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In this pa per, we pres ent a sum mary of pre lim i nary ex per i ments and nu mer i cal as sess ments of 
the ef fects of gamma ra di a tion in duced for ma tion of free rad i cals in the cur ing stage of con -
crete on its char ac ter is tics. Sub stan tial lit er a ture re ports on the dam ag ing ef fects of long-term 
and high-dose gamma and neu tron ex po sure on con crete. How ever, we show that short-term
ex po sure of con crete to gamma ra di a tion can be ben e fi cial in in creas ing its com pres sive
strength. The ef fects of ex pos ing to 630 MBq 137Cs the 56 cubes each made of 125 cm3 con -
crete dur ing the first seven days of cur ing are com pared to an other 56 cubes cured by the con -
ven tional pro cess. The av er age com pres sive strength of the gamma cured cubes is around
8.500 psi, while con ven tion ally cured cubes show the lower av er age strength of around 6.700
psi. The microstructure of the gamma and con ven tion ally cured con crete cubes is an a lyzed us -
ing a scan ning elec tron mi cro scope. The radiolysis within the microstructure of the con crete
cubes is as sessed with com pu ta tional mod el ing based on Geant4. The pro duc tion of free rad i -
cals from radiolysis is shown to in crease with in creas ing source strength and in creas ing the
time of ex po sure to gamma ra di a tion. This re search shows in gen eral that cur ing con crete in
gamma ra di a tion field pro vides ob serv able trends to ward its in creased strength.
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IN TRO DUC TION 

About Con crete as Ma te rial: Con crete is a com -
pos ite mix ture of wa ter, ce ment, and coarse and fine ag -
gre gates. Ce ment is a fine pow dery ma te rial made pri -
mar ily of lime stone, act ing as a binder to hold the
con crete mix ture to gether. Ag gre gates vary widely in
com po si tion and are lo cally de pend ent, for ex am ple they
can be lime stone or quartz based. All ag gre gates are gen -
er ally smaller than 1.5 inches in size. Fine ag gre gates are
gen er ally clas si fied as par ti cles that pass through a
3/8-inch sieve. Ag gre gates ac count for 60-75 % of the to -
tal vol ume of a con crete mix, [1]. Ce ment ab sorbs wa ter;
when mixed with wa ter a hydration pro cess causes a for -
ma tion of a gel known as Cal cium-Sil i cate-Hy drate, or
sim ply C-S-H [2]. The for ma tion of C-S-H is highly
amor phous and is rep re sented by the gen eral for mula:
CaOx×SiO2×H2Oy where x and y both vary over a wide
range with the cal cium to sil ica, c/s, ra tios typ i cally be -
tween 1 and 2, [2]. Two com mon forms of C-S-H are the

jennite min eral Ca9Si6O18(OH)6×8H2O, and tobermorite
Ca5Si6O16(OH)2×4H2O. The for ma tion of C-S-H gel
gives a con crete its high com pres sive strength in serv ing
as a link be tween the ag gre gates and the ce ment paste.
The force of at trac tion be tween the ce ment paste is at trib -
uted to the Van der Waals forces [3]. Van der Waals
forces are weak intermolecular at trac tion forces; the
elec tron cloud of an atom can, by chance, be come con -
cen trated in one re gion of an atom or mol e cule, thus
caus ing a mo men tary po lar ity of an atom. This can lead
to a cas cad ing ef fect where other nearby at oms or mol e -
cules ex pe ri ence a mo men tary po lar ity. The pos i tively
and neg a tively charged re gions can then be at tracted to
each other. The re sul tant force of at trac tion is weak but
taken to gether on a large scale the forces can com bine to
be sig nif i cant [4]. The at trac tion is the re sult of pos i tive
and neg a tive po lar ity of mol e cules.

Due to its ver sa til ity, con crete is the most com -
monly used con struc tion ma te rial in the world [5]. As
such, con crete is very widely used in the nu clear in -
dus try both as a build ing ma te rial as well as a ra di a tion
shield ing ma te rial [6, 7]. For the cur rent Gen er a tion II
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fleet of the power re ac tors in op er a tion, con crete is
used for con tain ment domes as well as bi o log i cal
shields. In the event of an ac ci dent, large con tain ment
struc tures made of con crete and steel are de signed to
re duce the ra di a tion to the en vi ron ment and re duce or
stop the spread of fis sion prod ucts be yond the con tain -
ment vol ume. The con crete in teg rity is there fore of
par a mount im por tance for con tin u ous and sus tained
op er a tion of nu clear power plants. For ex am ple, in the
Crys tal River Nu clear Power Plant, the con crete of the
con tain ment struc ture cracked on mul ti ple oc ca sions.
This re sulted in the pre ma ture clos ing of the nu clear
power plant [8]. Newer re ac tors of the Gen er a tion III
are built based on the Gen er a tion II tech nol ogy but
with im proved ef fi ciency and safety. As a re sult, con -
crete is heavily used for both bi o log i cal shields and
con tain ment struc tures. The Eu ro pean Pres sur ized
Wa ter Re ac tor (EPR) uses ad di tional con crete to pro -
tect the con tain ment ves sel. In the event of an ac ci dent, 
a layer of sac ri fi cial con crete is used to catch a melt ing
core and pro vide it with enough time to cool, thus pro -
tect ing the over all con tain ment struc ture [9, 10]. The
Gen er a tion IV re ac tor [11-13] de signs such as the so -
dium-cooled fast re ac tor, gas-cooled fast re ac tor,
lead-cooled fast re ac tor, and super criti cal wa -
ter-cooled re ac tor are in var i ous stages of the de sign
phases [12, 14], in which con crete will still be used as a 
con struc tion ma te rial for the re ac tor con tain ment
build ing and bi o log i cal shields. Gen er a tion IV re ac tor
de signs have an in creased fo cus on safety but will un -
doubt edly re quire ro bust con tain ment struc tures in the
event of a nu clear ac ci dent [13], and ter ror ism [15].  

The main con crete prop erty that mea sures the
struc tural qual ity is its com pres sive strength. It de -
pends on the wa ter-to-ce ment ra tio and the con crete
cur ing time. Con crete com pres sive strength of com -
mer cial struc tures ranges be tween 3.000 and 12.000
psi while for the cast-in-place build ings, the strength
usu ally ranges be tween 3.000 and 6.000 psi. The de -
sign cri te ria for com pres sive strength of con crete used
in nu clear power plants' struc tures is de fined in ACI
349-06 – Code Re quire ments for Nu clear Safety-Re -
lated Con crete Struc tures [16]. When con crete is ex -
posed to ex treme con di tions such as chlo ride ex po -
sure, salt, or sea wa ter, it must have a min i mum
com pres sive strength of 5.000 psi. Con crete that is ex -
posed to less ex treme en vi ron ments can main tain a
min i mum strength of 4.000 psi*.

