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The radiation resistance of concrete under the influence of large doses of gamma radiation was investigated.
To study the behavior of concrete under the influence of gamma radiation, two series of samples were taken:
one was the reference sample, and the other was exposed to gamma radiation. The temperature of the irradiated
samples during testing did not exceed 40 °C, the reference temperature was also accepted to be 40 °C. The
dose of gamma radiation was 10° rad. Its value corresponds to the dose that concrete can receive when it
comes into contact with high-level radioactive waste from the Shelter over 300 years. Characteristics of an
industrial gamma radiation equipment are: radiation energy is 1.25 MeV and dose rate is 2 Mrad/h. The use of
such equipment allows reaching a dose of 10° rad in less than a month, and 108 rad - in 4-5 days. Concretes that
were 28 days old and stored under normal conditions were exposed to gamma radiation.
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The passage of y-radiation through the matter is
accompanied by formation of electrons, which,
moving at a high velocity, ionize the environment.
This leads to local changes (radiation defects) in

Introduction

The quality of radiation-shielding concretes is

determined not only by their high ability to absorb
ionizing radiation, but also by their high radiation
resistance in the radiation field.

y-rays, which are electromagnetic waves of high
energies and frequencies, have a high penetrating
power. As they pass through a substance, they
are absorbed. At a certain thickness of the
substance, y-rays can be completely absorbed.
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the crystal lattice or microstructure of the material
(cracks and voids).

Radiation resistance is the ability of a material
to retain its properties after irradiation [1], [2].
It is known that concretes based on both Portland
cement and slag-alkaline cement during long-term
exposure to y-rays have a sufficiently high radiation
resistance compared to reference samples [1]-[5].
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The impact of y-radiation on the properties,
and as a consequence, on the radiation resistance
of slag-alkaline concretes, is described in [6].
Under its influence, the content of plagioclases,
zeolite-like phases, and low basic calcium
hydrosilicates in the hydration products increases,
which leads to an increase in the strength of the
stone in comparison with the unirradiated one. The
authors pointed out a similar nature of y-radiation
influence also on compositions based on Portland
cement.

The radiation resistance of the investigated non-
shrinking composites, which contain a significant
amount of highly basic calcium hydrosulfoferites
under prolonged exposure to y-radiation, is not
known [7], [8]. Therefore, special studies were carried
out to study the behavior of these composites
under the radiation impact. It is known that gamma
radiation leads to a profound change in the crystal,
molecular and nano-structure of a material, which is
accompanied by a change in all its properties.

If during the long-term impact of ionizing
radiation the structure of the material does not
change, and its strength, deformability, density
and thermo-physical properties remain stable, then
this material can be referred to materials with high
radiation resistance.

Investigate the structure of the modified binder
and composites based on it at the macro and micro
levels after prolonged exposure to gamma radiation
10° rad and evaluate the radiation resistance and
durability of these materials.

Materials and research methods

The study of the effect of prolonged exposure
to y-radiation on the properties of the material was
carried out using composites, the compositions of
which are shown in Table 1. Two groups of concrete
samples were used: concrete samples that were not
exposed to y-radiation and concrete samples that
were exposed to long-term y-radiation exposure.
The samples were taken based on the Portland
cement M400 (produced by the Zdolbuniv Cement
Plant), modified with a complex multifunctional
additive and dispersed iron powder. The additive
consists of mechanically activated iron oxides, iron
salts and amorphous microsilica.

To assess the radiation resistance of composites,
the samples were exposed to gamma radiation at
the Bilgorod-Dniester enterprise JSC "Hemoplast"
with an industrial certified y-device for sterilizing
products with a radiation energy of 1.25 MeV and a
dose rate of 2 Mrad/h.

During the testing, the temperature of the
samples under study did not exceed 40 C. The control
temperature was also up to 40 C. The radiation dose
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from the concrete received from the gamma emitter
was 10° rad. The radiation resistance of composites
was evaluated by the loss of tensile strength in
bending and compressive strength on samples-
beams with dimensions of 40x40x160 mm, as well
as using a set of physic-chemical research methods.

X-ray phase analysis was carried out using
the DRON-3 device by the method of ionization
registration of X-ray intensities, equipped with a
rotation angle counter from 206 = 10° to 26 = 60°
X-ray diffraction patterns were deciphered by
comparing with natural and artificial minerals
described in the literature [9]-[11]. Thermo-
gravimetric and differential thermo-gravimetric
analyses were carried out using a derivatograph
Q1500D at a heating rate of 10 °C. The new formations
were identified by comparison with natural minerals
or artificial formations known in the literature [9]-[11].

