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Abstract. The authors have estimated the effect of advanced superplasticizers of types Muraplast,
Reamin, Weiss SM, Polyplast SP-1 and Melflux on radiation changes in Portland cement stone and
concretes of radiation protection, based on experimental data from available literature, about the effect of
such superplasticizers on thermal changes of Portland cement stone and the known analogy between
thermal and radiation changes in Portland cement stone exposed to neutrons. The estimate of radiation
changes in volume and compression strength of Portland cement stone used proposed ratios between
the effect of superplasticizers on thermal and radiation changes in Portland cement stone, obtained
through processing the published experimental results about the effect of superplasticizers S-3 and S-4
on radiation and thermal changes in Portland cement stone. Radiation changes in volume, crack
formation, compression strength and deformation modulus of concretes, were measured with developed
and tested methods for analysis of radiation changes in concretes based on information on changes of
their components (aggregates and Portland cement stone). It has been established that advanced
superplasticizers generally diminish radiation changes in Portland cement stone and concretes. The
authors have demonstrated the extent by which such changes are reduced depending on various factors.
It has been found that the effect of superplasticizers is in inverse proportion to the water-to-cement ratio
of the mix as cement stone is made, by increasing the content of superplasticizer in the mix (for water
reducing), and it depends on the fluency of fast neutrons.

AHHOTaumA. BeinonHeHo pacyeTHoe onpeaerneHune BINUAHUSA COBPEMEHHBbIX
cynepnnactudgukatopos Muraplast, Reamin, Weiss SM, MNonunnact CIM-1 n Melflux Ha paguauuoHHble
N3MEeHeHNs NopTNaHALEeMEHTHOro KaMHsi 1 6eTOHOB paanauMOHHON 3aLUWTbl HA OCHOBaHUN MMEOLLNXCS
B NUTepaTtype 3KCnepuMeHTanbHbIX AaHHbIE MO BIUAHMIO 3TUX CynepnnacTtudukaTopoB Ha TEpMUYECKNE
M3MEHEHNs MNOPTMaHOUEMEHTHOrO KaMHS WM M3BECTHOW aHanormm Mexay TepMUYecKUMu Wu
pagvaunoHHLIMN U3MEHEHUSMU NOPTNaHOUEMEHTHOIO KaMHSA MOA4 AEVMCTBMEM HENMTPOHOB. PacyeTHoe
onpegeneHne pagMaumoHHbIX U3MEHEHNU 06bema 1 MPOYHOCTM Ha CXKaTue NopTNaHALEMEHTHOro KaMHs
BbIMOMTHEHO C  WCMOMb30BaHMEM MPEANOXKEHHbIX  KO3(PUUMEHTOB CBSI3M  MexXZy BIUSHUEM
cynepnnactTugurkaTopoB Ha TepMUYECKME N HA paanaLMOHHbIE N3MEHEHWS NOPTNAaHALEMEHTHOIO KaMHs,
MOMyYeHHbIX Ha OCHOBaHWM 06PabOTKM UMEKLMXCS B nuTepaType 3KCNepuMeHTanbHbIX AaHHbIX MO
BNUAHWIO cynepnnactudgukatopos C-3 n C-4 Ha pagvaumoHHble U TepMUYeckne WU3MEHEeHUs
nopTnaHAUeMEHTHOro kamHsi. PagnaunoHHble n3meHeHus obbema, TpewmnHoobpa3oBaHWUsi, MPOYHOCTU
npu cxatun n Mmoaynsa aedopmMaunm 6eTOHOB NPOBEAEHO HAa OCHOBaHWUM MMEKLLNXCHA pa3paboTaHHbIX U
anpobupoBaHHbIX METOAO0B aHanMTMYeCKOro onpedeneHns pagvauloHHbIX U3MeHeHu GeTOHOB Mo
AaHHbIM 00 M3MEHEeHMAX WX COCTaBMnAWMX (3anonHUTene’ u MopTNaHALEMEHTHOrOo KaMHs).
YCTaHOBNEHO, YTO COBPEMEHHble CcynepnracTuukaTopel B OCHOBHOM YMEHbLUAKT pagnaunoHHbIe
M3MEHEeHNs NopTNaHOUEMEHTHOro kaMHA 1 6eToHoB. [loka3aHo, B Kakow CTENeHW yMEHbLUaKTCH 3TK
M3MEHEHNss B 3aBUCUMMOCTM OT pasfuyHbIX aKTOpOB. YCTaHOBIMEHO, 4TO 3ddeKT BAUSHUA
cynepnnactTugukaTtopoB BO3pacTaeT C YMEHblUEHWEM BOAOLEMEHTHOrO OTHOLWIEHUS CMecu Mpu
N3roTOBIEHNN LEMEHTHbIX KaMHEN 3a CYeT yBenuMyeHusl CoAaepXKaHus cynepnnactudukartopa B CMecu
(npv BOQOPEAYLUMPOBaHUN) U 3aBUCUT OT prtoeHca BbICTPbIX HENTPOHOB.
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Introduction

Among the main objectives within the Russian Federation 2035 energy strategy in nuclear power is
the objective to reduce specific costs of building new nuclear power plants (NPP) as a financial
competitive edge, with safety as top priority. One way to address the issue is that NPP construction,
including the structures of nuclear reactor radiation protection, should use concrete mixes and concretes
with properties modified as required for the purpose.

In order to modify and improve the construction technology and operation properties of concretes,
manufacturers use a whole range of chemical additives, particularly superplasticizers, primarily
polycarboxylates [1-11]. Published works executed in the Russian Federation [12—-19] contain evidence
that superplasticizers are also able to raise thermal and radiation resistance of concretes to neutrons,
because they mainly reduce thermal and radiation changes in Portland cement stone as a key
component of concrete. With this as basis, the paper [18] validates the possibility of concretes with high
radiation resistance for nuclear power plants by using superplasticizers based on polycarboxylate ethers.

Among the publications of foreign authors of works devoted to the study of the influence of
superplasticizers on the radiation changes in Portland cement stone and concrete, weren't found. Not
considered these issues and in most major foreign reviews [20-25].