The ten sile strength of con crete is a mea sure of a
struc ture's crack ing un der the load, and thus it is more
im por tant in de sign ing high ways and air field slabs
rather than a nu clear power plant's con tain ment. It is
usu ally de fined to be 10-15 % of the com pres sive
strength of con crete. For this rea son, ten sile strength is 
most of ten ne glected in struc tural con crete build ing
de signs [16]. Re in forc ing steel is used within con crete

struc tures in or der to ac com mo date for the lack of ten -
sile strength.

Con crete and ra di a tion: There is sub stan tial lit -
er a ture speak ing of the dam ag ing ef fects of ra di a tion
on con crete that is re lated to a long-term ex po sure of
con crete to gamma and neu tron ir ra di a tion in nu clear
power plants. The most com mon el e ments in the con -
crete mix are Ca, Si, H, and O. In in ter act ing with neu -
trons of low or high en er gies, the most prob a ble in ter -
ac tion types are neu tron elas tic scat ter ing and
ra di a tive cap ture.  As a re sult, at oms (nu clei) in the
solid lat tice of con crete are dis lo cated; how ever, this
de fect will not ac cu mu late in the ce ment por tion of
con crete mix due to its orig i nal im per fect crys tal line
struc ture. How ever, dis lo ca tion of at oms in ag gre gates 
will ac cu mu late and can cause ex pan sion that is the
rea son for ob served cracks in the con crete struc ture.
This in turn af fects the strength of con crete. There fore, 
con crete's re sis tance to neu tron ra di a tion de creases
with a de crease of con crete ag gre gates re sis tance to
neu tron ex po sure. It is shown in nu mer ous stud ies that
neu tron ra di a tion with a fluence over 1019 ncm–2 may
cause a no tice able in crease in its vol ume, and there -
fore re duce con crete com pres sive strength. Due to
spe cif ics of neu tron in ter ac tions with var i ous nu clei in
the con crete mix, an over all re sis tance of con crete to
neu tron ra di a tion strongly de pends on con crete mix
pro por tions, type of a ce ment, and type of ag gre gates. 

The lat tice struc ture of the many dif fer ent el e -
ments pres ent in con crete is dis or dered due to gamma
and neu tron in ter ac tions in in creas ing con crete sus -
cep ti bil ity to al kali sil ica re ac tions (ASR). Tra di tion -
ally, ag gre gates in con crete that con tain re ac tive sil ica
will re act with the highly al ka line en vi ron ment of hy -
drat ing ce ment. This causes the ag gre gate to swell and
in turn gen er ates in ter nal pres sure within the con crete
that can cause se vere deg ra da tion [2]. In gen eral, the
ra di a tion dam age of the crys tal lat tice of oth er wise
unreactive ag gre gates has been shown to cause them
to be come re ac tive and in duce ASR [17]. In or der for
ra di a tion to cause dam age in con crete in a mea sur able
de gree, high ra di a tion doses of 107-1011 Gy of ab -
sorbed dose are found to be nec es sary [17, 18]. There -
fore, the ASR can se verely de grade the con crete and
de crease its com pres sive strength.

In ter ac tion of gamma rays or neu trons with el e -
ments in any me dia will re sult in en ergy trans fer and
there fore gen er a tion of heat. It has been pre vi ously
shown that ra di a tion can lead to an in crease in tem per -
a ture of an in ter act ing me dium as high as 250 °C while
the thresh old for deg ra da tion of con crete is only 95 °C
[19]. 

Of in ter est to this pa per is how gamma ray in ter -
ac tions with con crete can be ben e fi cial when ex posed
to con crete dur ing its ini tial cur ing time. This is of par -
tic u lar in ter est be cause high-dose ex po sure of con -
crete to gamma ra di a tion is a known deg ra da tion
mech a nism, es pe cially when ex posed over de cades
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time. Lit tle is known about the short-term ef fects of ra -
di a tion on con crete and as is de scribed in the fol low ing 
sec tions, short-term ex po sure may be able to pro vide
pos i tive ben e fits. The fol low ing section sum ma rizes
the main ef fects of gamma rays in in ter act ing with con -
crete, and next one de scribes our ex per i men tal data on
the ef fects of gamma rays on the cur ing con crete.

EF FECTS OF GAMMA RAYS IR RA DI A TION
ON CON CRETE CHAR AC TER IS TICS

Ef fects of gamma rays in duced
radiolysis of wa ter on con crete

Lit er a ture in di cates that long-term ex po sure to
gamma (and/or neu tron) ir ra di a tion re duces both ten -
sile and com pres sive strengths as well as the modulus
of elas tic ity of con crete struc tures of nu clear power in -
stal la tions. Spe cif i cally, a gamma dose on the or der of
108 Gy may cause a re duc tion in con crete com pres sive
strength. The most im por tant in ter ac tion is with wa ter
in con crete that pro duces wa ter radiolysis in ce ment
paste. A con se quence of this pro cess likely causes the
creep and shrink age of con crete. As much as shrink age 
is det ri men tal to ma tured con crete struc tures, we show 
in this pa per that it has an in cre men tal ad van tage if in -
duced dur ing the early de vel op ment (cur ing) of con -
crete. In other words, the ex per i men tal re sults pro -
vided in the next sec tion show gamma ray in duced
radiolysis of wa ter dur ing the early cur ing of con crete
show ing the over all strength of the cur ing con crete
may in crease. The po ten tial heat ing caused by these
in ter ac tions show no ef fects to the for ma tion of con -
crete and there fore its strength.

In gen eral, a re sponse of any com pos ite (mix -
ture) ma te rial to ir ra di a tion di rectly de pends on the re -
sponses of their com po nents. Sim i larly, re sis tance of
con crete to ir ra di a tion of any type (most im por tant are
gamma and neu tron ir ra di a tion) de pends di rectly on
the re sis tance of the con crete's com po nents. The most
im por tant is the ef fect of gamma in ter ac tions with wa -
ter caus ing it to be de com posed by radiolysis into hy -
dro gen and hy dro gen per ox ide, which in turn de com -
pose into wa ter and ox y gen. The ini tial radiolytic step
is de scribed with [20]

H O e ,

HO,H,HO , H O ,OH

2
ionizing radiation

aq
– *

2 3

¾ ®¾¾¾¾¾
+ - , H O ,H2 2 2 (1)

These com plex spe cies formed within con crete
pores in ter act with them selves as well as with the el e -
ments pres ent in aque ous so lu tion of ce ment and wa -
ter. Many of the prod ucts can re act with each other

caus ing re com bi na tion back to wa ter known as back
re ac tions. The pro cess of radiolysis can also cre ate
prod ucts such as hy drox ide that are found in
Tobermorite and Jennite, two forms of C-S-H. The
radiolysis of wa ter in con crete leads to the for ma tion
of free rad i cals that are formed in small clus ters, the
spa tial dis tri bu tion of which is char ac ter is tic of the en -
ergy of the ion iz ing ra di a tion [22]. For ex am ple,
gamma in duced low-en ergy elec trons in con crete form 
rad i cals at high con cen tra tions along a travel track.
High-en ergy elec trons form re gions of low rad i cal
den sity. The low den sity al lows for the rad i cals to dif -
fuse and re act with sol utes in wa ter [22]. In the case of
con crete, they re act with Ca or Si that are in the so lu -
tion, thus form ing these prod ucts of hydration. One
sce nario ex plain ing a cre ation of free rad i cals in con -
crete is il lus trated in fig. 1.

