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Abstract Concrete is commonly used as a biological
shield against nuclear radiation. As long as, in the design of
nuclear facility, its load carrying capacity is required
together with its shielding properties, changes in the
mechanical properties due to nuclear radiation are of par-
ticular significance and may have to be taken into account
in such circumstances. The study presented here allows for
reaching first evidences on the behavior of concrete when
exposed to nuclear radiation in order to evaluate the con-
sequent effect on the mechanical field, by means of a
proper definition of the radiation damage, strictly con-
nected with the strength properties of the building material.
Experimental evidences on the decay of the elastic mod-
ulus of concrete have allowed for implementing the
required damage law within a 3D F.E. research code which
accounts for the coupling among moisture, heat transfer
and the mechanical field in concrete treated as a fully
coupled porous medium. The upgrade of the numerical
model allows for assessing the durability of concrete under
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the effects of a radioactive environment; considerations on
the ultimate strength resource in the lifetime of a nuclear
structure can finally lead to its restoration in the damaged
parts of the concrete slabs to preserve their load bearing
capacity. The development of the damage front in a con-
crete shielding wall is analyzed under neutron radiation and
results within the wall thickness are reported for long-term
radiation spans and several concrete mixtures in order to
discuss the resulting shielding properties.

Keywords Shielding - Radioactive ion beams - Damage -
Concrete durability

1 Introduction

Irradiation in the form of either fast and thermal neutrons,
primary gamma rays or gamma rays produced as a result of
neutron capture can affect concrete. Changes in the pro-
perties of concrete appear to depend primarily on the
behavior of concrete aggregates that can undergo a volume
change when exposed to radiation. Radiation damage in
concrete aggregates is caused by changes in the lattice
structure of the minerals in the aggregates. Fast neutrons
are mainly responsible for the considerable growth, caused
by atomic displacements, that has been measured in certain
aggregates (e.g. flint). Quartz aggregates, made of crystals
with covalent bonding, seem to be more affected by radia-
tion than calcareous aggregates that contain a weaker ionic
bonding. Neutron fluences of the order of 1 x 10"°n/cm?
and gamma radiation doses of 10'® rad seem to become
critical for concrete strength.

Particularly, the study has been motivated by an ongoing
research program in conjunction with the National Labo-
ratories of Legnaro (Padua, Italy) within the SPES Project
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(SPES Executive Summary 2008 [17]) and it represents a
first step towards the assessment of radiation damage
induced by nuclear radiation in concrete vessels; the
facility to be built will be directed to the production of
special radioactive heavy ion beams from a primary proton
beam impinging on a target made of fissionable material,
where fission reactions are expected to take place, thus
representing ideally a point-source of neutrons in the
specific problem.

The phenomenon has been treated with a macroscopic
approach under the assumptions made in Sect. 2.2 for the
radiation field.

An already available F.E. code able to perform fully
coupled hygro-thermo-mechanical analyses for cementi-
tious materials has been upgraded to take into account the
effects of nuclear radiation on the material via the intro-
duction of a new damage variable; specifically, radiation
damage is defined based on experimental evidences and it
is supposed acting in conjunction with the already imple-
mented chemo-thermo-mechanical damage; numerical
results which lead to quantify the decay in stiffness and
the full hygro-thermo-mechanical response of a concrete
wall under neutron radiation exposure are reported and
discussed.

2 The mathematical model

The F.E. model adopted to perform radiation-induced
damage analyses is the 3D research code NEWCON3D
[1, 10, 19, 23-31, 34, 36-40]. Concrete is treated as a
multiphase system where the micropores of the skeleton
are partially filled with liquid water, both in the form of
bound or absorbed water and free or capillary water, and
partially filled with a gas mixture composed of dry air
(non-condensable constituent) and water vapour (con-
densable), supposed to behave like an ideal gas [1, 24,
27, 40].

When higher than standard temperatures are taken into
account several phenomena are considered within the
model, dealing with concrete as a porous medium: heat
conduction, vapour diffusion and liquid water flow in the
voids.

As regards the mechanical field, the model couples
shrinkage, creep, damage and plasticity effects within the
constitutive law of the material, here developed starting
from a thermodynamic approach.

2.1 Thermodynamic formulation
In order to define the thermodynamic framework for a

multiphase medium system, accounting for damage, plas-
ticity, autogenous effects and creep, as concrete is modeled
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into NEWCON3D, we consider a solid body Q occupying a
material volume V bounded by a surface X, whose outer
normal is n. Let the solid, of mass density p, absorb vapor
through its boundary and let m denote the vapor/fluid mass
per unit volume of the solid (i.e. moisture concentration).
Also, let x be the position of a solid mass particle in the
deformed configuration that corresponds to the place X in
the undeformed state, and let f and q denote fluxes of mass
vapor and heat, respectively, and v the velocity of the solid
particles.

In addition, let e and s be the internal energy and entropy
densities of the solid/vapor mixture per unit solid mass, and
let o;; and T denote the components of the Cauchy stress
due to mechanically applied loads and temperature,
respectively.

We consider the solid/fluid mixture as an open system,
with the fluid phase at pressure p and density p; we define
with e and 5 the internal energy and entropy densities of the
fluid phase, respectively.

Conservation of the solid and fluid masses gives (the dot
denotes total derivative with respect to time, A denotes
divergence)

p+pAv=0 (1)
m=—Af (2)

Conservation of energy over the volume Q is given by
the first principle of thermodynamics

d(E+K)

dt :P<6)+Q+F (3)

where E and K are the internal energy and the kinetic
energy of the domain Q, P, is the mechanical power due
to external forces, Q is the heat power received by Q, F is
the power due to the fluid flow.