At the same time, both in early studies [13, 14], as summarized in [15], and in later studies [16—18],
the effect of superplasticizers and other chemical additives on radiation resistance of concretes, was
assessed based on how the additives change the properties of Portland cement stone as a component of
concrete. In fact, only papers [14-15] gave some results from research of superplasticizer effects on
radiation changes in Portland cement stone exposed to the most harmful ionizing radiation neutron
radiation that emanates from nuclear reactors. However, those studies only covered superplasticizers S-3
and S-4 (Dophen) — polycondensates, based on sulfonated naphthaleneformaldehyde, developed during
1970s. In [16-18], the effect of superplasticizers on radiation resistance of Portland cement stone was
researched based on the resulting thermal changes in Portland cement stone heated to high
temperatures. This was done using the fast method — proposed and validated in [14], then improved in
[16—18] — of finding (or rather, verifying) the radiation resistance of cement stone [19]. The method is
based on comparing the relative changes of the properties of the investigated cement stone with addition,
with change of properties of the radiation-resistant cement stone without additives (reference sample)
after short-term heating. Modify the properties of each of the compositions is determined in relation to the
properties until it is warm. The results of comparing the changes in the properties of the composition with
the additive and without the additive composition are judged on the influence of additives on the radiation
changes and radiation resistance of cement stone.

Essentially, the studies covered in [13, 14] and summarized in [15] helped to do the following:

— to learn, how specific studied superplasticizers S-3 and S-4 influence on thermal and radiation
changes in Portland cement stone (exposed to neutrons);

— to set an analogy in the mechanisms of radiation and thermal changes in Portland cement
stone, which temperatures cause which results of radiation, up to researched level of fast
neutron fluency;

— based on the above analogy, developing a method to quickly measure radiation resistance of
Portland cement stone by results of heating test, after 5 hours at temperatures 150, 350, 600
and 900 °C.

Nevertheless, at the papers [13, 14] researchers never examined the quantitative relation between
the effect of chemical additives on radiation and thermal changes in Portland cement stone, as necessary
to identify radiation changes after the thermal test. They merely found approximate temperatures that
correspond to certain neutron fluency levels in terms of concurrent processes. In addition, they failed to
demonstrate how radiation changes of concretes change/decrease when the researched additives are
used.

Research represented in studies [16-18] demonstrates that modern superplasticizers either
increase thermal change immaterially or decrease it, and thus they must either slightly increase or
decrease radiation changes in Portland cement stone; therefore they can be used to raise radiation
resistance of concretes. However, the studies never established the extent of radiation changes in
Portland cement stone and concretes caused by the use of said superplasticizers.

Among the publications of foreign authors of works devoted to the study of the influence of
superplasticizers on the radiation changes in Portland cement stone and concrete, weren't found. Not
considered these issues and in most major foreign reviews [20-25].
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The purpose of present article is estimation of effects of modern superplasticizers on radiation
changes in Portland cement stone and concretes based on experimental data [16—18] about effect of
such superplasticizers on thermal changes in Portland cement stone. Perfomed calculations are based
on processed and analyzed available experimental data [12—15] about the effects of superplasticizers S-3
and S-4 on radiation and thermal changes in Portland cement stone, and also based on available
designed and tested analytical methods of measuring radiation changes in concretes based on data on
changes in their components (aggregate and Portland cement stone) [15, 26-28]. From the given
publications [12-15] used the data about change of the sizes and volume of Portland cement stones
without additives with water cement relation W/C = 0.255-0.26 and with superplasticizers S-3 (0.5-0.8 %)
and S-4 (0.8-1.1 %) with W/C =0.225 after an irradiation in nuclear reactor IBR-2 to fluency of fast
neutrons in IBR-2 reactor, from 0.1x10%* neutron/m? to 1.4x10%* neutron/m? and after heating within 5
hours at temperatures 150 °C, 350 °C, 600 °C and 900 °C.The paper also examines purely radiation-
related changes in Portland cement stone and concretes exposed to neutrons, because radiation from
nuclear reactors causes not only radiation changes, but also thermal changes by heating, along with
neutron radiation, as can be demonstrated by the results of heating.

Research Methodology

According to the summary contained in [15, 29], vital effects of radiation on Portland cement stone
include shrinking size and volume as concrete shrinks when it loses water, and also change of strength,
mainly towards weakening. Changes of density and thermal conductivity coefficient, as reviewed in [15],
are immaterial. According to [15, 29], change of mass by dehydration and change of strength correlate
with changing size and volume, while intensity of gas release can be calculated based on figures that
represent change of material weight with dehydration and condition of radiation, as discussed in [30, 31].
Therefore, the focus was on volume change.

To estimate radiation changes in Portland cement stone with superplasticizers, we considered the
analogy of the processes of radiation and thermal changes in Portland cement stone, as demonstrated in
[14].

We used coefficient KRT to describe the ratio between the effect of superplasticizer additives on

change of volume Portland cement stone caused by radiation and heat (according to [19] after 5 hours of
heating), expressed as:

_1-(AVcsr /Veso) A/(AVEsR /Veso)wa
1-(AVcsT /Veso) A/(AVesT /Veso)wa

@

where (AVegr /Veso)aand (AVesr /Veso)wa — relative change of volume of Portland cement
stone with and without additive after exposure to radiation, %;

(AVest /Veso) a and (AVest /Myco)wa — relative change of volume of Portland cement stone
with and without additive after 5 hours of heating, %.

Values of coefficients Kgy were found by processing the experimental data available in [12, 14,

15] on effect of superplasticizers S-3 and S-4 on thermal [12] and radiation [14, 15] changes in Portland
cement stone.

For all data used herein, relative change of volume of Portland cement stone after heating
AVcst /Vesg and radiation AVegg /Vesg, was found by relative change of size ah/h, and was
assumed to be 3Ah/hy, -

Based on the resulting coefficients Kgt calculates radiation change in Portland cement stone with

various modern superplasticizers, whose effects were studied in [16-18], after heating with the method
recommended resistance in [14, 19] to measure radiation.

Radiation change of volume of Portland cement stone without additives were found using the
formula found in [15, 29], proving that dependency of radiation change of volume AVHKP/AVUKO of

Portland cement stone (pure radiation, no thermal changes by heating that goes along with radiation) on
the fluency of neutrons with energy greater than 0.8 MeV regardless the type of Portland cement, W/C
ratio and age of stone, can be approximated with the expression:
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AVcsr IVeso = ag (Fenke )% (2)
where ag =—3.31%; by =1.22;
Fen — fluency of fast neutrons with energy above 0.8 MeV, neutron/m?,
Kg = 10-2* m2/neutron — normalizing factor.