The influence of gamma radiation on the nature
of cracking of cement stone of various compositions
and on the nature of the crystalline phase on its
cleavage was studied using an electron microscopic
research method.

Research results

To study the behavior of concrete under the
gamma radiation impact, two series of sampling
were performed. One was the reference sample, and
the other one was exposed to gamma radiation. The
temperature of the irradiated samples during testing
did not exceed 40 °C, the reference temperature
was also accepted to be 40 °C. The dose of gamma
radiation was 10° rad. Its value corresponds to the
dose that concrete can receive when it comes into
contact with high-level radioactive waste from
the Shelter over 300 years. Characteristics of an
industrial gamma radiation device are: radiation
energy is 1.25 MeV and dose rate is 2 Mrad/h. The
use of such a device makes it possible to achieve a
dose of 10° rad in less than a month, and 108 rad - in
4-5 days. Concretes that were 28 days old and stored
under normal conditions were exposed to gamma
radiation. The compositions of the composites are
shown in Table 1.

To study the effect of gamma radiation on the
structural transformations of the binder, a complex
of physical-chemical studies of Portland cement with
the proposed additive before and after radiation
was carried out. The complex of physical-chemical
studies included X-ray phase, thermo-gravimetric
and electron microscopic analyzes.

The results of X-ray phase analysis are shown in
Figures 1, 2. Analyzing the results obtained, it can
be noted that after the gamma radiation impact
with a power of 10% and 10° rad, the structure of the
material changes, its amorphization is observed.
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Table 1 - Average density and composition of radiation-shielding concretes

Ne Composition of the composite, wt % B:A* Density, kg/m3

! ,I\Dﬂics)gcleﬁr:ejdbilrrc])ie(r()._ogs—o.1 6mm) — 25 3 2330

2 Eﬂigg;ﬁ::dﬁlrgie(ro._ogs—OJ 6mm) - 35 > 2520

3 ,I\DAi(s)gtlef:‘:Sdbier)?\e(:)._OSS(zO.1 6mm) - 50 I 2860

4 ,[\)Aiig:af::Sdbilrr(;Or'\e(r()Tozs—O.1 6mm) - 65 "2 3040

> gi?ié?iﬁdﬁlrgie(gtoziOJ 6mm) - 65 3 3990

6 ,I\DAi(s)s(Ieﬁrs:dbilrgie(r()joés—O.1 6mm) — 75 '3 >130
*-ratio «binder : aggregate

Figure 1 - Radiographs of Portland cement stone without
additive: 1 — reference sample; 2 - after exposure to
y-radiation with a dose of 108 rad; 3 - after exposure to
y-radiation with a dose of 10° rad

This is confirmed by decreasing diffraction
maxima peaks in the X-ray diffraction patterns of
irradiated samples as compared to non-irradiated
ones, especially for hydrated compounds. The weakly
crystallized compounds of the tobermorite group
are most affected by the gamma radiation impact.
Thus, there is a significant decrease in the intensity of
the peaks with d = 0.3038; 0.278; 0.245; 0.229; 0.215;
0.182 nm, which belong to low-basic hydrosilicates
of the tobermorite group C-S-H (Figures 1, 2,
curves 1, 3), the peaks corresponding to hydration
phases also decrease (d = 0.359; 0.335; 0.304; 0.254;
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Figure 2 - Radiographs of a cement stone with a
multifunctional complex additive: 1 - reference sample;
2 - after exposure to y-radiation with a dose of 108 rad;
3 - after exposure to y-radiation with a dose of 10° rad

0.249; 0.193 nm) (Figures 1, 2, curves 2, 3). At the
same time, peaks with d = 0.359; 0.298; 0.254;
0.249; 0.219 nm (Figure 2, curves 2, 3), which can be
attributed to highly basic calcium hydrosulfoferites
and mixed highly basic calcium hydrosulfoaluminates
and calcium hydrosulfoferrites after treatment of
the binder with gamma radiation, decreased not so
much. This confirms the advisability of introducing
iron oxide into Portland cement and the formation of
highly basic calcium hydrosulfoferrites on its basis.
Thus, the results obtained indicate the
amorphization of the hydrated phase of the hardening
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cement and, as a consequence, the formation of
self-organizing structures [12]-[13]. The degree of
this amorphization depends on the type of bound
water. In addition, such amorphization of the binder
leads to an increase in the strength of the material
in compression, which is confirmed by our data
(see Table 2) and known data on the role of poorly
crystallized substances [12]-[14].