If we denote by ¢ the volumetric force density and by T
the surface force density, then P, is given by the Cauchy
axiom (repeated indices imply summation, according to
tensorial algebra formalism)

P(e) :/tividV+/TividA (4)

Vv z

On the other hand, Q consists in two components: the
heat generated in Q due to actions external to Q, defined as
r in the following, and the heat received for conduction
through the surface X

Q:/rdV—/q,nidA (5)
4 s

F is given by two contributions: the mechanical power
due to the vapor flux (notice that fi/p is the velocity of the
fluid phase) and the rate of internal energy due to the fluid
flux [44]
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F=— ﬁ%n,dA — /Ef;}’lldA (6)

> b
Reminding that [22]
_dK

Po +Pey=4-

(7)

the extended formulation of the conservation law that gives
the first principle becomes

d
E/pedV:/a,-lejdV—f—/rdV—/qinidA
v

v 4 b
— ﬁén,dA — /Eﬁl’l,dA (8)
) P b
where
Py = —/‘TijDzjidV 9)
14
D;; being the strain rate tensor
1
Dy =3 (vij +vj) (10)

which is linked with the strain tensor &, in the hypothesis of
infinitesimal strain theory, by

D=¢ (11)
or, being u the displacements vector

1
&j = 5 (LtiJ + Mj),’) v, = u; (12)
Equation 8 must hold for any arbitrary domain Q so
that, after applying the Green’s theorem and employing (2),
the conservation law in the field of small deformations

yields
pé = ajéi+r — qii — hifi + hin (13)
where £ is the enthalpy of the fluid phase, function of its

pressure p, its mass density p and its internal energy
density e

h==+e (14)

R<TR T

The Clausius—Duhem inequality, or second principle,
requires

d r qi _
dt/psdv /TdV Tn,d /sf,n,d
14 4 b b

—/%;wA (15)
=

where the fourth integral expresses the fluid phase contri-
bution for entropy and the last one, depending on a general

quantity 7y, is the overall dissipation due to the processes
concrete undergo: damage, plasticity, autogenous effects
and viscosity.

Again for arbitrary Q, by applying the Green’s theorem
to (15) and employing (2), the thermodynamic inequality
states

() (1) L s |
ps—|—(T A,i+ T/, T+S'fl i 2 0 (16)

We now derive r from the first principle (see 13) and
multiply by T > 0; notice that

(&) -9 gy (17)

), T 12"
so we obtain
p(Ts — é) + oy &y — %T,,» 49— Rfy o+ T
+T5;fi —Tsm>0 (18)
Now if we define the Helmholtz free energy
Yy=e—Ts (19)

and the chemical potential of fluid phase according to
Weitsman [44]

p=h—-Ts (20)

the second principle of thermodynamics for a multiphase
system, accounting for damage, plasticity, autogenous
effects and creep, in the hypothesis of infinitesimal
strains yields

; . . i+ . _
—p(lﬂ + ST) + i85 — 1 T ! T+ vy +wm—fil;
—T54i=0 (21)

It is to be underlined that the formulation we have here,
for a multiphase system able to undergo autogenous
effects, elasto-plasticity, damage and creep, turns out to
the classical expression of the Clausius—Duhem inequality

] ; ; qi
p(tp + sT) + 0jiéjj T,>0 (22)

where some terms are generated in addition, due to the
newly introduced sources of dissipation, which is in
agreement with the approach suggested in [18].

2.1.1 Local state approach

With the two main results of thermodynamics being
reached, we use now the local state approach to formulate
the constitutive equations for concrete as an elastic—plastic
material, with damage, autogenous and viscous effects
included as well, in the assumptions of infinitesimal
deformations and coupling between thermal, hygral and
mechanical fields.
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Within the local state approach the thermodynamics of a
solid continuum, at a point and a given instant of time, is
defined as long as the value of a certain number of state
variables is known, depending on the space coordinates
only and not time-varying [22]. This assumption implies
that the evolution of the thermodynamic state can be con-
sidered as a sequence of equilibrium states. We distinguish
between observable variables and internal variables.

The physical phenomenon here analyzed, i.e. the con-
sidered constitutive law for the material under thermo-
hygro-mechanical loads, defines itself the first group of
variables: ¢ the total strain tensor, T temperature and m the
moisture mass per unit volume of the solid (moisture
concentration), for which the conservation law (2) holds;
these quantities are, in fact, strictly necessary to describe
the reversible part of the process. The other variables are
required when dissipative phenomena occur and, as a
consequence, the present state depends also from the his-
tory of the problem, which is described by the value in a
specific instant of time by the internal variables.

For the plastic free energy, the necessary internal vari-
ables are the following: the cumulative plastic strain p,
defined as [22]

p= / 26020 " (23)
0

(the symbol : denoting tensor contraction); p is a scalar
measure of the plastic deformation and, as an always
increasing quantity, it is associated to a specific instant in a
monotone loading history, and it is not sufficient, alone, to
describe more complicated cycling loads, for which one or
more kinematic tensor variables are needed. Here we refer
to just one hardening variable a, often coinciding with the
plastic deformation (¢ = &) as in the Prager model for
plasticity (linear kinematic hardening).

For the elasto-damaged component of the total free
energy, the necessary internal variable is represented by a
scalar variable taking into account damage effects due to
irreversible changes on the internal structure D, and a
scalar variable f providing the current state of damage
-introduced to prescribe the effects of current damage state
on the further development of damage, in agreement with
[12] in which thermodynamics for elastic—plastic materials
with damage is investigated.

For the other two components we assume that the
amount of total strain accounting for autogenous effects &
and the one accounting for relaxation (creep) effects & are
themselves the internal variables for the two phenomena, in
analogy to plasticity, though this approach does not prevent
the generality of this topic.

The physical process is named to be thermodynami-
cally admissible if it satisfies the Clausius—Duhem
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inequality at each instant of the evolution in time of the
process.

The state variables being identified, the Helmholtz free
energy of the material per unit volume i needs to be
defined. We remind that, in the assumption of infinitesimal
strains, the total strain tensor & can be split into the com-
ponents given by the elastic strain, supposed to be affected
by damage &%, the plastic strain &, the autogenous strain &*
and the viscous strain &°. Under this hypothesis i/ can be
expressed as a superposition of effects: the fraction coming
from the elastic behavior, affected by damage we(sed, D, m,
T), the one due to the development of microscopic defects
VY 4(p), the one given by plastic deformation, i.e. hardening
process ,(p, &, m, T), the one due to autogenous effects
(e.g. given by chemical reactions due to carbonation or to
the action of chlorides or sulfates) y,(¢°, m, T), the one
linked to relaxation effects, i.e. creep (at low to medium
temperatures), which is supposed to evolve into load-
induced thermal effects (at high temperatures) (&5, m, T)

pY = pY (e, D,m, T) + pry(B) + p,(p, 2, m, T)
+ pY, (e m, T) + pip(e°,m, T) (24)

It has to be noticed that the internal structural changes
due to damage are supposed to influence the elastic
deformation only, under the assumption that the free
energy due to plastic, autogenous and viscous deformation
is small in comparison with the elastic one, so that the
effects of damage on plasticity, autogenous fields and
viscosity can be neglected.

