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MOPAC and LAMMPS molecular dynamics codes and reaction kinetics code based on
multi-ionic continuum-based model are used to analyze the impact of gamma radiation on
concrete hydration. The experimental studies showed that while cured with the low gamma
dose concrete shows a statistically significant increase in its strength compared to convention-
ally cured concrete. The potential reason is the interactions of gamma rays with water causing
concrete faster hydration. The question then to ask is would the higher gamma dose enhance
the concrete curing further producing its higher strength. This paper provides in-depth nu-
merical analyses of the high-dose gamma radiation effect on concrete based on molecular dy-
namics and reaction kinetics models. Under these conditions, it is assumed that gamma radia-
tion interacting with water within the concrete induces water radiolysis. These numerical
simulations show that the reactivity is generally increased in the presence of electrophiles.
However, the early hydration models of tricalcium silicate (alite) and dicalcium silicate
(belite) with H*, OH-, and H30* show that the hydration process is slowed down leading to
alower concrete strength. Additionally, the reaction kinetics model used to estimate the effect
of [OH"] on tricalcium silicate hydration shows that an increase or decrease of [OH-] during
tricalcium silicate hydration can respectively slow down or enhance its rate of hydration. The
dose necessary to produce the water radiolysis resulting in varying [OH-] during tricalcium
silicate hydration is required to be extremely high and therefore, will damage the concrete
structure itself. This leads to the conclusion that increasing the gamma dose to concrete above
that used in the experimental studies in order to induce water radiolysis will not improve con-
crete strength, therefore water radiolysis is not the required condition for improving concrete

strength when cured under gamma radiation.

Key words: LAMMPS, MOPAC, early concrete hydration, multi-ionic continuum-based model,
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INTRODUCTION

Studies about cement, adjuvants, and concrete
over the last three decades have identified their in-
trinsic characteristics that influence the concrete
strength development and have shown that ultra-high
performance concrete with a compressive strength of
150 MPa and even up to 800 MPa can be created [1].
Some of these studies also led to concrete with faster
strength development at its early stage of curing in
thus providing stronger concrete earlier [2]. The de-
velopment of new methods to enhance concrete
strength and the development of methods to increase
the overall strength of concrete are the two areas of re-
search that the concrete industry continuously pur-
sues. As described in [3-5] and shown in fig. 1, the low
gamma dose applied to curing concrete leads to an in-
creased concrete strength (in all cases the source is
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137Cs). The complexity of concrete structure and vari-
ations in the experiments such as but not limited to
concrete composition, the process of mixing concrete
ingredients and environmental conditions (tempera-
ture, humidity) affect the final concrete strength mea-
surements, thus explaining the differences in the val-
ues obtained in these experiments.

[3] 7 days gamma irradiation
5 + 14 days gamma irradiation
5] ® 28 days gamma irradiation

2756 TM
0.0 [5]

0.69 0.84 1.32 Dose [Gy] 2.64

~N @
o ®
o w

Concrete compressive
strength increase [%)]

Figure 1. Experimental percent increase of concrete
compressive strength as a function of gamma dose and
exposure time [3-5]
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The existing and on-going studies on the effects
of gamma radiation on concrete refer to matured con-
crete and high doses in the range of MGy or higher
[6-9]. The exposure to high gamma dose has a nega-
tive impact on concrete compressive strength as well
as its durability. Phenomena that are identified to lead
to decreased concrete strength are but not limited to
boosted alkali-silica reactions and an increase in con-
crete temperature. At these high doses, water
radiolysis becomes also a significant phenomenon
leading to an increase of internal pressure and produc-
tion and buildup of H,, (explosive gas) [6]. Figure 2
describes the water radiolysis process in concrete
pores [9, 10]. The interaction of ionizing radiation,
such as gamma radiation, with a water molecule, re-
sults in water ionization (H,O" + ¢7) or water excita-
tion (H?O"). About 10?5 after the interaction, the e~
thermalizes to become e”,,. During the same time, the
excited water molecules and ionized water molecules
undergo different processes in creating new radicals
and molecules that interact with themselves and water
itself. Between 10712 and 107° s, these radicals and
molecules continue to interact between themselves
and water but also diffuse within the water. At 107 s,
the new species are created, the four different radicals
(H, OH, HO,, and e’aq.) and four different molecules
(H,, H,0,, OH", and H;0"), also called the primary
products. H;O™ is also sometimes replaced in the pri-
mary products by H" [11]. Their production yields are
expressed in molecules per 100 eV deposited in water.
These yields are dependent on pH and the linear en-
ergy transfer (LET). The presence of some of the pri-
mary products of water radiolysis (H", H;O", and
OH") in small quantity improves the reactivity of
tricalcium silicate and dicalcium silicate with water
[5] and therefore the reason to investigate further their
potential effect on early concrete hydration.

Tricalcium silicate and dicaldium silicate, also
called alite and belite, respectively, are the two com-
pounds of cement (representing one of the main com-
ponents of concrete) that contribute the most to con-
crete strength when mixed with water [12]. An
improvement of the reactivity of alite/belite with water
could mean that alite and belite might react faster with
water leading to increased concrete strength. The OH

and ¢",,. have the highest production yields at the pH
of concrete and are very close to molecules/ions in-
volved during alite and belite hydration (OH™ and
H,0) [9]. Therefore, they could potentially influence
their hydration. Knowing that the alite and belite
hydration are extremely complex processes [12] and
not fully understood, numerical simulations are then
used to analyze the conditions of concrete hydration
assuming water radiolysis takes place.

