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In this paper, we present a summary of preliminary experiments and numerical assessments of
the effects of gamma radiation induced formation of free radicals in the curing stage of con-
crete on its characteristics. Substantial literature reports on the damaging effects of long-term
and high-dose gamma and neutron exposure on concrete. However, we show that short-term
exposure of concrete to gamma radiation can be beneficial in increasing its compressive
strength. The effects of exposing to 630 MBq !37Cs the 56 cubes each made of 125 cm3 con-
crete during the first seven days of curing are compared to another 56 cubes cured by the con-
ventional process. The average compressive strength of the gamma cured cubes is around
8.500 psi, while conventionally cured cubes show the lower average strength of around 6.700
psi. The microstructure of the gamma and conventionally cured concrete cubes is analyzed us-
ing a scanning electron microscope. The radiolysis within the microstructure of the concrete
cubes is assessed with computational modeling based on Geant4. The production of free radi-
cals from radiolysis is shown to increase with increasing source strength and increasing the
time of exposure to gamma radiation. This research shows in general that curing concrete in
gamma radiation field provides observable trends toward its increased strength.
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INTRODUCTION

About Concrete as Material: Concrete is a com-
posite mixture of water, cement, and coarse and fine ag-
gregates. Cement is a fine powdery material made pri-
marily of limestone, acting as a binder to hold the
concrete mixture together. Aggregates vary widely in
composition and are locally dependent, for example they
can be limestone or quartz based. All aggregates are gen-
erally smaller than 1.5 inches in size. Fine aggregates are
generally classified as particles that pass through a
3/8-inchssieve. Aggregates account for 60-75 % of the to-
tal volume of a concrete mix, [ 1]. Cement absorbs water;
when mixed with water a hydration process causes a for-
mation of a gel known as Calcium-Silicate-Hydrate, or
simply C-S-H [2]. The formation of C-S-H is highly
amorphous and is represented by the general formula:
CaO,-510,-H,0, where x and y both vary over a wide
range with the calcium to silica, c/s, ratios typically be-
tween 1 and 2, [2]. Two common forms of C-S-H are the
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Jjennite mineral CaySi,O,4(OH)4-8H,0, and tobermorite
CasSi,0,,(OH),-4H,0. The formation of C-S-H gel
gives a concrete its high compressive strength in serving
as a link between the aggregates and the cement paste.
The force of attraction between the cement paste is attrib-
uted to the Van der Waals forces [3]. Van der Waals
forces are weak intermolecular attraction forces; the
electron cloud of an atom can, by chance, become con-
centrated in one region of an atom or molecule, thus
causing a momentary polarity of an atom. This can lead
to a cascading effect where other nearby atoms or mole-
cules experience a momentary polarity. The positively
and negatively charged regions can then be attracted to
each other. The resultant force of attraction is weak but
taken together on a large scale the forces can combine to
be significant [4]. The attraction is the result of positive
and negative polarity of molecules.

Due to its versatility, concrete is the most com-
monly used construction material in the world [5]. As
such, concrete is very widely used in the nuclear in-
dustry both as a building material as well as a radiation
shielding material [6, 7]. For the current Generation 11
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fleet of the power reactors in operation, concrete is
used for containment domes as well as biological
shields. In the event of an accident, large containment
structures made of concrete and steel are designed to
reduce the radiation to the environment and reduce or
stop the spread of fission products beyond the contain-
ment volume. The concrete integrity is therefore of
paramount importance for continuous and sustained
operation of nuclear power plants. For example, in the
Crystal River Nuclear Power Plant, the concrete of the
containment structure cracked on multiple occasions.
This resulted in the premature closing of the nuclear
power plant [8]. Newer reactors of the Generation 111
are built based on the Generation II technology but
with improved efficiency and safety. As a result, con-
crete is heavily used for both biological shields and
containment structures. The European Pressurized
Water Reactor (EPR) uses additional concrete to pro-
tect the containment vessel. In the event of an accident,
a layer of sacrificial concrete is used to catch a melting
core and provide it with enough time to cool, thus pro-
tecting the overall containment structure [9, 10]. The
Generation I'V reactor [11-13] designs such as the so-
dium-cooled fast reactor, gas-cooled fast reactor,
lead-cooled fast reactor, and supercritical wa-
ter-cooled reactor are in various stages of the design
phases[12, 14], in which concrete will still be used as a
construction material for the reactor containment
building and biological shields. Generation I'V reactor
designs have an increased focus on safety but will un-
doubtedly require robust containment structures in the
event of a nuclear accident [13], and terrorism [15].

The main concrete property that measures the
structural quality is its compressive strength. It de-
pends on the water-to-cement ratio and the concrete
curing time. Concrete compressive strength of com-
mercial structures ranges between 3 000 and 12000
psi while for the cast-in-place buildings, the strength
usually ranges between 3 000 and 6 000 psi. The de-
sign criteria for compressive strength of concrete used
in nuclear power plants' structures is defined in ACI
349-06 — Code Requirements for Nuclear Safety-Re-
lated Concrete Structures [16]. When concrete is ex-
posed to extreme conditions such as chloride expo-
sure, salt, or seawater, it must have a minimum
compressive strength of 5000 psi. Concrete that is ex-
posed to less extreme environments can maintain a
minimum strength of 4000 psi”.