Ef fects of gamma rays in duced
heat ing on con crete 

Ex po sure of con crete to heat is cat e go rized in
three fun da men tal ways: ef fects on the hy drated ce -
ment paste, ef fects on the ag gre gates, and ef fects on
the con crete as a whole. Ce ment mixed with wa ter
leads to the so-called hydration pro cess that cre ates the 
prod ucts such as C-S-H. As it forms, it traps a free wa -
ter and forms cap il lary voids. When con crete is sub -
jected to heat, the C-S-H be gins to re lease that wa ter.
In a con crete that is po rous, the formed steam is re -
leased from its pores. In a con crete that is denser, this
formed steam has no place to go and there fore re sults
in the for ma tion of an in ter nal spalling, weak en ing the
in ter nal struc ture. Very high tem per a tures are re quired
to de hy drate the C-S-H. For ex am ple, at tem per a tures
of 500 °C, the C-S-H be gins to de hy drate and de com -
pose  with  its full de com po si tion start ing at around
900 °C [3]. Hydration of ce ment is an exo ther mic re ac -
tion pro duc ing up to 500 Jg–1 ce ment [23]. In most in -
stances, the heat is able to be trans ferred to its sur -
round ings. Large con crete struc tures can pres ent
chal lenges due to the low ther mal con duc tiv ity of con -
crete. It can act as an in su la tor and the in te rior body of
the con crete  can  see  a  rise  in  tem per a ture  greater
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aq re fers to the ini tial free elec tron pro duced through the

..in ter ac tion of a gamma ray with a wa ter mol e cule. This elec tron is

..cap tured by a wa ter mol e cule and be comes solvated, be ing re ferred

..to as an aque ous or solvated elec tron. The solvated elec tron can

..re act with H+ to form the hydroxyl rad i cal [21].

Fig ure 1. Sce nario in which H+ and OH– are formed from
Compton scat ter ing of a gamma ray with a wa ter
mol e cule in con crete mix ture



than 55 °C [23, 24]. In stances where there is a large in -
crease in tem per a ture can cause the con crete to ex pand 
and then con tract non-uni formly, caus ing pre ma ture
crack ing and in ter nal stresses [24]. The heat of
hydration can be mit i gated by slow ing the hydration
pro cess and al low ing for dis si pa tion of heat. This is ac -
com plished us ing the so-called set-re tard ing ad mix -
tures [3]. Ac cel er at ing the hydration pro cess too
much, how ever, can cause ex ces sive in ter nal heat ing
even in small struc tures that might not oth er wise be af -
fected by the heat of hydration.

The ef fects of heat on the ag gre gates in con crete
are sim i lar to hy drated ce ment paste. Po rous ag gre -
gates have their wa ter con verted to steam. In a low po -
ros ity en vi ron ment, the steam will cre ate in ter nal pres -
sure and cause the ag gre gate to crack and lose
strength. Other spe cific types of ag gre gate can have
vary ing ef fects. Gran ite and sand stone that are high in
sil ica will un dergo a phase change at 573 °C that
causes sud den ex pan sion [3]. An ex pan sion of ag gre -
gate causes in creased pres sure within the en tire con -
crete struc ture form ing cracks. The cracks will weaken 
the bond be tween the ag gre gate and hy drated ce ment,
thus de creas ing com pres sive strength. 

The ef fects of heat ing on both the hy drated ce -
ment and ag gre gate com bine to af fect con crete in a
neg a tive man ner. It was dem on strated [25] that con -
crete ex posed to tem per a tures over 800 °C for even a
short du ra tion of time can re duce 40 % of its strength. 

Ra di a tion heat ing of con crete can also have neg -
a tive ef fects in the form of both shrink age and ex pan -
sion [26]. As stated ear lier, when the hy drated C-S-H
is heated, the in ter nal wa ter is re leased in the form of
steam. This pro cess causes the C-S-H to lose its vol -
ume. On the other hand, the ag gre gate can ex pand as a
re sult of its lack of po ros ity not al low ing the wa ter to
es cape as eas ily. Larger ag gre gate sizes cre ate a mis -
match in size with the shrink ing C-S-H re sult ing in
less sur face area con tact and de creas ing the over all
strength on the con crete mix.

The amount of heat ing gen er ated due to gamma
rays in ter ac tion with any ma te rial can be ap prox i -
mated by tak ing into ac count the en ergy ab sorbed by
the ma te rial (ab sorbed dose) and the spe cific heat ca -
pac ity of the ma te rial, as fol lows [27]

Q c T= D (2)

where Q is the en ergy ab sorbed or ab sorbed ra di a tion
dose by a ma te rial [Jg–1], c – the specific heat ca pac ity
of a ma te rial or the en ergy re quired to raise the tem per -
a ture by 1 °C  [1 Jg–1 °C–1] for fresh con crete, de ter -
mined ex per i men tally [28]), and DT – the change in
tem per a ture of the ma te rial ab sorb ing ra di a tion [°C].

For ex am ple, if a fresh con crete mix ture is ex -
posed for seven days to a 137Cs source of in ten sity of 
630 MBq,  cor re spond ing  to ab sorbed dose of 0.746
Jkg–1, it fol lows that in crease in con crete in ter nal tem -
per a ture due to gamma ray in ter ac tions is neg li gi ble

DT =
×

°
= × °

- -
-7.46 10 Jg

1Jg C
C

4 1

–1 –1
746 10 4. (3)

EF FECTS OF GAMMA RA DI A TION ON
CON CRETE CHAR AC TER IS TICS DUR ING
ITS EARLY STAGE OF CUR ING

This sec tion de scribes the ex per i ment we have
de vel oped to as sess if the cur ing con crete ex posed to
gamma rays de vel ops with en hanced strength and to
un der stand what pro cesses may be re spon si ble for
such a find ing.