In this paper, we present in-depth numerical
analyses of concrete strength development in the pres-
ence of high dose gamma radiation using molecular
orbital PACkage (MOPAC) and large-scale
atomic/molecular massively parallel simulator
(LAMMPS) molecular dynamics codes and reaction
kinetics code based on multi-ionic continuum-based
model (MI-CBM) to understand if the high gamma
dose will boost concrete strength. These numerical
simulations show that the reactivity of alite with water
and belite with water is generally increased in the pres-
ence of electrophiles. However, the early hydration
models of alite and belite with water containing H™,
OH", and H;O" show that the hydration process is
slowed down leading to its lower strength. Addition-
ally, the reaction kinetics model used to estimate the
effect of [OH ] alite hydration shows that an increase
ordecrease of [OH ] during alite hydration can respec-
tively slow down or enhance its rate of hydration.
However, the dose necessary to induce [OH ] varia-
tion (due to water radiolysis) during alite hydration is
very high so that it will damage the concrete itself.
This leads to the conclusion that using high gamma
source intensity and dose to concrete above the one
used in the experiment in [4] to induce water
radiolysis, will not improve concrete strength.

MOLECULAR DYNAMICS STUDY
ASSESSING GAMMA RADIATION
IMPACT ON CEMENT HYDRATION

The MOPAC models of alite
and belite hydration

The MOPAC model is developed based on the
frontier molecular orbital (FMO) theory [13-15]. The
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FMO theory can be used to determine how likely a cer-
tain reaction is to occur (i. e., reactivity). The theory is
based on the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), where HOMO is the orbital with the less en-
ergetically bonded electrons, and LUMO is the orbital
level that new electrons occupy. Therefore, the
HOMO and LUMO of two molecules are analyzed to
determine the HOMO-LUMO gap such as HOMO
molecule 1 -LUMO molecule 2 or HOMO molecule 2
—LUMO molecule 1. The smaller the gap is, the more
likely the reaction is to occur.

The MOPAC semi-empirical molecular dynamics
(MD) simulation code, the HOMO and LUMO are cal-
culated for alite (3CaO- SiO,) belite (2CaO- Si0O,), jennite
[CaySigO,3(OH)4- 8H,O], tobermorite [CasSigO,(OH),
-4H,0], water (H,0), and silicate (representing the fine
aggregate, (Si0,) [16, 17]. The reactivity values for the
aforementioned six molecule combinations shown in
tab. 1 are calculated according to

Reactivity =
= minimum(HOMO, —-LUMO,

>

HOMO, -LUMO, |)
(1)

where 1 refers to Molecule 1 in tab. 1 and 2 refers to
Molecule 2 in tab. 1

The H;0*, OH", H*, OH, and € 4 lons/radicals
are added around the alite, belite, jennite, and
tobermorite molecules as follow:
— addition of 1 to 10 (increment of 1) H;0" ions,
— addition of 15 to 100 (increment of 5) H;0" ions

Table 1. Molecule combinations used for the reactivity
calculations with MOPAC

Molecule 1 Molecule 2
Alite Water
Belite ‘Water

Jennite Water
Tobermorite

Silicate \.V.ater

Silicate

For each of these combinations, the HOMO and
LUMO are calculated and the reactivity with water or
silicate is determined. In each simulation, 18 mole-
cules of alite and 16 molecules of belite are used [18].
Figures 3 and 4 show the reactivity of alite and belite
with water in the presence of H;0", OH-, H*, OH, and
€ g Tespectively. The reactivity of alite with water is
8.22 eV. As shown in fig. 3, with the addition of few
H,0", OH~, H, OH, and € ,q ions/radicals, the reac-
tivity decreases, showing a higher chance of interac-
tions between the two molecules. The reactivity de-
creases to 5.7 eV with the introduction of two H;O"
ions i. e. to 6.3 eV due to the introduction of four OH~
ions. However, as the number of H;O" and OH" ions
introduced increases, the reactivity increases, ap-
proaching its initial value of 8.22 eV. For H*, OH, and
€ ¢ the reactivity value generally decreases and then
for H" and e, levels off with the addition of more
radicals or ions. Alite is known to be the main com-
pound of concrete that affects its strength at the early
stage of curing. Therefore, the early development of
concrete strength (between zero and seven days) could
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be faster when cured in the presence of gamma radia-
tion due to increased reactivity of alite with water.
However, these reactivity calculations are not
time-dependent and therefore can only be seen as pre-
dictions [19]. The so-called dynamics models are nec-
essary to further study the effect of high gamma dose
on alite hydration and are presented in the next sec-
tion.

The reactivity of belite with water is 8.53 eV. As
shown in fig. 4, the introduction of OH™ ions makes
the reactivity oscillate between lower and slightly
higher reactivity values, to 6.2 eV with the introduc-
tion of four OH™ ions and to 9.0 eV with the introduc-
tion of 90 OH™ ions. The reactivity decreasesto 5.3 eV
with the introduction of four H;O" ions and slowly in-
creases back to the reactivity value of belite with water
alone, 8.5¢V,8.5¢eV,7.9 eV, and 8.6 eV with the intro-
duction 0f 85,90, 95, and 100 H,O" ions, respectively.
The additions of H', OH, or e”,. decrease the reactiv-
ity value; for example, the addition of 75 OH mole-
cules decreases the reactivity to 4.1 eV. Belite is re-
sponsible for the concrete strength development at the
late stage of curing (after 7 days). Therefore, the early
development of concrete strength (between zero and
seven days) could be faster in the presence of products
of water radiolysis due to belite reacting faster with
water. The dynamics models are necessary to further
study the effect of high gamma dose on belite
hydration and are presented in the next section.