The tensile strength of concrete is a measure of a
structure's cracking under the load, and thus it is more
important in designing highways and airfield slabs
rather than a nuclear power plant's containment. It is
usually defined to be 10-15 % of the compressive
strength of concrete. For this reason, tensile strength is
most often neglected in structural concrete building
designs [16]. Reinforcing steel is used within concrete

"1 psi is one pound of force acting on one square inch; 1 psi is
equivalent to 0.00689475729 MPa

structures in order to accommodate for the lack of ten-
sile strength.

Concrete and radiation: There is substantial lit-
erature speaking of the damaging effects of radiation
on concrete that is related to a long-term exposure of
concrete to gamma and neutron irradiation in nuclear
power plants. The most common elements in the con-
crete mix are Ca, Si, H, and O. In interacting with neu-
trons of low or high energies, the most probable inter-
action types are neutron elastic scattering and
radiative capture. As a result, atoms (nuclei) in the
solid lattice of concrete are dislocated; however, this
defect will not accumulate in the cement portion of
concrete mix due to its original imperfect crystalline
structure. However, dislocation of atoms in aggregates
will accumulate and can cause expansion that is the
reason for observed cracks in the concrete structure.
This in turn affects the strength of concrete. Therefore,
concrete's resistance to neutron radiation decreases
with a decrease of concrete aggregates resistance to
neutron exposure. It is shown in numerous studies that
neutron radiation with a fluence over 10'° ncm2 may
cause a noticeable increase in its volume, and there-
fore reduce concrete compressive strength. Due to
specifics of neutron interactions with various nuclei in
the concrete mix, an overall resistance of concrete to
neutron radiation strongly depends on concrete mix
proportions, type of a cement, and type of aggregates.

The lattice structure of the many different ele-
ments present in concrete is disordered due to gamma
and neutron interactions in increasing concrete sus-
ceptibility to alkali silica reactions (ASR). Tradition-
ally, aggregates in concrete that contain reactive silica
will react with the highly alkaline environment of hy-
drating cement. This causes the aggregate to swell and
in turn generates internal pressure within the concrete
that can cause severe degradation [2]. In general, the
radiation damage of the crystal lattice of otherwise
unreactive aggregates has been shown to cause them
to become reactive and induce ASR [17]. In order for
radiation to cause damage in concrete in a measurable
degree, high radiation doses of 107-10'" Gy of ab-
sorbed dose are found to be necessary [17, 18]. There-
fore, the ASR can severely degrade the concrete and
decrease its compressive strength.

Interaction of gamma rays or neutrons with ele-
ments in any media will result in energy transfer and
therefore generation of heat. It has been previously
shown that radiation can lead to an increase in temper-
ature of an interacting medium as high as 250 °C while
the threshold for degradation of concrete is only 95 °C
[19].

Of interest to this paper is how gamma ray inter-
actions with concrete can be beneficial when exposed
to concrete during its initial curing time. This is of par-
ticular interest because high-dose exposure of con-
crete to gamma radiation is a known degradation
mechanism, especially when exposed over decades
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time. Little is known about the short-term effects of ra-
diation on concrete and as is described in the following
sections, short-term exposure may be able to provide
positive benefits. The following section summarizes
the main effects of gamma rays in interacting with con-
crete, and next one describes our experimental data on
the effects of gamma rays on the curing concrete.

EFFECTS OF GAMMA RAYS IRRADIATION
ON CONCRETE CHARACTERISTICS

Effects of gamma rays induced
radiolysis of water on concrete

Literature indicates that long-term exposure to
gamma (and/or neutron) irradiation reduces both ten-
sile and compressive strengths as well as the modulus
of elasticity of concrete structures of nuclear power in-
stallations. Specifically, a gamma dose on the order of
10® Gy may cause a reduction in concrete compressive
strength. The most important interaction is with water
in concrete that produces water radiolysis in cement
paste. A consequence of this process likely causes the
creep and shrinkage of concrete. As much as shrinkage
is detrimental to matured concrete structures, we show
in this paper that it has an incremental advantage if in-
duced during the early development (curing) of con-
crete. In other words, the experimental results pro-
vided in the next section show gamma ray induced
radiolysis of water during the early curing of concrete
showing the overall strength of the curing concrete
may increase. The potential heating caused by these
interactions show no effects to the formation of con-
crete and therefore its strength.

In general, a response of any composite (mix-
ture) material to irradiation directly depends on the re-
sponses of their components. Similarly, resistance of
concrete to irradiation of any type (most important are
gamma and neutron irradiation) depends directly on
the resistance of the concrete's components. The most
important is the effect of gamma interactions with wa-
ter causing it to be decomposed by radiolysis into hy-
drogen and hydrogen peroxide, which in turn decom-
pose into water and oxygen. The initial radiolytic step
is described with [20]

ionizing radiation — %
H oO——=—
2 eaq ,

HO,H,HO,,H,0",0H" ,H,0,,H, (1)

These complex species formed within concrete
pores interact with themselves as well as with the ele-
ments present in aqueous solution of cement and wa-
ter. Many of the products can react with each other

“The term € 4 refers to the initial free electron produced through the
interaction of a gamma ray with a water molecule. This electron is
captured by a water molecule and becomes solvated, being referred
to as an aqueous or solvated electron. The solvated electron can
react with H' to form the hydroxyl radical [21].
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Figure 1. Scenario in which H" and OH™ are formed from
Compton scattering of a gamma ray with a water
molecule in concrete mixture

causing recombination back to water known as back
reactions. The process of radiolysis can also create
products such as hydroxide that are found in
Tobermorite and Jennite, two forms of C-S-H. The
radiolysis of water in concrete leads to the formation
of free radicals that are formed in small clusters, the
spatial distribution of which is characteristic of the en-
ergy of the ionizing radiation [22]. For example,
gamma induced low-energy electrons in concrete form
radicals at high concentrations along a travel track.
High-energy electrons form regions of low radical
density. The low density allows for the radicals to dif-
fuse and react with solutes in water [22]. In the case of
concrete, they react with Ca or Si that are in the solu-
tion, thus forming these products of hydration. One
scenario explaining a creation of free radicals in con-
crete is illustrated in fig. 1.