2.1.1.1 The elastic free energy Asregards the free energy
in the elastic field ., where damage is supposed to occur,
the requirement of its convexity with respect to all the state
variables (in order to verify a priori the second law
inequality) leads to an expression for i/, -in presence of
damage- still quadratic in &° and T, as when damage is not
accounted for [22]. Generalizing the thermo-elastic
approach provided by Lemaitre and Chaboche [22] to cou-
pled thermo-hygro-mechanics, the following expression for
the elastic contribution to the total free energy is obtained:

1
oY, :5(1 —D)Dy : (¢ — kdT — pdm)
: (¢ —kdT — pdm) + CdT* + M dm* (25)

in which &° is the elastic strain tensor of the undamaged
material, Dy the tangent stiffness tensor, k the tensor
containing thermal expansion coefficients, u the tensor
containing the coefficients of hygrometric expansion, so
that kdT and udm represent the thermal and hygral dilation,
respectively.

We derive here the state laws starting from the
employed potential: the specific free energy . Thanks to
the decomposition of the total strain tensor into
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=+ +e+& (26)
the potential expressed in Eq. 24 can be written, in general,
as dependent on the following quantities

V=y(e—& =& —&],mT, Vi) =y (e,m,T, V) (27)
where we denote by V, the internal variables defined in

Sect. 2.1.1.
For the derivative of i, then

Y _y_ ¥ w_ W (28)
de¢ Qe 0P Qe Qe
By differentiating / with respect to time
o0y L, Oy . Oy Oy
lpfage.s +amm+aTT+aVka (29)

and substituting within the second principle, Eq. 21 in
tensorial notation yields (V denotes the gradient and A,
again, the divergence)

(a—pgi) ¥+ +o: +o: &

W\ W qty
p(s—l—aT)T paVka:I: T VT + Ay

d
+ (ﬁ—p—w>m—f-Vﬁ—VT~V§-f20
om
(30)

We make use of the classical hypothesis of thermo-
elasticity to reset some terms to zero at the same time. In
addition, if also the terms Ay, and f-V u tend to zero, the
inequality holding for any &, r, T, gives the state laws in
thermo-elasticity for the observable variables

a:p%: (1 —D)Dy : (¢ —kdT — udm)

=Dr: (¢ — kdT — udm) (31)
and

_ o Oy

s=—37 R=r3, (32)

Equation 31 shows that the free energy is a stress
potential or, in other words, that the stress tensor & is the
conjugate thermodynamic variable for the elastic strain
tensor. Moreover, according to (31), the stress tensor ¢ can
be considered as a modified stress tensor @ in presence of
damage [22]

o

°“1-D

=Dy : (¢ — kdT — pdm) (33)

Equations 32, on the other hand, defines the specific
entropy and the chemical potential as the conjugate
variables to temperature and moisture concentration,
respectively.

2.1.1.2 The free energy due to creep Acknowledged
analytic expressions for the introduced free energy com-
ponents are available in literature for iy, and .. Focusing
on the component of the total free energy due to viscous
effects ., its definition implies to analyze the class of
thermodynamically admissible creep and relaxation func-
tions, ¢ and r respectively, in the classic visco-elastic
constitutive equations, relating the deformation and stress
tensor ¢ and ¢

£=C06 O6=roc¢ (34)

where the operator o is the Stieltjés convolution. It is in
fact shown that the field of thermodynamically admissible
creep-relaxation functions is larger than the traditional set
of monotone positive definite functions used in practice
(exponential or power functions) and includes several
non-monotone and even locally negative functions [13, 14].
Particularly, the use of exponentials is prior to power
functions due mainly to historical reasons, i.e. linear
viscosity was born in connection with the study of
polymers’ behavior and, only later on, with creep on porous
materials, where the power integral kernels K, required by the
heredity theory were introduced in the Volterra integral form
of the constitutive law (one-dimensional domain)

t

o(t) = / K01 — )de(v) K(0,1) = r(t) (35)

—00

in which r(¢) is the relaxation function and the integral is
Stieltjes integral.

One of the expressions for the density of the Helmholtz
free energy, still most frequently applied, comes from
Staverman-Schwarzl [42, 43], established for exponential
relaxation functions for polymers in isothermal conditions

V(1) = % / / F2t — 1 — v)de(v)de(u) (36)

0~ 0~

where the lower limits of the integrals are justified when
loading starts at time ¢ = 0 with a jump; Eq. 36 represents
a particular case of the more general expression

l//L.(t):% / / K(t — u,t — v)de(v)de(u) (37)

—00  —00

where K is such a kernel that functional . in Eq. 37 is
non-negative definite.

It is in fact to be noticed that (36) comes from (37) when
the following holds

K(x,y) = K(x+y) (38)

and in (36) r(¢) is a function of the relaxation spectrum p(1)
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r(t) = [ p(pe idp+ ro (39)
/

o being the long-term modulus.

Non isothermal conditions were successively taken into
account by Staverman assuming small changes of tem-
perature, leading to a similar expression, though in incre-
mental form [43].

As shown by Eq.36, the Staverman-Schwarzl’s
expression is a non-aging-like model for visco-elastic
materials, since only heredity is taken into account i.e. the
relaxation function, within the Volterra integral, is depen-
dent just on the time lag f-u-v (duration of unit constant
stress), and not separately on ¢, u, v. This second scenario
would account for the description of the typical time-
hardening process exhibited by concrete under solidifica-
tion, mainly due to the mass growth of cement hydration
products per unit volume.

