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The Effects of Nuclear Radiation on the Mechanical
Properties of Concrete

By H.K. Hilsdorf, J. Kropp, and H.J. Koch

Synopsis: Previously published experimental data on the effect of nuc-
lear radiation on the properties of plain concrete are summarized and 2
evaluated. Neutron radiation with a fluence of more than 1 x 1019 n/cm
may have a detrimental effect on concrete strength and modulus of
elasticity. Thermal coefficient of expansion, thermal conductivity and
shielding properties of concrete are little affected by radiation. Ra-
diation damage is mainly caused by lattice defects in the aggregates
which cause a volume increase of aggregates and concrete. Different
aggregates show different radiation resistance so that the selection
of suitable aggregates is the most important parameter in the design
of a radiation resistant concrete,
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1. PROBLEM STATEMENT

Concrete is frequently used as a biological shield against nuc-
lear radiation. For same structures such as prestressed concrete pres-—
sure vessels not only the good shielding properties but also the load
carrying capacity of concrete are utilized. Under such circumstances
also changes of the mechanical properties of the concrete due to nuc-
lear radiation are of particular significance and may have to be taken
into account in the design of such structures.

It is known that nuclear radiation influences some materials pro-
perties. Therefore, also concrete or concrete camponents may be in-—
fluenced by nuclear radiation. To clarify this, experimental investi-
gations have been initiated as early as 1944 in order to determine the
influence of nuclear radiation on the mechanical properties of con-
crete (9). Such investigations have been intensified since concrete is
considered as a structural material for reactor pressure vessels. In
the following the experimental data resulting fram such investigations
are sumarized and evaluated in order to answer the following prin-
ciple questions:

(a) Does nuclear radiation influence the mechanical properties of
concrete? Properties of particular significance are:
- campressive and tensile strength
- modulus of elasticity
- coefficient of thermal expansion and thermal conductivity
- shielding properties

(b) How high is the critical radiation dose above which significant
changes in concrete properties are to be expected?

(c) Is this critical radiation dose below or above the dose to be
expected in special concrete structures?
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2. RELEVANT TYPES OF NUCLEAR RADIATION

Atams are considered radicactive if they are transformed into
other nuclides such as in the case of the decay of a nucleus while
emitting radiation energy. The new nucleus formed in the decay process
has an energy state which is lower than the energy state of the ini-
tial nucleus. The energy difference between both nuclei corresponds
to the energy of the radiation emitted during the decay process. Vari-
ous types of radiation may occur during such a process, however, on-
ly two are of relevance in the context of this paper:

2.1 Neutron Radiation

Neutron radiation occurs if electrically neutral particles are
emitted e.g. during the radioactive decay of heavy elements with a
surplus of neutrons in relation to the number of protons. We may dis-
tinguish between different types of neutron radiation depending on
their energy: Thermal or slow neutrons, epithermal neutrons and fast
neutrons. The following limiting values may be given:

thermal neutrons: energy E < 1 eV
epithermal neutrons: 1 eV < E < 0.1 MeV
fast neutrons: E>o0.1 MeV

In the following no distinction will be made between thermal and
epithermal neutrons so that all neutrons with an energy E < 0,1 MeV
will be considered thermal or slow, whereas neutrons with an energy
E > 0,1 MeV will be considered fast.

To describe the intensity of neutron radiation two units are cam—
monly used. The f 1 ux corresponds to the number of neutrons
which penetrate a sphere with a cross-section of 1 an? during a time
period of 1 sec. The dimension of flux is an 2 x sec™!. The integra-
ted flux or f luence is the time integral of flux and gives
the total number of particles per cross-sectional area which penetrate

a sphere of a cross-section of 1 cm2. Frequently, for neutron fluence
the term n.vet (neutrons, velocity, time) is used. The dimension of

. ~2
fluence isn x am .

'

2.2 Gamma Radiation

During a radiocactive decay process of an atam energy may also be
emitted in the form of electramagnetic waves. The corresponding ra-
diation which is physically similar to x-rays and light is called
gamma radiation.

In addition to primary gamma radiation also secondary gamma ra-
diation may occur as a consequence of other nuclear reactions. E.g.
gamma radiation may be emitted if a neutron is captured by another
nucleus so that another neutron may leave the atom thus exciting the
nucleus. As a consequence the absorbed energy will be emitted in the
form of gamma radiation.



