FUZZY LOGIC MODEL OF IRRADIATED
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Abstract: The worldwide need for nuclear power plant (NPP) lifetime exten-
sion to meet future national energy requirements while reducing greenhouse gases
raises the question of the condition of concrete structures exposed to ionizing ra-
diation. Although research into the effects of radiation has a long history and the
phenomenon of deterioration of concrete due to irradiation is not yet completely
understood, the main assumed degradation mode is radiation-induced volumet-
ric expansion of aggregates. There are experimental data on irradiated concrete
obtained over decades under different conditions; however, the collection of data
exhibits considerable scatter. Fuzzy logic modeling offers an effective tool that
can interconnect various data sets obtained by different teams of experts under
different conditions. The main goal of this work is to utilize available data on ir-
radiated concrete components such as minerals and aggregates that expand upon
irradiation. Furthermore, aggregate radiation-induced volumetric expansion gives
an estimate of the change in mechanical properties of aggregate after years of re-
actor operation. The mechanical properties of irradiated aggregate can then be
used for modeling irradiated concrete in the actual NPP structure based on the
composition of concrete, the average temperature on the surface of the biological
shield structure, and the neutron dose received by biological shield.
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1. Introduction

Since the 1950’s the nuclear industry has undergone an extensive development of
technologies and equipment in its facilities. However, one of the most important
components has not changed significantly: the biological shield and the structural
material used for its construction. Even though concrete is an extremely variable
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material usually containing aggregates from local sources, the material heterogene-
ity is not surprising to civil engineers who work mainly with concrete as a homo-
geneous material. Since the biological shield has a shielding and in many instances
also a load-bearing function, the material condition and soundness are the essential
criteria for safe reactor operation, Fig. 1. The worldwide need for license renewal
of nuclear facilities has raised the question of what are the effects of radiation on
concrete. The community of researchers has attempted to find the answer since the
very beginning of the nuclear era in 1960’s and 1970’s as summarized in [6]. The
major conclusion of their research was that neutron fluences above 10'? n-cm~2, not
specifying energy spectrum of neutrons, cause a reduction of mechanical properties,
[6, 13, 8]. They also discovered that some aggregates (granite, gabbro, sandstone,
etc.) are more susceptible to radiation effects than other aggregates and may in-
crease in volume significantly, [14, 2, 7, 3, 11, 16]. Currently, the neutron fluence
received on the biological shielding exceeds the threshold in 40 or more years of
operation for 2-loop pressurized water reactors (PWR) which is the smallest unit
designed and built by Westinghouse, [4].

Biological shield structure

Concrete Aggregate

.

Fig. 1 Biological shield structural material.

The collection of irradiated concrete data shows a large scatter which is thought
to be due to different testing conditions and material composition, [6, 14]. There-
fore, deeper understanding of testing conditions as well as materials composition
on concrete properties, is crucial for a comprehensive assessment of the condition
of a biological shielding structure.



Vaitova M., Stemberk P., Rosseel T.M.: Fuzzy logic model of irradiated. . .

Not only is concrete a composite or multiphase material, but the aggregates
used in concrete are composed of minerals that exhibit radiation-induced volumet-
ric expansion (RIVE) as shown in Fig. 2. That is why minerals deserve attention
in order to understand the overall effects of radiation on concrete. Minerals de-
termine the resulting behavior of irradiated aggregate, which in turn determines
the behavior of the irradiated concrete. It seems that step-by-step upscaling of
the material behavior is the proper method that leads to obtaining the concrete
properties after years of irradiation.

Since the data used for the development of the model are limited, the fuzzy
logic approach is utilized for the same reasons as in the previous work [15, 10].

The following section of the paper describes a fuzzy logic model that uses the
trends of mineral radiation-induced expansion for determining the expansion of
irradiated aggregates.

Radiation-induced volumetric
expansion of mineral

Non-irradiated aggregate Irradiated aggregate
(expanding minerals in black)

Fig. 2 Ezample of radiation-induced volumetric expansion (RIVE) of one mineral
within the aggregate.