To study the behavior of different forms of water
bonding (mechanically, physic-mechanically, physic-
chemically and chemically bound) during cement
irradiation, studies were carried out using thermo-
gravimetric and differential thermo-gravimetric
(TG and DTG) analyses (Figures 3, 4).

The analysis of the data of the differential thermo-
gravimetric study demonstrated that as a result of
gamma radiation the nature of endothermic effects
changes. This is due to removal of part of the bound
water from hydrates as a result of the impact of
y-radiation on the binder.

For a more detailed study of this process, we
analyzed the loss of water during heating of samples
irradiated with doses of 10® and 10° rad (Figures 3, 4).
Analysis of these data showed that, as a result of
irradiation, the nature of water loss depends on the
composition of the binder and the intensity of the
radiation dose received. So, in the samples of Portland
cement after gammairradiation with a dose of 108 rad,
a significant decrease in the content of water (10.5 %),
which is removed when heated at temperatures of
130...150 °C, is observed.

This indicates the release from hydrates during
theirirradiation, first of all, water, which is mechanically
and physically and mechanically bound in a cement

Figure 3 - Derivatograms of cement stone after exposure
to y-radiation with a dose of 108 rad: 1 — based on Portland
cement; 2 — based on a modified binder.
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stone [9]-[11]. For a cement stone based on modified
Portland cement with the proposed additive, loss of
such water after irradiation did not exceed 8.5 %. The
same tendency persists for hydrated water, which is
removed in the temperature range up to 250 °C in
samples on Portland cement - 16 %, on a modified
binder — 13 %. This is the evidence of the greater
resistance of the proposed binder against the impact
of gamma radiation 108 rad.

Table 2 - Changes in the compressive and bending
strength of composites after prolonged exposure to
gamma radiation

Composite tensile strength, MPa

compressive strength bending strength

Nex| control |absorbed|  control absorbed
atthe |thedose, | attheage, | thedose,
age, days rad days rad

28 [ 56 [ 10® [ 10°| 28 56 | 10% | 10°
155555556 1,9 | 20 | 15|20
510 |52 |51 |52 19 | 21 | 20| 24
50 |51 |52 |52 16 |18 |185| 23
53 |54 |54 [55] 1,2 1.3 113] 14
48 (49 48 49| 1,2 12 | 12|12
64 | 66 | 67 | 70 | 0,93 | 0,94 | 1,00 | 0,76

ol bW N

*- Composition of the composite according to table 1

Figure 4 - Derivatograms of cement stone after exposure
to y-radiation with a dose of 10° rad: 3 - based on Portland
cement; 4 - based on a modified binder.
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In the temperature range of 200...500 °C, the
nature of the removal of chemically bound water
from hydrates, based on Portland cement and a
modified binder, remains. So, after irradiation of
Portland cement samples in a temperature range of
up to 500 °C, weight loss of up to 20 % is observed,
while in the samples on a modified binder — 18.5 %.
This result confirms the advantages of the proposed
binder in comparison with Portland cement, since this
temperature range corresponds to the dehydration
of portlandite. In the proposed binder, portlandite,
which is formed during the hydration of cement,
is bound into hydrated compounds. Therefore,
during irradiation, this process is accelerated with
formation of the corresponding silicate, sulfoferite
and carbonate phases. This leads to a decrease in
the content of free lime after irradiation of a cement
stone based on a modified binder. Obtaining a stone
with low content of free lime should lead to an
increase in the resistance of the material during the
aggressive action of chemical compounds and the
gamma radiation impact. Therefore, for samples on
ordinary cement, a decrease in the bending strength
of the stone after irradiation is characteristic, and for
a binder with the proposed additive, on the contrary,
an increase in strength is observed. The amount
of chemically bound water in hydrates, which is
removed at higher temperatures (500...700 °C),
depends slightly on the type of cement. After
irradiation of the samples with a dose of gamma
radiation with a power of 10° rad, three endothermic
effects were recorded on the thermal curves (TG-DTG)
(Figured). The first effect in the temperature range
30...370 °C with a maximum at 170 °C refers to the
process of dehydration of hydrosulfoaluminates and
calcium hydrosulfoferrites. The second dehydration
effect in the range 400...550 °C with a maximum
at 470 °C indicates the presence of portlandite,
the third transformation interval of 550...830 °C
with a maximum at 720...760 °C can be attributed
to the endothermic effect of decarbonization of
calcite formed during hydration and hardening,
which generally indicates the absence of serious
destructive processes in the cement stone. For the
identified intervals, the weight loss values were also
determined from the curves of thermo-gravimetric
and differential thermo-gravimetric (TG-DTG)
analyzes, for the studied samples irradiated with a
dose of 10° rad (Figure 4). When considering samples
of cement stone of various composition, the presence
of ongoing hydration processes is confirmed by the
corresponding weight loss in all considered intervals
of transformations.

