stress ratio 02/01 = 0.4. The influence of the stress ratio 02/01 
on the 01-£2-relation is marked, too, as expected. Under rising stress 
ratios €2 shifts from positiv values (= lateral expansion under uniaxi­
al compression) to maximum negative strains in the case of symmetrical 
biaxial stress.

The strains in the nonloaded axis (E3) reach maximum values under 
higher stress ratios 02/01. The respective strains are composed of ela­
stic and plastic deformations which result from the bulk lateral strain. 
Besides these strain components the crack width extension perpendicular 
to the load direction contributes to the total lateral strain. The ma­
ximum deformations £3 occur when 02/01 approaches 0.66.

111



“2 1.6
P.

1.4 1.2 1.0 0.8 Q6 0.4 0.2 0
: : i-------- 40

basalt concrete

R: uniaxial strength 
at 20°C

6,

9

62 0.2

0.4

0,6

0,8

120 °C

70 «C _ 
20°C1. 

200°C- 5

1.0

1.2

1.4

16

Figure 2. Ultimate strength of basalt concrete under biaxial compres­
sion-compression loads
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Figure 3. Ultimate strength of Rhine gravel concrete under biaxial 
compression-compression loads
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Figure 4. Stress-strain relationships of basalt concrete
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Under the same load and thermal conditions the Rhine gravel concrete 
usually shows higher deformations than the basalt concrete. This holds 
especially for the load induced shortenings in axis 1.

4 SUMMARY

Numerous tests on biaxial strength and deformation of HTR-concrete at 
elevated temperatures were performed. Investigated were discs (200 mm x 
200 mm x 50 mm) made of basalt concrete and Rhine gravel concrete. They 
were slowly heated unsealed under load (15 N/mm2). An hour after test 
temperature (70 °C, 120 °C, 200 °C) was reached the specimens were 
loaded to rupture. Additionally, in reference tests thermally un­
stressed specimens were investigated at 20 °C. The results indicate 
that the high temperature behaviour is determined by the shared in­
fluence of both, the temperature niveau and the biaxial state of stress.
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