Alite with water is more reactive than belite with
water. An explanation of the higher reactivity of alite
with water is that some oxygen atoms in the alite are

loosely bound compared to the oxygen atoms in belite
and thus react more easily with an electrophile [20].
Hence, it is possible that an electrophile created due to
water radiolysis such as H", H;0", and OH, will di-
rectly react with the alite loosely bound oxygen atoms
in thus boosting the alite hydration. This hypothesis is
further investigated in the dynamics model presented
in the next section.

The MOPAC models for jennite
and tobermorite

Calcium silicate hydrate (C-S-H) that is formed
as a result of alite and belite hydration, is the main
compound of the cement paste responsible for con-
crete strength [21]. The two most common C-S-H
structures are extremely close to the jennite and
tobermorite crystal structures, therefore jennite and
tobermorite are analyzed [12]. Figures 5 and 6 show
the reactivity of jennite and tobermorite with water in
the presence of H;O0", OH™, H', OH, and € g TESPEC-
tively. The reactivity of jennite with water is 7.38 eV.
By adding H;O™ ions, the reactivity is improved for
few ions added but as more and more ions are added,
the reactivity value increases and goes above the reac-
tivity value of jennite and water only. For OH™ ions,
the reactivity value oscillates around the reactivity
value of jennite and water only. However, the pres-
ence of HY, OH, or e, decreases the reactivity; for
example, the addition of 95 OH radicals reduces the
reactivity to 3.09 eV. The same trends are obtained for
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tobermorite. With the general improvement of reactiv-
ity higher production of H', OH, and €. than H;0",
OH™ the hydration process might continue, resulting
in different C-S-H molecules of higher strength.

Figures 7 and 8 show the reactivity of jennite and
tobermorite with silicate in the presence of H;0,
OH-,H*, OH, and € 5q- respectively. As can be seen in
fig. 7, there is a general improvement in the reactivity
of jennite with water. The reactivity of tobermorite
with water shows no general trend but it can be ob-
served from fig. 8 that the reactivity oscillates around
its initial value in the presence of H;0", OH-, H", OH,
and ¢”,,. The bonding between C-S-H molecules and
the aggregates can be one source of failure of concrete
[21]. Improving the reaction between the C-S-H mole-
cules and the aggregates could increase the durability
and improve concrete strength. Therefore, the pres-
ence of H;0%, OH", H', OH, and € 4q Might improve
the bonding between jennite type C-S-H and aggre-
gate in thus improving concrete strength. Because the
reactivity of tobermorite with silicate oscillates around
its initial value, no general conclusion can be made on
the bonding of tobermorite and silicate.

With a possible improvement in the reactivity of
jennite and tobermorite with water and jennite with sil-
icate, the concrete strength might be improved to some
extent. However, as it will be shown in the following
sections, dynamics and reaction kinetics models show
that at a very high gamma dose, water radiolysis has a
negative impact on concrete strength development
that is not compensated by a potential better bonding
of C-S-H with aggregates or a more hydrated C-S-H.

The LAMMPS models of alite
and belite hydration

The LAMMPS molecular dynamics models of
alite/belite early hydration are developed to verify the
MOPAC results. The LAMMPS is a molecular dy-
namics code used to study material properties or inter-
actions between various materials [22]. Among the
multiple force fields within LAMMPS, the ReaxFF
force field is selected in order to simulate the early
hydration of alite and belite [23]. The parameters of
the force field are obtained from [19] that are initially
created by merging the ReaxFF parameters for Si-O-H
from Ref[24] and Ca-O-H from [25] and then used to
study C-S-H [26, 27], alite [19], and belite [28].

Three different simulation models are developed
to study the alite early hydration, and they are as fol-
lows:

—  Firstalite early hydration model: monoclinic alite
crystal structure is built based on [29] for which
the unit cell parameters of the crystal structure are
a=12235A,b=7.073 A, c=9.298 A, and B
=116.31° (a, b, and ¢ are the lengths on the x-axis,
y-axis, and z-axis of the crystal structure and S is
the angle between the x-axis and z-axis of the crys-
tal structure). A superstructure of alite is built in
LAMMPS containing three alite crystal structures
in all three directions of the crystal reaching at
least 2 nm length per direction. Water (density = 1
gem ) is added surrounding the alite superstruc-
ture. Energy minimization is conducted using the
Polak-Ribiere version of the conjugate gradient
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algorithm implemented in LAMMPS with 107
kcal x mol " and 10 ®kcal x mol ™' A" for the cut-
off tolerance of energy and force, respectively. To
replicate the basic condition of an environment
where alite and water are mixed, a Nose-Hoover
thermostat of 298 K (damping parameter of 20 fs)
and pressure of 1 atm (damping parameter of 200
fs) are applied in the model. The velocity Verlet in-
tegrator, a method used to integrate the equation of
motion, is used with a time-step of 0.2 fs. The sim-
ulation is run over a period of 2 ns for a total of
10 000 000 time steps.