The effect of gamma radiation on the crack
formation character of cement stone of various
compositions and on the character of the crystalline
phase on its cleavage was studied using electron
microscopy according to the research methodology
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given in [14]. The data of electronic microscopic
studies confirm and supplement the results of X-ray
phase and thermo-gravimetric analyses. The results of
electron microscopic studies are shown in Figures 5-7.
Analyzing the data obtained, it can be noted that
unirradiated samples of Portland cement (Figure 5)
have significant cracks, while in the samples based on
the modified binder (Figure 6), such cracks were not
found. Thus, the crack width for the first samples was
0.3...0.6 um and the length was 40...70 um, while for
cement stone samples based on the modified binder,
the width was 0.15...0.3 pm, and the length was
10..20 ym. This is explained both by the shrinkage
of the Portland cement stone, in contrast to the
modified Portland cement, and by the presence of
microsilica in the latter case, which acts as a damping
additive that stops the development of cracks [16].
After irradiation, the nature of the cracks changes.
Cracks in samples based on Portland cement have a
through character (Figure 7), while cracks based on
modified binder are grouped around metal inclusions
that are part of the additive (Figure 8).

The character of crack formation [15]-[18] explains
why specimens based on modified binder have higher
bending strength after irradiation than specimens
based on conventional Portland cement. As you can
see from the pictures, gamma radiation changes the
structure of new formation.

On the one hand, they amorphize, and on the
other, conditions for their accelerated crystallization
are created. So, in the images of Portland cement
stone (Figure 7), you can see fibers and plates,
which, according to [9]-[11], can be respectively
attributed to the compounds of the tobermorite
group and portlandite. In the images of a stone
based on a modified binder (Figure 8), prismatic,
needle-like crystals are visible along with fibers.
Irradiation changes the appearance of the crystals:
after irradiation of Portland cement samples, in their
images one can see large well-crystallized crystals of
portlandite and their germination together with the
amorphized surface.

At the same time, the images of samples based
on the modified binder (Figure 8) demonstrate
amorphized crystals, which can also be attributed to
portlandite [9]-[11].

The results obtained can be explained by
the phenomenon that irradiation intensifies the
hydration processes. For ordinary Portland cement
this leads to the formation of a significant amount of
"fresh" well-crystallized lime. At the same time, for a
stone based on a modified binder, it is characteristic
that as a result of irradiation, the processes of binding
free lime into calcium hydrosilicates and highly basic
calcium hydrosulfofferites are accelerated. Therefore,
these images contain a destructed crystal of "old"
lime and prismatic crystals of highly basic calcium
hydrosulfofferite.
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Figure 5 - Micrographs of cement stone based on Portland
cement (control)

Figure 7 - Micrographs of cement stone based on Portland
cement after the action y-radiation with a dose of 10° rad

Conclusions and prospects for further
research

Thus, the studies carried out have demonstrated
that the developed binders and concretes based
on them are radiation-resistant and effective
radiation-shielding materials. They are able to gain
compressive strength after irradiation with a dose
of 10° Rad.

The positive results obtained make it possible to
proceed to the study of the corrosion resistance of
these composites and structures based on them in
various corrosive environments.
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Figure 6 — Micrographs of a cement stone based on a
modified binder

Figure 8 - Micrographs of a cement stone based on a
modified binder after exposure to y-radiation with a dose
of 10°rad
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[ocnigKeHHA BNANBY ramma-
BUNPOMiHIOBAHHA Ha CTPYKTYPHi
nepeTBOpPEeHHA B NOPTNAaHALEMEHTHOMY
KaMeHi

AHonko [1.B., loHuap O.A., KoueBux M.O.,
KywHeposa J1.0.

