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Abstract. The possibility of using materials in radiation protection shields when designing new and
extending the service life of existing nuclear energy facilities requires knowledge or the ability to predict
their radiation changes. The studies were carried out due to the lack of data sufficient to predict radiation
changes in hardened Portland cement paste (HPCP) and concrete under the influence of gamma radiation
when used as radiation shield materials for nuclear energy facilities. The research is based on published
data on the effect of gamma radiation on concrete at irradiation temperatures of 20—30 °C and on HPCP at
70-375 °C. The author carried out computational and analytical studies to assess and establish the
possibility of predicting radiation changes in HPCP under the influence of gamma radiation. The studies
were conducted using the previously developed and tested method of analytical determination of radiation
changes in concretes according to data on changes in their components. The formulas used in this method
made it possible to determine (restore) the radiation changes of the HPCP from experimental data on
radiation changes in concretes and aggregates. According to the available results of concrete irradiation,
changes in linear dimensions and strength during compression of HPCP under the action of only gamma
radiation were calculated (restored). The dependences of radiation changes in HPCP on the magnitude of
the absorbed dose in the range from 3.8:10* to 4.7-108 Gy after irradiation at 20-30 °C were established.
According to the available data on the irradiation of HPCP with gamma radiation at temperatures from 70 °C
to 375 °C, the effect of the irradiation temperature on radiation changes in the HPCP was revealed.
Mathematical expressions that approximate the established dependencies are selected. On the basis of
the obtained mathematical expressions, radiation changes in the linear dimensions and strength of HPCP
for compression, caused only by the action of gamma radiation, after irradiation to the values of absorbed
doses from 3-10* Gy to 1-10"° Gy were calculated. The calculations of radiation-thermal changes in the
linear dimensions and strength of HPCP under the action of gamma radiation and heating after irradiation
to the values of absorbed doses from 3-10* Gy to 1-10'° Gy and the accompanying heating at temperatures
from 20 °C to 500 °C were estimated.
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1. Introduction

Facilities with various nuclear installations provide sources of ionizing radiation that can cause
radiation changes in concrete building structures and radiation protection. The most important are radiation
deformations (changes in linear dimensions (or dimensions) and volume) and strength.

The most significant radiation changes in concretes are caused by neutron radiation, so the effect of
neutrons on concretes and their components is the most studied and described in the most detail in the
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research works [1-12]. There are methods of analytical determination (calculation) of radiation and thermal
changes in concretes and their components described in the research works [9, 13—-15]:

— concretes according to data on radiation and thermal changes in their components (aggregates
and hardened cement paste);

— aggregates according to data on radiation and thermal changes in crystals of their constituent
minerals;

— minerals under the action of neutrons according to data on fluence and neutron spectrum,
irradiation temperature;

— hardened Portland cement paste (HPCP) under the action of neutrons according to data on
fluence and neutron spectrum, irradiation temperature.

The available methods of analytical determination are based on a number of simplifications
considering that microstructural stresses due to cracking in concretes completely relax, and in aggregates
are reset to the value of tensile strength, therefore they have a fairly simple, convenient for analysis and
use type. However, despite the simplifications, the possibility of practical use of these methods is shown
experimentally.

Work is also being carried out on numerical modeling of the processes of radiation changes, crack
formation, creep and plasticity of concretes and their components, described, for example, in the research
works [16—22]. Numerical methods more strictly take into account the processes occurring in concretes and
their components, but are associated with the use of a large number of parameters, not all of which can be
determined accurately enough. In this regard, these methods do not give more accurate results than the
methods described in the research work [9, 13—-15].

The effect of gamma radiation on concretes and their components is not studied well, though the
volumes of concrete exposed to gamma radiation are more significant than the volumes exposed to
neutrons. Only a few data are available on specific concretes and mortars [1, 2, 7, 10-12, 23—-38] indicating
the presence of radiation changes after exposure to gamma radiation. Moreover, some authors (for
example, [35, 36] associate changes in concrete after exposure to gamma radiation by the effect of heating
in the process of irradiation. Although there is evidence, for example, [1, 2, 25], indicating a change in the
linear dimensions and properties of concretes after irradiation at temperatures of 20-30 °C.

Radiation changes in concretes under the influence of gamma radiation can be determined by the
mentioned above method of analytical determination of radiation and thermal changes in concretes from
data on radiation and thermal changes in their components (aggregates and hardened cement paste). The
use of this method is permissible, since the cause of the changes does not matter, since the method has
been tested both when exposed to neutrons and when exposed to heating. However, this requires data on
radiation changes in aggregates and HPCP. To do this, it must be possible to predict radiation changes in
aggregates and HPCP under the influence of gamma radiation.

Evaluation and substantiation of forecasting radiation changes in concrete aggregates under the
influence of gamma radiation at different absorbed doses and irradiation temperatures were performed in
the research work [39].

For HPCP, it is not possible to predict its radiation changes. There are limited data [27, 29, 31-36,
38] on the change in linear dimensions, structure, mass, strength after irradiation with small doses of
gamma radiation (up to 5-107 Gy mainly at elevated temperatures (from 70 to 375 °C). Moreover, changes
in HPCP after irradiation with gamma radiation, as well as concretes, are associated mainly with the effect
of heating accompanying irradiation. However, taking into account the results of the study of concrete after
irradiation at 20-30 °C, gamma radiation causes a decrease in the dimensions (shrinkage) of HPCP, as
there is a decrease in the dimensions of concrete. In this regard, further research is needed.

In general, the available experimental data do not allow to predict radiation deformations and
changes in strength under the influence of gamma radiation for concretes of any composition and at higher
absorbed doses. In this regard, the purpose of this research work is to establish, on the basis of existing
experimental data, radiation changes in HPCP under the influence of gamma radiation and to establish the
possibility of predicting them in a wide range of absorbed doses and temperatures of irradiation. Achieving
this goal will make it possible to analytically determine the radiation changes in concretes under the
influence of gamma radiation.