For Portland cement stone without additives, we assumed ag =—3.31%, by =1.22.

For Portland cement stone with additives, following the analogy of mechanisms of radiation and

thermal changes in Portland cement stone established in [14], value AR was adjusted by coefficient
KPT and then found with the formula:

a.R = —331{1— KRT [1— (AVCST /VCSO)A /(AVCST /VCSO)WAD’ (3)

Radiation changes in strength of Portland cement stone, within and without additives, were found
using the formula recommended in [15, 29], which connects the relative residual strength of Portland
cement stone after both radiation and heating, with change of volume:

Resr / Reso =1/(A+BAVesr /Veso) . (4)

where Rcgr / Rgc — relative weakening of Portland cement stone caused by radiation impact, as ratio

of strength after radiation Regg and strength before radiation Regg, fractional unit;

A and B - parameters, assumed for aged Portland cement stone (8 months and more,
considering time it takes to erect nuclear reactors and NPP buildings) under [15, 23]: A=1;

B=-0.23%"".

Use of ultrasound passing time to measure changes in strength proved impractical, because
according to data analysis of [14, 15], no reliable correlation exists between change of ultrasound
penetration time and change of compression strength after irradiation in the reactor. Besides, according
to data analysis offered in [13-18], correlation observed between changes in size and velocity of
ultrasound is even less dependable, while their averaged ratios differ greatly for exposure to radiation
and heat.

Based on data on radiation changes in Portland cement stone with various modern
superplasticizers, we calculated relative radiation-induced change of volume, relative cracking ratio,
relative loss of strength and deformation modulus of concretes. We used analytical methods to measure
radiation changes in concretes by data on radiation changes of their components, as described
in [15, 26-28].

To estimate material influences on radiation changes of concrete aggregate, this research
calculated and compared net contributions of radiation changes in Portland cement stone. Such
calculations assumed that the aggregate is made of specific material whose volume and properties are
not changed by exposure to radiation.

Our calculations treated a typical concrete with averaged production mix with relative aggregate
content by volume (sand + crushed rock) V¢, =0.70.

The approximation was that the true W/C ratio (considering the water need of the aggregate) of
Portland cement in the concrete is the same as in the researched mixes of Portland cement stones.

Using the methodology described in [15, 26—28], change of volume, relative crack ratio, changes in
compression strength and elasticity modulus of the concrete, due to radiation shrinkage and weakening
of Portland cement stone (with and without additives), for aggregates not changed by radiation, is found
using these formulas:
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3

/
AVer _ _((SteryL/3 AVesg 1 100 < b gestery173]AVesr
v =100 h- (Ciarg) ][1+Vcso 100} 100 - (Comp e ©)
6
Verre =AVer Voo =@ —Vs,er )AVesrp Veso s ©
Rer / Reo = (Resr / Reso) I+ (AcVerre )] )
Eeg/Ecg =0,85(Reg / Reg)'® +0.15, ®)

where AVcg /V¢q - radiation-induced relative change of volume of concrete, as ratio of absolute change

of volume of concrete AVeg to volume prior to radiation exposure Ve, % ;

Vcrre — radiation-induced relative crack ratio in concrete due to radiation impact, as the ratio of
cracks caused by radiation impact, to the material’'s volume before radiation impact, %;

Rcr / Re - radiation-induced relative weakening of concrete due to radiation impact, as the ratio

of strength after radiation Rcg to strength before radiation Reg , fractional unit;

Ecr / E¢p - radiation-induced relative change in deformation modulus of concrete due to radiation

impact, as the ratio of deformation modulus after radiation Ecg, to initial deformation modulus Ecg,
fractional unit,

ngn%— degree of aggregate consolidation (sand and crushed rock) in concrete, by the formula:
S+Cr S+Cr
Ccomp =Vsier /Vcomp 9)

where Vs +or — relative content of aggregate (sand and crushed rock) by volume in concrete, assumed
herein to be 0.70, as mentioned above;

VC%T,%— relative volume that the aggregate such as sand and crushed rock can have in packed
state (without layers of Portland cement), measured by bulk density of vibration-packed aggregate.

From [15], our calculations assumed VCSOF% = 0.86 as the approximated mean value.

As discussed in [16-18], the mixes of Portland cement stone, additives of superplasticizers used,
respective batch ratios and water-to-cement ratios (W/C) are listed in Tables 1 and 2 below.

Thermal changes in samples of such mixes, after they were heated to different temperatures for 5
hours, are quoted from [16—18] and listed in Tables 3 and 4.
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Table 1.Information on composition of Portland cement stone, as discussed in [16-18]

No. | Additive marking Sg?g&%'%syt'[i';er Manufacturer recgritr?wherrlztéz, % Batch ratio used, % \?Zlcl:::ltz
0 No additive - - - - 0.26
1 | Muraplast FK 48 I (NF) MC-Bauchemie 0.2-2.0 0.6 0.24
2 | Muraplast FK 63 IV (P) MC-Bauchemie 0.2-25 0.6 0.25
3 Reamin MF-100 | (MF) Kuban Polymer 0.3-1.0 0.4 0.24
4 Weiss SM IV (P) Weiss Reagens No data 0.4 0.24
5 |Poliplast SP-1 (S-3) Il (NF) 000 Polplast 0.4-0.8 0.4 0.24

*MF — based on sulfonated melamin-formaldehyde polycondensates; NF — based on sulfonated
naphthalene-formaldehyde polycondensates; P — polycarboxylate-based.