A thermodynamic formulation for ageing visco-elas-
ticity has been more recently suggested by Bazant and
Huet [2], by generalization of the Staverman-Schwarzl’s
formula; after considerations on the integration domain,
an expression for /. is given that involves double
Stieltjes integration, over a square domain for the strain
history, of a quadratic expression depending only on a
symmetrized form of the relaxation function, according to
the following

1 t t
Ve(t) =5 [ [ f(t,u,v)de(v)de(u) (40)
2

where f{(t, u, v) is found to be symmetric with respect to u
and v

f(tu,v) =f(t,v,u) (41)
and
f(t,u,v) = min[R(2¢t — v,u),R(2t — u,v)] (42)

with R(z, ¢) relaxation function for the aging material.

Expression (40) suggested by Bazant and Huet for the
free energy is shown to be a potential for stress, in fact after
differentiation of (40) one gets

oy (1)
0¢(t)

= %/ min[R(2¢t — u,t),R(2t — t,u)|de(u)
0

+ % / min[R(2 — £,v), R(2t — v, 1)]de(v)  (43)
0

if we substitute t = u + A, with A > 0, and we suppose
the material to harden rather than to soften, as it ages, i.e.

@ Springer

R(t+ A7 +A)>R(1,1), (44)

then (i) in the first integral of Eq. 43 the second of the two
relaxation functions is the minimum and (ii) in the second
integral the first relaxation function is the minimum, so that

66‘”?(5? :% / R(t, u)de(u) +% / R(t,v)de(v)
0

0

t

= /R(t, !)de(t') = 6°(2) (45)

0

which proves that the free energy per unit volume of the
material is a potential for the stress and allows to obtain a
constitutive equation for ageing visco-elasticity consistent
with continuum thermodynamics. Relationship (45) holds
for viscoelastic ageing materials exhibiting instantaneous
elasticity, however in absence of instantaneous elasticity it
is sufficient to add the (instantaneous) purely viscous stress
to the stress obtained from the potential, to have the correct
stress, so the main relationship (45) still holds.

2.1.1.3 The other state laws and the complementary
laws In analogy to what stated for the stress tensor,
temperature and moisture concentration in Sect. 2.1.1.1, the
conjugate forces corresponding to the internal state vari-
ables D, p, a, f§, ¢ and &: Y, R, A, B, ¢“, ¢° respectively,
can be found by taking into account the different compo-
nents of the total free energy py/

o, 1.,
Y=p D _EDT : (6 —KdT — udm)
oy oy
: (¢ —KkdT — R=p—L2 A=p—_2L
(¢ —kdT — pdm)R = p o P 3
_ alpd a __ 6% c __ a‘pc
B_pﬁ ¢ __pas“ ¢ G (46)

In order to describe the inelastic dissipative process, as
well as the evolution of the internal state variables, it is
necessary to refer to the dissipation potential, i.e. a function
continuous and convex with respect to the flux variables
(i.e. time derivatives of the internal state variables and heat
flux). By means of such a function the relationships between
flux variables and dual variables given by the conjugate
forces, i.e. the complementary laws, can be found.

If the expressions of the dissipation potential and its dual
potential, function of the conjugate forces, are, respectively
¢ = (p(ép,D,p,dc,[f,sa,sc,%,f>

ox =@ (6,Y,R, A B i) (47)

where 1 and i are the thermodynamic conjugate forces
related to heat flux q and moisture flux f, respectively
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1=VT i=Vh (48)
then, the complementary laws are the following
., 0px . O O O
8p e — D = —— _ —_— L —
oo oY OR 0A
/-3_ opx B opx B op*x q B Op* g
T8 ‘T “Tee T o @
(49)

It has to be underlined that the first law leads to the
plasticity law whereas the following four relationships
represent the evolution laws for the internal state variables,
particularly the second is the so-called property of
normality for the damage variable D.

Now, if the flux vector J is defined as

. . T
3= p{#.D,p.aB,e" a8 | (50)
and its thermodynamic conjugate force vector X as follows

1
X = {o-,Y,R,A,B,T,i} (51)

then the rate of entropy production can be expressed as the
product between the two, and the second principle requires
it is non-negative

X-J=6:—YD—Rp—A:6—Bf+0:6+0:¢
1
—1.q—i-f>0 52
pla-if= (52)

If the uncoupling among intrinsic, thermal and hygral
dissipation is conceived (which does not imply the
uncoupling of effects) and the hardening effect is supposed
to happen without damage and, viceversa, damage occurs
without a macroscopic plastic deformation, the following
inequalities hold separately

6:’ —Rp—A:6—BB+o:6+6:6>0
—YD>0 (53)

which, Y being quadratic, definite positive according to
Eq. 46, states the increase of damage in time, in order to
fulfill the second principle of thermodynamics.

Equation 52 represents another expression for the
Clausius—Duhem inequality (21) where the extra entropy
flux y accounted for the dissipative processes -in addition
to heat dissipation and fluid flow dissipation- i.e. the
mechanical dissipative processes connected with damage,
autogenous effects and (irreversible) creep, which appear
in (52).

2.2 The radiation field

The type of radiation considered consists in neutron radi-
ation, to answer the specificity of the problem represented

by the SPES Project, which will be illustrated in the
following.

Particularly, the effects of nuclear radiation on several
types of concretes commonly used as shielding materials
are here investigated, in order to evaluate for each of them
not only their shielding capacity against neutrons as source
of radiation, but also the effects on the mechanical
response of the material under such an extreme condition.

A macroscopic neutron behavior is considered in the
following to describe the attenuation of radiation in matter;
in other words two distinct approximate approaches of the
more rigorous transport theory are preferred to the deter-
ministic approach given by the solution of the transport
equation by Boltzmann as well as to the stochastic
approach by Monte Carlo techniques.

Particularly the two approaches are: the diffusion the-
ory, which applies to thermal neutrons, and the two-group
theory, which allows for getting the fast group equation in
a semi-infinite plane geometry [41]. They both develop
from the above mentioned integro-differential equation by
Boltzmann, obtained by considering the inflow and outflow
balance of particles through the surface of an arbitrary
closed volume in a steady state condition for the radiation
field. These approaches renounce to solve the problems
associated to primary neutrons attenuation, such as the
production of photons during inelastic scattering, the cap-
ture of thermal neutrons leading to capture gamma photons
and even production of secondary neutrons as a result of
fission reactions; nevertheless they offer, in their simplified
way, acceptable estimates of the expected flux density field
[11, 20, 41].