To achieve this goal, the following tasks were solved:

— Development of methods of computational and analytical studies;
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— Selection and analysis of available published data on radiation changes in concretes and their
components under the influence of gamma radiation, which can be used to perform
computational studies;

— Establishment on the basis of available experimental data obtained on the basis of computational
and analytical studies of radiation changes in HPCP under the influence of gamma radiation and
their dependencies on the absorbed dose, temperature and possible other factors. Selection of
mathematical expressions that approximate established dependencies.

2. Methods

The introduction showed that the available publications provided limited data on radiative changes
in the linear dimensions and strength of HPCP under the influence of gamma radiation and mainly at
elevated temperatures. However, there are data on radiation changes in concrete after irradiation with
gamma radiation at 20-30 °C in a relatively wide range of absorbed doses. In this regard, the values of
radiation changes in HPCP under the influence of gamma radiation alone and their dependence on the
absorbed dose were determined by calculation from the available experimental data on the effect of gamma
radiation on concretes at 20—30 °C. To do this, the method of analytical determination of radiation changes
in concretes was used according to data on changes in their components. The formulas used in this method
make it possible to reconstruct the radiation changes of the HPCP from the data on radiation changes in
concretes and aggregates.

When calculating radiation changes in linear dimensions (deformations), the following formulas of
the method of analytical determination of radiation deformations of concretes based on data on radiation
deformations of their components (HPCP, fine aggregate, coarse aggregate), described in the research
works [9, 13, 15], were used, given with a slight error in a more convenient form:
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where v and v are relative changes in the volume of mortar and volume of concrete,
M C
AV AV, AV,
respectively, %; F4 , ¢4 and CP show the radiation changes in the volume of fine aggregate,
4 Vea Vep
coarse aggregate and HPCP in the composition of concrete, respectively, %; C(Qi and Ccco’fn show the

degree of compression of fine aggregate in mortar of concrete and coarse aggregate in concrete,
determined by the formulas:

v,
Coom = —iA—, 3)
Védtra—Vea

y
Coom =—L, (4)
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where V-, and V-, show the relative volume content of fine aggregate and coarse aggregate in concrete,

respectively (in relative units); VCCZTFA is the maximum relative volume content of the mixture of fine
aggregate and coarse aggregate in the case of their maximum compacted state (without layers of HPCP
between particles) (in relative units), which is 0.77-0.93. By [9] V7\ 4 = 0.86 can be taken; V" is the

maximum relative volume content of coarse aggregate in the case of its maximum compacted state (without
layers of mortar between particles) (in relative units), which is 0.52—0.74. According to [9], we can take

Ve =0.63.
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AV
On the basis of formulas (1) and (2), taking into account that the relative change in volume 7 and
. , . Al AV A , .
linear dimensions 7 are related by the ratio 7 ~ 37, according to the existing data of the research

works [1, 2, 25] on radiation changes in the linear dimensions of Portland cement concretes under the
influence of gamma radiation, changes in the dimensions of the mortar (on the 1st stage), and then the
HPCP were calculated sequentially according to the formulas:

1
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when calculating radiation changes in the strength of HPCP in the composition of concrete in the form of
relative residual strength, the following formulas were used for the method of analytical determination of
radiation changes in the strength of concretes and mortars according to data on radiation deformations and
changes in the strength of their components (HPCP, fine aggregate, coarse aggregate), described in the
research works [9, 15], given in a more convenient form:
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concrete, mortar, coarse aggregate, HPCP, fine aggregate, accordingly, unit fraction; A- is parameter

equal to:

where is a relative after exposure to radiation residual strength of

A- =0.31 %" — for compressive strength;

A- =0.53 %" - for tensile strength;
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formation of microcracks, respectively, in %, determined by the formulas:
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Based on existing experimental data in the work after determination by formulas (5) and (6) values
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and (10) calculated the values | —— and | —==| . After that, on the basis of the expressions (7)
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and (8) CM_ and —<2_ were calculated according to the formulas:
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The possibility of determining changes in the compressive strength of HPCP under the influence of
gamma radiation was also considered from data on volume change. At the same time, the formula
presented in the research works [9, 14] after irradiation in a nuclear reactor and heating was used:

-1
R AV,
—cr :[ACP+BCP VCPJ (13)
Repo cp

where A-p and B.p are parameters which values are [9, 14]: A-p = 0.724; B p=— 0.0566 %" for

HPCP of "young" age (1 — 3 months of natural hardening); A-p = 1.00; Bp=-0.23 %' — for HPCP of
"mature" age (more than 8 months of natural hardening or after thermo-humid treatment of a lower age).

Although it should be borne in mind that the expression (13) does not take into account the possible
increase in the strength of HPCP when exposed to gamma radiation due to a decrease in the porosity of
HPCP due to carbonization, shown in the research works [26, 29, 32]. In this regard, when using formula
(13), radiation changes may be somewhat overestimated. Therefore, the formula can allow us to evaluate
the maximum possible effect of gamma radiation.

To establish, on the basis of computational and analytical studies, the magnitude of radiation
changes in HPCP under the influence of gamma radiation and their dependence on the absorbed dose
were used experimental data from the research work [1, 2, 25] on studies of the effect of gamma radiation
on concretes. Radiation changes in aggregates (fine aggregate and coarse aggregate) were taken on the
basis of the calculated data of the research work [39].