Effects of gamma rays induced
heating on concrete

Exposure of concrete to heat is categorized in
three fundamental ways: effects on the hydrated ce-
ment paste, effects on the aggregates, and effects on
the concrete as a whole. Cement mixed with water
leads to the so-called hydration process that creates the
products such as C-S-H. As it forms, it traps a free wa-
ter and forms capillary voids. When concrete is sub-
jected to heat, the C-S-H begins to release that water.
In a concrete that is porous, the formed steam is re-
leased from its pores. In a concrete that is denser, this
formed steam has no place to go and therefore results
in the formation of an internal spalling, weakening the
internal structure. Very high temperatures are required
to dehydrate the C-S-H. For example, at temperatures
of 500 °C, the C-S-H begins to dehydrate and decom-
pose with its full decomposition starting at around
900 °C [3]. Hydration of cement is an exothermic reac-
tion producing up to 500 Jg~! cement [23]. In most in-
stances, the heat is able to be transferred to its sur-
roundings. Large concrete structures can present
challenges due to the low thermal conductivity of con-
crete. It can act as an insulator and the interior body of
the concrete can see a rise in temperature greater
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than 55 °C[23, 24]. Instances where there is a large in-
crease in temperature can cause the concrete to expand
and then contract non-uniformly, causing premature
cracking and internal stresses [24]. The heat of
hydration can be mitigated by slowing the hydration
process and allowing for dissipation of heat. This is ac-
complished using the so-called set-retarding admix-
tures [3]. Accelerating the hydration process too
much, however, can cause excessive internal heating
even in small structures that might not otherwise be af-
fected by the heat of hydration.

The effects of heat on the aggregates in concrete
are similar to hydrated cement paste. Porous aggre-
gates have their water converted to steam. In a low po-
rosity environment, the steam will create internal pres-
sure and cause the aggregate to crack and lose
strength. Other specific types of aggregate can have
varying effects. Granite and sandstone that are high in
silica will undergo a phase change at 573 °C that
causes sudden expansion [3]. An expansion of aggre-
gate causes increased pressure within the entire con-
crete structure forming cracks. The cracks will weaken
the bond between the aggregate and hydrated cement,
thus decreasing compressive strength.

The effects of heating on both the hydrated ce-
ment and aggregate combine to affect concrete in a
negative manner. It was demonstrated [25] that con-
crete exposed to temperatures over 800 °C for even a
short duration of time can reduce 40 % of its strength.

Radiation heating of concrete can also have neg-
ative effects in the form of both shrinkage and expan-
sion [26]. As stated earlier, when the hydrated C-S-H
is heated, the internal water is released in the form of
steam. This process causes the C-S-H to lose its vol-
ume. On the other hand, the aggregate can expand as a
result of its lack of porosity not allowing the water to
escape as easily. Larger aggregate sizes create a mis-
match in size with the shrinking C-S-H resulting in
less surface area contact and decreasing the overall
strength on the concrete mix.

The amount of heating generated due to gamma
rays interaction with any material can be approxi-
mated by taking into account the energy absorbed by
the material (absorbed dose) and the specific heat ca-
pacity of the material, as follows [27]

O=cAT 2)

where Q is the energy absorbed or absorbed radiation
dose by a material [Jg '], ¢ — the specific heat capacity
of'a material or the energy required to raise the temper-
ature by 1 °C [1 Jg'' °C™'] for fresh concrete, deter-
mined experimentally [28]), and AT — the change in
temperature of the material absorbing radiation [°C].
For example, if a fresh concrete mixture is ex-
posed for seven days to a 13’Cs source of intensity of
630 MBq, corresponding to absorbed dose of 0.746
Jkg™!, it follows that increase in concrete internal tem-
perature due to gamma ray interactions is negligible

74610 1g™!
1Jg*1 OC *1

AT =746-10%°C  (3)

EFFECTS OF GAMMA RADIATION ON
CONCRETE CHARACTERISTICS DURING
ITS EARLY STAGE OF CURING

This section describes the experiment we have
developed to assess if the curing concrete exposed to
gamma rays develops with enhanced strength and to
understand what processes may be responsible for
such a finding.

Experimental set-up to gamma
curing process

Based on the process of radiolysis of water
within concrete as well as on understanding some of
the known structures of C-S-H gel, we explored the
possibility that short-term exposure of concrete to
gamma radiation can enhance the curing phase and
lead to its increased strength. In the experiment, we ex-
posed curing concrete in a controlled environment
(temperature and humidity) to a '¥’Cs source for the
first seven days after it was mixed. The concrete mix-
tures were controlled to ensure consistency among the
concrete cubes within accepted laboratory practices.
The experiment included as follows.