The basic hypothesis of the diffusion theory is that the
neutron current I is isotropic and is given by

I=-DV® (54)
thus leading to an equation of the type
~DV?O+2,d—-S=0 (55)

where @ is the flux density (for instance in [n/(cm2 s)], Sis
the source term, X, is the absorption cross-section and D a
diffusion coefficient, defined in a simple diffusion theory
by
s
D=2 56
- (56)
/s being the scattering mean free path.

The solution of a plane source in an infinite medium can
be derived from this approximated theory by imposing
proper boundary conditions, e.g.

SL . D

(D<.X) = Ee_z, L= E_ (57)

where L is known as the diffusion length.
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This theory is valid deep in the medium, where the flux
@ is often given by multiplied scattered particles and hence
it can be expected to be nearly equal in all directions,
whereas near a free surface or a source the flux density is
quite anisotropic and the diffusion approximation may be
poor. Moreover the same hypothesis makes the theory
suitable for thermal neutrons rather than fast ones [11].

The second approach becomes useful to describe a
simplified behavior for fast neutrons: according to the two-
group theory, neutrons in the shield are divided into neu-
trons at thermal energies and those above. The group dif-
fusion Eq. 55 is applied to each group, the source term in
each group being the neutrons slowed down in the imme-
diately higher energy group. This leads to two equations of
the type

— DV + Z0p = 0
~DV*®, + Z,®, — Z,®; =0 (58)

for the fast and the thermal group respectively. The fast
source term in the shield is zero, whereas the thermal
source term equals the fast neutrons scattered into thermal
energies (X/Dy) and, in a similar manner to the diffusion
equation (see Eq. 57), the solution of the fast group
equation in a semi-infinite plane geometry is given by

Dp(x) = Dy (x)e >, XTp = T (59)
'S

where X2 is the macroscopic removal cross section, which

is roughly equal to the reciprocal of the average relaxation

length for fast neutrons in the shielding material, and @ is

the fast neutron flux at x = 0.

The theory in this case is valid until the attenuation of
fast neutrons is dominated by a removal process, i.e. if
concrete contains sufficient moderating material (i.e. its
hydrogen content) [20].

2.3 The coupled thermo-hygro-mechanical problem

The NEWCON3D model consists in a series of balance
equations, i.e. a mass balance equation of water (both
liquid and vapour, taking into account phase changes and
hydration/dehydration processes), an enthalpy balance
equation of the whole multiphase medium (considering the
latent heat of phase change and the hydration/dehydration
process), a linear momentum balance equation of the fluid
phases (Darcy’s equation) and a linear momentum balance
equation of the whole medium.

Appropriate constitutive equations and some thermo-
dynamic relationships are included as well.

The field equations of the model are briefly recalled
below; for additional details the reader is referred to [1, 10,
19, 23-31, 34, 36-40].
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The continuity equation for non-isothermal flow is

expressed in terms of relative humidity as
Oh Ohy oT O¢
——VICVh - —k—+ym’ - =
ot ot ot +m ot

where h is the relative humidity, T is temperature, k =

0 (60)

(%) ’m,s is the hygrothermic coefficient, i.e. the change in i

due to one-degree change of T at constant m, & and a fixed

degree of saturation, dh; is the self-desiccation, y = (%’) ‘
v/ T

represents the change in 4 due to unit change of volumetric
strain g, at constant m, T and a given degree of saturation, C is
the (relative humidity) diffusivity diagonal matrix, m" is the
vector [1 1 10 0 0]. The last term in Eq. 60 accounts for the
coupling between hygro-thermal and mechanical fields [40].
The relative humidity is expressed as the ratio between
the equilibrium water vapour pressure p,,, and the satura-
tion pressure pg,,,, through the Kelvin equation [3]
h—_ Pev (61)
Pgwsat(T)
and it is directly connected to the moisture concentration
m, at variable temperature, by the sorption—desorption
isotherms

dh = Kdm + kdT + dh, — ym' de (62)

where K = (g—:q) ’T
desorption isotherm.
The balance equation for the relative humidity (Eq. 60)
is obtained from [3], accounting for hygro-thermo-
mechanical couplings, in [26, 27, 37, 38, 40].
Heat balance requires

’OC"% — CaaaL:l —C,f-VT = —-Aq (63)
where p is the mass density of concrete, C, the isobaric heat
capacity of concrete (per kilogram of concrete) including
chemically bound water but excluding free water, C, is the
heat of sorption of free water (per kilogram of free water);
C,, is the isobaric heat capacity of liquid water, C,, f - VT is
the rate of heat supply due to convection by moving water, f
is the flux of humidity, depending on the gradient of / by
means of the permeability ¢

f=—cVh (64)

is the so-called inverse slope of

q is the heat flux which can be due to temperature gradient
or moisture concentration gradient. Combining the two
cases, the constitutive law defining the heat flux comes
from a Fourier’s law (heat flux due to temperature gradient)
and a Dufour’s flux (heat flux due to moisture
concentration gradient)

q=—ar,Vm—arVT (65)

where the coefficients ap,, and a;r depend on m and T.
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Finally, considering the macroscopic linear momentum
balance equation for the whole medium we have

dive + pg =0 (66)

where p is the density of the multiphase medium (concrete
plus water species) and g the acceleration related to
gravity.

As regards the mechanical field, the constitutive rela-
tionship for the solid skeleton in incremental form can be
written as

de’ = (1 —D)Dr(de — de" — de* — de"™ — de” — de” — de*)
(67)

where o’ is the effective stress tensor according to Terzaghi
(6’ =0 + pg,l, I being the identity matrix); D is the
upgraded scalar radio-chemo-thermo-mechanical damage
(see below), D is the tangent stiffness matrix, de" is the
strain rate caused by thermo-elastic expansion, de°, the strain
rate accounting for creep, de"™ . the load induced thermal
strain rate, dé”, the plastic strain rate, de™ is due to shrinkage
and dg” represents the autogenous strain increments already
defined in the Sect. 2.1.1. Particularly, when only mechan-
ical forces are taken into account, D is the damage scalar
variable following the scalar isotropic model by Mazars.