In the research work of McDowell [25], samples with a diameter of 105 mm, a height of 305 mm of
concrete made of Portland cement "Sulfacrete", coarse aggregate with a linear dimensions of
approximately 20 mm of limestone and quartz fine aggregate were examined. In the manufacture of
samples, a water-cement ratio of W/C = 0.47 and the ratio of aggregate consumption (coarse aggregate
CA + fine aggregate F/A) to the consumption of Portland cement PC (CA+FA)/PC = 4.5 were used. The
plasticizer "Plastocrete" was injected in an amount of 0.005 by weight of cement. After aging for 24 hours
in wet conditions, the samples were covered with POP (plaster of Paris), sealed in copper foil 0.127 mm
thick and stored for a year until the tests. In this regard, samples of "mature" age were irradiated. Judging
by the data of the granulometric composition of the aggregates based on the results of sieving, the
proportion of coarse aggregate and fine aggregate consumption in the aggregate mixture was CA/(CA +
FA) = 0.61 and FA/(CA + FA) = 0.39. The technological characteristics of the concrete mixture and
concrete were determined on the basis of the above mentioned proportions of the components of the
concrete mixture. At the same time, the density values of Portland cement, fine aggregate, coarse

aggregate and concrete mixture took yp~=3100 Kg/m3, vz, = Yoy = 2600 Kg/m3, v, = 2400 Kg/m?3,

as the most likely values. Portland cement consumption PC, coarse aggregate CA, fine aggregate FA and
water W, as well as the volumetric content of the aggregates were taken to be equal to: PC = 402 Kg/m3,
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CA = 1105 Kg/m3, F4 = 705 Kg/m3, W = 188 Kg/m?®, V-, = 0.42, V4= 0.27. Calculated by formulas [3]

and [4] the degree of compression of aggregates with V-{} 5, = 0.86, V57" = 0.63 was:

Vig 0.27

cs = -
0.86—0.42

com com
VCA+FA - VCA

=0.614;

cct _Vea 042 cer

om - pgom0.63

Irradiation of samples was carried out at 30 °C on a gamma device with a Co8 emitting gamma
quanta with energy Ey = 1.17 and 1.33 MeV at a dose rate Py = 11.4.10°% rad/h = 114 Gy/h for

t=10-314 days. The maximum absorbed dose of gamma radiation was D; = Pgt = 114.314.24 =

= 8.6-105Gy. We studied the change in the linear dimensions of samples as a result of creep under load
10 H/mm?2 = 10 MPa and shrinkage. Creep and shrinkage deformations were measured during irradiation
(when processes took place and under the action of gamma radiation and with natural hardening and drying
in time) and without irradiation (when the processes took place only due to natural hardening and drying in
time).

The advantage of the results of the research work [25] is the absence of significant heating during
irradiation and the possibility of taking into account natural shrinkage. This made it possible to obtain in the
present work the effect of the influence of gamma radiation according to the formula:

Al Al YAV
[se) _[ate) [20e) | ”
te G te R te WR
Al Al Al , N . .
where | —| , | —=| and | —= is reduction of the dimensions (deformation of shrinkage) of
¢ /g te Jp ¢ Jwr
concrete under the action of gamma radiation only, with- and without irradiation, respectively.
The disadvantage is the relatively low values of absorbed doses.

The results obtained in the work [25] showing the dependence of the shrinkage of the studied
concrete on time with irradiation and without irradiation were used in this work and are given in Fig. 1. In
this figure and beyond, a decrease in dimensions (shrinkage) was not seen as a change with a minus sign,
but as a decrease without specifying a sign, given that the decrease implies a negative change. This was
convenient for automatically constructing trend lines, like approximation lines, on charts.
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Figure 1. Dependence of the relative decrease in the linear dimensions of concrete (shrinkage)
when irradiated with gamma radiation at an absorbed dose rate of 11 Gy/h at 30 °C and exposure
without irradiation from the time of irradiation and exposure without irradiation according to [25].

In the research works [1, 2], samples in the form of disks with a diameter of 44.5 mm with a thickness
of 12.7 mm of two types of concretes made on Portland cement with sandstone aggregates with a density
of 2625 Kg/m?® and with a limestone aggregate with a density of 2550 Kg/m3 were examined. The ratio

between the mass of Portland cement PC, coarse aggregate approximately up to 10 mm CA, fine
aggregate F'4 and water ¥ was the following:



Magazine of Civil Engineering, 124(8), 2023

PC:CA:FA:W = 1:1.55:1.15:0.36 — for concrete from limestone coarse aggregate and sandstone
fine aggregate (hereinafter concrete from sandstone and limestone);

PC:CA:FA:W = 1:1.77:0.93:0.36 — for concrete from limestone coarse aggregate and limestone
fine aggregate (hereinafter concrete from limestone).

The density of concrete from sandstone was y-~ = 2310 Kg/m3. The density of concrete from
limestone was 2380 Kg/ms3.

Based on the above-mentioned proportions and density of aggregates with the most likely density of
the concrete mixture y,,- = vy + 100 Kg/m?, the consumption of cement, aggregates and water, as well
as the volume content of aggregates, were taken to be equal:

- PC =594 Kg/m3, CA =921 Kg/m?, F4 = 683 Kg/m3, W =214 Kg/m3, V,=0.361, Vf,=0.260
in concrete from limestone and sandstone;

- PC = 611Kg/m3, C4A = 1081 Kg/m?, FA = 571 Kg/m3, W = 220 Kg/m?, V4= 0.424,
V4 =0.224 in concrete from limestone;

Calculated from formulas (3) and (4), the degree of compaction of aggregates at ng’fFA = 0.86,

V" =0.63 was:

V, 0.361
cr - VEa __ 026 0.511; Cccolfn =G 2" —0.573 - in concrete
ng’fFA —Vey 0.86—-0.351 VCCZ’” 0.63
from limestone and sandstone;
¥V, 0.424
Cf;fn =— VEa __ 0224 =0.514; Cgfn =G4 _ """ _0.673 - in concrete
VC‘ZTFA —Vey 0.86—-0.424 VCCZ’" 0.63

from limestone.

Irradiation of concrete samples with gamma radiation was carried out in a pool with radioactive
substances (apparently, in the storage pool of spent fuel elements of a nuclear reactor) at 20 °C at an
absorbed dose rate of 5-10* Gy/h = 1.4-10' Gy/s. The maximum absorbed dose was 4.7-10% Gy. By the
time of irradiation, the age of the samples was at least 3 months after manufacturing and storing them under
normal conditions, so the material of "young" age was actually studied.

The results obtained in the research works [1, 2] of the change in linear dimensions, mass and
strength of concretes after irradiation with gamma radiation used in this work are given in Table 1.