— Second alite early hydration model: consists of
the alite superstructure surrounded by water and is
performed with the same parameters and condi-
tions as in the first alite early hydration model, but
10 % of water molecules are replaced with H" and
OH (90 % water, 10 % H" and OH").

—  Third alite early hydration model: consists of the
alite superstructure surrounded by water and is
performed with the same parameters and condi-
tions as in the first alite early hydration model, but
20 % of water molecules are replaced with H;O"
and OH (80 % water, 10 % H;0", and 10 % OH").

The ReaxFF force field computes the charge of
each ion/molecules at each time step by using the con-
ventional charge of each atom, so free radicals such as

OH are automatically viewed by LAMMPS as OH".

For this reason, no simulations are performed with the

addition of free radicals.

In order to study the belite early hydration, the
three following different models are developed:

—  First belite early hydration model: consists of a
monoclinic belite crystal structure that is built
based on ref. [30] (3-C2S) in which the unit cell
parameters of the crystal structure are a=5.502 A,
b=6.745A,c=9.297 A, and 8 =94.59° (these pa-
rameters have the same meaning as in the alite
crystal structure). A superstructure of at least 2 nm
in length per direction is then created and sur-
rounded by water. The parameters, simulation
conditions, and simulation time are the same as
used in the alite model.

—  Second belite early hydration model: consists of
belite superstructure surrounded by water and the
parameters and simulation conditions are the same
as in the first belite early hydration model, but 10
% of water molecules are replaced with H+ and
OH (90 % water, 10 % H" and 10 % OH).

—  Third belite early hydration model: consists of
belite superstructure surrounded by water and the
parameters and simulation conditions are the same
as in the first belite early hydration model, but
20 % of water molecules are replaced with H;O"
and OH (80 % water, 10 % H;0", and 10 % OH").

Based on [19, 28], the total simulation time is 2 ns.
This simulation time allows to visualize the early
hydration of alite and belite, as well as the effects of H,
H,0, and OH™ on alite and belite early hydration, show-
ing how the presence of H, H;0", and OH™ influences
the early hydration of alite and belite with water.

Early hydration of alite

The density profile of hydrogen atoms, calcium
atoms, and silicon atoms for all three alite models are
presented in fig. 9 for one of the surfaces perpendicular
to the y-axis, (010) surface (Miller indices notation'). In
the simulation model with alite and water, there is no
dissolution zone, which is a zone where the alite atoms
and water species coexist. In the models with H;O" and
OH-, a very thin dissolution zone of 0.6 A is formed af-
ter 2 ns. However, this does not represent a start of
hydration since the dissolution zone is very thin and
does not increase during 2 ns. The non-hydration of the
(010) surface can be explained by water tessellation
[19]. The water at the interface of alite organizes itself
in a stable configuration hindering the hydration. For
the (001) surface, the density profile of calcium, hydro-
gen, and silicon atoms in all three alite early hydration
models are very different, as can be seen in fig. 10,
where a clear dissolution zone is observed. The thick-
ness of the dissolution zone is 2.25 A for the alite and
water model, 2 A for the alite, water, OH~, and H"
model, and 1.5 A for the alite, water, OH-, and H"
model. For the other interface surfaces of the alite and
water, the density profiles are between the density pro-
files of the (010) surface and the (001) surface. Alite has
loosely bonded oxygen atoms [20] allowing them to
create bonds easily with hydrogen atoms migrating in-
side the alite, therefore explaining the fast migration of
hydrogen atoms inside the alite.

The hydration process of alite is based on hydro-
gen hopping [19] similar to the Grotthuss mechanism
[31] that consists of the migration of hydrogen atoms
through material by creating bonds with oxygen atoms
and moving from one oxygen atom to another deeper
in the material. In all three simulation models, water
molecules dissociate at the surface of alite. The hydro-
gen atoms that are no longer bonded to oxygen atoms
will create new bonds with an oxygen inside the alite.
Then, they create new bonds with other oxygens atoms
deeper inside the alite, allowing their migration into
the alite. Figure 11 shows an example of a hydrogen
hopping. One of the hydrogen atoms from the water
molecule creates a new bond with an oxygen atom
from SiO*". The hydroxide ion reorients itself with the
hydrogen pointing towards the outside of the alite. The
hydroxide ion then maintains this orientation. It is also
observed that the hydrogen hopping process is much
slower when it reaches a layer with orthosilicate. In the

"In the Miller indices notation, the surface (kk/) is the surface with normal vector ha + kb + I¢ where @,b, and ¢ being the vector of the
reciprocal lattice. The A, k, and / are fractioned to crystal structure parameters. Negative indices are denoted with a bar (—4 is written as /)
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Figure 9. Density profiles along y-axis between —15 A and -5 A of hydrogen (left), calcium (middle), and silicon (right)
atoms for the (010) surface: (a) alite and water, (b) alite, water, H', and OH, and (c) alite, water, H;0", and OH™. [Interface
between water and alite is located at —10 A; densities are expressed in a number of atoms; 1 A = 107" m]
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Figure 10. Density profiles along z-axis between 3 A and 13 A of hydrogen (left), calcium (middle), and silicon (right) atoms
for the (001) surface: (a) alite and water, (b) alite, water, H', and OH", and (c) alite, water, H;0", and OH™. [Interface
between water and alite is located at 9 A; densities are expressed in a number of atoms; 1 A = 107" m]|
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Figure 11. Example of hydrogen hopping obtained from
the simulation model with alite and water only: (a) at
1.82 ns, hydrogen atom is bonded with oxygen atom, (b)
at 1.84 ns, hydrogen atom is no longer bonded with the
same oxygen atom but with another oxygen atom

[1: hydrogen atom, 2: oxygen atom, 3: oxygen atom|

hydrogen hopping process, hydrogen atoms can create
new bonds with oxygen atoms from an orthosilicate.
However, it is observed that hydrogen atoms can then
create new bonds with oxygen atoms in the same plane
that is not in an orthosilicate rather than going deeper
in the alite, slowing down the hydration process.