226 Hilsdorf, Kropp, and Koch

To describe the energy of gamma radiation two units are frequently
used: the energy dose is the total gamma radiation energy
which is absorbed by a unit mass. It may be expressed in terms of rad
(rd) which corresponds to 1oo erg/g. The second term, dose rate
corresponds to the energy dose per unit of time and is described by
rd/h or rd/sec.

3. EFFECTS OF RADIATION QN THE PROPERTIES OF SHIELDING MATERIALS

3.1 Influence on Materials Structure and Secondary Effects

Nuclear radiation may influence structural and mechanical proper-
ties of materials significantly: If in crystalline materials nuclear
radiation collides with a single atam in the crystal structure the
atom may be ejected fram its equilibrium lattice site to a new position
thus causing a lattice defect. As a consequence the material becomes
more brittle. In polymers energy supplied by nuclear radiation leads
to the formation of additional cross-links and thus to embrittlement
of the material. Tonized rays may cause the decay of free or bonded
water leading to the formation of H, and 02. Finally radiation may lead
to the break down of atamic bonds.

As already stated shielding of neutron radiation may cause secon-
dary gamma radiation. Finally material may become radioactive as a
consequence of exposure to nuclear radiation.

3.2 Development of Heat

It is of particular relevance for the topic treated herein that in
the shielding of nuclear radiation, radiation energy is transformed
into heat. Therefore, shielding of nuclear radiation always leads to
a temperature increase in the shielding material. In some of the
investigations summarized in the following radiation led to an increase
of temperature of the concrete up to 250°C. Such a temperature in-
crease may cause considerable damage of the concrete even if there is
no radiation effect. Fig. 1 is taken from a literature review (7) on
the effect of elevated temperatures on mechanical properties of
concrete. It shows that sustained temperature exposure of concrete
above 100°C may cause a significant reduction of concrete compressive
strength. However, the test result vary over a wide range and depend
on the type of concrete making materials, moisture conditions and test
methods.

The effect of temperature is even more pronounced on the tensile
strength of concrete. A temperature increase fram 20 to 100°C may
cause a reduction of the tensile strength of concrete by as much as
50 percent even if shrinkage effects are excluded (21).

Exposure of concrete to cyclic temperature changes as they may
be expected in concrete nuclear reactor vessels are of particular
significance. Already five temperature cycles between 20 and 150°C may
lead to a decisive strength loss if the concrete is in a moist state
during temperature exposure (3).
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Because of these temperature effects in radiation experiments on
concrete, frequently the specimens were cooled during radiation ex-
posure. In same experiments the temperature effect was studied on
campanion specimens which were exposed to elevated temperatures, how-
ever not to radiation. Nevertheless, in many cases it is difficult to
separate both effects.

4, THE EFFECT OF NUCLEAR RADIATION ON THE MECHANICAL PROPERTIES
OF CONCRETE

4.1 Introduction

In the literature 3o publications could be found which deal with
the effect of nuclear radiation on concrete properties. However, only
25 of those contained experimental data which were useful. In some of
these papers results have been reported which had been published else-
where so that the actual number of experimental data which can be
used in the following evaluation is limited. The reason for this is
not the lack of interest insuchdata but rather the technical and
experimental difficulties encountered in performing radiation damage
experiments.

In many instances comparison of experimental data fram different
test series is difficult because of differences in concrete making
materials, mix proportions, specimen size, temperature, cooling and
drying conditions. Insome instances the specimens were not cooled
during radiation, and the temperature effect was not studied on
companion specimens. Same of the scatter of experimental data may,
therefore, be traced back to problems in camparing data fram different
test series and to experimental deficiencies which are, however, very
difficult to avoid.