Table 1. Results* of irradiation of concretes with gamma radiation in the research works [1,

2].
Relative linear . )
Name of concrete Absorbed dose of - dimension changes,%  Relative changes in Relative residual
b gamma radiation, o strength, fractions
y aggregates of the border mass, % .
Gy of a unit
average
227108 -0.17 ....+0.076 -0.77....-1.01
Concrete from ' -0.005+0.066 -0.903+0.072
limestone and 0.21...+0.04 1.74...2.14
4.7-10 0.91+0.23
-0.021+0.082 -1.91+0.14
227108 -0.15....+0.04 -0.95....-1.70 1.040.09
Concrete from “ -0.031+0.057 -1.15+0.24 R
limestone 47100 -0.21 ....+0.04 -1.42....-3.38 0.9340.05
" -0.061+0.071 -2.36+0.67 T

*The average quadratic deviations calculated by the authors of this research work

The advantage of the results of the research work [1, 2] is the higher values of the absorbed doses
of gamma radiation than in the research work [25]. The disadvantage of these results is the significant
variation in the magnitudes of the shrinkage deformations of individual samples associated with the
peculiarities of using samples in the form of disks, as well as the lack of measurement results without
irradiation. However, the average changes in the linear dimensions of concrete samples in the research
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works [1, 2] are approximately proportional to the changes in mass, which have smaller spreads and are
more reliable. In addition, since shrinkage changes in the dimensions of concretes are caused by the
release of water, accompanied by a decrease in mass, the deformation of shrinkage can also be estimated
by the change in mass based on the relationship between mass reduction and shrinkage after irradiation in
reactors and heating, shown in the research work [9].

In this regard, the assessment of the change in the linear dimensions of HPCP under the influence
of gamma radiation was also carried out according to the data on the decrease in the mass of concrete.

By reducing the mass of concrete, based on the density of concrete and the consumption of
aggregates, the relative decrease in the mass of HPCP was determined by the formula:

AM cp _ AM ¢ . Yc (15)
MCP MC Yo — CA-FA
AM AM cp : Co . -
where and v; are relative reduction in the mass of concrete and HPCP; vy is concrete
c CcpP

density, Kg/im3; CA and FA are consumption of coarse aggregate and fine aggregate, Kg/ms3;
Yc — CA — FAis value equal to the content of HPCP in concrete, Kg/m?.

Further, according to the magnitude of the decrease in the mass of HPCP according to the
dependence shown in the research work [9], the change in volume was estimated, as well as decrease in
the linear dimensions of the HPCP.

To do this, according to the ratio between the change in the volume and mass of the HPCP after
irradiation in the reactors and heating, shown in the research work [9], the inverse relationship between the
change in the mass and volume of the HPCP after these effects, presented in Fig. 2, was built and
approximated.

According to the results of the approximation of the dependence of Fig. 2, the expression was used
to determine the change in the linear dimensions of the HPCP by changing its mass:

Al LAV 1 AM 0.7282
cp _ - 27CP _ ~ 09304 22CP ) (16)
KCP 3 VCP 3

MCP

According to the formulas (9) — (12), on the basis of data on radiation changes in the dimensions of
concrete, HPCP and aggregates under the influence of gamma radiation, as well as data on changes in
the strength of concrete and aggregates, the values of radiation changes in the strength of HPCP were
calculated (restored).

The effect of irradiation temperature on radiation changes in HPCP under the influence of gamma
radiation was determined on the basis of data from the research works [35, 36] on irradiation of HPCP at
70-375 °C.

10 T T I
S 9+ < After irradiation inthe reactor
5 81— ® After heating according
a2 71— ——Approximation line
£ 6
E R5
3 [+
s 4
2 3 o o
g ﬁﬂ{w y = 0.93p4x 0772
s P RZ =(.8191
g oo \

0 2 4 6 8 10 12 14

Relative weight reduction, %

Figure 2. The relationship between the change in the mass and volume
of the HPCP after irradiation in the reactor and after heating according
to the data summarized in the research work [9].

3. Results and Discussion

The values obtained by formula (14) from the data of the research work [25] of the reduction in the
linear dimensions of concrete only under the action of gamma radiation, as the difference between the
change in dimensions during irradiation and without irradiation, are shown in Fig. 3 as a dependence on
time and absorbed dose. It can be seen that with an increase in the irradiation time and the absorbed dose
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of gamma radiation, the magnitude of the decrease in the volume of concrete increases and reaches 0.002—
0.003 % after irradiation for 10 — 250 days before the absorbed doses (0.38 — 6.8)-10° Gy.

a) b)

0.0035 § 0.0035
[ ] \Q c
£ > 0003 & = 0.003
C w =
— ==
: £ 0o T £ o ;
T 2 0.002 5 @ § 0002 -
G2 A A A e g & A Ba
o E 0.0015 A o ©0.0015
T35 & ™ A & E | a—"n &’5
® L 01 /k & » O 0.001 - '
8  [5% A £ s 4 a1
L= A a1 ® 0.0005 2
© = 0.0005 H o Yy
r 2 r 0 =

0 0 2 4 6 8
0 100 200 300 Absorbed dose of gamma radiation,
. - . 3
Irradiation duration, days 10° Gy

Figure 3. The dependence calculated from the data of the research work [25] on the irradiation
time (a) and on the magnitude of the absorbed dose of gamma radiation (b) decrease in the linear
dimensions of concrete under the action of gamma radiation, as the difference between the
decrease in linear dimensions during irradiation and without irradiation.

1 — individual results; 2 — approximation line.

Calculated from the values of Fig. 3 according to the formulas (3) — (6) the values of the reduction in
the linear dimensions of the HPCP under the action of gamma radiation and their dependence on the
absorbed dose are shown in Fig. 4a. At the same time, in accordance with the calculated data of the
research work [39], it was assumed that the radiation changes in the aggregates of concrete at the doses
considered are zero, since the volume change is less than 6-107%, and the strength decreases by less
than 1-10-5 %. It can be seen that the degree of reduction in linear dimensions in the studied range of
absorbed doses from (0.38-1.6)-10° to (4.9-6.8)-10%Gy is from 0.026-0.09 % to 0.1-0.16% and
approximately linearly rises with an increase in the absorbed dose.