It is expected that the hydrogen hopping occurs
faster in the simulation model with OH™ and H" since
water molecules have already been dissociated, but as
shown in fig. 10, the hydrogen hopping is slower
(fewer hydrogen atoms have migrated inside the alite
crystal superstructure) in the simulation model of the
alite, water, H*, and OH™ compared to the simulation
model with alite and water only. Therefore, the pres-
ence of HY, and OH™ slow down the early hydration of
alite. This indicates that during the hydration of alite,
the quantity of H" and OH™ present in water, and there-
fore their concentrations, plays an importantrole in the

reaction of alite with water. An excess of H" and OH~
hinders the natural dissociation of water into H* and
OH' slowing the early hydration process. The reaction
kinetics model presented in the following section ex-
plains more this aspect in more detail. In the simula-
tion model with H;O" and OH™, the hydrogen hopping
is even slower since there are fewer hydrogen atoms
present in the dissolution layer and so is the early
hydration of alite. This significant slowdown of the
hydration process of alite with water is explained by
the excess of H;O" and OH™ in water hindering the
hydration, similarly with OH™ and H". Also, it is noted
that H;O™ dissociates slower at the interface of alite
than water, leading to less hydrogen being available to
migrate inside the alite, and therefore contributing to
further slowing down of hydration process.

The presence of H', OH™, and H;0" could im-
prove the early hydration of alite with water in two
ways: improvement of reactivity of alite with water
(the water molecules react faster with alite and there-
fore the process of dissociation into H" and OH™ hap-
pening during the hydration of alite is faster) and, by
having water molecules already split into H and OH~
(part of hydration mechanism). In both cases, if the
early hydration is improved, then more hydrogen at-
oms migrate into the alite crystal superstructure. How-
ever, the LAMMPS models show the opposite, it
shows a slower hydration.

The hydration of alite can be divided into multiple
periods as sketched in fig. 12 [32]. The first period of
hydration represents the initial phase in which the reac-
tion rate drastically slows down when alite starts to be in
contact with water. When reaction rate stops decreasing,
the second period called the induction period or dormant
phase, starts with the reaction rate showing its lowest
value. The third period, called the acceleration phase, is
where the alite reaction rate significantly increases until
reaching its maximum. After reaching its maximum, the
reaction rate starts to decrease, this is the so-called decel-
eration period. Many theories have been developed to
explain the decrease of a reaction rate right after the be-
ginning of hydration and why it stays at a low value dur-
ing the induction period. The most accepted theory ex-
plains that there is the creation of a protective layer

LTI Illa b

Heat flow [mWg ']
S

0 5 10 15 20 Time [h]

Figure 12. Heat flow curve of alite [33]
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between water and anhydrous alite [32]. This layer of hy-
drates stops water to migrate through it to reach the anhy-
drous alite. As shown in fig. 9(a), some surfaces of alite
do not hydrate while fig. 10(a) shows that the hydration
can be slowed down once reaching an orthosilicate layer.
Both phenomena explain why the alite rate of hydration
drastically decreases after contacting with water. The
second case as shown in fig. 10(a) shows an important
decrease in reaction rate of alite after contact with water
is established. The hydration process (hydrogen migra-
tion) is very fast between orthosilicate layers but very
slow in crossing the layers. Therefore, the reaction rate of
alite is decreasing as the orthosilicate layers are crossed
while the outer alite layer continues to hydrate. Such a
theory has not yet been proven.

Early hydration of belite

Figure 13 shows density profile of hydrogen,
calcium and silicon atoms along the y-axis near one of
the surfaces of the belite superstructure, (010) surface,
for the three belite simulation models. A dissolution
zone is created for the belite and water with a thickness
ofonly 0.7 A compared to 2.25 A in the alite and water
case. As expected, the belite layer is much thinner than
the alite since belite is less reactive than alite. The dis-
solution zone thickness for belite, water, H", and OH~
is 1.1 A. In both cases, only a few hydrogen atoms are
in this zone but in the model with H" and OH™, there
are even fewer hydrogen atoms. The dissolution zone
tends to be formed at the beginning of the simulation
(process) for the belite and water model but later for
belite, water, HY, and OH™ where the first hydrogen at-
oms at the level of calcium atoms are formed at 80 ps.
The model of belite with water, H;O", and OH™ shows
no formation of the dissolution zone. The same con-
clusion can be derived for the alite: the presence of H,
OH", and H;0" slow down the early hydration process
(less hydrogen migrating inside the belite). The
hydration process during 2 ns of simulation is barely
observed. Dissociation of water into hydroxide ions
and hydrogen atoms as well as hydrogen atoms
bonded to the oxygen of an orthosilicate are observed.