According to this theory, the classical effective stress
concept [19] is modified to take into account damage,
measuring a reduction in the resistant area due to cracks
beginning and spreading:

o =d= (68)

where S and S are the resistant area of the uncracked and
cracked material, respectively.

Since the damaging mechanisms are different in uniaxial
tension and compression experiments, the damage param-
eter D,, (the subscript stands for mechanical contributions
only) is decomposed into two parts, d; for tension and d,. for
compression, which are function of the equivalent strain:

(69)

¢; being the principal strains. Hence:

D,, = o,d; + o.d. (70)

where o, and o, are weighting coefficients defined in [29].

Thermo-chemo-mechanical damage D,. has been intro-
duced for the first time in [25]; thermo-chemical effects
have been also taken into account in multiplicative way, as
proposed by Gerard et al. [10] and Nechnech et al. [34] and
the new D,. is expected to describe thermo-chemical
material degradation at elevated temperatures (mainly due
to micro-cracking and cement dehydration) resulting in

reduction of the material strength properties, so that Eq. 68
becomes

_ ¢

“ ={-D.(1-Dy) 7

As mentioned before, the total effect of the mechanical
and thermo-chemical damages acting at the same time is
multiplicative, i.e. the total damage D is defined by

D=1-(1 _Dm)(l _Drc) (72)

The upgrade of the model has been developed by
assuming that the nuclear radiation can activate a damage
process which combines with the mechanical and thermo-
mechanical ones so that the above multiplicative relation is
maintained and the total damage is redefined

D=1- (1 7Dm)(1 7ch)(1 7Dr) (73)

in which D, accounts for radiation damage, whose evalu-
ation is empirically based, as reported in the following.

The application, within the numerical code NEW-
CON3D, of a standard Finite Element discretization in
space of Egs. 60, 63, 66 results in

K HU TU] (a 00 0 a

L” I TP|{<{h;+|0 Q 0 h

0 TH TS|I|T 0 0 TR| (T
ftec

=4 HG (74)
TG

in which @i,h and T are the nodal values of the basic
variables: displacements, relative humidity and tempera-
ture, HU and TU account for shrinkage and thermal dila-
tion effects, respectively; LT and TP are the coupling
matrices representing the influence of the mechanical and
thermal field on the hygral one, respectively; Q is the
diffusivity matrix accounting for sorption—desorption iso-
therms; TH the coupling matrix between the hygral and
thermal fields in terms of capacity; TS the matrix of heat
capacity; TR the matrix of thermal transmission including
the convective term; ¢ the matrix accounting for creep; HG
the matrix of humidity variation due to drying and TG
accounts for heat fluxes.

For further explanations of the above terms the reader is
referred to [24, 27, 40].

It has to be noticed that the constitutive relationship,
given by Eq. 67 in a rate dependent formulation to account
for plasticity, is consistent with the thermodynamics pre-
viously treated (see Eq. 31), if we consider that: de—de’ —
de®—de¢ = ds°; the terms de’ and de™ are responsible for
the thermal effects on the strain tensor (due to law and
medium-high temperatures, respectively) and, finally, the
term de*, responsible for shrinkage, is supposed to be due
entirely to change of moisture content.
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Moreover, the assumptions outlined above on the radi-
ation field enter the model in an indirect way via the
damage variable which is dependent on radiation; such a
simplified approach necessarily uncouples the radiation
field form the hygro-thermal ones, being instead main-
tained the coupling with the mechanical field through the
damage variable itself. However, at this stage any other
assumption could be equally questionable in the absence of
more complete experimental data relating the influence of
radiation diffusion within concrete on e.g. concrete mois-
ture content and temperature, and vice versa.

3 Numerical analyses

The analyses have been performed to simulate the response
of a concrete structure during about 50 years and by
assuming a neutron flux density of 10" n/(cm? s), which is
nearly twice the one expected for SPES and quite less than
the radiation dose reached by nuclear cores (even of the
order of 10" n/(cm? s)). The radiation flux has been sup-
posed to be directly transmitted, unaltered, to the inner
surface of the shielding, being negligible the distance
between the target and the concrete wall.

Two extreme situations have been considered for neu-
tron energies: the case in which the whole flux is given by
fast neutrons and the one in which it comes totally from
thermal neutrons, in order to predict the minimum and
maximum threshold for radiation damage under a realistic
variegated neutron spectrum, which should represent an
intermediate solution.

As reported by available experimental data [15], a decay
in the elastic modulus of concrete is to be expected due to
nuclear radiation; such an observation has allowed for
obtaining the radiation damage by interpolating the curves
of decay, so evidencing the trend E/E (elastic modulus after
radiation related to the elastic modulus of the virgin
material) of Fig. 1. The scattering emerging from the
comparison of different test series is explained by the large
variety of test conditions: concrete making materials, mix
proportions of mortars, specimens size, cooling and drying
conditions, impinging of fast or slow neutrons, possible
simultaneous temperature exposure of specimens.

Looking at the mean behaviour, it can be observed that a
neutron fluence less than 10'® n/cm? leads to a slight decrease
in the in the E/E ratio, then reaching 50% under increasing
neutron fluxes. Hence it has been supposed that below neu-
tron fluxes of 10'® n/cm? the radiation damage is zero and
above 10?° n/cm? it is constantly equal to 50%.

The available data are not sufficient to separate the
effects of radiation and of heating of the samples, which in
many cases they undergo in nuclear vessels conditions,
however it seems reasonable to observe that the strength
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Fig. 1 Modulus of elasticity of concrete after neutron radiation E
related to modulus of elasticity of untreated concrete E (data from

(15D

loss is primarily due to neutron radiation, in analogy with
similar graphs for the compressive and the tensile strength,
for which a separation of the two effects was possible [15].

3.1 Geometry and materials

The case study takes its origin from the SPES Project that
is currently being developed at the National Laboratories of
Legnaro (Padua, Italy). The facility will be directed to the
production of special radioactive heavy ion beams from a
primary proton beam impinging on a target made of fis-
sionable material, where fission reactions are expected to
take place, thus representing ideally a point-source of
neutrons in the specific problem.