It was not possible to calculate the change in compressive strength using formulas (7) and (8) due
to the lack of data on the change in the strength of concretes. In this regard, the change in the strength of
HPCP was assessed according to the formula [13] with parameters for the material of "mature" age. The
effect of reducing the porosity of HPCP due to carbonation, shown in the research works [26, 29, 32] in
reserve was neglected. The calculated values of the relative residual strength of and their dependence on
the absorbed dose are shown in Fig. 4b. It can be seen that in the studied range of absorbed doses (0.38—
1.6)-105 to (4.9-6.8)-105 Gy, compressive strength decreases with an increase in the absorbed dose and
the residual strength is from 0.94-0.98 to 0.9-0.935 from strength to irradiation.
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Figure 4. Calculated on the basis of the values shown in Fig. 3, the magnitudes of the linear
dimensions reduction according to formulas (5, 6) (a) and the residual strength according to
formula (13) (b) of HPCP under the action of gamma radiation as a function of the absorbed dose.
1 — individual results; 2 — approximation line.

When using these research works [1, 2], it is not possible to isolate the effect of irradiation alone,
since there are no data on changes in concretes without irradiation. However, the absorbed doses of
gamma radiation in the works [1, 2] are much higher than in the work [25]. In this regard, the contribution
of natural changes in concrete in time is much lower and can be neglected.
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The values of the reduction in the mass, linear dimensions and strength of HPCP under the action
of gamma radiation calculated from these research works [1, 2] for concretes are shown in Table 2, as well
as in Figure 5 as a dependence on the absorbed dose. At the same time, in accordance with the calculated
data of the research work [39], it was assumed that the radiation changes in the aggregates of concrete at
the considered doses are zero, since the volume change is less than 310~ %, and the strength decreases
by less than 5:10-3 %.

Table 2. Results of calculation of radiation changes* of HPCP according to the data of
irradiation of concretes with gamma radiation at 30 °C in the research works [1, 2].

Relative changes in the Residual strength of HPCP,
dimensions of HPCP, % unit fraction
Absorbed .
Nameof (GO Chamgesin OO cacumaq ol coluines
(;onﬁgetaet:g gamma tfheprg?:’sso/of change in from thg change inthe change in the
ggreg radiation, Gy 7 the change in dimensions mass and
. . the mass of
dimensions and strength strength of
concrete
of concrete of concrete concrete
Concrete from 2.27-108 -2.944023  -0.15+1.94  -0.68+0.11 - -
limestone and
sandstone 47108 -6.28+0.46 -0.62+2.11 -1.18+0.15 1.01+0.29 1,00+0.24
Concrete from 2.27-108 -3.76+0.78 -1.26+2.31 -0.81+£0.23 1.10+0.15 1.04+0.10
limestone 47108 7.742.2 -248+2.88  -1.37+0.45 1.2820.14 1.0440.07

*The average square deviations are given.

From Table 2 and Figure 5 it can be seen that under the influence of gamma radiation there is a
decrease in the linear dimensions of the samples and mainly an increase in the strength of the HPCP. In
the range of absorbed doses from 2.27-108 to 4.7-108 Gy, depending on the basis of calculations, there is
a decrease in the linear dimensions of HPCP by 0.15-1.26 % to 0.62—-2.48 %. At the same time, changes
in HPCP obtained from data on changes in the linear dimensions of concretes have more significant
standard deviations and variations of values than those obtained from changes in the mass of concrete, so
they are less reliable statistically. However, changes in HPCP, obtained by changing the mass of concrete
have a less reliable physical basis, since they are determined on the basis of the relationship of dimensional
changes with changes in mass. At the same time, the average values obtained from the data on the two
studied concretes, calculated from different data, are close to each other. This allows us to consider them
sufficient to assess the radiation changes in HPCP under the conditions considered

The residual relative compressive strength increases from 1.04 — 1.1 to 1.0 — 1.28. The
approximation line for the dependencies of changes on the absorbed dose has an approximately linear
form, taking into account the fact that the change in linear dimensions and relative residual strength at the
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Figure 5. Calculated in Table 2 according to formulas (3) — (12) based on the data of the research
works [1, 2] presented in Table 1, the magnitudes of the reduction in linear dimensions (a) and the
compressive strength of HPCP under the action of gamma radiation as a dependence on the
absorbed dose. 1 — reduce of the linear dimensions of concrete from limestone and sandstone; 2 — reduce
of the mass of concrete from limestone and sandstone; 3 — reduce of the linear dimensions of concrete from
limestone; 4 — reduce of the mass of concrete from limestone; 5 — approximation line.
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Generalized for the values calculated from these research works [1, 2 and 25], the dependence of
reducing the linear dimensions (shrinkage) of HPCP under the action of gamma radiation at 20-30 °C on
the absorbed dose is shown in Fig. 6. It can be seen that the shrinkage of HPCP increases with an increase
in the absorbed dose in the range from 3.8:10% to 4.7-108 Gy. Moreover, due to the absence of significant
heating during irradiation, it can be considered that these changes occur only under the action of gamma
radiation. Judging by the data [9], the effect of the composition, water-cement ratio, age of HPCP and the
density of the flux of ionizing radiation on the shrinkage of HPCP under the action of ionizing radiation of
the nuclear reactor is not observed. In this regard, the values of linear dimensions reduction calculated from
the data of the research works [1, 2 and 25], where HPCP of different composition, W/C and age were
used, irradiation was carried out at different rates of absorbed dose of gamma radiation can be considered
as values of a single dependence on the absorbed dose. This dependence was approximated by the

following expression:
Al
[ ij —agDYo, (17)
G

Cep

Al
where [ CPJ is a change in linear dimensions under the influence of gamma radiation, %; D is
CP JgG

absorbed dose rate of gamma radiation; a; =-0.000894, b;=0.3497 at D in Gy.
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Figure 6. Generalized for the values calculated from these research works [1, 2, 25], the
dependence of the reduction in linear dimensions (shrinkage) of HPCP under the action of gamma
radiation at 20-30 °C on the absorbed dose in the semilogarithmic (a) logarithmic scale (b).