—  Measuring the absorbed radiation dose to concrete
cubes exposed to a 630 MBq "*'Cs source for
seven days. A '*’Cs source was chosen because it
is a mono-energetic source emitting a single 662
keV gamma ray. The activity of 630 MBq was
chosen based on source availability in our labora-
tory and it has been chosen to not neither be too
weak nor be too strong.

— Measuring the compressive strength of gamma
cured vs. conventionally cured concrete after
seven days of curing.

— Analyzing the changes in the microstructure of
concrete cubes in relation to the measured com-
pressive strength.

— Analyzing if gamma heating causes any micro or
macro structural changes within the concrete
cubes.

— Determining the rate at which free radicals are
produced within the micro pores of concrete and
their correlation to concrete strength.

Several batches of the same concrete mixture
were developed in the laboratory of the Utah Nuclear
Engineering Program during the months of February
and March, 2016 with the following content: 0.4 water
to cement (w/c) ratio with only fine aggregates (sand)
mixed in a 2.75 sand to cement (s/c) ratio. Procedure
for mixing the concrete cubes is outlined in ASTM
Standard C192/192M — Making and Curing Concrete
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Test Specimens in the Laboratory [29]. Due to the fine-
ness of the aggregates used, concrete cubes of 125 cm?
in volume are cast and used for the compressive
strength testing. The ASTM C192/192m procedure is
followed, but concrete cubes are demolded after only
five hours of curing time, because we were testing the
effects of gamma radiation on concrete during the very
early stages of curing. Therefore, 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. After demolding, both sets of concrete
cubes are cured in dry air for a period of seven days.
One set was exposed to a 630 MBq source during the
entirety of the seven days while the other set of con-
crete cubes was not exposed to any radiation other than
naturally occurring background radiation.

Although preliminary analytic estimates show
that exposure of concrete to 630 MBq '37Cs source for
seven days will not generate any excess heat within the
concrete, we also examined if gamma heating would
be generated in the concrete cubes in any observable
way and compared it to the effects that heat may pro-
duce as follows: one set of cubes was cured in dry air
and exposed to the same 630 MBq source, while the
second set was cured in dry air with no exposure to this
same source. Additionally, 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 absorbed dose within the
concrete cubes: experimentally measured
and MCNP6 estimated

The absorbed dose due to gamma ray interac-
tions within the concrete cubes was both calculated
and determined experimentally.

The exact experiment layout is shown in fig.
2(a), while the MCNP6 model of the experiment is
shown in fig. 2(b). As can be seen, the isotropic '3’Cs
source with gamma energy of 662 keV is placed in the
center of the twelve 125 cm® volume concrete cubes.

MCNPG6 values: In general, when using MCNP6
(Monte Carlo N-Particle) [30], the absorbed radiation
dose is calculated using the F6 tally and confirmed us-

Concrete cubeg :

)
Cs-137 .4]}

10

(9 {57/
= 16.5 16,2 =162 -st‘s
(a) (b) cm cm cm cm

Figure 2. Experimental set-up (a) for gamma curing and
MCNP6 model (b) for calculating absorbed gamma ray
dose to concrete cubes

91.3 cGy: experimen
66.0 cGy: MCNP6

Figure 3. Experimental and MCNP6 absorbed dose
values due to gamma exposure to concrete cubes

(the MCNP6 calculated absorbed dose for each cube is
the same because the *’Cs isotropic source is placed
exactly in the center of all the concrete cubes. In the
experimental set-up the source was not located as
precisely at the center as in the MCNP6 model thus the
values of the absorbed dose vary)

ing the “F8 tally. The absorbed dose is obtained to be
66 cGy for cement cubes as well as the sand and ce-
ment cubes when exposed to a 13’Cs 630 MBq source
for seven days with an error of 0.3 %. The “F8 tally
yields results that are within 0.2 % of the F6 tally
(65.9 cGy) with an uncertainty of 0.3 %. Figure 3
shows the absorbed dose map, based on calculated and
measured values. It can be seen that the calculated
dose is the same for every concrete cube. This is be-
cause the MCNP6 geometry is perfectly symmetrical,
the isotropic '37Cs source is located exactly in the cen-
ter with all cubes located at the exact same distance
from it. In the experiment, however the position of the
source is subject to change as it is used in other tests
and experiments. It is however, placed as close to cen-
ter as possible before each experiment. The MCNP6
model therefore presents an average value expected
across all future experiments and the discrepancy in
the dose values for the experiment is therefore ex-
pected (as explained below).

Experimental values: A Landauer nanoDOT
[31] systemis used to measure the absorbed dose in the
concrete cubes fig. 2(a). The nanoDot system is
known to have a linear response up to 3 Gy of exposure
and is accurate to within 5 % for an energy range of
5keV to 20 MeV [31]. The nanoDots used in this ex-
periment were previously used and therefore were ir-
radiated but had only accumulated a dose of 1.5 Gy or
less. The low dose accumulation provided assurance
that they will be suitable for further use since the total
cumulative dose will not exceed 3 Gy. The linear re-
sponse of the nanoDots was verified by exposing three
nanoDots to 1 Gy froma 6 MV X-ray source. An addi-
tional three nanoDots were also exposed to a dose of
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Figure 5. Concrete cube with nanoDots placed on the
front face for dose measurement from exposure to *’Cs
source