Table 2. Information on composition of Portland cement stone, as discussed in [18]

No Additive Superplasticizer| Lateral chain length, Batch ratio Batch ratio used,| W/C ratio,
’ marking group by [1] |and steric effect, by [18]|[recommended, % % rel. units
0 No additive - - - - 0.26
11 i i 0.05 0.25
Melflux 1641f v ey [Short 'atfgf‘LC:f?;rC‘f minor 4 050,50
1.2 sterl 0.50 0.20
2.1 : 0.05 0.25
Very long lateral chains,
22 Melflux 4930f IV (P) very high steric effect 0.05-1.00 o0 0.20
3.1 i i 0.03 0.26
Melflux 5581f IV (P) Long '212;‘3! Z?;'C”ts high | 5 03-0.50
3.2 0.50 0.20
4.1 ; ; 0.05 0.25
Melflux 6681f IV (P) Medgj.m lateral C'}ra'”s' 0.05-1.00
4.2 medium steric effect 1.00 0.19

Table 3. Thermal changes in Portland cement stone, according to [16-18], after brief heating
for 5 hours to temperatures 150 € to 900 <C

Mix No.| Average relative change in size Ah/ ho weight Am/ My and ultrasound velocity Av /vy in samples after 5
by hours of heating to different temperatures
Table 1 150 °C 350 °C 600 °C 900 °C
Ah Am Av Ah Am Av Ah Am Av Ah Am Av
B | me’ f vl | e | met | vg | hg | me | v | hg | mg | v
% % % % % % % % % % % %
Portland cement stone, without additives
0 | 0.02 | -3.28 | 0.13 ‘ —1.06 ‘ —6.32 ‘ -3.23 ‘ -1.97 ‘ —6.59 ‘ -5.61 ‘ -2.43 ‘ -11.95 ‘ —15.00
Portland cement stone, with different groups of superplasticizers
1 |-029| 431 | -098 | -1.13 | -7.39 | -5.26 | -2.19 | -8.17 | -5.41 | -2.57 | -13.39 | -13.00
2 |-0.27| 485 | -198 | -1.00 | -8.12 | -5.79 | =202 | —9.06 | —4.62 | —2.53 | —14.09 | —-15.50
3 |-032| -447 | 260 | -1.06 | -765 | -6.40 | -2.10 | -8.70 | -6.65 | —2.66 | -13.90 | —9.71
4 |-030] -491 | -210 | -096 | -7.75 | 232 | =195 | -8.82 | -4.80 | —2.41 | -14.09 | —13.20
5 |-030|] 438 | -0.16 | -1.06 | -7.13 | -1.53 | -2.09 | -8.25 | —6.04 | —2.59 | -13.47 | —-13.30
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Table 4. Information on thermal changes in Portland cement stone, according to [18], after
brief heating for 5 hours to temperatures 150 < to 900

Mix | Average relative change in size Ah/ hy weight Am/ my and ultrasound velocity Av /v, in samples after 5 hours

No. of heating to different temperatures

by 150 °C 350 °C 600 °C 900 °C
Table
2 Ah Am AV Ah Am Av Ah Am Av Ah Am Av
hO ' mo ' VO ' ho ' mO ' VO ' ho ' mo ' VO ' ho ' mO ' VO '
% % % % % % % % % % % %

Portland cement stone without additives

0o | -017] -165 | -1.35 | -0.76 | —4.80 | -8.38 | -1.58 | —9.28 | 20.33| —2.18 | —11.11 | —22.37

Portland cement stone, with various superplasticizers based on polycarboxylate ethers

11 | 014 | -181 | -2.16 | 075 | 548 | -363 | -1.36 | -985 | -9.78 | -1.83 | -11.40 | -15.25

12 | -011 | -143 | 231 | 054 | -422 | 494 | -1.10 | —6.89 | -6.78 | -1.31 —-9.01 | -15.62

21 | 018 | -1.87 | -194 | -0.76 | =554 | -7.18 | -1.63 | -10.04 |-14.66 | -2.38 | -11.69 | -18.81

22 | 014 | -1.00 | -231 | -054 | -3.60 | =749 | -1.15 | —6.22 | -9.76 | -1.45 —-8.66 | —15.58

31 | 015 | -1.73 | 263 | -081 | =558 | -6.76 | -1.76 | -10.12 | -16.97 | -2.67 | -11.84 | -21.34

32 | 014 | -195 | -134 | -063 | =568 | -4.73 | -1.33 | -9.24 | -8.30 | -1.70 | -11.41 | -15.80

41 | -014 | -159 | -179 | 080 | 539 | 411 | -1.68 | —9.97 |-13.20| —-247 | -11.72 | -17.77

42 | -011 ) -130 | -1.28 | -050 | 422 | -833 | -1.20 | —7.15 | -5.27 | -1.55 -9.55 | -17.16

Results of Research and Discussion

Examination of data offered in [12, and 14, 15] reveals that coefficient K, of the connection

between effects of additives on thermal and radiation-induced changes in Portland cement stone with and
without superplasticizers, were 2.5 to 0.5, and depended on the temperature in relation to which the
connection is established, and on neutron fluency (Fig. 1). Effects of the superplasticizer type (S-3 or S-4)
were not observed.

Analysis demonstrates that the dependency can be described with this expression:
2
Kgr = ar (KeFigr)” + by (ke Figr) +Cr (10)
where Fgr — fluency of fast neutrons in IBR-2 reactor, neutron/m2;
kF =1x10-2* m?/neutron — normalizing factor;

ay s br and ¢, — coefficients dependent on the heating temperature compared to effect of the
additives on radiation-induced changes, whereof the received values are:

- a,=-0.383, b =-0.003, c,= 1.25 — taking as basis the results after 5 hours of heating at
150 °C;

- a,=-0.522, b =-0131, ¢, = 1.922 — taking as basis the results after 5 hours of heating at
350°C;

- a,=-0.750, b, = -0.094, c = 2.534 — taking as basis the results after 5 hours of heating at
600 °C;

- a,=-0.282, b, =0.370, ¢, = 1.674 — taking as basis the results after 5 hours of heating at
900 °C.

Calculations with formula (10) considered the following circumstances:

1. According to [15, 29], radiation-induced changes in Portland cement stone are mainly caused
by neutrons with energy charges above 0.8 MeV, so radiation changes in Portland cement
stone should be bound to the fluency value of such neutrons.