2. Available data on aggregate expansion

Concrete is a composite material consisting of two main phases which are the
aggregates and the cement paste. Since the predominant effect of deterioration of
concrete properties is assumed to be the RIVE of aggregates, and since aggregates
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occupy 60-80 % of concrete volume, [9], the main focus in the modeling is on the
aggregate behavior upon irradiation.

The aggregate itself consists of minerals which suggests that the aggregate could
be viewed as a composite or multiphase material. In the same manner as the
aggregates affect concrete properties, the aggregate properties are derived from its
component minerals.

Since the change of mechanical properties of aggregates is related to dimensional
changes, an estimate of dimensional changes of aggregates induced by radiation is
the crucial step to determine the resulting mechanical properties. The driving
parameters for aggregate RIVE besides the radiation dose consist of the types of
minerals in the aggregate, their concentration, irradiation temperature and the
aggregate structure. Therefore, the main input to an aggregate expansion model
is the expansion of the component minerals. Since minerals expand differently
under various temperatures, the expansion of minerals has to be controlled also by
temperature, as shown in Fig. 3, where the issues related to the quality and quantity
of the experimental data can be understood. Futhermore, mineral expansion is
limited by the saturation point which is the ultimate defect accumulation.
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Fig. 3 Radiation-induced expansion of quartz - experimental data [2].

An extensive compilation of experimental data on the dependence of aggregate
mechanical properties due to RIVE can be found in [2]. It demonstrates that
the volumetric expansion of aggregates can be used to estimate the change of
mechanical properties of aggregates or may be used as an input into a meso-scale
model of concrete using a finite element method [5]. Clearly, the density, strength
and stiffness of aggregates decrease with increasing volume and crack development.

Irradiated aggregates exhibit similar changes as polycrystalline minerals be-
cause of the similarity of defects developed in between the phases in minerals and
the minerals in aggregates due to their different volumetric expansion, which even-
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tually leads to cracks, as shown in Fig. 2. The one-dimensional changes of irradiated
aggregates can be as large as 7% resulting in volumetric expansion up to 23 % [2].
The contribution of cracking in the overall volumetric changes can be greater than
67 % of the overall volumetric changes which implies that cracking has a greater
impact on the total expansion than the expansion of minerals [2]. A significant por-
tion of cracking causes reduction in the mechanical properties of aggregates. This
effect is best exhibited by the decrease in the modulus of elasticity with radiation-
induced damage. Even though the compressive and tensile strength also exhibit
decrease, the change is not as significant.

The radiation induced effects in aggregates depend on neutron fluence and
energy spectrum, temperature and the structure and atomic bonding of the ag-
gregates. The composition and structure of aggregates affect the susceptibility to
defect formation.

Since the minerals that exhibit the largest expansion are silicates, aggregates
with siliceous minerals are the most susceptible to RIVE [2, 14]. Detailed infor-
mation concerning volumetric expansion and changes in mechanical properties of
selected siliceous aggregates is shown in Tab. I.

Aggregate Main minerals Volumetric Mechanical
expansion properties

(%) decrease [%]

granite, granodiorite, quartz, feldspar 23.0 90.0-100.0

diorite, quarzitic syen-
ite, sandstone, aleuro-

lite

gabbro, basalt, diabas, pyroxene, 7.7 14.0
pyroxenite hornblende

olivinite, dunite, olivine, serpentine, 3.0 no
serpentine silica ceramic significant

containing glass changes

Tab. I Siliceous aggregates composition and observed radiation-induced changes in
properties [2].

The essential issue of understanding the effects of radiation damage in concrete
is therefore the formation of radiation-induced defects in minerals. Neutrons inter-
acting with atoms in a crystalline lattice cause displacement of atoms which results
in vacancies, interstitial atoms or substitution of one atom with another. According
to the experimental data, the energy range of neutrons causing the damage varies
primarily from 0.01 to 1 MeV [2]. Furthermore, Remec’s calculations [12] identified
the observed cut-off energy of neutrons causing greater than 95 % of the damage
as E>0.1 MeV. The accumulation of defects in well-crystalized materials (miner-
als - quartz, feldspar, biotite, etc.) caused by irradiation are amorphization, partial
or complete transformation into other minerals, anisotropic changes in crystalline
lattice, and changes in physical properties.
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The mineral properties studied by most researchers are the changes in density,
crystalline lattice parameters, dimension, coefficient of thermal expansion, and
other optical properties that do not necessarily reflect the impact of radiation on
mechanical properties. From the mechanical properties point of view, the most
interesting effect is the dimensional change of minerals. The anisotropic nature
of dimensional change results in unequal expansion along different axes of crystal
lattice. Accordingly, shrinkage may take place in certain directions while in other
directions the mineral expands.