Table 2 summarizes the results of discussed re-
activity calculations and early hydration models of
alite and belite with water in the presence of products
of water radiolysis. Alite and belite are responsible for
concrete strength development before and after seven
days, respectively, because of their reactions with wa-
ter being different. Due to the improvement of reactiv-
ity of alite with water in the presence of products of
water radiolysis, alite might reacts faster with water,
leading to alite dissolving quicker, thus more C-S-H be
created, and therefore, leading to a higher concrete
strength. In the case of belite, the reactivity calcula-
tions show that the presence of products of water
radiolysis improves its reactivity with water. There-
fore, belite might also react faster with water, and
hence, it might contribute to concrete strength devel-

opment during its first seven days of curing. To ana-
lyze these (static) reactivity calculation models, the
dynamics models of early hydration of alite with water
and belite with water in the presence H*, OH", and
H,O" are developed. The presence of H+ and OH-
slows down the early hydration (hydrogen hopping)
because of the excess quantity of H" and OH™ present
in the water influences the water dissociation. The
presence of H;O" and OH™ slows down the early
hydration for the same reason. The H;O" reacts slower
with alite/belite than water in thus leading to less hy-
drogen being available to migrate inside the alite and
belite, thus slowing down the early hydration further.
Therefore, the presence of H, OH", and H;O" has a
negative impact on concrete strength development;
this is in contrary to reactivity calculations influences
by other phenomena happening during the hydration
that were captured in these models.

REACTION KINETICS STUDY ASSESSING
IMPACTS OF GAMMA RADIATION ON
CONCRETE HYDRATION

Very few studies exist on alite hydration reaction
kinetics and multi-ionics [33, 34]. For this study, the
multi-ionic continuum-based model (MI-CBM) de-
scribed in [34], a 1-D model based on physics, chemis-
try, reaction kinetics, and multi-ionic transport, is se-
lected. A sphere of radius 0.00025 cm surrounded by
water represents Alite. In the time-dependent model,
the alite radius decreases and a C-S-H layer outside of
the alite develops. The model parameters were obtained
from experimental data or other simulation models as
described in [34]. The alite rate of hydration curve ob-
tained using MI-CBM has a similar trend to one shown
in fig. 12, [34]. In MI-CBM, only OH" is considered.
The other products of water radiolysis were not imple-
mented because the calculation of their concentrations
is not important or is not part of the alite hydration.
Therefore, to explore the effect of OH™ on alite
hydration, the MI-CBM is applied.

Adding a constant addition rate or constant re-
moval rate in the model modifies the concentration of
OH". Figure 14 shows the MI-CBM dimensionless
rate of alite hydration and the C-S-H inner and outer
radii. The inner radius and outer radius correspond to
the inner radius and outer radius of the C-S-H layer di-
vided by the initial radius of the alite sphere. The con-
stant removal rate and the constant addition rate were
selected to be —15 mmolL ™" and 15 mmolL! (the equi-
librium concentration of OH™ reached in the model is
60 mmolL ™).

Table 3 shows the values of the inner radius,
outer radius, and rate of hydration after at 7.5 hours
and 24 hours, the precent of alite that reacted with wa-
ter and the precent of C-S-H created compared to the
model with no modification of OH™ at 24 hours. In the
case of constant removal of OH, the rate of hydration
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Figure 13. Density profiles along y-axis between 7 A and 17 A of hydrogen (left), calcium (middle), and silicon (right)
atoms for the (010) surface: (a) belite and water, (b) belite, water, H', and OH", and (c) belite, water, H;0", and OH".
[Interface between water and belite is located at 12 A; densities are expressed in a number of atoms; 1 A = 10" m]
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Table 2. Summary of the MOPAC reactivity models and
LAMMPS early hydration models of alite and belite with
water in the presence of products of water radiolysis

Effects of the Cto ncre&le
presence of | Effects on d s rle ne t
Models products of cement e;zte opmen
water hydration a der sevt?n
radiolysis c?x};isn(;
Faster
— leading to
MOPAC more alite
reactivity model reacting with
of alite with water and
water therefore more
Reactivity C-S-H
with water is | precipitating Faster
generally Faster
improved | o sibility off
MOPAC belite
reactivity model hydration to
of belite with contribute to
water early strength
(seven days)
development
Less hydrogen
migrating into
alite/belite due
to the excess
LAMMPS of H', OH",
model of early |and H;O" that sl
hydration of | hinders the ower
alite with water dissociation of
water and
therefore the
early
hydration;
H;0" reacts Slower
slower than
water with
LAMMPS alite and
belite, No impact
model of early . :
. reducing the (belite does
hydration of number of not
belite with hydrogen contribute)
water atoms
available to
migrate inside
alite/belite

of alite is higher in all the phases of alite hydration (ini-
tial, dormant, acceleration, and deceleration phases)
leading to more C-S-H precipitating, as shown in fig.
14(b) and 14(c). The outer radius has a higher value
and the inner radius has a lower value than the initial
model. In the case of the constant addition of OH, the
effects are the opposite showing a slower hydration of
alite. After 24 h, the constant removal of OH™ leads to
~8 % more alite reacting with water and an increase of
56 % of C-S-H volume compared to the original
MI-CBM (no modification of OH™ concentration).
The constant removal of OH™ disrupts the solution
equilibria created by alite dissolution. More alite tends
to react with water to compensate for the removal of
OH, leading to more C-S-H precipitating to maintain
the solution equilibria regarding the other ions (Ca?",
...). The constant addition of OH™ leads to 6.5 % less
alite reacting with water and a decrease of 28 % of
C-S-H volume compared to the original MI-CBM (no
modification of OH™ concentration). The disruption of
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Figure 14. (a) the MI-CBM dimensionless rate of
alite hydration, (b) the MI-CBM C-S-H inner radius,
(c) the MI-CBM C-S-H outer radius