4.2 Effect of Neutron Radiation on Concrete Strength

4.2.1 Concrete Compressive Strength

Fig. 2 shows the campressive strength of concrete samples, fcu’

fram various test series as a fraction of the compressive strength of

campanion specimens, fcu o’ which were neither irradiated nor tempera-

ture exposed (1, 2, 13, 14, 22, 28, 31). In Fig. 3 the same strength
values are presented, however, the concrete compressive strength is
related to the strength of campanion specimens, fcu , which were not

irradiated, however, temperature exposed. Fram Figs. 2 and 3 it may be
concluded that some concretes can resist neutron radiation of more than

5x 1019 n/c:m2 without a strength loss while others exhibit a strength
loss at a considerably smaller radiation dose. As an average a neutron

fluence of more than 1 x 1019 n/cm2 leads to a marked decrease of the

compressive strength of concrete. However, also for a neutron fluence

of less than 1 x 1o19 n/cm2 the strength ratios may be < 1. Comparison
of the Figs. 2 and 3 indicates that the observed strength loss is
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primarily due to neutron radiation though some detrimental effect of
the temperature increaseduring radiation is apparent.

The experimental data vary over a wide range even for a given

neutron fluence. For a neutron fluence of 5 x 1019 n/cm2 the strength

ratios range fram 0.72 < fcu/fcuo< 1.05 and 0.65 < fcu/fcuT < 1,05,

The cause of this significant scatter of experimental data as well as
the parameters which affect the resistance of concrete against neutron
radiation will be treated in more detail in section 4.2.3.

An investigation conducted at the ORNL graphite reactor is of scme
significance (4). After12 years of service of the reactor concrete
cores were taken fraom the biological shield. The campressive strength
of these cores as a fraction of the strength of cores taken 8 years
earlier is shown in Fig. 4 as a function of the distance of the location
of the cores fram the exposed surface of the shield. Fig. 4 clearly
shows that with decreasing distance fram the exposed surface the
strength of concrete cores decreased and reached a minimum value of
60 percent of the initial strength of the concrete. At the time the -
cores were taken the maximum radiation dose to which the shield was
exposed amounted to:

slow neutrons: 1.9 x 1019 rl/cm2

fast neutrons: 2.5 x 117 rd

gamma radiation: 2.5 x 1019 rd

In evaluating these results is should be taken into account that
the biological shield was subjected to an average temperature gradient
ranging from 20°C at the outer surface and up to 40°C at the exposed
inner surface. The maximum temperature during operation of the reactcor
ranged fram 28°C to 40°c. It is likely that the shield contained little
reinforcement. Thus it is possible that the observed strength decrease
was not only due to radiation but also due to temperature stresses as
a consequence of the temperature gradient.

4,2.2 Concrete Tensile Strength

The effect of neutron radiation on the tensile strength, fru’ of

concrete samples is shown in Figs. 5 and 6 (2, 14, 20). Fig. 5 gives
the tensile strength of concrete samples after neutron radiation as a

fraction of the tensile strength of companion specimens, fruo’ which

were neither irradiated nor temperature exposed, whereas in Fig. 6 the
tensile strength is related to the strength of non-irradiated, however,
temperature exposed specimens, fruT' According to Fig. 5 neutron radia-

tion with a fluence of more than 1 x 1019 n/cm2 may lead to a marked
decrease of concrete tensile strength. Comparison of Figs. 5 and 6

indicates that temperature exposure is not solely responsible for the
strength loss so that neutronradiation has caused a considerable part
of the observed strength reduction. As already reported for the com-

pressive strength also for the tensile strength the individual strength
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values vary over a wide range: for a neutron fluence of 5 x 1o19 2

the observed strength ratios range between the following limits:
0.20 < fru/fruo < 0.82 and 0.33< fru/fruT < 0.98.

n/cm

4,2.3 Parameters which Influence the Resistance of Concrete against
Nuclear Radiation

The large scatter observed in the experimentel data reported sofar
can with all likelihood be attributed to differences in the composition
of the concrete samples, in the concrete making materials and in test
procedures. In the following sections an attempt will be made to
analyze the effect of these parameters.

4,2.3.1 Slow and fast neutrons—-In the various investigations
reported sofar slow as well as fast neutrons have been employed.
Therefore, in Figs. 2 through 6 different symbols representing the
test data have been used depending on the type of neutron radiation:
filled symbols for slow neutrons, empty symbols for fast neutrons, and
half-filled symbols where no separation between fast and slow neutrons
was possible.