The available data [6, 4, 2] demonstrate that radiation expansion increases until
it reaches the saturation point which means the ultimate concentration of defects.
For that reason, radiation-induced expansion of minerals is usually described by a
sigmoid function. For silicates, the sigmoidal behavior of the expansion of aggre-
gates as a function of the neutron fluence is affected significantly by the temperature
during irradiation as shown in Fig. 3. The higher the temperature, the higher the
neutron fluence needed to reach the maximum of the sigmoid function [2]. This
phenomenon is caused by the partial annealing of the material exposed to high
temperatures and seems especially significant in silicates [2].

3. Fuzzy logic model
3.1 General strategy

Since the use of statistics would be dubious for the available experimental data,
which were obtained under poorly defined temperature conditions, it was decided
to use the fuzzy logic to propagate the uncertainty contained in the experimental
data for the minerals into estimates of RIVE of various aggregate types. The fuzzy
logic helped to define the validity of the scatter of the experimental data of RIVE
with respect to the temperature range. The concept of definition of a fuzzy set, or
a fuzzy number, which expresses the uncertainty of the RIVE estimate with respect
to temperature is shown in Fig. 4 where p is the degree of membership, ¢ is the
neutron fluence and dV is volumetric expansion.
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Fig. 4 Fuzzy number of RIVE of mineral under uncertain temperature.
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The general strategy is to define a measure of validity of a RIVE estimate,
using the shape of a fuzzy set, which is based on the definition of the lower and
the upper bound of the RIVE over the temperature range, Fig. 4. The lower and
the upper bound are then evaluated using the coefficient of determination in order
to take into account the effect of temperature on the validity of the experimentally
obtained RIVE of each mineral at a given fluence. The coefficient of determination
R? is then used to define the shape of the fuzzy set. For example, when R? = 1 the
resulting RIVE is valid for the entire range of temperatures and when R? = 0 the
resulting RIVE is only an estimate valid for the average temperature; however, it
has some limited validity over the range of the temperature, Fig. 5. These fuzzy sets
are then used when the combined effect of temperature on the individual minerals
is evaluated for a given aggregate type. In Fig. 5, L in is the difference between
the highest and the lowest temperature for given irradiation data.

u’ R2=1

H‘ {(R2=0

Fig. 5 Definition of shape of fuzzy set.

The resulting RIVE estimates for three aggregate types (granite, diorite and
gabbro) from Fig. 6 and for three representative temperatures of 40°C, 80°C and
120°C are provided already as defuzzified in a form of surfaces, between which it
is possible to interpolate in order to obtain intermediate values.

3.2 Selection of valid sets of minerals

The common aggregates used for concrete production are igneous rocks contain-
ing silica dioxide. Moreover the mineral expansion referenced in the literature,
specifically [2], is mostly related to silicate minerals. Therefore, the experimental
data on silicate minerals assembled by Denisov, [2], are used to create a model
of radiation expansion of silicate igneous rocks such as granite, diorite and gab-
bro. According to the petrographic composition of these rocks, the behaviour of
minerals namely quartz, plagioclase feldspar, orthoclase feldspar, augite(pyroxene),
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V%'}E:‘;ilzﬂ’ CLASSIFICATION
silica poor intermediate silica rich
100
80 - Potassium feldspar
6o —Olivine
Plagioclase feldspar Quartz
40 -
Pyroxene 5’1‘0,1}6
20
Hornblende
O .
45 55 66 78 % SiO,
Basalt Andesite Rhyolite Volcanic
Gabbro Diorite Granite Plutonic

Fig. 6 Proportions of common minerals in different types of igneous rock, [1].

hornblende(amphibole), olivine, and mica, should be known. However, since the
experimental data are limited the proper data set should be chosen for the model.