Ex per i men tal set-up to gamma
cur ing pro cess

Based on the pro cess of radiolysis of wa ter
within con crete as well as on un der stand ing some of
the known struc tures of C-S-H gel, we ex plored the
pos si bil ity that short-term ex po sure of con crete to
gamma ra di a tion can en hance the cur ing phase and
lead to its in creased strength. In the ex per i ment, we ex -
posed cur ing con crete in a con trolled en vi ron ment
(tem per a ture and hu mid ity) to a 137Cs source for the
first seven days af ter it was mixed. The con crete mix -
tures were con trolled to en sure con sis tency among the
con crete cubes within ac cepted lab o ra tory prac tices.
The ex per i ment in cluded as fol lows.
– Mea sur ing the ab sorbed ra di a tion dose to con crete 

cubes ex posed to a 630 MBq 137Cs source for
seven days. A 137Cs source was cho sen be cause it
is a mono-en er getic source emit ting a sin gle 662
keV gamma ray. The ac tiv ity of 630 MBq was
cho sen based on source avail abil ity in our lab o ra -
tory and it has been cho sen to not nei ther be too
weak nor be too strong.

– Mea sur ing the com pres sive strength of gamma
cured vs. con ven tion ally cured con crete af ter
seven days of cur ing.

– An a lyz ing the changes in the microstructure of
con crete cubes in re la tion to the mea sured com -
pres sive strength.

– An a lyz ing if gamma heat ing causes any mi cro or
macro struc tural changes within the con crete
cubes.

– De ter min ing the rate at which free rad i cals are
pro duced within the mi cro pores of con crete and
their cor re la tion to con crete strength.

Sev eral batches of the same con crete mix ture
were de vel oped in the lab o ra tory of the Utah Nu clear
En gi neer ing Pro gram dur ing the months of Feb ru ary
and March, 2016 with the fol low ing con tent: 0.4 wa ter 
to ce ment (w/c) ra tio with only fine ag gre gates (sand)
mixed in a 2.75 sand to ce ment (s/c) ra tio. Pro ce dure
for mix ing the con crete cubes is out lined in ASTM
Stan dard C192/192M – Mak ing and Cur ing Con crete
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Test Spec i mens in the Lab o ra tory [29]. Due to the fine -
ness of the ag gre gates used, con crete cubes of 125 cm3

in vol ume are cast and used for the com pres sive
strength test ing. The ASTM C192/192m pro ce dure is
fol lowed, but con crete cubes are demolded af ter only
five hours of cur ing time, be cause we were test ing the
ef fects of gamma ra di a tion on con crete dur ing the very 
early stages of cur ing. There fore, the test cubes were
demolded as soon as they were able to hold their form
on their own and thus be placed in the gamma
irradiator. Af ter demolding, both sets of con crete
cubes are cured in dry air for a pe riod of seven days.
One set was ex posed to a 630 MBq source dur ing the
en tirety of the seven days while the other set of con -
crete cubes was not ex posed to any ra di a tion other than 
nat u rally oc cur ring back ground ra di a tion.

Al though pre lim i nary an a lytic es ti mates show
that ex po sure of con crete to 630 MBq 137Cs source for
seven days will not gen er ate any ex cess heat within the 
con crete, we also ex am ined if gamma heat ing would
be gen er ated in the con crete cubes in any ob serv able
way and com pared it to the ef fects that heat may pro -
duce as fol lows: one set of cubes  was cured in dry air
and ex posed to the same 630 MBq source, while the
sec ond set was cured in dry air with no ex po sure to this
same source. Ad di tion ally, a third and fourth set of
cubes were cured in an oven: one set at 95 °C and the
other at 120 °C. 

Gamma rays ab sorbed dose within the
con crete cubes: ex per i men tally mea sured
and MCNP6 es ti mated

The ab sorbed dose due to gamma ray in ter ac -
tions within the con crete cubes was both cal cu lated
and de ter mined ex per i men tally. 

The ex act ex per i ment lay out is shown in fig.
2(a), while the MCNP6 model of the ex per i ment is
shown in fig. 2(b). As can be seen, the iso tro pic 137Cs
source with gamma en ergy of 662 keV is placed in the
cen ter of the twelve 125 cm3 vol ume con crete cubes. 

MCNP6 val ues: In gen eral, when us ing MCNP6
(Monte Carlo N-Par ti cle) [30], the ab sorbed ra di a tion
dose is cal cu lated us ing the F6 tally and con firmed us -

ing the *F8 tally. The ab sorbed dose is ob tained to be
66 cGy for ce ment cubes as well as the sand and ce -
ment cubes when ex posed to a 137Cs 630 MBq source
for seven days with an er ror of 0.3 %. The *F8 tally
yields  re sults  that are within 0.2 % of the F6 tally
(65.9 cGy) with an un cer tainty of 0.3 %. Fig ure 3
shows the ab sorbed dose map, based on cal cu lated and 
mea sured val ues. It can be seen that the cal cu lated
dose is the same for ev ery con crete cube. This is be -
cause the MCNP6 ge om e try is per fectly sym met ri cal,
the iso tro pic 137Cs source is lo cated ex actly in the cen -
ter with all cubes lo cated at the ex act same dis tance
from it. In the ex per i ment, how ever the po si tion of the
source is sub ject to change as it is used in other tests
and ex per i ments. It is how ever, placed as close to cen -
ter as pos si ble be fore each ex per i ment. The MCNP6
model there fore pres ents an av er age value ex pected
across all fu ture ex per i ments and the dis crep ancy in
the dose val ues for the ex per i ment is there fore ex -
pected (as ex plained be low).

Ex per i men tal val ues: A Landauer nanoDOT
[31] sys tem is used to mea sure the ab sorbed dose in the 
con crete cubes fig. 2(a). The nanoDot sys tem is
known to have a lin ear re sponse up to 3 Gy of ex po sure 
and  is  ac cu rate  to  within 5 % for  an  en ergy  range  of
5 keV to 20 MeV [31]. The nanoDots used in this ex -
per i ment were pre vi ously used and there fore were ir -
ra di ated but had only ac cu mu lated a dose of 1.5 Gy or
less. The low dose ac cu mu la tion pro vided as sur ance
that they will be suit able for fur ther use since the to tal
cu mu la tive dose will not ex ceed 3 Gy. The lin ear re -
sponse of the nanoDots was ver i fied by ex pos ing three 
nanoDots to 1 Gy from a 6 MV X-ray source. An ad di -
tional three  nanoDots  were  also  ex posed  to a dose of

S. Burnham, et al.: Ef fects of Gamma Ra di a tion In duced Forced For ma tion of ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2017, Vol. 32, No. 4, pp. 307-319 311