Is was generally expected that fast neutron radiation would lead
to a more pronounced radiation damage than slow neutrons. However, this
is not supported by the data given in Figs. 2 through 6. In contrast
to this test data reported in (27) show that all other parameters being
equal fast neutrons are indeed more detrimental than slow neutrons,

4.2.3.2 Type of aggregates--Radiation experiments in which the
type of aggregate was varied are reported in (1, 20, 22). All investiga-
tors came to the conclusion that different types of aggregates lead to
concrete with different resistance against neutron radiation. In (22)
mortar specimens made with different aggregates showed the following
strength ratios after exposure to a neutron radiation of

8 x 1019 n/cmz.

Type of aggregate Strength ratio
fcu/ fcuo

Baryte 0.69

Magnetite 0.78

Hollith

(light weight aggregate) 1.00

In (20) it was reported that the resistance of a particular type
of aggregate against neutron radiation can be related to volume changes
of the aggregate and the concrete during radiation. This observation
will be delt with in more detail in sections 4.4.1 and 4.7.1.

4.2.3.3 Mix proportions and type of cement--In (2) the flexural
strength of mortar specimens made of different mix proportions was
determined after neutron exposure. The experiments indicate that the
lean mixes were less radiation resistant than the rich mixes. However,
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it was shown that damage had been caused primarily by the temperature
exposure. No further experiments are available on the effect of mix
proportions on the resistance of concrete against neutron radiation.

In (22) radiation experiments were conducted on mortar samples
wich were either made of portland cement or of blast furnace slag

cement. After neutron radiation of 8 x 1019 n/cm2 the strength ratio
for the portland cement samples amounted to 0.69 whereas a value of
1.0 was obtained for the samples made of blast furnace slag cement.
Further experiments on the effect of type of cement are reported in
(1) . However the scatter of experimental data is so large that no
conclusions can be drawn from these data.

4.3 Effect of Gamma Radiation on Concrete Strength

During the tests in which the effect of neutron radiation was
studied the concrete samples were also exposed to primary and secondary
gamma radiation. Unfortunately, only a few of the experimentors report
the gamma radiation dose. According to (20, 27) the gamma radiation dose
during radiation exposure was as large as 3 x 1o'' rd.

Studies of the effect of gamma radiation without simultaneous
exposure to neutron radiation are reported in (1, 20, 30). Compressive
as well as tensile strength tests were carried out. The obtained test
results are sumarized in Fig. 7. Particularly the data from (30) show
a decrease of concrete strength with increasing gamma radiation dose.

However, these results should be evaluated with some caution: In the
test series reported in (30) the concrete samples were placed in open
tin cans. The rediated specimens as well as the non-irradiated cam-
panion specimens were then placed in demineralized water which shielded
the specimens against neutron radiation. Thus all concrete samples were
in immediate contact with demineralized water. After several years of
exposure the surfaces of the irradiated samples were partially
destroyed whereas the non-irradiated samples did not show such damage.
It is generally known that demineralized water may cause concrete
deterioration. This is underlined by the observation that also the
compressive strength of the non-irradiated companion specimens decrea-
sed significantly with time. The present test results therefore only
allow the conclusion that the simultaneous effect of demineralized
water and gamma radiation leads to a more pronounced deterioration of
concrete than only exposure to demineralized water.

Particularly, when taking into account the results from radiation
tests with simultaneaocus neutron and gamma exposure it is unlikely
that under normal conditions gamma radiation could have such a detri-
mental effect as shown by the experiments reported in (30).

4.4 Ioad Independent Deformations

4,4.1 Shrinkage, Swelling and Weight Loss

In six papers it is reported that concrete undergoes a consider-
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able volume increase when exposed to neutron radiation with a fluence

of more than 1019 n/anz. The magnitude of the volume increase depends
on the particular type of aggregate used (8, 14, 20, 24, 27, 29). In
Fig. 8 therelation between volume change and neutron fluence for con-
crete made of limestone aggregate and of flint aggregate is shown (20).
The concrete made with flint aggregate shows considerably larger volume
changes than the concrete made with limestone aggregates. Also the
tensile strength of those two types of concrete are different as can
be seen from the following tahle.