The most studied irradiated mineral is quartz which has the most extensive data
set of all minerals, for example see Fig. 3. Then, the data for groups of minerals
such as feldspars, pyroxene, and mica are represented by the most studied mineral
within the group. Specifically, the representative mineral of plagioclase feldspars is
oligoclase, for potassium feldspars the representative is microcline and finally for
mica it is biotite. The only mineral which has such a poor reference that has to be
omitted is olivine. Since the expansion of olivine was not greater than 1 %, it was
excluded from the RIVE model.

3.3 Built database of minerals

In order to use mineral expansion data, the sigmoid curves for different temperature
ranges are fitted to the data points based on the coefficient of determination (R?).
Each experimental data point was obtained within a known temperature range,
therefore, each expansion curve is also given for a range of temperatures. The
general formula of the sigmoid curve is

deax
14+ er@—a) " (1)

where dV is volumetric expansion, dVi,ax is the maximum overall expansion of the
mineral, ¢ is neutron fluence, and p and ¢ are parameters describing the shape of
the sigmoid curve, specifically, the slope and its position in the coordinate system.
These parameters are summarized in Tab. II. The parameter r shifts the function
vertically so that it goes through the origin. It should be noted that all of the

dVig) =
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sigmoidal function parameters are strongly dependent on the temperature during
irradiation.

Silica minerals AViax P q

quartz 17.6 — 18 1-10x10720 04 —7.3 x10%
pottasium feldspars 7.4—8.2 1.2—-10x 10720 0.7 — 4.5 x 10%°
plagioclase feldspars 7T—-7.2 1.3—-29x10720 1.2 -5.3 x10%
pyroxenes 2.35 — 3.1 2-72x107% 0.3 1.7 x 10%
biotite 1.64 1x10720 1 x 1020
hornblende 1.2-22 1.7—-7x10720 0.6 — 2 x 1020

Tab. II Fitting parameters of radiation-induced mineral expansion sigmoidal func-
tion.

Fig. 3 depicts the volumetric expansion of quartz, which is a mineral with the
most data and therefore has the best reliability. The curves for different tempera-
tures show the effect of annealing on the material upon irradiation. Specifically, the
higher the temperature, the higher the radiation dose required to cause volumetric
expansion. Furthermore, the change of the curve slope with temperature has a de-
creasing trend that is utilized in the aggregate expansion model where increasing
temperature reduces the radiation-induced damage.

Fig. 7 depicts the volumetric expansion of an acidic plutonic magmatic aggre-
gate, granite. The volumetric expansion for these rocks are known in the tempera-
ture ranges of 90 — 110°C and 115 — 160°C for low as well as high levels of neutron
fluence, while the expansion at temperatures lower than 90°C is unknown for high
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Fig. 7 Radiation-induced expansion of granite - experimental data [2].
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neutron fluence. Therefore, the trends (Fig. 3) in mineral behavior at lower tem-
peratures and high fluence can be extrapolated to obtain the volumetric expansion
of aggregates at lower temperatures based on the fraction of minerals within the
aggregates.

3.4 Estimation of aggregate expansion

The aggregates, as a multiphase material, are composed of different minerals, there-
fore, each mineral affects the aggregate behavior to a different degree. Specifically,
the aggregate radiation-induced expansion is derived from the expansion of the
component minerals.

Each aggregate has a specific mineral composition. For the aggregate behavior
prediction, the content of minerals is the determining factor. Based on the similar
shapes of the aggregate and mineral expansion curves (Fig. 3 and 7), it is assumed
that the function used to describe radiation-induced expansion of minerals, Eq. (1),
can also be utilized to describe the shape of the aggregate expansion curve and,
thereby, provide the same parameters of the aggregate expansion curves.

The proposed model intends to utilize the trends of the mineral behavior de-
scribed by the parameters in Eq. (1) to predict the aggregate expansion. Specif-
ically, the parameters dVi.x, p and ¢ are calculated as linear interpolations of
parameters used for the minerals in aggregates based on the volume fraction of
minerals (Algorithm 1).