1 — from the data [25]; 2a — from the data [1, 2] on reducing the linear dimensions of concrete from limestone
and sandstone; 2b — from the data [1, 2] on reducing the mass of concrete from limestone and sandstone; 3a
— from the data [1, 2] on reducing the linear dimensions of concrete from limestone; 3b — from the data [1, 2]
on reducing the mass of concrete from limestone; 4 — approximation line.

However, according to the results of irradiation with gamma radiation to absorbed doses of
1.107-5-107 Gy at temperatures from 70 to 375 °C in the research works [35, 36] it was noted that changes
in HPCP under these conditions are mainly caused by the influence of heating accompanying irradiation.
However, this conclusion was made on the basis of a comparison of the decrease in mass, and not the
linear dimensions of HPCP after irradiation and heating without irradiation at irradiation temperatures and
at sufficiently large spreads in results. In addition, the decrease in the mass of the studied HPCP after
heating established in the research works [35, 36] exceeds all the data known to the authors at the same
temperatures for unknown reasons. In addition, the relationship between the shrinkage of HPCP and the
decrease in mass after irradiation differs significantly from the dependence shown in Fig. 2. This calls into
question that the relationship between the established change in mass and linear dimensions is the same
under irradiation and heating, and also calls into question the reliability of this inference based on changes
in mass.

The addition of these research works [35, 36] after irradiation at temperatures from 70 to 375 °C to
the dependence of Fig. 6 is shown in Fig. 7. It can be seen that the data of high-temperature irradiation,
despite significant variations, mainly differ from the values of the approximation line obtained at 20-30 °C.
It is most likely that this difference is due to the presence of additional changes under the influence of
heating, since it is most likely that, as with neutron irradiation [9, 14], dimensional changes after irradiation
can be represented as a sum of radiation and thermal changes and described by the formula:
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AL
where (i] is the total change in the dimensions of the HPCP after irradiation under the influence
CP JgT

CP gCP
irradiation from exposure to gamma radiation only and from exposure to temperature only, respectively.

- Al cp Alep | . : : :
of gamma radiation and temperature; , | —=— | is changing the dimensions of HPCP after
G T

Since there are no data on changes in the linear dimensions of HPCP under the influence of heating
in the research works [35, 36], it is not possible to determine purely radiation changes in the dimensions of
HPCP under the influence of gamma radiation from these works. However, it is possible to use the data
available in the research works [9, 40, 41] on the reduction in the dimensions of various HPCP of "mature”
age after heating for a time commensurate with the time of irradiation, and compare them with the results
of shrinkage after irradiation with gamma radiation at the same temperatures.
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Figure 7. Generalized for the values calculated from the data of the research works [1, 2, 25], the
dependence of reducing the linear dimensions (shrinkage) of HPCP under the action of gamma
radiation at 20-30 °C on the absorbed dose with the addition of the research works [35, 36] after
irradiation at temperatures from 70 to 375 °C at a semilogarithmic (a) logarithmic scale (b).
1 — from data [25]; Explanations of 1, 2a, 2b, 3a, 3b and 4 are given in Fig. 6; 5 — data of research works [35,
36], obtained at 70-120 °C; 6 — data of research works [35, 36], obtained at 260-375 °C.

A comparison of changes in the linear dimensions of HPCP after irradiation with gamma radiation at
temperatures from 70 to 375 °C according to the data of the research works [35, 36] with changes in linear
dimensions after heating without irradiation of various HPCP of "mature" age after heating for a time
commensurate with the time of irradiation, according to the data of the research works [9, 40, 41] is shown
in Fig. 8.

It can be seen that the changes in the linear dimensions of the HPCP studied in the research works
[35, 36] mainly exceed the changes in the linear dimensions of various HPCP according to the data of the
research works [9, 40, 41] after heating at the same temperatures during a commensurate heating time,
although there are data spreads. This indicates that radiation changes under the influence of gamma
radiation at temperatures higher than 30 °C occur as well. However, it can be seen that the differences
between the data shown in the figure, and hence the contribution of radiation changes with increasing
temperature decrease to about zero at a temperature of more than 550 °C.

This can be explained as follows. It is known that free and physically bound water is removed from
the HPCP when heated in the range from 50 °C to 105 °C. Chemically bound water is removed in the range
from 105 °C to 600 °C. After 600 °C, almost all water from HPCP is released. It is characteristic that after
heating, the shrinkage of the HPCP according to [41] and the release of water according to the data [42]
occurs most intensively in the initial heating period, and the contribution of gamma radiation is manifested
mainly towards the end of irradiation, when the maximum absorbed dose to which the changes are tied is
reached. In this case, the higher the irradiation temperature, the less water remains in the HPCP, which
can be released under the influence of gamma radiation. In this regard, the rate of development of shrinkage
of HPCP under the action of gamma radiation and shrinkage at a fixed absorbed dose decreases with an
increase in the irradiation temperature.
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To take into account the effect of temperature on radiation changes in the linear dimensions of HPCP
under the influence of gamma radiation, it is possible to introduce a temperature influence coefficient K.