Fig ure 2. Ex per i men tal set-up (a) for gamma cur ing and
MCNP6 model (b) for cal cu lat ing ab sorbed gamma ray
dose to con crete cubes

Fig ure 3. Ex per i men tal and MCNP6 ab sorbed dose
val ues due to gamma ex po sure to con crete cubes
(the MCNP6 cal cu lated ab sorbed dose for each cube is
the same be cause the 137Cs iso tro pic source is placed
ex actly in the cen ter of all the con crete cubes. In the
ex per i men tal set-up the source was not lo cated as
pre cisely at the cen ter as in the MCNP6 model thus the
val ues of the ab sorbed dose vary)



2 Gy from the same 6 MV X-ray source. The ex per i -
ment lay out is shown in fig. 4. The to tal cu mu la tive
dose is then mea sured to test the lin ear re sponse and
ac cu racy of the mea sure ment when the nanoDots are
re-used. Two nanoDots are placed on the front and
back of each of the con crete cubes prior to ex po sure to
the 137Cs source. The mea sured dose of the nanoDots
in di cated that the dose re sponse was lin ear as ex pected 
and ac cu rate, mak ing the nanoDots suit able for re-use. 
The dose re sponse is then tested by ex pos ing the
nanoDots to the 630 MBq 137Cs source. Four
nanoDots with ac cu mu lated dose from pre vi ous ex -
per i ments were placed on the front of a con crete cube
as shown in fig. 5. The dose to each of the nanoDots is
mea sured and the ini tial dose is sub tracted from the to -
tal cu mu la tive dose to de ter mine the to tal ex po sure to
each of the nanoDots. The av er age ab sorbed dose was
74.6 cGy. Ta ble 1 shows the mea sured dose val ues for
each of the nanoDots. The mea sured dose is also com -
pared to the MCNP6 cal cu lated dose of 66 cGy. Ta ble
1 shows that the nanoDots re sponded cor rectly af ter

ex po sure to a 630 MBq 137Cs source for seven days
mak ing them ac cu rately suit able for the use in this ex -
per i ment.

The ab sorbed dose was mea sured for two dif fer -
ent con crete cube mixes: the  first con sist ing of six
cubes made of only wa ter and ce ment (ce ment paste)
at a pro por tion of 0.4 w/c as stated ear lier, and the sec -
ond con sist ing of six cubes where sand was added at a
ra tio of 2.75 s/c. On each of the twelve cubes, two
nanoDots are placed at the side di rectly fac ing the
137Cs source and two are placed on the rear face di -
rectly op po site, shown in fig. 6. Af ter seven days of
ex po sure, the dose to each of the nanoDots was mea -
sured. The dose of each nanoDot on the rear face was
sub tracted from the mea sured dose of the nanoDot on
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Fig ure 4. Ex per i men tal mea sure ment
of the cu mu la tive ra di a tion dose
re sponse of Landauer nanoDots with a
6 MV X-ray source

Fig ure 5. Con crete cube with nanoDots placed on the
front face for dose mea sure ment from ex po sure to 137Cs
source

Ta ble 1. Ab sorbed dose of four nanoDots from ex po sure
to 137Cs source

nanoDot Start ing dose
[cGy]

Mea sured
cu mu la tive
dose [cGy]

Mea sured cu mu la tive
dose – start ing dose

[cGy]

1 112.733 186.119 73.385

2 84.756 159.043 74.287

3 120.163 192.648 72.485

4 149.549 227.861 78.312

Fig ure 6.  Con crete cube with two nanoDots for ab sorbed 
dose mea sure ment



the front face of the con crete cubes to ob tain the to tal
dose ab sorbed by the con crete cubes it self.

Cubes 1, 2, and 3 (see fig. 3) re ceived ab sorbed
doses higher than cubes 4, 5, and 6. This is ex plained
by the slightly off-cen ter po si tion of the 137Cs source,
mak ing it closer to cubes 1, 2, and 3 and fur ther away
from cubes 4, 5, and 6. Cubes 5-10 most closely match
the dis tance of the 137Cs source in the MCNP6 sim u la -
tion of 11 cm. This is re flected in that they also most
closely match the cal cu lated dose rates shown in fig. 3.
Those cubes that were closer to the source as a re sult of 
it be ing placed slightly off cen ter had higher ab sorbed
dose rates. The av er age ab sorbed dose to the sand and
ce ment cubes is found to be 69.1 cGy while the av er -
age of the ce ment cubes is found to be 85.5 cGy. These
val ues are com pared to an MCNP6 cal cu lated value of
66 cGy. The sand and ce ment cubes (7-12) are gen er -
ally closer to the 11 cm dis tance of the source in the
MCNP6 model while the ce ment cubes (1-6) are even
closer to the source caus ing a higher av er age ab sorbed
dose. The ab sorbed dose val ues for all 12 cubes are
shown in tab. 2.

Com par i son of com pres sive strength
be tween the gamma cured and con ven tion ally
cured con crete cubes

Com pres sive strength test ing is per formed on
only the sand and ce ment cubes ac cord ing to the pro -
por tions and time frame out lined erlier. The sand and
ce ment mix tures more ac cu rately rep re sent the con -
crete mix tures used in con struc tion. The cubes that
were used in the dose mea sure ment ex per i ment were
not tested for com pres sive strength. Dur ing the place -
ment and re moval of the nanoDots, the cubes be came
too dam aged to ac cu rately test for com pres sive
strength. As a re sult, a to tal of 120 con crete cubes from 
five sep a rate batches of con crete cube mixes are tested
for com pres sive strength. Each batch con sisted of 12
cubes marked for gamma cur ing and 12 cubes marked

for con ven tion ally cur ing. Oc ca sion ally, a few cubes
from each batch would stick to the mold ing and be -
come dam aged in such a way that they had to be dis -
carded. This oc curred in batches 4 and 5 of both the
gamma cured and con ven tion ally cured cubes. In to tal, 
112 cubes were tested for com pres sive strength. Half
of the cubes (56) are gamma cured while the other half
are con ven tion ally cured. Com pres sive strength test -
ing is per formed in the Uni ver sity of Utah Struc tures
Lab o ra tory us ing an INSTRON uni ver sal test ing ma -
chine [32] with com puter con trolled load ing rate. All
test ing is per formed  in ac cor dance with ASTM stan -
dard C109 – Stan dard Test Method for Com pres sive
Strength of Hy drau lic Ce ment Mor tars [33]. Each of
the cubes is loaded into the INSTRON ma chine ap ply -
ing a load ing rate of 200 lb/s in ac cor dance with
ASTM C109. The com pres sive strength of each cube
is shown in fig. 7. 