In our approach the attenuation process of neutrons in
concrete is considered to be one-dimensional through the
thickness of the shielding slab. This assumption is not
restrictive if we consider the geometry of the problem, i.e.
the diffusion of neutrons from a neutron source through a
wall; the wall is modeled for a small portion qualitatively
situated within the bunker building, in agreement with the
design drawings provided by INFN. The neutron fluence is
supposed to proceed outwards from the room through the
shielding medium.

The sample analyzed is a prism 3.5 m long, with a square
cross-section of 1 m”. The thickness of the model comes
from radio-protection issues on the SPES facility involving
the target cave that is to be kept under 0.25 mSv/h ambient
dose equivalent (Spes Executive Summary 2008 [17]).

The indicated thickness relative to two different work
scenarios impinging on the UC; target (radioactive ion
beam of 40 MeV, 200 pA and of 70 MeV, 350 pA) are
reported in Figs. 2 and 3, with the hypothetical position of
the modeled portion of wall of the target cave.

The slice under analysis has been discretized by
20-nodes brick elements, with constraints on the base
surface and laterally: dilations/contractions are allowed
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Fig. 3 Cross-section of the target cave and investigated volume for
the numerical model

along the wall thickness only; self-weight has been
accounted for as well. No humidity and temperature vari-
ations have been first considered, to investigate the
mechanical response due to radiation damage only. A
neutron flux density of 10'2 n/(cm? s) has been assumed in
the calculations; the corresponding fluence (by integration
of the neutron flux density in time) is supposed to proceed
outwards from the room through the shielding medium,
Fig. 3.

Several concrete mixtures have been compared; their
application on nuclear facilities is briefly discussed below
and their mechanical and shielding properties are summa-
rized at the end of this Section, with respect to a given
mixture or average values from different mixtures of the
same material, the latter being the case for ordinary con-
crete (OPC; see Tables 1, 2).

We point out that the Young’s modulus has been derived
from the empirical relation proposed by the national stan-
dard (Ministerial Decree and Circular to Ministerial Decree
2008 [5, 32]) as a function of the compressive cylinder
strength, when not provided in literature:

where E,., is the average value of the secant elastic
modulus after 28 days curing [Mpa], fi., is the average
compressive cylinder strength [Mpa], p is the density of
concrete [kg/cm?]. Concrete is supposed to behave elasti-
cally under its self-weight.

As for OPC, the average values of the main parameters
are taken from eight different mixtures reported by Kaplan
[20]; the assumed values are listed in Table 2.

Serpentine is a hydrous magnesium iron phyllosilicate
[(Mg, Fe);Si,05(OH),] mineral. It is used as aggregate in
concrete because, as a hydrous aggregate, it can retain most
of its water of crystallisation at temperatures up to about
500°C, thus keeping its efficiency against neutrons also in
the extreme conditions of nuclear reactors. The reference
values are taken from the serpentine concrete investigated
by Ohgishi et al. [35].

Barites (barium sulphate-BaSQy,) is used both as coarse
and as fine aggregate for concrete. The mean volumetric
weight of barites concrete is about 50% higher than that of
ordinary concrete and, therefore, it is more efficient than
the latter against y-radiation. Additionally this high specific
weight aggregate has almost null reactivity with alkalis in
the cement, which is understood to be one of the main
causes of degradation of concrete during irradiation [16,
33]. Moreover the high neutron capture cross-section of
barium ensures good shielding properties even against
neutrons, though also limonite or other hydrous aggregates
can be used in conjunction to improve them [21]. The
assumed data for barites concrete are taken from Gallaher
and Kitzes’s report [9].

Ferro-phosphorus aggregates help reaching high densi-
ties on the mortars, thus ensuring good efficiency against
photons. A volume increase at temperatures above 350°C
has been observed [20], which has been stated to be due to
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Table 1 Elemental composition of the reference mixture for ser-
pentine (a), barites (b), limonite-steel (¢), magnetite (d) concrete, in
agreement with Ohgishi et al. [35], Gallaher and Kitzes [9], Davis
et al. [6]

Table 2 Assumed values for mechanical and shielding properties of
the analyzed concretes, in agreement with Kaplan [20], Ohgishi et al.
[35], Gallaher and Kitzes [9], Davis et al. [6]

Type of Density ek E (MPa) 2Xj L (cm)

Element (wt. %) concrete 14 (kg/m3) (MPa) (cmfl)

a Ordinary 2.33 25 32.484 0.0787 8.0434
MgO 334 Serpentine 2.09 193 24069 0.0836 2.11
Si0, 37.59 Barytes 3.5 248  31.157  0.0819 5.4928
ALO, 3.42 Ferro-phosphorus ~ 4.65 304 28200  0.119 22045
Fe,0, 315 Limonite-steel ~ 4.27 384 47900  0.1158 2.1016
FeO 2.04 Magnetite 341 418 57800  0.1061 3.0367
CaO 4.82
CO 1.65
Na,O 1.13
H,0 1026 accelerated rates of oxidation of the aggregate. It has also

S been reported that ferro-phosphorus concretes may lead to

Element (per g/em” of conerete) -y production of inflammable gases that could develop

b high pressures if confined and that they experience delay in
H in water 0.0243 setting and hardening. The quantities of interest, herein,
O in water 0.195 refer to ferro-phosphorus concretes used for the N-Pro-

in Ore 0.872 duction Reactor at Hanford in the USA [6]; no chemical
in cement 0.118 composition has been found for it.
Mg in water 0.00385 Limonite (FeO(OH)-nH,0) ores are hydrous iron ores
Al in water 0.0137 used in concrete primarily because of their high content of
Si in water 0.0352 chemically combined water (twice as high a concentration
S 0.364 of water as an ordinary concrete may be achieved), thus
Ca in ore 0.0203 improving the effectiveness of shielding against neutron
in cement 0.147 flux. Limonite retains its water of crystallisation up to
Fe in ore 0.151 200°C. Fine limonite aggregate which gives sufficient
in cement 0.0091 plasticity to the concrete mix for casting is used for heavy
Ba 1.551 concretes with the addition of metal scrap (steel punching,
Element (per glem® of concrete) sheared bars, steel shots). The collected data are of a
limonite-steel from Hanford [6].

¢ Magnetite (Fe;0,) is used as heavy aggregate for special
H 0.028 concrete. Its water content is not as high as in limonite and,
o 0.806 consequently, it has lower shielding properties. The refer-
Mg 0.039 ence mortar is taken again from [6].