the solution equilibria in this case by having a higher
OH- concentration than at equilibria, leads to less alite
reacting with water. Therefore, less C-S-H precipitate
to maintain the solution equilibria regarding the other
ions (Ca”", ...). In the early hydration models of alite
with the presence of OH", the simulations models are
in the latter case: the OH™ concentration is above the
OH- equilibria concentration, therefore less alite react
with water as seen in fig. 10. As can be seen in fig. 13,
less belite reacts with water because the OH™ concen-
tration is above the OH™ equilibria concentration.
From the results obtained in LAMMPS and MI-CBM
models, it can be concluded that water radiolysis may
only impact alite and belite hydration by disturbing the
solution equilibria during hydration.

The effect of water radiolysis on OH™ concentra-
tion during alite hydration is estimated based on [9].
The concentration of new species created by water
radiolysis during the first 24 hours of irradiation at the
dose rate of 0.1 Gys ™! are very low compared to OH~
concentration. Therefore, the variation of OH™ con-
centration due to water radiolysis (some of the new
species react with themselves creating OH™ or react
with OH™ consuming it) is expecting to be very low. As
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Table 3. Rate of hydration at 7.5 hours (highest rate of hydration rate) and at 24 hours, C-S-H inner radius at 24 hours, and
C-S-H outer radius at 24 hours, percent of alite that has reacted with water and the percent of C-S-H created compared to
the model with no modification of OH™ at 24 hours. [The inner radius and outer radius are divided by the initial alite
radius making them dimensionless, the rate of hydration is also dimensionless]

Rate of Rate of | Percent of alite that has Percent of C-S-H
hvdration at | hydration at reacted compared to the | Inner radius | Outer radius | created compared to the
% 5 hours }é 4 hours initial MI-CBM at at 24 hours | at 24 hours initial MI-CBM at
) 24 hours 24 hours
Initial MI-CBM: No ) 3 . 1
modification of [OH ] 1.78-10 53310 100 9.08-10 1.46:10 100
MI-CBM with constant ) 3 -1 1
removal rate of [OH ] 1.89-10 6.33-10 1.08 9.15-10 1.69-10 156
MI-CBM with constant ) 3 1 1
addition rate of [OH ] | 16710 4.66:10 9.00-10 1.31-10 0.72

Table 4. Summary of the effects of water radiolysis on alite and belite hydration and concrete strength

Model Effects on hydration Effects on C-S-H Dose rate effects |Concrete strength
I{d AthM PS ;n(i%els oggaf_lgl Slower hydration due to
ir? tlﬁg K;g;éngel gfaﬁ+ 06}11 €| the excess of H', OH, Less C-S-H precipitates High dose rate Lower
p and H:0" ’ > and H;O
Solution equilibria - .
“y. | More C-S-H precipitates in order to .
Removal of OH | changed (lower [OF ) 175 iy the solution equilibria | Extremely high dose
therefore, more alite regarding the other fons (Ca’", ...) | Tate 1s necessary to
MI-CBM reacts with water see a noticeable Lower
Solution equilibria Less C-S-H precipitates to maintain variation of OH . This
i 1 e d te will result i
Addition of OH™ changed (higher [OH ]); the solution equilibria regarding the (zise SeriVbrisemnies
therefore, less alite reacts her i Catt amaging concrete
with water other ions (Ca™', ...)

the MI-CBM shows, only a significant variation of
OH™ concentration can affect alite hydration posi-
tively or negatively. Therefore, a dose rate of the order
of magnitude higher than 0.1 Gys™! is required to pro-
duce a significant variation of OH™ concentration dur-
ing alite hydration. At such a high dose rate, the pro-
duction of H,, is significant, hugely increasing the
concrete internal pore pressure. Such significant in-
crease in internal pore pressure during concrete curing
will certainly lead to concrete damage. Additionally,
such a high dose rate will induce high production of
free radicals and ions in water due to water radiolysis.
As seen in the molecular dynamics models of
alite/belite, water, OH", and H;O", the presence of
species not naturally involved in alite and belite
hydration slow down the hydration process. Finally,
other detrimental phenomena might also appear be-
cause the dose will reach the MGy range or higher
[6-8]. Therefore, using gamma radiation to cure con-
crete inducing water radiolysis does not increase the
concrete strength.

Table 4 compares the molecular dynamics and
reaction kinetics models. The reaction kinetics analy-
ses confirm the molecular dynamics conclusion: the
water radiolysis impacts alite and belite hydration by
changing the solution equilibria which means that the
dose rate needed is extremely high (many order of
magnitude higher than 0.1 Gys™"). At such a high dose
rate, the concrete will be damaged resulting in its
lower strength.

CONCLUSIONS

Molecular dynamics models and reaction kinet-
ics models are developed to numerically assess the ef-
fects of water radiolysis on concrete hydration.