Type of aggregate Neutronzfluence fru/fruo

n/cm

flint 2x 10" 0.44
3 x 1019 0.33

19

4 x 10 0.33

limestone 2 x 1019 0.69
3x 10" 0.48
4x10° 0.43

Thus it can be concluded that concrete strength is the lower the
larger the volume increase during neutron radiation. In section 4.7.1
it will be shown that similar observations were made for irradiated
aggregates. It is of particular significance that concrete specimens
which were only temperature exposed, however not irradiated do not
show such a volume increase but rather the expected shrinkage. Accor-
ding to (8, 31) a neutron fluence of less than 1 x 10'7 does not lead
to a volume increase of the irradiated samples. In this range the
volume change of irradiated samples is approximately equal to the
shrinkage of temperature exposed specimens.

Concrete samples which were allowed to dry during radiation showed
a marked weight loss. Inaddition to the weight loss due to drying also
gas generation was observed (14, 20, 24). According to (20) the cam-
ponents of the gaswereprimarily H, O, N, Co and CO;. This gas genera-—
tion is due to radiolysis of the water evaporating fram the concrete
during drying at higher temperatures. According to (14) not all of the
water loss by the concrete contributes to the generation of gas.

The gas development has little effect on the concrete properties
after radiation. However, it may have to be taken into account because
of its possible corosive effects on other parts in a reactor pressure
vessel. Furthermore, internal pressure may be developed.

4.4.2 Thermal Expansion

Several investigators found that for a neutron fluence up to

5x 101 3 n/cm2 there is no significant difference between the coeffi-

cient of thermal expansion of temperature exposed samples and of
neutron irradiated samples (8, 1o, 13, 17, 20, 24). The effect of
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neutron radiation with a fluence > 5 x 1019 n/crn2 as well as the effect
of gamma radiation on the coefficient of thermal expansion have not
been investigated.

4.5 Load Dependent Deformations

4.5.1 Modulus of Elasticity

Fig. 9 shows the effect of neutron radiation on the modulus of
elasticity of concrete. There, the modulus of elasticity of irradiated
concrete, Ec’ is given as a fraction of the modulus of elasticity of

campanion specimens, Eco’ which were neither irradiated nor temperature

exposed. In this figure results reported in (1, 13, 20, 22, 29, 31) are

sumarized. A neutron fluence < 1 x 1019 n/cm2 leads to a slight de-

crease of the modulus of elasticity compared to the modulus of untreated
campanion specimens. However, this decrease is with all likelihood due
to the simultaneous temperature exposure. With increasing neutron
fluence the modulus of elasticity of the concrete further decreases.

The available experimental data are not sufficient to separate
the effects of radiation and temperature., No data are available on the
influence of gamma radiation on the modulus of elasticity of irradiated
concrete.

4.5.2 Creep

Only one series of experiments could be found in which the in-
fluence of neutron radiation on creep of cement mortar specimens was
studied (20). However no f inal conclusions can be drawn fram these
tests. Nevertheless on the basis of these data it is unlikely that at
least for a low neutron fluence there is a substantial difference in
creep properties between irradiated and temperature exposed concrete.
However it is likely that a neutron fluence which leads to a marked
reduction of concrete strength will also cause an increased creep rate.

In Fig. 10 creep and shrinkage strains of sealed concrete samples
while exposed to gamma radiation are shown. According to this diagram
the creep strain of irradiated samples is somewhat less than that of
non-irradiated specimens whereas the shrinkage strain of the irradiated
and sealed samples is larger than that of the non-irradiated companion
specimens. In the evaluation of these experimental data it should be
taken into account that the gamma radiation dose is small so that it
would not lead to any change in concrete strength. No data are
available for prolonged exposure of concrete to gamma radiation.

4.6 Thermal Conductivity

Several reports contain data on the effect of radiation on thermal
conductivity on concrete (8, 1o, 13, 17, 20, 14). The results re-
ported in (20) are shown in Fig. 11. There, the thermal conductivity,
K., of irradiated samples as a fraction of the thermal conductivity
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of non-irradiated campanion specimens, K o’ is given as a function of

the neutron fluence to which the concrete was exposed. According to
this figure thermal conductivity decreases as a consequence of the
prevailing exposure conditions. Similar data were reported in (13) and
are sumarized in the following table.