2. According to [15], there is apparent difference between Portland cement stone exposed to
radiation in an impulse reactor such as IBR-2 and the results of other reactors. The results
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presented in [16] prove that by efficient influence on Portland cement stone, fluency of fast
neutrons in IBR-2 impulse reactors is equivalent to that of neutrons with charges greater than
0.8 MeV in other reactors, the ratio being 0.3 approximately. This may be explained by the
impulse operation principle of reactor IBR-2 as different for the constant mode in other reactor;
another possible explanation is the specific nature of the neutron spectrum in the channel of
reactor IBR-2 where exposure is done, as compared to the spectra in the channels of other

reactors.
3= s
oo [¢] 1
&5 3
o' - 25 3 Z 'y ° 2
Lw 0.
=3 c .
5 ..'g -3 o 2 A 3
8SBE 213 ___
L E'E 8 f*—--\_
B85s o[ H-~ " B &
222% 15 = B e =
E5S e e T L1
F25 D 3| s
= S = 1 TENGLE T NG e
§ocEt <. L x| ———-- L2
58 0 E AR
E00G s L3
$€og 05 +—r————+——————— =5 T
o £ E e
(6] 8 T c T
32 o
=%

o

0.5 1 15

Fluency of fast neutrons Fgg in impulse-type
fast reactor IBR-2, 102 neutrons/m?

Fig. 1. Dependence of coefficient Kgy representing the effect of superplasticizers on radiation-

induced and thermal change of volume of Portland cement stone, on fluency of fast neutrons in
impulse-type fast reactor IBR-2, based on comparison of Portland cement stone exposed to
radiation in reactor with same briefly (5 hours) heated at 150, 350, 600 and 900 °C

We used test results with Portland cement stone of various mixes with superplasticizers S-3 and S-
4 and also ones without additives treated in impulse reactor IBR-2 at 30—40 °C, as described in [14, 15],
plus test results of the same mixes briefly (5 hours) heated at 150, 350, 600 and 900 °C, as presented in
[12].

1 — on the data at 150 °C; 2 — on the data at 350 °C; 3 — on the data at 600 °C;
4 — on the data at 900 °C;

L1 — approximation line by data after 150 °C; L2 — approximation line by data after 350 °C;
L3 — approximation line by data after 600 °C; L4 — approximation line by data after 900 °C.

Therefore, respective to fluency of neutrons with charge above 0.8 MeV in typical reactors
coefficient Kgy was found with the adjusted formula:

Kgr = a, (ke Fey 10.3)% +b, (kg Fey /0.3) +¢; (12)

where Fgy — fluency of fast neutrons with charge above 0.8 MeV, neutron/mz2.

Because we assumed the results presented in [14,15] for impulse reactor IBR-2 as basis to find
coefficients KPT, the radiation-induced changes in Portland cement stone with different modern
superplasticizers had to be found for the following fluency of neutrons, the effects of which were covered
in [14, 15], but converted to fluency of neutrons with charge above 0.8 MeV in other reactors: 0.1 x 1024 x

0.3 = 0.03 x 10?4 neutron/m?; 0.3 x 1024 x 0.3 = 0.09 x 1024 neutron/m?; 0.6x10%4 x 0.3 = 0.18 x 10?4
neutron/m?; 1 x 1024 x 0.3 = 0.3x10%4 neutron/m?2; 1.4x10%4 x 0.3 = 0.42 x 1024 neutron/m?2.

Calculated radiation changes in Portland cement stones with different superplasticizers taking as
basis the results of heating for 5 hours at 350 °C are presented in Tables 5 and 6, and in Figures 2-5.

Tables 5 and 6, and Figures 2-5 make it obvious that in the fluency range of fast neutrons with
charges above 0.8 MeV between 0.03x10%* and 0.42x102* neutron/m?, radiation-induced changes in
Portland cement stones tend to increase along with growing fluency of fast neutrons, specifically:

— -relative decrease of volume from 0.016 %—0.052 % to 0.867 %—1.203 %;
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- relative residual strength from 0.99-0.996 to 0.783-0.834, which corresponds to relative
decrease of strength by the value range of 0.4-1 % to 21.7-16.6 %.
Table 5. Calculated radiation-induced changes in Portland cement stones with and without
different superplasticizer additives, examined in [16-18]

Relative changes in volume AVCSR /VCSO and relative residual strength RCSR / RCSO of Portland
cement stone radiation-treated with various fluency of fast neutrons with charge above 0.8 MEV

Mix No.
in Table | Fpn =0.03x102¢ | Fgy =0.09x10%4 | Fgy=0.18x10% | Fry=0.3x10% | Fgy = 0.42x10%
1. neutron/m? neutron/m? neutron/m? neutron/m? neutron/m?

AVesr | Resr | AVesr | Resr | AVesr | Resr | AVesr | Resr | AVesr | Resr
Veso | Reso | Veso | Roso | Veso | Reso | Veso | Reso | Veso | Reso

% rel. units % rel. units % rel. units % rel. units % rel. units
-0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791
-0.052 0.988 -0.197 0.957 -0.453 0.906 -0.826 0.840 -1.203 0.783
-0.041 0.991 -0.157 0.965 -0.370 0.922 -0.707 0.860 -1.102 0.798
-0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791
-0.038 0.991 -0.145 0.968 -0.345 0.927 -0.671 0.866 -1.071 0.802
-0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791

gl |~ (W (N [k |O

Table 6. Calculated radiation-induced changes in Portland cement stones with and without
various superplasticizers based on polycarboxylated ethers. examined in [18]

Relative changes in volume AVggr Vg and relative residual strength Regg / Reg g of Portland
cement stone radiation-treated with various fluency of fast neutrons with charge above 0.8 MeV

Mix No. | FEN=0.03x10% | Fpy=0.09x10% | Fpy=0.18x10% | Fpy=0.3x102¢ | Fpy = 0.42x10%
in Table neutron/m? neutron/m? neutron/m? neutron/m? neutron/m?