The av er age com pres sive strength of the gamma
cured con crete is 8.563 psi while the av er age com pres -
sive strength of the con ven tion ally cured con crete is
6.710 psi. A t-test* is per formed to com pare the gamma
cured cubes to the con ven tion ally cured cubes in or der
to an a lyze the close ness of the two data sets. The re sul -
tant p-value**  from the t-test is 1.26×10–12, in di cat ing
that the two data sets are dis sim i lar and the over all
com pres sive strength of the gamma cured con crete is
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*..A t-test is a sta tis ti cal test used to com pare dif fer ent sets of data
...in or der to de ter mine if they are the same or sig nif i cantly
...dif fer ent from each other. 
**The p-value rep re sents the prob a bil ity from the t-test that the
...two data sets be ing com pared are the same

Ta ble 2. Mea sured ab sorbed dose in ce ment paste cubes
and sand and ce ment cubes

Mix ture Cube
Front

cube dose
[cGy]

Back
cube dose

[cGy]

Front cube
dose minus
back cube
dose [cGy]

Ce ment paste

1 136.6 38.6 98.0

2 127.2 35.9 91.3

3 125.7 32.2 93.4

4 120.0 32.6 87.4

5 103.4 28.1 75.3

6 94.7 29.3 65.5

Sand and
ce ment

7 85.1 26.2 58.9

8 89.2 25.8 63.3

9 90.0 27.4 62.6

10 91.6 29.5 62.2

11 106.0 30.1 75.9

12 124.4 33.0 91.4

Fig ure 7. Com pres sive strength of gamma cured (top)
and con ven tion ally cured (bot tom) con crete cubes. The
five batches la beled A-E are mixed be tween the months
of Feb ru ary-March, 2016



higher than the con ven tion ally cured cubes. The
gamma cured cubes also ex hib ited a lower av er age
stan dard de vi a tion (405.4 psi) com pared to the con -
ven tion ally cured cubes (592.04), in di cat ing greater
con sis tency in each of the batches when gamma cured. 
The only ex cep tion is batch E where the gamma cured
had a stan dard de vi a tion of 481 psi while the con ven -
tion ally cured had a stan dard de vi a tion of 401 psi. The
av er age com pres sive strength of batch E of the gamma 
cured (9.700 psi) is still higher than the av er age com -
pres sive strength of batch E of the con ven tion ally
cured (8.430 psi). It is an tic i pated that with more test -
ing, the ma jor ity of the batches will fol low the trend of
hav ing both a lower stan dard de vi a tion and higher av -
er age com pres sive strength and that batch E will be
shown to be an anom aly.

Anal y sis of the con crete cubes mi cro struc ture
us ing the scan ning elec tron mi cro scope (SEM) 

The crushed re mains of the con crete cubes from
batch E (11 gamma cured and 11 con ven tion ally cured
cubes) are col lected and sealed in plas tic bags af ter
com pres sive strength test ing for anal y sis us ing SEM.
In the Crus Ad vanced Ma te ri als Tech nol ogy Cen ter at
the Uni ver sity of Utah, a Hitachi S-4800 SEM is used
to ex am ine the microstructure of the con crete cubes in
or der to cor re late the dif fer ence in their com pres sive
strength val ues (batch E, as shown in fig. 7). The com -
pres sive strength of the gamma cured and con ven tion -
ally cured cubes from batch E shown in fig. 7 are
shown in greater de tails in fig. 8. The microstructure of 
the gamma cured con crete cube with the high est com -
pres sive strength of 10.662 psi, con crete cube 8 shown
in fig. 8(a), and the microstructure of the con ven tion -
ally cured con crete cube with the high est com pres sive
strength of 9.396 psi, con crete cube 11 shown in fig.
8(b), is com pared. The SEM im ages of these two cubes 
are shown in fig. 9. Both cubes are sim i lar in show ing a 
low void ra tio. The void ra tio is rep re sented by the
dark ar eas in the SEM im ages. A lower void ra tio
means that there is more con tact be tween the C-S-H
and the ag gre gate, caus ing an in crease in strength.

The con crete cubes from batch E with the low est
com pres sive strength as shown in fig. 8 (gamma cured
con crete cube 10 with com pres sive strength of 8.378
psi and con ven tion ally cured con crete cube 1 with
com pres sive strength of 7.528 psi) are also com pared
us ing the SEM and the im ages are shown in fig. 10.
Both cubes show sim i lar SEM im ages with a low void
ra tio and well-de vel oped C-S-H. 

From these SEM im age anal y ses, it ap pears that
the gamma and con ven tion ally cured con crete are shown 
to be sim i lar in their void ra tios as well as their de vel op -
ment of C-S-H for both the cubes with high and with low
com pres sive strength. The anal y sis sug gests that for

short-term ex po sure to gamma ra di a tion and ab sorbed
gamma doses of less than 1 Gy (fig. 3), no sig nif i cant or
vis i ble changes oc cur to the microstructure of con crete.
The lack of change in the microstructure sug gests that the 
in crease in strength ob served in the gamma cured cubes
is likely due to changes oc cur ring at the mo lec u lar level
and in ter ac tions tak ing place be tween free rad i cal for ma -
tion and the prod ucts of hydration formed dur ing the
early cur ing stages. The com plex ity of C-S-H is not well
un der stood [34]. The SEM anal y sis is only able to pro -
vide vi sual struc ture of the con crete at the mi cro level.
Our fu ture re search, al ready on-go ing, is ad dress ing this
is sue.
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Fig ure 8. De tailed view of the com pres sive strength of
batch E of (a) gamma cured and (b) con ven tion ally cured 
con crete cubes (mixed on 8 March 2016) 



Ef fects of gamma rays in duced heat ing on
con crete microstructure 

Gamma ra di a tion cured con crete cubes are also
com pared to cubes that are cured in a high tem per a ture
en vi ron ment in or der to as sess if the an a lyt i cal es ti -
mates com pared to the ex per i ment. As de scribed pre -
vi ously, heat can cause dam age to con crete at tem per a -
tures as low as 95 °C. The same con crete mix as
de scribed in the Ex per i men tal set-up is used to an a lyze 
the ef fects of high tem per a ture on the microstructure
us ing SEM. The SEM im ages are then com pared to
those of the gamma cured cubes in or der to com pare if
any gamma heat ing may be tak ing place. Twelve con -
crete cubes are cured us ing gamma ra di a tion in the
same man ner as de scribed in the ex per i men tal set-up.
Eleven cubes are cured in an oven at 95 °C, while six
(6) cubes are cured in the oven at 120 °C. The num ber
of cubes in each batch is de pend ent on the num ber of
con crete molds avail able in the lab o ra tory at the time
of mix ing. The two tem per a tures were cho sen based
on a lit er a ture sur vey [19] in di cat ing that the dam age
to con crete can oc cur at tem per a tures at and above 95
°C. A slightly higher tem per a ture of 120  °C was also
cho sen since it is high enough above the boil ing point
of wa ter that de hy dra tion and steam for ma tion within
the pores is ex pected to be there fore ac cel er ated. A
batch of six (6) cubes is used as a con trol and they are
cured in dry air at 23 °C with no ex po sure to ra di a tion
and are mixed ac cord ing to the same stan dards as de -
scribed in the Ex per i men tal set-up. All cubes are
tested for com pres sive strength us ing the same
method, and the crushed cubes are then saved for SEM
anal y sis. The mea sured com pres sive strength is shown 
in fig. 11. The com pres sive strength of the gamma
cured cubes is com pared to the cubes cured in the