Algorithm 1 Mixing of minerals algorithm.
Define: irradiation temperature 7', maximum aggregate expansion dViax,, frac-
tion of each mineral f,,, and neutron fluence ¢.
for i do
if f,,,>0 then
Evaluate one input (T) — three output fuzzy logic model
Store output data (ppm,;, gm,; and dVi,,)
else
Continue
end if
end for
Determine dV,,
Determine pa(fmi)v qa(fmz‘) and dva(fmi)
Determine dV (¢) {Eq. (1)}

Besides the mineral content, another important parameter which influences the
aggregate expansion in the proposed model is temperature. Since the curves for
mineral expansion are given within a temperature range, the temperature as an
input parameter in the model is fuzzified using triangular membership functions
where the temperature range gives the lower and upper limit of the fuzzy num-
ber. Nevertheless, for the sake of more general applicability of the model, non-
linear membership functions can also be assumed in the proposed model. How-
ever, because of the limited available data, the triangular membership functions
are adopted. Moreover, the parameters dVi.x, p and ¢ describing the mineral

10
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radiation-induced expansion within a specific temperature range are fuzzified, be-
cause the temperature itself is a fuzzy number. Generally, the parameter p gov-
erning the slope of the sigmoid curve as well as the parameter ¢, which shifts the
kick-off point of the sigmoid curve, are dependent on the temperature at irradi-
ation. The parameter p decreases with increasing temperature while the param-
eter ¢ increases with increasing temperature. Therefore, the lower temperature
of irradiation is more detrimental to aggregates and thus the concrete mechanical
performance.

Since the cracks constitute a significant portion of the overall expansion of ag-
gregates, the parameter dV, which describes the expansion of minerals, needs to be
corrected after the calculation, which is based on the volumetric fraction of miner-
als. Since the experimental data of rocks show the peak of the radiation-induced
expansion within just a few temperature ranges, the estimate of the volumetric
fraction of cracks in the total expansion can be determined based on the data in
[2], which provides a plot that describes the dependence of the increase of the vol-
ume due to cracking on the increase of the volume of the rock in total for different
rocks. Based on that plot, the correcting coefficient K., can be determined from

I
T-c )

where I is the total increase of the volume of the rock and C' is the increase in
volume due to cracking. Moreover, the estimate of the crack volume is used in
the calculation for the same aggregate but within the temperature range where the
peak expansion has not yet been measured. The volumetric fraction of cracks in a
particular rock is designated as dVg,.

Kcr =

4. Model validation

In order to evaluate the model accuracy compared to experimental data, a method
to evaluate such a model is developed. Since the fuzzy logic model of radiation-
induced expansion of aggregates gives the boundary curves of each temperature
range, the data between the curves are assumed to be the results with no errors as
indicated in Figs. 8—10. However, the data outside the boundary curves do contain
errors. Each data point error is evaluated twice to get the errors for both boundary
curves. The minimum error is then used in the calculation of the mean model error
ME using the following equation

2.

ME=1-%2L ~ 3
— (3)

fi=yi
Yi

n
1

where n is the number of data points, f; is the output of the aggregate radiation-
induced expansion model function (corresponding to the curve nearest the data
point), and y; is the experimentally obtained radiation-induced expansion of the
aggregate. The mean error evaluation of the proposed model gives a sense as to
how the model is capable of capturing the experimental data and also provides the
ability to compare how the model works for different types of aggregates.

11
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Fig. 9 Diorite (Labradorite) — validation.
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Figs. 810 show the results for different aggregates in different temperature
ranges. For each temperature range, two boundary curves of radiation-induced
expansion of aggregates are determined to provide an estimate of the possible
results within the temperature range. The experimental data plot in the same figure
as the model curves provides a comparison between the model and experimental
data available for the given temperature range based on ME.

151

RS = [ ——

Volumetric expansion [%]

S5 O 70-80°C data
70°C ye= 075
80°C

0O 105-140°C data
T 105°C e s g8
— — = 140°C
0 1 T T J
0 4 5 6 7
Neutron fluence 20

x 10

Fig. 10 Gabbro — validation.