For this, according to the data of the research works [35, 36], first, on the basis of Fig. 8, the radiation
changes in the linear dimensions of the HPCP were determined as the difference between the change in
dimensions after irradiation and the change in dimensions after heating at irradiation temperatures. Then
the dependence of radiation changes from the temperature of irradiation was studied. Although the results
of the research work [35, 36] were obtained at absorbed doses from 1-107 to 5-107 Gy, the effect of the
absorbed dose in this range is not great, so the differences in the absorbed doses at different temperatures

can be neglected. After that, we studied the coefficient K of the influence of temperature on the radiation

change in the linear dimensions of the HPCP at absorbed doses of 1-107-5-107 Gy as the ratio of radiative
changes in dimensions after irradiation at temperature 7" to radiation changes at 20 °C obtained on the
basis of extrapolation using the approximation line (-0.48 %).
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Figure 8. Comparison of changes in the linear dimensions of HPCP after irradiation with gamma
radiation at temperatures from 70 to 375 °C according to the data of the research works [35, 36]
with changes in dimensions after heating of various HPCP of "mature” age after heating for a time
commensurate with the time of irradiation, according to the data of the research works [9, 40, 41].
1 — after irradiation of HPCP with W/C = 0.4 at the age of 1.5 years for 37.2 days at 70-120 °C according to the
data of the works [35, 36]; 2 — after irradiation of HPCP with W/C = 0.4 at the age of 1.5 years for 6.3 days at
260-375 °C according to the data of the work [35, 36]; 3 — after heating HPCP with W/C = 0.26-0.35 at the age
of 1 year for 30 days according to the work data [41]; 4 — after heating HPCP with W/C = 0.26-0.35 at the age
of 1 year for 1 day according to the data of the work [ 41]; 5 — after heating HPCP with W/C = 0.26-0.35 at the
age of 9 months for 5 hours according to work data [40]; 6 — after heating HPCP with W/C = 0.28-0.5 at the
age of 30 months for 90-200 days according to the work data [9]; 7 — approximation line for the dependence
of dimensions reduction after irradiation on temperature; 8 —approximation line for the dependence of
reducing the dimensions after heating on the temperature.

The dependences of radiation changes in the linear dimensions of HPCP only under the influence of
gamma radiation, calculated from the research works [35, 36] and the K coefficient on the irradiation
temperature T', as well as the results of their approximation are shown in Fig. 9.

It can be seen that the changes in the linear dimensions of the cement stone only under the influence

of gamma radiation and the values of the Kt coefficient at absorbed doses of 1-107-5-107 Gy decrease with
increasing heating temperature and can be described by the expressions:

(MCPJ =-3.74-107772% +0.0011T - 0.5032 (19)
KCP G
Ky =7.77-107T? —0.0023T +1.0454. (20)

It is characteristic that at 7= 20 °C according to the formula (19) we get

(MCPJ =-0.48%
KCP G
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Figure 9. Dependencies of radiation changes in the linear dimensions of HPCP only under the
influence of gamma radiation, calculated from research works [35, 36] and the coefficient K on

the irradiation temperature, as well as the results of their approximation:

1 —reduction in linear dimensions only under the influence of gamma radiation after irradiation of HPCP for
37.2 days at 70-120 °C; 2 — reduction in linear dimensions only under the influence of gamma radiation after
irradiation of HPCP for 6.3 days at 260-375 °C; 3 —approximation line for the dependence of linear
dimensions reduction only under the influence of gamma radiation after irradiation of at 70-375 °C on

temperature; 4 — values of the KT coefficient after irradiation of HPCP at 70 — 120 °C;5 — values of the KT

coefficient after irradiation of HPCP at 260-375 °C; 6 —approximation line for the dependence of the KT
coefficient on the irradiation temperature.

According to the formula (17) at absorbed doses from 1.107 to 510" Gy we get

Cep P
formula (19), therefore confirms the sufficient correctness of the formula (19) for the determination of
radiation changes in the HPCP and at absorbed doses from 1-107 to 5-107 Gy. This allows us to recommend
the obtained approximating dependence (17), taking into account the expression (20) for the calculated
determination (assessment) of radiation changes in the linear dimensions of the HPCP only under the
influence of gamma radiation in the following form:

[MCPJ — Krag DL 21)
ECP G

Algp . _ Al |
— | =-0.25 - -0.44 %. This is commensurate with the value 7 = 0.48 %, obtained from the
G

A comparison of the relationship between changes in compressive strength of HPCP with a decrease
in volume calculated from the data of research work [1, 2] after gamma radiation and after irradiation in
nuclear reactors and heating of HPCP of "young" age according to [9] is given in Fig. 10. It can be seen
that these relationships are commensurate. In this regard, it can be concluded that the main thing for
changes in the strength of HPCP, regardless of the type of impact that causes the release of water, is a
decrease in its linear dimensions.

This gives grounds to recommend the use of the expression (13) for the analytical determination of
radiation changes in the strength of HPCP under the influence of gamma radiation of both young and
"mature" age. Although due to the fact that the reduction of porosity due to carbonation is not taken into
account, the expression (13) will give an estimate of the maximum possible effect of gamma radiation.
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Figure. 10. Comparison of the relationship between changes in the compressive strength of HPCP
with a decrease in volume under the influence of gamma radiation, calculated from the data of the
research work [1, 2], with the relationship between these changes in HPCP of young "age" after
irradiation in nuclear reactors and heating according to the data [9].

1 - reduce of the linear dimensions and strength of concrete from limestone and sandstone from the data [1,
2]; 2 - reduce of the mass and strength of concrete from limestone and sandstone from the data [1,2]; 3 -
reduce of the linear dimensions and strength of concrete from limestone from the data [1, 2];

4 — reduce of the mass and strength of concrete from limestone from the data [1, 2];

5 — according to the data of the research work [9] after irradiation in nuclear reactors;

6 — according to the data of the research works [9] after prolonged heating without irradiation.

The results of calculations according to the formulas (21) and (13) of radiation changes in the linear
dimensions and compressive strength of HPCP, caused only by the action of gamma radiation, after
irradiation to the values of absorbed doses from 3:10* Gy to 1-10'% Gy are shown in Fig. 11. It can be seen
that the radiation decrease in linear dimensions increases, and the residual strength decreases with an
increase in the absorbed dose and vice versa, the radiation decrease in linear dimensions decreases, and
residual strength grows with rise of temperature associated with irradiation. With an absorbed dose of
gamma radiation of 10'° Gy, the linear dimensions reduction will be 2.8 % after irradiation at 20-30 °C and
0.25 % after irradiation at 500 °C. With an absorbed dose of gamma radiation of 10'°Gy, the residual
compressive strength will be 0.83 after irradiation of HPCP of "young" age and 0.34 after irradiation of
HPCP of "mature" age at 20-30 °C; 1.3 after irradiation of "young" age material and 0.85 after irradiation
of "mature" age material at 500 °C according to formulas (21) and (13), with (18) taking into account.