2. |AVesg | Resr | AVesr | Resr | AVesr | Resr | AVesr | Resr | AVesr | Resr
Veso | Reso | Veso | Reso | Veso | Reso | Veso | Reso | Veso | Reso

% rel. units % rel. units % rel. units % rel. units % rel. units
0 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791
1.1 -0.045 0.990 -0.171 0.962 -0.400 0.916 -0.749 0.853 -1.138 0.793
1.2 -0.021 0.995 -0.082 0.981 -0.212 0.953 -0.482 0.900 -0.911 0.827
2.1 -0.046 0.990 -0.175 0.961 -0.409 0.914 -0.762 0.851 -1.149 0.791
2.2 -0.021 0.995 -0.082 0.981 -0.212 0.953 -0.482 0.900 -0.911 0.827
3.1 -0.052 0.988 -0.197 0.957 -0.453 0.906 -0.826 0.840 -1.203 0.783
3.2 -0.031 0.993 -0.120 0.973 -0.293 0.937 -0.597 0.879 -1.008 0.812
4.1 -0.051 0.989 -0.192 0.958 -0.444 0.907 -0.813 0.842 -1.192 0.785
4.2 -0.016 0.996 -0.065 0.985 -0.177 0.961 -0.431 0.910 -0.867 0.834

Where superplasticizers are used, relative radiation change of volume of Portland cement stone
with superplasticizer, compared to changes in that without additives typically fall 1.0-2.8 times, though
strength is lost to a lesser degree: mainly by up to 6 %.

At water-cement ratio W/C = 0.25 — 0.26 radiation-induced changes in Portland cement stones with
superplasticizers of group | (MF) and group Il (NF) tend to be somewhat above the radiation changes in
Portland cement stone without additives, but in the case of superplasticizers of group IV (P) are either
commensurable or weaker than the changes in Portland cement stone without additives.
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Figure 2. Dependence of calculated radiation change in volume of Portland cement stones with
and without various superplasticizers, on fluency of fast neutrons with charge above 0.8 MeV

0, 1, 2, 3, 4, 5 - numbers of Portland cement stone mix in Table 1.
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Figure 3. Dependence of calculated relative residual strength to compression
in Portland cement stones with and without various superplasticizers,
on fluency of fast neutrons with charge above 0.8 MeV

0,1, 2, 3,4, 5—-numbers of Portland cement stone mix in Table 1.
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Figure 4. Dependence of calculated radiation change in volume of Portland cement stones with
and without various superplasticizers based on polycarboxylated ethers,
on fluency of fast neutrons with charge above 0.8 MeV

0,1.1,1.2,2.1,2.2,3.1, 3.2, 4.1, 4.2 — numbers of Portland cement stone mix in Table 2.
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Figure 5. Dependence of calculated relative residual strength to compression in Portland cement
stones with and without various superplasticizers based on polycarboxylated ethers,
on fluency of fast neutrons with charge above 0.8 MeV

0,11,1.2,2.1,2.2,3.1, 3.2, 4.1, 4.2 — numbers of Portland cement stone mix in Table 2.

The reducing effect on radiation change of volume of Portland cement stone is increased by
superplasticizers, if higher content of superplasticizer in the mix lowers the water-to-cement ratio of
manufactured Portland cement stone in the range between 0.25-0.26 and 0.19-0.20 (Fig. 6). Such W/C
ratio dependency was also observed with the heating test results (Fig. 7).

From composition of Portland cement stone investigated at low W/C = 0.19-0.20 the greatest drop
in radiation change was observed with superplasticizers Melflux 1641f, Melflux 4930f, and Melflux 6681f.

Thus we observed immaterial influence of superplasticizers on radiation-induced but especially on
thermal changes in volume and strength of Portland cement stone with a constant W/C ratio, but we saw
a decrease of radiation and thermal changes in cement stone with lower W/C ratios, and the decrease
was in inverse proportion to the W/C ratio. This means that the effect of superplasticizers on radiation
and thermal changes in Portland cement stone is mainly explained by their influence on the material’s
general porosity. We know from [1-3, 6, 10] that although superplasticizers added at a constant W/C ratio
does decrease capillary porosity, the gel porosity will increase, and so general porosity remains
practically unchanged, therefore the effect of superplasticizers is immaterial. With the W/C ratio lower,
both the capillary and the gel porosity will go down [32], so the effect of the superplasticizer will grow.

The factor of porosity can be explained by the fact that after Portland cement stone is heated to
less than 550 °C and treated with neutron radiation, change of volume (shrinkage) is caused by water
oozing from the material’s pores.The lower the material's porosity, the less will be the meaning stretching
forces and material deformations around pores, which were water-saturated prior to heating or radiation.
Since such forces and deformations are weakened by dehydration, this causes reduction of volumes
(shrinkages) of Portland cement stone. The lower porosity, the less will the material shrink with
dehydration and the loss of strength will become lower. Certainly, loss of chemically bound water
(decomposition of portlandite and other crystalline hydrates around 550-600 °C) and decomposition of tiff
(at 800—-900 °C) represents a different shrinkage mechanism of Portland cement, but seen the results of
heating described in [17-19] (Table 3, 4) at 600 °C and 900 °C, the effect patterns of the W/C ratio — and
therefore of porosity — will be the same as when water is lost from the pores after 150 °C and 350 °C

The same effects of the W/C ratio and porosity with a similar mechanism for heating up to 550 °C
were observed with shrinkage of cement stone and concretes as they hardened [33].

Meanwhile, quoting from the thermal tests described in [16—18] (Table 3 and 4), loss of cement
stone weight after heating is not unambiguously caused by shrinkage and loss of volume. As the
superplasticizer is added with a constant W/C ratio, the degree of weight loss due to dehydration
increases, but loss of volume hardly progresses. As superplasticizers are added and the W/C ratio gets
lower, shrinkage will be the less, the less is the extent of weight loss. Therefore, adding the
superplasticizers changes the ratio of weight loss to shrinkage compared to that in cement stone without
additives in the mix.

Notably, research failed to observe any significant unambiguous effect on thermal and radiation
changes in the cement stone, from lateral chain length or by the extent of steric effect of polycarboxylate
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superplasticizer discussed in [18], or the amount of portlandite and tiff formed in cement stone, as shown

in [18].
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Figure 6. Water-to-cement ratio dependence of radiation-change of volume of Portland cement
stones with and without various superplasticizers additives — after radiation treatment with
different fluency of fast neutrons charged above 0.8 MeV

1-5 — with additives; 6—10 — without additives; 1 and 6 — fluency 0.03x10%* neutron/m?; 2 and 7 —
fluency 0.09x102* neutron/m?; 3 and 8 — fluency 0.18x10%4 neutron/m?; 4 and 9 — fluency 0.3x10%

neutron/m?; 5 and 10 — fluency 0.42x102%* neutron/m?.