2 Gy from the same 6 MV X-ray source. The experi-
ment layout is shown in fig. 4. The total cumulative
dose is then measured to test the linear response and
accuracy of the measurement when the nanoDots are
re-used. Two nanoDots are placed on the front and
back of each of the concrete cubes prior to exposure to
the 137Cs source. The measured dose of the nanoDots
indicated that the dose response was linear as expected
and accurate, making the nanoDots suitable for re-use.
The dose response is then tested by exposing the
nanoDots to the 630 MBq '3’Cs source. Four
nanoDots with accumulated dose from previous ex-
periments were placed on the front of a concrete cube
as shown in fig. 5. The dose to each of the nanoDots is
measured and the initial dose is subtracted from the to-
tal cumulative dose to determine the total exposure to
each of the nanoDots. The average absorbed dose was
74.6 cGy. Table 1 shows the measured dose values for
each of the nanoDots. The measured dose is also com-
pared to the MCNP6 calculated dose of 66 cGy. Table
1 shows that the nanoDots responded correctly after

Figure 4. Experimental measurement
of the cumulative radiation dose
response of Landauer nanoDots with a
6 MV X-ray source

Table 1. Absorbed dose of four nanoDots from exposure
to ’Cs source

. Measured | Measured cumulative
nanoDot Star[t uég jiose cumulative | dose — starting dose
by dose [cGy] [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

exposure to a 630 MBq 3’Cs source for seven days
making them accurately suitable for the use in this ex-
periment.

The absorbed dose was measured for two differ-
ent concrete cube mixes: the first consisting of six
cubes made of only water and cement (cement paste)
at a proportion of 0.4 w/c as stated earlier, and the sec-
ond consisting of six cubes where sand was added at a
ratio of 2.75 s/c. On each of the twelve cubes, two
nanoDots are placed at the side directly facing the
137Cs source and two are placed on the rear face di-
rectly opposite, shown in fig. 6. After seven days of
exposure, the dose to each of the nanoDots was mea-
sured. The dose of each nanoDot on the rear face was
subtracted from the measured dose of the nanoDot on

571 149
35X 03X

Figure 6. Concrete cube with two nanoDots for absorbed
dose measurement
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Table 2. Measured absorbed dose in cement paste cubes
and sand and cement cubes

Front Back géggtn‘;;?;
Mixture Cube cuEaeG dose | cube dose back cube
cGy] [cGy] dose [cGy]
1 136.6 38.6 98.0
2 127.2 359 91.3
Cement paste 3 125.7 322 93.4
4 120.0 32.6 87.4
5 103.4 28.1 753
6 94.7 29.3 65.5
7 85.1 26.2 58.9
8 89.2 25.8 63.3
Sand and 9 90.0 27.4 62.6
cement 10 91.6 29.5 62.2
11 106.0 30.1 75.9
12 124.4 33.0 91.4

the front face of the concrete cubes to obtain the total
dose absorbed by the concrete cubes itself.

Cubes 1, 2, and 3 (see fig. 3) received absorbed
doses higher than cubes 4, 5, and 6. This is explained
by the slightly off-center position of the '*’Cs source,
making it closer to cubes 1, 2, and 3 and further away
from cubes 4, 5, and 6. Cubes 5-10 most closely match
the distance of the '¥’Cs source in the MCNP6 simula-
tion of 11 cm. This is reflected in that they also most
closely match the calculated dose rates shown in fig. 3.
Those cubes that were closer to the source as aresult of
it being placed slightly off center had higher absorbed
dose rates. The average absorbed dose to the sand and
cement cubes is found to be 69.1 cGy while the aver-
age of the cement cubes is found to be 85.5 cGy. These
values are compared to an MCNP6 calculated value of
66 cGy. The sand and cement cubes (7-12) are gener-
ally closer to the 11 cm distance of the source in the
MCNP6 model while the cement cubes (1-6) are even
closer to the source causing a higher average absorbed
dose. The absorbed dose values for all 12 cubes are
shown in tab. 2.

Comparison of compressive strength
between the gamma cured and conventionally
cured concrete cubes

Compressive strength testing is performed on
only the sand and cement cubes according to the pro-
portions and time frame outlined erlier. The sand and
cement mixtures more accurately represent the con-
crete mixtures used in construction. The cubes that
were used in the dose measurement experiment were
not tested for compressive strength. During the place-
ment and removal of the nanoDots, the cubes became
too damaged to accurately test for compressive
strength. As aresult, a total of 120 concrete cubes from
five separate batches of concrete cube mixes are tested
for compressive strength. Each batch consisted of 12
cubes marked for gamma curing and 12 cubes marked

for conventionally curing. Occasionally, a few cubes
from each batch would stick to the molding and be-
come damaged in such a way that they had to be dis-
carded. This occurred in batches 4 and 5 of both the
gamma cured and conventionally cured cubes. In total,
112 cubes were tested for compressive strength. Half
of the cubes (56) are gamma cured while the other half
are conventionally cured. Compressive strength test-
ing is performed in the University of Utah Structures
Laboratory using an INSTRON universal testing ma-
chine [32] with computer controlled loading rate. All
testing is performed in accordance with ASTM stan-
dard C109 — Standard Test Method for Compressive
Strength of Hydraulic Cement Mortars [33]. Each of
the cubes is loaded into the INSTRON machine apply-
ing a loading rate of 200 Ib/s in accordance with
ASTM C109. The compressive strength of each cube
is shown in fig. 7.