The results of estimated calculations of total changes under the influence of gamma radiation and
concomitant heating of changes in the linear dimensions and strength (radiation-thermal changes) of HPCP
after prolonged (more than 90 days) irradiation to absorbed doses from 3.-10* Gy to 1.10"0 Gy at
temperatures from 20 to 500 °C are shown in Fig. 12. At the same time, radiation changes in dimensions
were determined by the formula (21). Thermal changes in the dimensions of the HPCP after prolonged
heating were calculated on the basis of the data of the research work [9] according to the formula:

[&J 1[&} Lot
tep )y 3\ Vep )y 3 22)

where T is temperature during irradiation (in °C); a; =-0.091 %, bT = 0.73 — for HPCP of "young" age

by [9]; ap=-0.0146 %, bT = 0.93 — for HPCP of "mature" age according to the results of the approximation
of the average shrinkage values presented in the research work [9].

Radiation-thermal changes in the strength of HPCP were calculated according to the formula (13) on
the basis of radiation-thermal volume changes calculated from radiation-thermal changes in linear
dimensions.

Fig. 12 shows that after irradiation of HPCP with gamma radiation at high temperatures the decrease
in linear dimensions increases and the residual strength decreases with a rise in the absorbed dose to
2-10° Gy and the irradiation temperature. On the contrary, the radiation-thermal reduction in linear
dimensions decreases and the residual strength increases with a rise in the absorbed dose above 2-10° Gy
and with an increase in the temperature accompanying irradiation. With an absorbed dose of gamma
radiation of 10'° Gy, the reduction in the linear dimensions of HPCP will be 2.8 % after irradiation at 20—
30 °C and 0.25 % after irradiation at 500 °C. With an absorbed dose of gamma radiation of 10'° Gy, the
residual compressive strength will be 0.83 after irradiation at the age of 1-3 months and 0.34 after
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irradiation at the age of more than 8 months at 20-30 °C with; 1.3 after irradiation in HPCP of "young" age
and 0.85 when irradiating HPCP of "mature" age at 500 °C. To obtain a more accurate result for a particular
HPCP, it is necessary to use real thermal changes in the HPCP when performing estimates.
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Figure. 11. Results of calculations according to formulas (21) and (13) of radiation changes
in the linear dimensions and compressive strength of HPCP caused only by the action of gamma
radiation, after irradiation to the values of absorbed doses from 3-10* Gy to 1-10'°Gy
at different irradiation temperatures 7 in °C.
Blue lines are given for HPCP of "young" age. Black lines are given for HPCP of "mature" age.
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Figure 12. The results of the estimated calculations of the total changes under the influence of
gamma radiation and the concomitant heating of changes (radiation-thermal changes) in the
dimensions (a) and strength (b) of the HPCP after prolonged (more than 90 days) irradiation to the
values of the absorbed doses from 3-10* Gy to 1-10'° Gy at different irradiation temperatures 7 in
°C. Blue lines are given for HPCP of "young" age. Black lines are given for HPCP of "mature" age.

The results obtained can be used to predict changes in the linear dimensions, volume and strength
of HPCP and concrete under the influence of gamma radiation. At the same time, the effect of the mineral
composition and water-cement ratio of W/C, the intensity of radiation on the radiation changes in the HPCP
should not be significant, since, judging by [9] it is not noticeable during irradiation in nuclear reactors. The
effect of age on radiation changes in linear dimensions with prolonged exposure should not be significant,
since radiation changes are most pronounced by the end of irradiation, when the age of the materials will
always be sufficiently mature.

4. Conclusions

1. The research is based on the published data on the effect of gamma radiation on concretes at
irradiation temperatures of 20-30 °C and on hardened Portland cement paste (HPCP) at 70-375 °C. The
author carried out calculation and analytical studies to assess and establish the possibility of predicting
radiation changes in HPCP under the influence of gamma radiation. The studies were conducted using the
previously developed and tested method of analytical determination of radiation changes in concretes
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according to data on changes in their components. The formulas used in this method made it possible to
determine (restore) the radiation changes of HPCP from data on radiation changes in concretes and
aggregates. When conducting computational and analytical studies, the author additionally used the
existing relationship between the reduction in the mass of HPCP and its shrinkage, as well as known data
on thermal changes in HPCP after its heating at different temperatures and holding time.

2. As aresult of the studies carried out on the available results of irradiation of concretes, changes
in linear dimensions and strength during compression of HPCP only under the action of gamma radiation
are calculated (restored). The dependencies of radiation changes in HPCP on the magnitude of the
absorbed dose in the range from 3.8-10% to 4.7-108 Gy after irradiation at 20-30 °C are provided. According
to the available data on the irradiation of HPCP with gamma radiation at temperatures from 70 to 375 °C,
the effect on radiation changes in the HPCP of the irradiation temperature is revealed. It is shown that
radiation changes in HPCP increase with increasing absorbed dose and, conversely, radiation changes
decrease with increasing temperature accompanying irradiation.

3. Based on the obtained approximating mathematical expressions, the paper provides the
calculations of radiation changes in the dimensions and compressive strength of HPCP, caused only by
the action of gamma radiation, after irradiation to absorbed doses from 3-10*Gy to 1-10'° Gy. Using the
results of these calculations and the available data on thermal changes in HPCP, the authors supplies the
estimates of radiation-thermal changes in the linear dimensions and strength of HPCP under the action of
gamma radiation and heating. These calculations were made after irradiation up to absorbed doses from
3-10* Gy to 1-10"° Gy and concomitant heating at temperatures from 20 to 500 °C.

4. The obtained results can be used to predict radiation changes in the linear dimensions, volume
and strength of HPCP under the influence of gamma radiation. Based on these changes in HPCP, using
existing analytical methods makes it possible to predict radiation changes in concrete.
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