The values used for mineral expansion curves are listed in Tab. II, the mineral
composition of aggregates are listed in Tab. III and the resulting parameters for
aggregates are listed in Tab. IV. It should be noted that in the case of diorite the
experimental data on labradorite were used to supplement the experimental data
on diorite at low irradiation temperatures.

Silica minerals Gabbro Granite Diorite
quartz 0.00 0.25 0.00
potassium feldspars 0.60 0.50 0.75
plagioclase feldspars 0.00 0.24 0.05
pyroxenes 0.40 0.00 0.15
biotite 0.00 0.01 0.05

Tab. III Mineral fraction in aggregates.

13
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Aggregate T[°C] K AVinax P q

Gabbro 70—140 2.8 13.7—141 16-55%x10"20 14—-3.7x10%
Granite 45—-160 2.5 246—25.7 14—75x10"20 0.8—4.4x10%
Diorite 90—160 34 21.0—-226 25—-48x10"20 1.3—2.31x102%°

(Labradorite) (65—85)

Tab. IV Ezample of resulting parameters of radiation-induced aggregate expansion.

5. Ready-to-use RIVE estimates

The proposed model was tested on three different aggregates: granite, gabbro, and
diorite as shown in Figs. 11-13.

In the case of granite (Fig. 11), the model captured experimental data for tem-
peratures above 70°C. For the temperatures between 40—65°C, the model captured
the data only partially, which was caused by the small R? of potassium feldspars
at 45°C due to the limited data points at that temperature. The results of the
gabbro model (Fig. 12) are worse than for granite, which is caused by the very
limited input dataset of pyroxene minerals. The last aggregate tested with the
model is diorite (Fig. 13). Since the data on diorite expansion are only for high
temperatures, labradorite with the similar content of SiO; was used for estima-
tion of diorite expansion at lower temperatures. Then, with very high R? (with
the only exception being potassium feldspars at 45°C), the model in the case of
diorite/labradorite has very good correlation with the experimental data.

The proposed model captures trends in aggregate expansion behavior upon
irradiation. Firstly, the model is based on individual mineral expansion so the
lower R? of the mineral expansion curve affects the ME of the resulting aggregate

o

-
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Volumetric expansion [%]
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%SiO, 66 0

Neutron fluence [n/cmz]

Fig. 11 Granite — estimated RIVE.
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Fig. 12 Gabbro — estimated RIVE.
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Fig. 13 Diorite — estimated RIVE.

expansion curve. The low R? is due to the limited data for that particular mineral or
the specific temperature range of mineral expansion. This is especially apparent in
the case of pyroxenes and potassium feldspars at 45°C. The R? is low which results
in a low ME for aggregates containing these minerals. Secondly, the aggregate
structure that is given by the aggregate origin (how it is formed in nature) affects
defect formation. For example, sedimentary rocks (cementitious) contain more
pores than granite or other plutonic magmatic rocks (compaction). Therefore, the

15
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interconnection between the minerals contained in the rock should be incorporated
into the model in order to obtain more realistic data. For this reason, the model
clearly works better for compacted and well-crystallized aggregates than it would
work for cementitious aggregates. For cementitious rocks, the kinetics of RIVE of
minerals with respect to the neutron fluence should be assumed.

6. Conclusions

The model of irradiated aggregate expansion based on the mineral content of the
aggregate is presented in this paper. The results obtained with this model provide
an estimate of the aggregate radiation-induced volumetric expansion considering
the mineral content, the temperature during irradiation and the neutron fluence,
which is the actual dose of neutrons causing damage to the biological shield struc-
ture. The aggregate expansion estimates may be used in the meso-scale modeling
of concrete for determination of the reduction of concrete mechanical properties.
Based on that information, the irradiated concrete structure performance can be
assessed.

The trends in the material behavior and the uncertain descriptions of the ex-
perimental data provided an opportunity to use the fuzzy logic to evaluate the
available information on irradiated minerals. Because of the limited experimental
data, the model should not use the classical homogenization approaches usually
used for heterogeneous materials.

The results presented in this paper show good correlation between the proposed
model and the experimental data mainly for compact and well-crystallized aggre-
gates that are typically found in the NPP structures. Therefore, the results of this
paper can be also used for assessment of concrete structure conditions during the
license renewal process.
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