The average compressive strength of the gamma
cured concrete is 8 563 psi while the average compres-
sive strength of the conventionally cured concrete is
6710 psi. A t-test” is performed to compare the gamma
cured cubes to the conventionally cured cubes in order
to analyze the closeness of the two data sets. The resul-
tant p-value™ from the t-test is 1.26-107'2, indicating
that the two data sets are dissimilar and the overall
compressive strength of the gamma cured concrete is

Gamma cured cubes
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Figure 7. Compressive strength of gamma cured (top)
and conventionally cured (bottom) concrete cubes. The
five batches labeled A-E are mixed between the months
of February-March, 2016

* A r-test is a statistical test used to compare different sets of data
in order to determine if they are the same or significantly
different from each other.

“"The p-value represents the probability from the t-test that the
two data sets being compared are the same
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higher than the conventionally cured cubes. The
gamma cured cubes also exhibited a lower average
standard deviation (405.4 psi) compared to the con-
ventionally cured cubes (592.04), indicating greater
consistency in each of the batches when gamma cured.
The only exception is batch E where the gamma cured
had a standard deviation of 481 psi while the conven-
tionally cured had a standard deviation of 401 psi. The
average compressive strength of batch E of the gamma
cured (9700 psi) is still higher than the average com-
pressive strength of batch E of the conventionally
cured (8430 psi). It is anticipated that with more test-
ing, the majority of the batches will follow the trend of
having both a lower standard deviation and higher av-
erage compressive strength and that batch E will be
shown to be an anomaly.

Analysis of the concrete cubes micro structure
using the scanning electron microscope (SEM)

The crushed remains of the concrete cubes from
batch E (11 gamma cured and 11 conventionally cured
cubes) are collected and sealed in plastic bags after
compressive strength testing for analysis using SEM.
In the Crus Advanced Materials Technology Center at
the University of Utah, a Hitachi S-4800 SEM is used
to examine the microstructure of the concrete cubes in
order to correlate the difference in their compressive
strength values (batch E, as shown in fig. 7). The com-
pressive strength of the gamma cured and convention-
ally cured cubes from batch E shown in fig. 7 are
shown in greater details in fig. 8. The microstructure of
the gamma cured concrete cube with the highest com-
pressive strength of 10 662 psi, concrete cube 8 shown
in fig. 8(a), and the microstructure of the convention-
ally cured concrete cube with the highest compressive
strength of 9396 psi, concrete cube 11 shown in fig.
8(b), is compared. The SEM images of these two cubes
are shown in fig. 9. Both cubes are similar in showing a
low void ratio. The void ratio is represented by the
dark areas in the SEM images. A lower void ratio
means that there is more contact between the C-S-H
and the aggregate, causing an increase in strength.

The concrete cubes from batch E with the lowest
compressive strength as shown in fig. 8 (gamma cured
concrete cube 10 with compressive strength of 8378
psi and conventionally cured concrete cube 1 with
compressive strength of 7528 psi) are also compared
using the SEM and the images are shown in fig. 10.
Both cubes show similar SEM images with a low void
ratio and well-developed C-S-H.

From these SEM image analyses, it appears that
the gamma and conventionally cured concrete are shown
to be similar in their void ratios as well as their develop-
ment of C-S-H for both the cubes with high and with low
compressive strength. The analysis suggests that for
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Figure 8. Detailed view of the compressive strength of
batch E of (a) gamma cured and (b) conventionally cured
concrete cubes (mixed on 8 March 2016)

short-term exposure to gamma radiation and absorbed
gamma doses of less than 1 Gy (fig. 3), no significant or
visible changes occur to the microstructure of concrete.
The lack of change in the microstructure suggests that the
increase in strength observed in the gamma cured cubes
is likely due to changes occurring at the molecular level
and interactions taking place between free radical forma-
tion and the products of hydration formed during the
early curing stages. The complexity of C-S-H is not well
understood [34]. The SEM analysis is only able to pro-
vide visual structure of the concrete at the micro level.
Our future research, already on-going, is addressing this
issue.
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Figure 9. SEM images of (a)
cube 8 of fig. 8(a) (gamma
cured) and (b) cube 11 of
fig. 8(b); (conventionally
cured) concrete cubes with
the highest compressive
strength as shown in fig. 8

Figure 10. SEM images of (a)
cube 10 of fig. 8(a) (gamma
cured) and (b) cube 1 of

fig. 8(b) (conventionally

cured) concrete cubes with VoI9S —
the lowest compressive
strength as shown in fig. 8

C-S-H

Effects of gamma rays induced heating on
concrete microstructure

Gamma radiation cured concrete cubes are also
compared to cubes that are cured in a high temperature
environment in order to assess if the analytical esti-
mates compared to the experiment. As described pre-
viously, heat can cause damage to concrete at tempera-
tures as low as 95 °C. The same concrete mix as
described in the Experimental set-up is used to analyze
the effects of high temperature on the microstructure
using SEM. The SEM images are then compared to
those of the gamma cured cubes in order to compare if
any gamma heating may be taking place. Twelve con-
crete cubes are cured using gamma radiation in the
same manner as described in the experimental 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 number
of cubes in each batch is dependent on the number of
concrete molds available in the laboratory at the time
of mixing. The two temperatures were chosen based
on a literature survey [19] indicating that the damage
to concrete can occur at temperatures at and above 95
°C. A slightly higher temperature of 120 °C was also
chosen since it is high enough above the boiling point
of water that dehydration and steam formation within
the pores is expected to be therefore accelerated. A
batch of six (6) cubes is used as a control and they are
cured in dry air at 23 °C with no exposure to radiation
and are mixed according to the same standards as de-
scribed in the Experimental set-up. All cubes are
tested for compressive strength using the same
method, and the crushed cubes are then saved for SEM
analysis. The measured compressive strength is shown
in fig. 11. The compressive strength of the gamma
cured cubes is compared to the cubes cured in the