Treatment of specimen Relative thermal conductivity
unheated 1.00
heated 0.805
irradiated o.770

All investigatores who studied the effect of neutron radiation on
thermal conductivity agree in the observation that the thermal conduc-
tivity of irradiated specimens decreases by 20 to 50 percent compared
to the values observed on untreated companion specimens. However, this
decrease is primarily due to the effect of temperature exposure.

4.7 The Effect of Radiation on Properties of the Concrete Camponents

Several investigators conducted radiation experiments on aggre-
gate samples as well as on neat cement paste samples (14, 20, 24, 27,
29) . The primary purpose of these studies was to clarify the question
whether the influence of radiation on concrete properties can be tra-
ced back to changes in the aggregates or to changes in the cement
paste. Furthermore, such studies may facilitate the choice of types of
aggregates and of cement which will lead to a concrete with high resis-
tance to nuclear radiation.

4.7.1 Studies on Aggregates

Several experimentors showed that aggregates undergo a considerab-
le volume increase as a consequence of nuclear radiation (14, 20, 24).
In Fig. 12 the volume changes of serpentine aggregate and neat cement
paste made fram high alumina cement are shown as a function of the neu-
tron fluence. The same diagram also shows the volume change of both
components under normal temperature and at elevated temperatures with-
out radiation (14).

According to (20) the extent of volume increase of aggregates de-
pends on the particular type of aggregates. Even for aggregates with
similar chemical camposition different volume changes may be observed
depending on their microstructure (20).

All investigators came to the conclusion that the volume increase
of aggregates during radiation is the primary source for the volume
increase of irradiated concrete samples as described in section 4.4.1
and shown in Fig. 8. This conclusion is underlined by the observation
that in quartz aggregates the lattice parameter increases due to nuclear
radiation and thus leads to the observed volume increase (27).

In addition to the volume increase of the aggregates, a decrease
of tensile and compressive strength as well as of the modulus of elasti-



234 Hilsdorf, Kropp, and Koch

city of the aggregates was observed (14, 2o, 24). It is likely that
these changes in mechanical properties are caused by the same structu-
ral changes of the aggregates which caused the volume increase as
described above.

4.7.2 Studies on Neat Cement Paste Samples

In (14) tests on cement paste samples are reported which were made
of high alumina cement. In (20, 24) tests on portland cement paste
samples are described. All investigators observed that the cement
paste samples exhibit shrinkage strains when exposed to neutron radia-
tion which are identical to the shrinkage strains of temperature ex-
posed samples. This can also be seen fram the experiments shown in Fig.
12. According to (20)the volume decrease of the cement paste samples
is proportional to the simultaneously occuring weight loss. Tensile
and campressive strength as well as the modulus of elasticity of the
cement paste samples change little as a consequence of nuclear radia-
tion.

4.8 Relaxation Length and Shielding Properties

The relaxation length is a measure of the effectiveness of a
material as a shield against nuclear radiation. It is defined as the
distance from the exposed surface of the material at which the radia-
tion dose is decreased by a factor of 1/e.

In (4) measurements of relaxation length of concrete cores taken
fram the ORNL graphite reactor after 12 years of service are reported.
Depending on the distance fram the exposed surface the relaxation
length for gamma radiation varied between 13.5 cm and 14.6 cm. The
relaxation length for fast neutrons varied between 1o cm and 10.6 cm.
Unfortunately, the relaxation length of this particular concrete prior
to radiation exposure is not known so that the effect of radiation on
the relaxation length cannot be deduced directly fram these data.
However the values for the relaxation length of concrete given in (4)
are of the same order of magnitude as reported for non-irradiated
concrete (32). Furthermore, it is unlikely that the relaxation length
of concrete is significantly changed by nuclear radiation since den-
sity of the concrete as well as chemical composition are hardly
altered by radiation. However, the temperature increase due to radia-
tion will lead to a moisture loss of the concrete which in turn will
cause an increase of the relaxation length for shielding against neu-
tron radiation. This increase also will have to be taken into account
when evaluating the effectiveness of a particular concrete shield.

5. SIGNIFICANCE OF RESULTS FROM RADIATION STUDIES ON CONCRETE

5.1 Summary of Experimental Data

The experimental data reported in the previous sections may be
summarized as follows: 19
(1) For same concretes neutron radiation of more than 1 x 1o
n/an® may cause same reduction of campressive and tensile strength.
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(2) The decrease of tensile strength due to neutron radiation is
more pronounced than the decrease of campressive strength.