When concrete is exposed to low dose gamma
radiation during its early curing phase (first seven
days) its compressive strength is increased [4]. At a
significantly higher dose, it is expected that water
radiolysis will develop within the concrete — the ques-
tion would be if water radiolysis will further enhance
the concrete strength development and what gamma
dose would be the threshold value? Therefore this pa-
per describes a numerical assessment of the effects of
water radiolysis on concrete strength development (in
other words, the gamma dose delivered to concrete
during its early stage of curing) based on reactivity cal-
culation and modeling of the early hydration of
alite/belite with water in the presence of products of
water radiolysis. These analyses show that the reactiv-
ity value, representing the likeliness of a reaction to
occur (the lower the value the more likely for reaction
to take place), of alite with water and belite with water
is decreased (i. e. higher likelihood of reacting) de-
pending on water radiolysis products and its quantity.
Dynamics model of early hydration of alite with water
and belite with water in the presence of HY, OH", and
H,O" shows that the presence of H", OH", and H;0™
slows down the hydration of alite and belite. The ex-
cess of HY, OH", and H;O" in water hinders the water
dissociation leading to the slower hydration and there-
fore a lower concrete strength. Additionally, an in-
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crease or decrease of [OH] during alite hydration
shows that it can slow down or enhance its rate of
hydration, respectively. To achieve such OH™ varia-
tion due to water radiolysis, the dose rate must be that
high that will damage the concrete (high internal pres-
sure and detrimental phenomena [6-8] are expected),
therefore decreasing its strength. This leads to the con-
clusion that water radiolysis induced within the con-
crete in its early stage of curing will not increase its
strength.
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KBentun ®OPE, Tatjana JEBPEMOBHNh

NPUMEHA MOJIEJA MOJEKYJAPHE ITUHAMUKE N PEAKIIMOHE KMHETUKE Y
AHAJ/IN3U YTULHAJA TAMA 3PAYEIHA HA XUIPATALINTY BETOHA

MOPAC u LAMMPS, pauynHapckum KOAOBM MOJIEKYJApHE [WHAMHUKE W TPOTPAMCKU KOJI
peakIyioHe KMHETHKE 3aCHOBAaH Ha BUINEjOHCKOM KOHTHHYYM MOJeNy, MCKOpHITheHH Cy 3a aHaln3y
yTUIIaja rama 3paderma Ha XxuppaTtanujy OeroHa. ExcrmepuMeHTanHe cTyamje IokKasajie cy fa Ipu
TpeTupamy HICKIM J03aMa rama 3padetha OCTOH II0Ka3yje CTATUCTHIKY 3HAUajHO MoBehame YBpCTHHE Y
nopebemy ca KOHBEHIMOHAIHIM TpeTHpameM. Moryhn pasior 3a To je HHTepaKIja rama 3pademna ca
BOJIOM IIITO BOAM Op>Koj xuaparanuju. [TocraBiba ce nmurame fa a1 61 TpeThupame 6eTOHA BHUIIAM {03aMa
3paudena 0BeJIO [0 Aaber NoBehama mwerose cHare. OBaj paj Aaje AeTabHe HyMepuiKe aHanu3e edpekara
BHCOKE JI03¢ TaMa 3pauer-a Ha OETOH, 3aCHOBaHE Ha MOJIeNINMa MOJIEKYJapHEe AUHAMUKE W pPEeaKIMOHE
kuHeTHnke. [Tog 0BEM ycioBIMa, IPETHOCTaBIHEHO je f1a raMa 3padehe Y MHTepaKIiji ca BOTOM Y OETOHY
UHAYKYje paguoau3y Boje. OBe HyMepHuuyKe cUMyJalyje Mokasyjy aa je PEaKTHBHOCT OOHYHO yBehaHa y
npucycrBy esnexrpopuia. Mebyrum, Monenu pane xujparauuje TPHKAIUUjyM CHIMKATa (amut) u
III/IKa.HIlI/IJYM cunukara (6emmt) ca HY, OH™mw H30%, yky3yjy fa je mporec xugpararmje YCIIOPEH MITO BOJH
Mab0j YBpCTHHE GeToHa. [lofaTHO, MOfieN peakImoHe KNHETHKE KopulitheH 3a nponeny yrunaja [OH ™| na
XUpaTalyjy TPUKAJILHUjyM CHJIMKaTa NoKa3syje Aa nopehamwe unu cmamwewme [OHT| TokoMm xupparanuje
TPHUKAJIIHjyM CHIINKATa MOXKe PeCeKTUBHO CMambUTH Witk oBehaTu Op3uHy xuppaTauuje. [Joza norpebHa
la Tpom3Befie pajgMoNm3y Bofe, Koja cieanm y Bapwjanujum [OHT| TokoM xmppaTtanumje TpHKaIujyma
CHJIMKaTa, MOpa OUTH eKCTPEMHO BHCOKa HITO AOBOAM A0 omTehema cTpykType camor 6eToHa. Moxe ce
3aKJbY4NTH 1a ToBehame 03¢ OeTOHA M3HAJl BPEJHOCTH KOpHUITheHe Y eKCIIEPUMEHTY payl HHAYKOBamba
panuonuse Boje Hehe moBehaTu cHary GeToHa, Te pajuoiu3a Boje Huje nmoTpebaH ycioB 3a noBehame
cHare 6€TOHA NIPH TPETHPALY raMa 3patdcheM.

Kmwyune peuu: MOPAC, LAMMPS, xuopaitiayuja céexcez 6€ilioHa, 8ULLEJOHCKU KOHIUUHYYMCKU MOOe,
aaui, beauitl, paouoaAuU3a 600e, Zama 3payerse