Voids

C-S-H

(b}

oven, and control cubes, using a #-test. The resultant
p-values for the gamma cured compared to the heat
cured concrete cubes at 95 °C, 12 °C, and the control at
23 °C are 0.025, 0.069, and 0.04, respectively. These
p-values indicate that the gamma cured cubes still ex-
hibit a higher overall compressive strength than those
cured using heat or the control set.

The microstructure of the concrete cubes with
the highest compressive 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
identical in appearance having small voids with
well-developed C-S-H. The heat cured cube at 120 °C
has C-S-H in similar appearance but has one large void
that may be a result of greater dehydration due to the
elevated temperature.

The cubes with the lowest compressive strength
are also compared as shown in fig. 13. From fig. 11,
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Figure 11. Compressive strength of gamma cured, heat
cured cubes at 95 °C, heat cured cubes at 120 °C, and
control concrete cubes. The control cubes were cured
without any heat or gamma ray exposure
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Figure 12. SEM images of (a) gamma cured concrete (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 highest
compressive strength among the gamma cured ones, heat cured at 95 °C and heat cured at 120 °C as shown in fig. 11

Figure 13. SEM images of (a) gamma cured concrete (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 lowest compressive
strength among the gamma cured, heat cured at 95 °C and heat cured at 120 °C as shown in fig. 11

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), respectively. Similar to the cubes
with the highest compressive strength, the gamma
cured and heat cured at 95 °C exhibit comparable fea-
tures with a low void ratio and well-developed C-S-H.
The cube cured at 120 °C also has features similar to
cube 1 which has the highest compressive strength as
shown in fig. 13(c).

It was already shown that the gamma source used
for this experiment does not cause any meaningful
change in temperature in the concrete cubes. From the
SEM analysis comparing gamma and heat cured con-
crete cubes, it is shown that even if heating is to occur
to a degree that damage has been shown to occur [18]
(>95 °C), seven days is not enough time to disrupt the
microstructure within the concrete cubes.

Geant4 simulation of free radical
formation within concrete

To better understand the radiolysis occurring
within the micropores of the gamma cured concrete,
Geant4 [35] is used to simulate the formation of free radi-
cals as well as the rate at which they are formed. The
chem?2 example provided in the Geant4-DNA toolkit
[36, 37] is used as a base for this simulation. The chem2
module simulates radiolysis and its associated reactions.
The material definition of the world is defined as port-
land cement and water with a w/c ratio of 0.4. The com-
position for portland cement concrete for usage in

Geant4 is obtained from the Compendium of Material
Composition Data for Radiation Transport Modeling
[38]. Porosity is simulated by homogenously distributing
water in a volume of portland cement. A porosity value
of 14 % is used based on literature values for a 0.4 w/c
mix ratio [39]. The geometry accurately replicates the
laboratory experiment in fig. 2, a 125 cm® cube com-
posed of cement and water and placed 11 cm froma '¥’Cs
source. The Geant4 model is shown in fig. 14. Three
different source strengths of 37 MBq, 630 MBq, and
1260 MBq with four different exposure times of one
hour, twelve hours, one day, and seven days are simu-
lated. The total production of free radicals in moles/s is
shown in figs. 15-17.

The simulation shows that as both time of expo-
sure and source strength increases, the production of
free radicals also increases. Free radical production
does, however, begin to taper off with increasing time
and source strength. The difference between seven

5cm

11 cm

Cs point source

5cm
137,

86 % concrete
14 % water

Figure 14. Geant4 simulation geometry of gamma rays
from a '¥'Cs source interacting with concrete and leading
the formation of free radicals
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Figure 15. Production of the H, radical within the micro
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Figure 17. Production of H,O, radical within the micro
pores of a 125 cm® sample of concrete in moles/s

days of exposure at 630 MBq and 1260 MBq is not
twice as much, despite the source strength being twice
as strong. This suggests that the benefits of increased
strength from gamma curing might also begin to taper
off and a source twice as strong may not offer any in-
creased benefit. The free radical production also be-
gins to taper off with time of exposure. The results sup-
port the idea that gamma exposure is most beneficial

during the early stages of curing. For these reasons
sources of lower and higher strength are notused in the
experiment as the simulation shows the benefits would
be minimal or non-existent.