oven, and con trol cubes, us ing a t-test. The re sul tant
p-val ues for the gamma cured com pared to the heat
cured con crete cubes at 95 °C, 12 °C, and the con trol at 
23 °C are 0.025, 0.069, and 0.04, re spec tively. These
p-val ues in di cate that the gamma cured cubes still ex -
hibit a higher over all com pres sive strength than those
cured us ing heat or the con trol set. 

The microstructure of the con crete cubes with
the high est com pres sive strength from batches A, B,
and C (fig. 11) are shown in fig. 12. These are cubes 6
(batch  A,  gamma  cured),  1 (batch  B,  heat  cured at
95 °C), and 1 (batch C, heat cured at 120 °C). The
gamma cured and heat cured cube at 95  °C are nearly
iden ti cal in ap pear ance hav ing small voids with
well-de vel oped C-S-H. The heat cured cube at 120  °C
has C-S-H in sim i lar ap pear ance but has one large void 
that may be a re sult of greater de hy dra tion due to the
el e vated tem per a ture.

The cubes with the low est com pres sive strength
are also com pared as shown in fig. 13. From fig. 11,
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Fig ure 9. SEM im ages of (a)
cube 8 of fig. 8(a) (gamma
cured) and (b) cube 11 of
fig. 8(b); (con ven tion ally
cured) con crete cubes with
the high est com pres sive
strength as shown in fig. 8

Fig ure 10. SEM im ages of (a)
cube 10 of fig. 8(a) (gamma
cured) and (b) cube 1 of
fig. 8(b) (con ven tion ally
cured) con crete cubes with
the low est com pres sive
strength as shown in fig. 8

Fig ure 11. Com pres sive strength of gamma cured, heat
cured cubes at 95 °C, heat cured cubes at 120 °C, and
con trol con crete cubes. The con trol cubes were cured
with out any heat or gamma ray ex po sure



these are cubes 5, 10, and 6 for the gamma cured (batch 
A),  heat cured at 95  °C (batch B), and heat cured at
120 °C (batch C), re spec tively. Sim i lar to the cubes
with the high est com pres sive strength, the gamma
cured and heat cured at 95  °C ex hibit com pa ra ble fea -
tures with a low void ra tio and well-de vel oped C-S-H.
The cube cured at 120 °C also has fea tures sim i lar to
cube 1 which has the high est com pres sive strength as
shown in fig. 13(c).

It was al ready shown that the gamma source used
for this ex per i ment does not cause any mean ing ful
change  in  tem per a ture  in  the  con crete  cubes.  From  the 
SEM anal y sis com par ing gamma and heat cured con -
crete  cubes,  it  is  shown  that even if heat ing is to oc cur
to a de gree that dam age has been shown to oc cur [18]
(>95 °C), seven days is not enough time to dis rupt the
microstructure within the con crete cubes.

Geant4 sim u la tion of free rad i cal
for ma tion within con crete

To better un der stand the radiolysis oc cur ring
within the micropores of the gamma cured con crete,
Geant4 [35] is used to sim u late the for ma tion of free rad i -
cals as well as the rate at which they are formed. The
chem2  ex am ple pro vided in the Geant4-DNA toolkit
[36, 37] is used as a base for this sim u la tion. The chem2
mod ule sim u lates radiolysis and its as so ci ated re ac tions.
The ma te rial def i ni tion of the world is de fined as port -
land ce ment and wa ter with a w/c ra tio of 0.4. The com -
po si tion for port land ce ment con crete for us age in

Geant4 is ob tained from the Com pen dium of Ma te rial
Com po si tion Data for Ra di a tion Trans port Mod el ing
[38]. Po ros ity is sim u lated by homogenously dis trib ut ing 
wa ter in a vol ume of port land ce ment. A po ros ity value
of 14 %  is used based on lit er a ture val ues for a 0.4 w/c
mix ra tio [39]. The ge om e try ac cu rately rep li cates the
lab o ra tory ex per i ment in fig. 2, a 125 cm3 cube com -
posed of ce ment and wa ter and placed 11 cm from a 137Cs 
source.  The  Geant4  model is shown in fig. 14. Three
dif fer ent  source  strengths  of   37 MBq,  630  MBq,  and
1 260 MBq with four dif fer ent ex po sure times of one
hour,  twelve hours, one day, and seven days are sim u -
lated. The to tal pro duc tion of free rad i cals in moles/s is
shown in figs. 15-17.

The sim u la tion shows that as both time of ex po -
sure and source strength in creases, the pro duc tion of
free rad i cals also in creases. Free rad i cal pro duc tion
does, how ever, be gin to taper off with in creas ing time
and source strength. The dif fer ence be tween seven
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Fig ure 12. SEM im ages of (a) gamma cured con crete (cube 6 of batch A in fig. 11), (b) heat cured at 95 °C (cube 1 of batch B
shown in fig. 11), and (c) heat cured at 120 °C ( cube 1 of batch C shown in  fig. 11). Each of these cubes has the high est
com pres sive strength among the gamma cured ones, heat cured at 95 °C and heat cured at 120 °C as shown in fig. 11

Fig ure 13. SEM im ages of (a) gamma cured con crete (cube 5 of batch A in fig. 11), (b) heat cured at 95  °C (cube 10 of batch
B in fig. 11), and (c) heat cured at 120  °C (cube 6 of batch C in fig. 11). Each of these cubes has the low est com pres sive
strength among the gamma cured, heat cured at 95  °C and heat cured at 120  °C as shown in fig. 11

Fig ure 14. Geant4 sim u la tion ge om e try of gamma rays
from a 137Cs source in ter act ing with con crete and lead ing 
the for ma tion of free rad i cals



days of ex po sure at 630 MBq and 1.260 MBq is not
twice as much, de spite the source strength be ing twice
as strong. This sug gests that the ben e fits of in creased
strength from gamma cur ing might also be gin to taper
off and a source twice as strong may not of fer any in -
creased ben e fit. The free rad i cal pro duc tion also be -
gins to taper off with time of ex po sure. The re sults sup -
port the idea that gamma ex po sure is most ben e fi cial

dur ing the early stages of cur ing. For these rea sons
sources of lower and higher strength are not used in the 
ex per i ment as the sim u la tion shows the ben e fits would 
be min i mal or non-ex is tent.