For W/C ratio = 0.19, 0.20, 0.24, 0.25 and 0.26, we quote calculated radiation-induced changes in
volume of Portland cement stones with and without various modern superplasticizers, examined in

[16-18] after 5 hours of heating.

For W/C ratio 0.225 and 0.255, we quote radiation-induced (less thermal-induce) changes in
volume of Portland cement stones with and without superplasticizers S-3 and S-4, examined in [14, 15]

after treatment in reactor IBR-2.

Figure 7. Water-to-cement ratio dependence of radiation-change of volume of
Portland cement stones with and without various superplasticizers additives —
after brief (5 hours) heat treatment at various temperatures
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1-4 — with additives; 5—-8 — without additives;
1 and 5 — after 150° C; 2 and 6 — after 350 °C;
3 and 7 — after 600°C; 4 and 8 — after 900 °C.

For W/C ratio = 0.19, 0.20, 0.24, 0.25 and 0.26 we quote data with various modern

superplasticizers as presented in [16-18].
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cracking ratio due to radiation changes in Portland cement stone, listed in Table 5

For W/C ratio= 0.225 and 0.255, we quote data with and without superplasticizers S-3 and S-4, as
presented in [12].

Results of calculations with use of formulas (5) — (8) of radiation changes in concretes with various
superplasticizers due to radiation changes in volume and strength of Portland cement stone are
represented in Table 7-10. Considered, that the true W/C ratio Portland cement stone in concrete, taking
into account the water demand of aggregates is approximately the same as the samples of Portland
cement stones. Although in the manufacture of concrete W/C ratio by number is typically greater than in
the manufacture of cement stones. In this connection in calculations of radiation changes in concretes
used the data of tables 5 and 6.

Table 7. Calculated radiation-induced changes in volume of concrete and relative micro-

.Mix NO. | Relative volume changes AVcR /VCO and relative cracking ratio v .. . for concretes with various Portland
n I?:Ie cement stone radiation-treated with various fluency of fast neutrons with charge above 0.8 MeV
concrete| Fpy=0.03x102¢ | Fgy = 0.09x10% Fen = 0.18x10% Fen =0.3x1024 | Fpgy = 0.42x10%
neutron/m? neutron/m? neutron/m? neutron/m? neutron/m?
Ner | Vegre, | AYer | | Vepre, | 2Yer, | Vegre, | 2Yer, |Verre, | 2Yer  Verre,
Veo Veo Veo Veo Veo
% % % % % % % % % %
0 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 | 0.268
1 -0.003 0.012 -0.013 0.046 -0.030 0.106 -0.055 0.192 -0.080 | 0.280
2 -0.003 0.010 -0.010 0.037 -0.025 0.086 -0.047 0.165 -0.073 | 0.257
3 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 | 0.268
4 -0.002 0.009 -0.010 0.034 -0.023 0.080 -0.044 0.156 -0.071 | 0.249
5 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 | 0.268

Table 8. Calculated radiation-induced changes in strength and deformation modulus due to
radiation changes in Portland cement stone, listed in Table 5

.Mix NO. | Relative residual strength RCR / RCO and relative residual deformation modulus ECR / ECO of concretes
n Tgble with various Portland cement stone radiation-treated with various fluency of fast neutrons with charge above
1in 0.8 MeV
concrete
Fen =0.03x10% | Fpy = 0.09x102 Fen = 0.18x10% Fey =0.3x102%4 | Fpy = 0.42x10%
neutron/m? neutron/m? neutron/m? neutron/m? neutron/m?
Rer | Ecr Rer Ecr Rer Ecr Rer Ecr Rer Ecr
Reo | Eco' | Reo’ Eco Reo Eco Reo' | Eco' | Reo | Eco!
rel. units | rel. units | rel. units rel. units rel. units rel. units rel. units | rel. units | rel. units | rel. units
0 0.990 | 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700
1 0.988 | 0.982 0.957 0.935 0.905 0.860 0.837 0.767 0.777 0.690
2 0.991 | 0.986 0.965 0.947 0.921 0.883 0.858 0.795 0.792 0.709
3 0.990 | 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700
4 0.991 | 0.987 0.968 0.951 0.926 0.890 0.864 0.804 0.797 0.715
5 0.990 | 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700
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cracking ratio due to radiation changes in Portland cement stone, listed in Table 6

Table 9. Calculated radiation-induced changes in volume of concrete and relative micro-

.Mix NO. | Relative changes in volume AVCR /VCO and relative cracking ratio vp . for concretes with various Portland
n I?:Ie cement stone, radiation-treated with various fluency of fast neutrons with charge above 0.8 MeV
concrete| Fpy=0.03x102¢ | Fgy = 0.09x10% Fey = 0.18x10% Fen = 0.3x10% Fen = 0.42x10%
neutron/m? neutron/m? neutron/m? neutron/m? neutron/m?
Ner | Vegre, | AVer| | Verre, | VR | Vegre, | YR | Vegre, | AYeR, | Vernre,
Veo Veo Veo Veo Veo
% % % % % % % % % %

0 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268
1.1 -0.003 0.010 -0.011 0.040 -0.026 0.093 -0.050 0.175 -0.075 0.265
1.2 -0.001 0.005 -0.005 0.019 -0.014 0.049 -0.032 0.112 -0.060 0.212
2.1 -0.003 0.011 -0.012 0.041 -0.027 0.095 -0.051 0.177 -0.076 0.268
2.2 -0.001 0.005 -0.005 0.019 -0.014 0.049 -0.032 0.112 -0.060 0.212
3.1 -0.003 0.012 -0.013 0.046 -0.030 0.106 -0.055 0.192 -0.080 0.280
3.2 -0.002 0.007 -0.008 0.028 -0.019 0.068 -0.040 0.139 -0.067 0.235
4.1 -0.003 0.012 -0.013 0.045 -0.029 0.103 -0.054 0.189 -0.079 0.278
4.2 -0.001 0.004 -0.004 0.015 -0.012 0.041 -0.029 0.100 -0.058 0.202