CONCLUSIONS

Substantial literature documents how both
gamma and neutron radiation have degrading effects
on concrete over time periods of several decades of ex-
posure. The C-S-H, a product of hydration within con-
crete, acts as a binder for all the concrete constituents.
Radiation can cause heating within the internal con-
crete structure and cause the C-S-H to dehydrate and
lose its strength. The process of dehydration from radi-
ation can be caused by two mechanisms: gamma heat-
ing and radiolysis. Dehydration of C-S-H causes
shrinkage and therefore a loss in volume. The shrink-
ing C-S-H has less surface area to bond to aggregates,
creating an overall decrease in overall strength of the
concrete. Heat can also cause internal stress in aggre-
gates as the water contained in their pores is converted
to steam. The internal pressure causes cracking and a
loss of strength. The structure of C-S-H can vary
widely and exists in many forms such as Jennite and
Tobermorite. When gamma rays interact with water,
radiolysis will occur, forming free radicals such as H*
and OH™, the formation of which may be beneficial to
concrete's compressive strength. We presented the re-
sults of short-term gamma radiation exposure to con-
crete during its first seven days of curing, and how its
properties change. A 630 MBq !*’Cs source is shown
to provide a calculated dose of 0.66 Gy and an average
measured dose of 0.75 Gy to concrete cubes 125 cm?
over seven days of exposure. The dose is calculated
with the MCNP6 and determined experimentally. A
slight difference between the calculated and experi-
mental doses is due to the off-center positioning of the
137Cs source in the experiment, causing a higher dose
in some of the concrete cubes. The dose is substan-
tially less than required to damage to concrete. The
compressive strength of gamma cured and conven-
tionally cured concrete cubes is compared showing
that gamma cured cubes have an average compressive
strength of 8563 psi compared to conventionally
cured cubes with average compressive strength of
6710 psi. The gamma cured cubes also exhibited a
lower standard deviation than the conventionally
cured cubes. The SEM analysis of the microstructure
of the gamma and conventionally cured cubes yielded
no discernable difference between the two, suggesting
that changes most likely are taking place at the
atomistic level. A possible explanation is the process
of radiolysis that creates an excess of H” and OH™ pro-
moting formation of C-S-H more quickly. A more
rapid formation of C-S-H thus may cause better bond-
ing between the aggregates at an earlier stage of con-
crete curing. The formation of free radicals within the
microstructure of concrete cubes was analyzed also
with Geant4 computational modeling. Increasing
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source strength and time of exposure shows an in-
crease in the rate of free radical productions. It is,
however, shown that after seven days of exposure to
630 MBq gamma source, the increased rate of produc-
tion is minimal. The results support the idea that the
benefits of gamma curing are most beneficial during
the first seven days of curing. Future testing is planned
to include curing cubes for 28 days in comparison to
conventionally cured concrete cubes, to analyze if the
benefits do diminish over time. Additionally, molecu-
lar dynamics simulation of concrete under these con-
ditions is underway.
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Ctusen BYPHAM, Ksentun ®APE, Mumen TEMIINIMH, Jlour XYAH, Tatjana JEBPEMOBHUh

YTUIAJ CTBAPAIbA CIOBOJHUX PAIUKAIA MHAYKOBAHUNX
ITFAMA 3PAYEBLEM HA YBPCTUHY BETOHA 3A YHOTPEBY Y
HYK/IEAPHUM EJIEKTPAHAMA

Y oBoM papy AajeMo mperiey IpeIuMUHAPHAX CKCIIEPUMEHATa U HyMEPUUKUX IPOIICHA YTUIlaja
CcTBapama CI000JHUX pajuKala IOJ [EjCTBOM rama 3pauyela Ha KapaKkTepucTuke OeToHa y asu
ca3zpeBama. lllTeTHN yTHIAjW IyroTpajHOT M3jarama BUCOKMM j03aMa raMa W HEYTPOHCKOT 3pavctha
6eToHa OOMMHO Cy JOKYMEHTOBaHW y JuTepatypu. MebyTuMm, MU cMO mOKa3anm fa KpaTKOTpajHa
u3narama OeTOHA raMa 3pauely MOry OUTH KOPHCHA 3a MoBehame HheroBe UBPCTHHE Ha MPHUTHCAK.
Wsspuieno je nopebeme yTumaja msmarama 56 Koukum GeToHa sampemune 125 cm?, spauemy 37Cs
akTuBHOCTH 630 MB(, TOKOM IIPBUX CElaM IaHa ca3peBara U 56 KOIKH NOABPTHYTHX KOHBEIIMOHAITHOM
mporecy ca3zpeBama. Cpefiiba jaunHa Ha IPUTHCAK KOLKY TPETHPAHUX raMa 3padetmeM je oko 8500 psi qok
je cpenba jaunHa Ha MPUTHUCAK KOHBEHIIMOHAITHO TPETUPAHNUX KOLKY n3HOcHIa oko 6700 psi. Ynorpebom
cKeHupajyher eJeKTpOHCKOT MUKPOCKOIIa aHAIU3UpaHa j€é MUKPOCTPYKTYpa KOLKHU IOABPTHYTHUX rama
3padeny 1 KOHBEHIIMOHAIHOM TIOCTYIKY 3peha. Pagnomm3a MUKpOoCTpyKTypa KOIKY GeTOHA MPOIeHheHa
je KOMIjyTepcKuM MoOJejioBamkeM mnpuMeHoM maketa Geantd. I[lpowsBopma CIOGOTHUX pajuKania
pajuonu3oM pacre ca noschameM jaumHe HW3BOpa M BPEMEHOM H3Jarama rama 3pademy. OBo
HCTpakUBame NMOKa3yje f1a, y OMNIITEM CIy4ajy, ca3peBame OeTOHa y MOoJby raMa 3paderha iaje IpuMeTaH
TpEeH]] Ka IOPaCTy YBPCTHHE.

Kmwyune peuu: beition 3a HykaeapHy uHOyciipujy, uepcitiuna oeitiona, Geantd, zama 3apaderse