KWiBCbKMI HaLiOHanbHUN yHiBepcuteT
OyniBHULTBA Ta apXiTeKTypu, M. Knis, YkpaiHa

Y cTaTTi HaBedeHO [JOCiOXEeHHA CTPYKTypwu
MOAUdIKOBAaHOrO B'SXKYUYOro i KOMMO3WUTIB Ha Oro
OCHOBI Ha MaKpO- i MiKpOpPIBHI NiCNA TPMBaNoro BNanBYy
ramma-BunpomiHioBaHHs 10° pag, a TakoX HaBedeHO
OUiHKY pagiauinHol CTIMKOCTI i [OBrOBIYHOCTI LMX
maTepianis. [nAa pgocnigkeHHA 3MiH  CTPYKTypwu
6GeToHIB nMif [i€l0 ramMMa-BUNPOMIHIOBaHHA Oynu
BMUrOTOBNEHI ABi cepii 3pa3kiB. OgHa — KOHTPOSbHA, a
Apyra — Wwo nignagae nig Aito ramma-BunpoMiHIOBaHHS.
Temnepatypa 3paskis, WO nignaganu nig Aio
ramMMa-BUMPOMIHIOBaHHA, Mif 4ac BUMNPOOyBaHb He
nepesuwyBana 40°C, Temnepatypa KOHTPOJIbHMX
3pa3kiB Oyna npuiiHaTa Takox 40°C. [o3sa ramma-
BMMNPOMIHIOBaHHA cTaHoBMna 10° pag Ta Bignosigae
[l03i, IKY MOXe OTprMaTUn 6ETOH Mif Yac NOro KOHTAKTY
3 BUWCOKOAKTMBHMMW pPafioakTVBHMMK Biaxogamu
06'ekTa «YKpuTTS» 3a 300 poOKiB. XapakTepucTuKa
NPOMUCIIOBOI YCTAaHOBKM FaMMa-BUNPOMIHIOBAaHHA —
eHepria BUNpoMiHioBaHHA 1,25 MeB i noTy»KHicTb 4o3u
2 Mpap/y. BukopuctaHHa Takoi YCTaHOBKM [O3BOJIAE
pocartn gosn 10° pafg MeHLLE HiX 3a MicAub, a 108 pag -
3a 4-5 gi6. Mig gito raMMa-BUNPOMIHIOBaHHA Nianaganmu
6eToHN, AKi gocArnuM Biky 28 pi6 i 36epiranvca B
HOPMasbHMX YMOBax. Bnive ramma-BMnpomiHioBaHHA
Ha XapakTep  TpPIWWHOYTBOPEHHA  LIEMEHTHOro
KaMeHIO Pi3HOro CKnagy i Ha xapakrep KpuctaniyHol
dasn  BMBYABCA 3a [OMOMOIOK  ENeKTPOHHO-
MIKPOCKONIYHOro MeTogy AoChigXeHb. Y pesynbrarti
3ayBaXkMMO, WO MicnA  OMPOMIHEHHA  TPIWWHN
B 3pa3kax Ha OCHOBi MNOPTNaHALEMEHTY MaloTb
HACKPi3HNN XapaKkTep, TOA4i AK TPIWWHM Ha OCHOBI
MOAUGIKOBAHOIrO B'SXKyUYOro rpynyrTbCA HABKOJMO
MeTasIeBUX BKJTIOUEHD, IKi BXOAATb 10 CKnagy A00aBKu.
Lim noscHI0eTbCA Binblu BUCOKA MILLHICTb Y 3pa3kKiB Ha
OCHOBi MOAUdiKOBaHOro B'sAXy4yoro nicns Aii rammva-
BUMPOMiHIOBaHHA. OTXKe, NpoBefeHi AOCNigKEeHHSA
MoKasanu, Wo po3pobrnieHi B'sxydyi Ta 6GETOHM Ha
X OCHOBi € papgialiiHo CTINKUMK i € edeKTUBHIMM
pagiauiHO 3axMcHUMKU MaTtepianamu. BoHn 3paTHi
HabupaTu MiLHICTb NicNA onpomiHeHHA go3oto 10° paa.

Kniouosi cnoBa: pagiaLis, raMMa-BUNPOMIHIOBAHHA,
pagiauifHO-3aXMCHNI, PagdiaLiHO-CTINKNIA, KOMMO3WT.
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