Table 10.Calculated radiation-induced changes in strength and deformation

radiation changes in Portland cement stone, listed in Table 6

modulus due to

.Mix NO-| Relative residual strength Rcg / R and relative residual deformation modulus Ecg / Ecg of concretes with
n ;'?:Ie various Portland cement stone, radiation-treated with various fluency of fast neutrons with charge above 0.8
concrete Mev
Fen =0.03x102 | Fgy = 0.09x10% Fen = 0.18x10% Fen = 0.3x10% Fen = 0.42x10%
neutron/m? neutron/m? neutron/m? neutron/m? neutron/m?
Rer Ecr Rer Ecr Rer Ecr Rer Ecr Rer Ecr
Reo' | Eco | Reo Eco' | Reo' | Eco | Reo Eco' | Reo’ Eco'
rel. units | rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units rel. units
0 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700
1.1 0.990 0.984 0.962 0.943 0.915 0.874 0.850 0.785 0.787 0.702
1.2 0.995 0.993 0.981 0.972 0.953 0.930 0.899 0.852 0.823 0.749
2.1 0.990 0.984 0.961 0.941 0.913 0.872 0.848 0.782 0.785 0.700
2.2 0.995 0.993 0.981 0.972 0.953 0.930 0.899 0.852 0.823 0.749
3.1 0.988 0.982 0.957 0.935 0.905 0.860 0.837 0.767 0.777 0.690
3.2 0.993 0.989 0.973 0.959 0.937 0.905 0.878 0.822 0.807 0.728
4.1 0.989 0.982 0.957 0.936 0.906 0.862 0.839 0.770 0.779 0.692
4.2 0.996 0.994 0.985 0.977 0.961 0.941 0.909 0.866 0.830 0.758

Tables 7-10 show that in

the fast

neutron fluency

range between 0.03x10%

and

0.42x10%* neutron/m?, radiation-induced changes in concretes due to radiation-caused changes in
volume and strength of Portland cement stone will grow along with the fluency of fast neutrons and will

be:

— relative decrease in volume between 0.001 %-0.003 % and 0.058-0.076 %;

— relative micro-crack ratio between 0.004 %—0.012 % and 0.202-0.280 %;
— relative residual strength between 0.984—0.996 and 0.777-0.830.

— relative residual modulus of deformation between 0.984—0.994 and 0.690-0.758.
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Change of volume of concretes is about 15 times less than that for Portland cement stones; micro-
crack ratio is about 0.25 of change in volume of Portland cement stone by modulus; its residual strength
is not much lower than that of Portland cement stones, and residual deformation modulus is a bit lower
than the residual strength, by up to 7 %. Effect of superplasticizer type, quantity and W/C ratio are the
same as for Portland cement stone.

Depending on radiation-induced change of aggregate, not considered for our calculations due to
the vast range of their type-specific values, real-life radiation-induced changes of concretes will differ
from the data that only considers changes of cement stone. However, absolute differences in radiation
changes due to the effect of superplasticizers will be the same as if aggregate changes are considered;
therefore, the conclusion about the superplasticizer effect on radiation-induced changes in concretes is
true for any aggregate.

Conclusion

1. To estimate the effect of modern superplasticizers on radiation-induced changes in Portland
cement stone, based on experimental data on the effect of modern superplasticizers on thermal changes

in Portland cement stone available in published literature, we propose the use of coefficient Kgy that

describes the ratio of superplasticizer additive effect on radiation and thermal change of volumes of
Portland cement stone.

2. It has been established that the value of coefficient Kgy describing the relation between the

effect of additives on thermal change of volume (after 5 hours of heating) and radiation change of volume
(after exposure to neutrons) of Portland cement stone with and without superplasticizers, varies between
2.5 and 06, and depends on the temperature that underlies the relation, and on fluency of fast neutrons.

Now we have analytical expressions to describe the dependence of coefficients Kgy on fast neutron
fluency under various heating temperatures during thermal tests. Relation between the superplasticizer
type and Kgit has not been found.

3. Based on received values of coefficient Kgy it has been established that superplasticizers

used tend to decrease relative radiation shrinkage of Portland cement stone compared to stone without
additives by some 1.0-2.8 times, while weakening is much lower, mainly up to 6 %. At water-cement ratio
WI/C = 0.25 — 0.26 radiation-induced changes in Portland cement stones with superplasticizers of group |
(MF) and group Il (NF) tend to be somewhat above the radiation changes in Portland cement stone
without additives, but in the case of superplasticizers of group IV (P) are either commensurable or weaker
than the changes in Portland cement stone without additives.

4. The reducing effect on radiation change of volume of Portland cement stone is increased by
superplasticizers, if higher content of superplasticizer in the mix lowers the water-to-cement ratio of
manufactured Portland cement stone in the range between 0.25-0.26 and 0.19-0.20. Such W/C ratio
dependency was also observed with the heating test results.

5.  From compositions of Portland cement stones investigated at low W/C =0.19-0.20 the
greatest drop in radiation change was observed with superplasticizers Melflux 1641f, Melflux 4930f, and
Melflux 6681f. Researchers have not observed any significant and unambiguous influence on thermal
and radiation changes of cement stone by such factors as lateral link length, steric effect of
polycarboxylate superplasticizers, and the amount of portlandite and tiff formed in cement stone.

6. Based on available tried and trusted analytical methods of measuring radiation changes in
concrete using data about changes in their components (aggregate and Portland cement stone), we have
calculated radiation-induced changes in concretes with different added superplasticizers due to radiation
and thermal changes in the volume and strength of Portland cement stone.

7. It has been established that radiation change of volume of concretes is approximately 15
times less than change of volume of Portland cement stones, the micro-cracking ratio is about 0.23 of
change of volume of Portland cement stone by modulus, and the residual strength is just a bit lower that
that of Portland cement stones, while the residual deformation modulus is by up to 8 % less than the
residual strength. Relative effect of the superplasticizer type, quantity and W/C ratio is the same as with
Portland cement stone.

8. The results of calculations suggest that the use of modern superplasticizers, particularly ones
that are polycarboxylate-based, tend to reduce radiation-induced changes (especially change of volume)

HenncoB A.B. BiusHue cynepruiacTU(QUKATOPOB Ha PaJHalMOHHBIC W3MEHEHHs MOPTIAHILEMEHTHOrO KaMHS U
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of Portland cement stone and concrete. The effect of radiation change reduction is in inverse proportion
with the water-to-cement ratio.
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