(3) The resistance of concrete against neutron radiation also
depends on the type of neutrons (slow or fast). However, the extent of
this effect is not sufficiently clarified.

(4) The resistance of concrete against neutron radiation depends
on mix proportions, type of cement and type of aggregates.

(5) The effect of gamma radiation on the mechanical properties of
concrete, particularly the energy dose above which such effects are
noticable is not sufficiently clarified.

(6) It is likely that the deterioration of mechanical properties
of concrete when exposed to neutron radiation is in part due to the
simultaneous temperature increase of the concrete. However this effect
is camparatively small.

(7) The coefficients of thermal expansion and thermal conductivity
of radiated concrete differ little fram those of temperature exposed
concrete.

(8) The modulus of elasticity of concrete when exposed to neutron
radiation decreases with increasing neutron fluence.

(9) For a comparatively low radiation dose creep of concrete is
little affected by radiation. It is likely that creep increases when
the radiation dose is high enough to cause a reduction of compressive
and tensile strength of the concrete.

(10) For same concretes neutron radiation with a fluence of more

than 1 x 1019 n/cm2 causes a marked volume increase of the concrete.

This volume increase can be traced back to microstructural changes in
the crystalline aggregates of the concrete and is with all likelihood
responsible for the concrete deterioration.

(11) The available test results do not allow recammendations
regarding mix proportions and types of cement for concrete with high
radiation resistance. However, it seems to be certain that concrete
made with radiation resistant aggregates is also radiation resistant.

(12) Nuclear radiation seems to have little effect on the
relaxation length and thus on the shielding properties of concrete
beyond the effect of moisture loss due to the temperature increase.

5.2 Exposure Conditions of Relevant Concrete Structures

In order to evaluate the significance of the observations
sumarized in the preceding section it is necessary to estimate the
radiation dose to which concrete structures may be exposed.

Sofar, radiation resistance of the concrete may be of significance
in two types of structures i.e. biological shields and prestressed con-



236 Hilsdorf, Kropp, and Koch

crete reactor vessels. In biological shields the neutron radiation

fluence may exceed values of 5 x 1019 n/dnz. However, since in such
structures use is made primarily of the shielding effectiveness of con-
crete rather than of its load carrying capacity same deterioration of
the concrete strength characteristics can be tolerated particularly
since the shielding effectiveness of the concrete seems to be unaffec-
ted by radiation.

In a prestressed concrete reactor vessel the radiation dose after
several decades of service will depend on the particular type of reac-
tor and on its construction. In (22) the following values are given for
the maximum radiation dose to which a prestressed concrete reactor ves—
sel may be exposed after 3o years of service:
thermal neutrons: 6 x 1019
fast neutrons: 2 to 3 x 1o~ n/am

gamma radiation: 1o11 rd

Thus in the construction of prestressed concrete reactor vessels
radiation exposure may be high enough to cause some concrete deteriora-
tion and may have to be taken into account in the choice of concrete
making materials and in the design of such structures.

6. CONCLUSIONS

(1) The mechanical properties of concrete particularly the strength
characteristics may deteriorate as a consequence of nuclear radiation
if the radiation dose exceeds certain limiting values.

(2) Concrete radiation resistance and thus the critical radiation
dose depend on the type of concrete making materials. If radiation re-
sistant materials, particularly resistant aggregates are used concrete
of high radiation resistance can be made.

(3) The maximum radiation dose to which scme concrete structures
such as prestressed concrete reactor vessels are exposed after many
years of service may reach critical values for some concretes. There-
fore, also the radiation resistance should be taken into account when
selecting concrete making materials for such structures.

(4) Because of the good shielding properties of concrete which
are not affected by radiation beyond the effect of moisture loss due
to a temperature increase, the radiation dose within a concrete wall
decreases rapidly with increasing distance from the exposed surface.
Therefore, at some distance from the exposed surface normally not ex-
ceeding about 50 am nuclear radiation is attenuated sufficiently so
that it is of no significance for the mechanical properties of the con-
crete., Some deterioration of concrete strength in the heavily radiated
zones can easily be taken into account in the design of such concrete
structures.
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