CON CLU SIONS

Sub stan tial lit er a ture doc u ments how both
gamma and neu tron ra di a tion have de grad ing ef fects
on con crete over time pe ri ods of sev eral de cades of ex -
po sure. The C-S-H, a prod uct of hydration within con -
crete, acts as a binder for all the con crete con stit u ents.
Ra di a tion can cause heat ing within the in ter nal con -
crete struc ture and cause the C-S-H to de hy drate and
lose its strength. The pro cess of de hy dra tion from ra di -
a tion can be caused by two mech a nisms: gamma heat -
ing and radiolysis. De hy dra tion of C-S-H causes
shrink age and there fore a loss in vol ume. The shrink -
ing C-S-H has less sur face area to bond to ag gre gates,
cre at ing an over all de crease in over all strength of the
con crete. Heat can also cause in ter nal stress in ag gre -
gates as the wa ter con tained in their pores is con verted
to steam. The in ter nal pres sure causes crack ing and a
loss of strength. The struc ture of C-S-H can vary
widely and ex ists in many forms such as Jennite and
Tobermorite.  When gamma rays in ter act with wa ter,
radiolysis will oc cur, form ing free rad i cals such as H+

and OH–, the for ma tion of which may be ben e fi cial to
con crete's com pres sive strength. We pre sented the re -
sults of short-term gamma ra di a tion ex po sure to con -
crete dur ing its first seven days of cur ing, and how its
prop er ties change. A 630 MBq 137Cs source is shown
to pro vide a cal cu lated dose of 0.66 Gy and an av er age
mea sured dose of 0.75 Gy to con crete cubes 125 cm3

over seven days of ex po sure. The dose is cal cu lated
with the MCNP6 and de ter mined ex per i men tally. A
slight dif fer ence be tween the cal cu lated and ex per i -
men tal doses is due to the off-cen ter po si tion ing of the
137Cs source in the ex per i ment, caus ing a higher dose
in some of the con crete cubes. The dose is sub stan -
tially less than re quired to dam age to con crete. The
com pres sive strength of gamma cured and con ven -
tion ally cured con crete cubes is com pared show ing
that gamma cured cubes have an av er age com pres sive
strength of 8.563 psi com pared to con ven tion ally
cured cubes with av er age com pres sive strength of
6.710 psi. The gamma cured cubes also ex hib ited a
lower stan dard de vi a tion than the con ven tion ally
cured cubes. The SEM anal y sis of the microstructure
of the gamma and con ven tion ally cured cubes yielded
no discernable dif fer ence be tween the two, sug gest ing
that changes most likely are tak ing place at the
atomistic level. A pos si ble ex pla na tion is the pro cess
of radiolysis that cre ates an ex cess of H+ and OH– pro -
mot ing for ma tion of C-S-H more quickly. A more
rapid for ma tion of C-S-H thus may cause better bond -
ing be tween the ag gre gates at an ear lier stage of con -
crete cur ing. The for ma tion of free rad i cals within the
microstructure of con crete cubes was an a lyzed also
with Geant4 com pu ta tional mod el ing. In creas ing
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Fig ure 15. Pro duc tion of the H2 rad i cal within the mi cro
pores of a 125 cm3 sam ple of con crete in moles/s

Fig ure 16. Pro duc tion of OH– rad i cal within the mi cro
pores of a 125 cm3 sam ple of con crete in moles/s

Fig ure 17. Pro duc tion of H2O2 rad i cal within the mi cro
pores of a 125 cm3 sam ple of con crete in moles/s



source strength and time of ex po sure shows an in -
crease  in the rate of free rad i cal pro duc tions. It is,
how ever, shown that af ter seven days of ex po sure to
630 MBq gamma source, the in creased rate of pro duc -
tion is min i mal. The re sults sup port the idea that the
ben e fits of gamma cur ing are most ben e fi cial dur ing
the first seven days of cur ing. Fu ture test ing is planned
to in clude cur ing cubes for 28 days in com par i son to
con ven tion ally cured con crete cubes, to an a lyze if the
ben e fits do di min ish over time. Ad di tion ally, mo lec u -
lar dy nam ics sim u la tion of con crete un der these con -
di tions is un der way.
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Stiven BURNAM, Kventin FARE, Mi{el TEMPLIN, Long HUAN, Tatjana JEVREMOVI]

UTICAJ  STVARAWA  SLOBODNIH  RADIKALA  INDUKOVANIH
GAMA  ZRA^EWEM  NA  ^VRSTINU  BETONA  ZA  UPOTREBU  U

NUKLEARNIM  ELEKTRANAMA

U ovom radu dajemo pregled preliminarnih eksperimenata i numeri~kih procena uticaja
stvarawa slobodnih radikala pod dejstvom gama zra~ewa na karakteristike betona u fazi
sazrevawa. [tetni uticaji dugotrajnog izlagawa visokim dozama gama i neutronskog zra~ewa
betona obimno su dokumentovani u literaturi. Me|utim, mi smo pokazali da kratkotrajna
izlagawa betona gama zra~ewu mogu biti korisna za pove}awe wegove ~vrstine na pritisak.
Izvr{eno je pore|ewe uticaja izlagawa 56 kocki betona zapremine 125 cm3, zra~ewu 137Cs
aktivnosti 630 MBq, tokom prvih sedam dana sazrevawa i 56 kocki podvrgnutih konvecionalnom
procesu sazrevawa. Sredwa ja~ina na pritisak kocki tretiranih gama zra~ewem je oko 8500 psi dok
je sredwa ja~ina na pritisak konvencionalno tretiranih kocki iznosila oko 6700 psi. Upotrebom
skeniraju}eg elektronskog mikroskopa analizirana je mikrostruktura kocki podvrgnutih gama
zra~ewu i konvencionalnom postupku zrewa. Radioliza mikrostruktura kocki betona procewena
je kompjuterskim modelovawem primenom paketa Geant4. Proizvodwa slobodnih radikala
radiolizom raste sa pove}awem ja~ine izvora i vremenom izlagawa gama zra~ewu. Ovo
istra`ivawe pokazuje da, u op{tem slu~aju, sazrevawe betona u poqu gama zra~ewa daje primetan
trend ka porastu ~vrstine.

Kqu~ne re~i: beton za nuklearnu industriju, ~vrstina betona, Geant4, gama zra~ewe