Al In Tables 1 and 2 the available chemical composition of

Si 0.078 the investigated improved concrete mixtures and their

C? 0-25 mechanical and nuclear properties have been reported,

Ti - . . .-

M ~ respectively, thereas Table 3 lists additional hygro-

Fe 303 thermo-mechanical parameters for the development of the
numerical analyses. Particularly, the damage law is the one

Element (wt. %) by Mazars [28, 29], creep is accounted for referring to the

4 Maxwell chain model for the relaxation function R(z, ¢) of
Fe 559 Eq. 45, in the form of the double power law by Bazant and
o 44 Osman [4].

Ca 6.6

Si 16 3.2 Numerical results and validation

H 0.7

Al 06 The results have been collected mainly in terms of damage
Mg 02 parameter versus distance. Due to the negligible effect of
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Table 3 Material data for numerical analyses

Poisson’s ratio 0.2

40 mm*/days

10-6oC—!

880 J/(kg °C)

0.13 x 1072 J/(mm °C s)
Hygrothermic coefficient k 0.005°C™"

Coefficient y for h = 0 0.004

Damage parameters according to Mazars’ model (1984-1989)

Permeability/g (isotropic)
Thermal expansion coefficient
Specific heat

Heat conductivity (isotropic)

Triggering of damage (Kj) 0.1 x 1073

A, 1

B, 2,000

A, 1.4

B. 1545
Maxwell chain model

Number of Maxwell units 8

Double creep law parameters Bazant and Osman [4] (time in days)

Eo 70,836 MPa
® 4.5

m 0.296

o 0.076

n 0.181

considered as totally due to radiation. The results (referring
to the material data of Table 3) are reported in Fig. 4 in
terms of displacements u,, principal stress o, (with y
loading direction) and total damage D as functions of the
irradiation time on OPC; the results refer to a node
belonging to the directly impinged concrete surface. The
radiation field is characterized by a neutron flux density of
10" n/(cm? s), integrated on 50 years duration span.

Damage reaches its maximum (50%) after 5-10 years
and correspondingly stresses reach their equilibrium value;
differently, a delay in the occurrence of the asymptotic
(steady) value for displacements is shown, accompanied by
the occurrence of a moderate expansion after the peak
value: such a behaviour is referable to concrete creep. The
stress state is strongly affected by radiation, generating the
inability of concrete for sustaining even low compression
values at the expense of larger deformations. Longer
radiation exposure leads to more pronounced trends.

In agreement with the empirical curves of Fig. 1, the
obtained stress—strain curve is shown in Fig. 5, where 50%
decay in the elastic modulus of concrete is evidenced (as
expected) due to radiation damage.

In agreement with the diffusion theory for thermal
neutrons and the two-group theory for fast neutrons, the
damage behavior as function of depth for OPC has been
investigated. Figure 6 shows the influence of thermal and
fast neutrons on the development of damage versus dis-
tance from the exposed surface: when fast neutrons are

impinging, the damaged thickness is more pronounced and,
specifically, the amount of the damaged thickness induced
by fast neutrons exceeds the one induced by thermal neu-
trons of 80% of the latter, at 5 years radiation and of 70%
of it, at 50 years radiation.

Special concretes (i.e. improved mixtures) have been
additionally accounted for in the following, for a fast and a
thermal neutron flux of 10'* n/(cm? s) integrated in 1 year
exposure, respectively (Fig. 7): all the mixtures show bet-
ter shielding properties than OPC, particularly magnetite,
limonite-steel and ferro-phosphorus for fast neutrons and
serpentine, limonite-steel and ferro-phosphorus for thermal
neutrons.

For validation purposes, the results have been addi-
tionally compared with the experimental evidences pro-
vided by Elleuch et al. [7] who have studied the behavior
under irradiation of special shielding concretes; specifi-
cally, changes in properties of a serpentine concrete irra-
diated at fast-neutron fluences of 3 x 10" and 10*° n/cm?
have been accounted for. The values of the elastic moduli
at different radiation exposures have been estimated indi-
rectly, by measuring the propagation times of an ultra-sonic
wave longitudinally transmitted on each sample, in order to
avoid the definition of the Poisson’s coefficient for the
irradiated samples.

The authors have found decays in the Young’s moduli of
about 40% and 45%, for the two fluences respectively, if
compared to that of not irradiated control specimens, cured
at 20°C and 60% relative humidity.

The test has been numerically reproduced by taking into
account a sample made with serpentine concrete, assigning
the same neutron fluences at one face, supposing an
exponential decay within the thickness, according to
Eq. 59. The decay in the elastic modulus related to the not
irradiated condition is reported in Fig. 8, referring to a
point close to the directly exposed face. The predicted
results are in agreement with the experimental test, con-
firming that the upgrade of NEWCON3D is able to
describe the ultimate strength of concrete, when affected
by radiation.

Additional simulations have been then performed in
conjunction with a Monte Carlo code developed by CERN
and INFN of Milan, Fluka [8], used to describe the radia-
tion field (neutron fluence and deposited energy) which the
mechanical field is dependent on. The objective has been
now to take into account the collateral effect represented
by the development of heat within the shielding, conse-
quent to absorbed radiation, as long as the power density is
not negligible, i.e. for values of energy flux density above
10" MeV/(cm? s); correspondingly, the coupled hygro-
thermal response of concrete has been now evaluated.

The same geometry as of Fig. 3 has been implemented
in Fluka, in order to obtain an estimate of the main physical
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Fig. 4 Displacements u, (a), principal stress o, (b) and total damage D (c) as functions of the radiation span on OPC, close to the directly

exposed surface, both in case that radiation damage is or not activated

quantities affecting the problem: neutron fluence and
energy deposition. The former, which the decay in the
Young modulus is function of, is directly responsible for
the quantification of the radiation damage; the latter allows
for determining the boundary conditions in terms of tem-
perature, at the wall exposed surface.

The geometry in Fluka is assigned by means of ele-
mental volumes (planes, spheres, parallelepipeds, regular
prisms...) and Boolean operations between them (addition,
subtraction, union) applied to describe “regions” made of
different materials. Each portion of space needs to be
assigned to one region only.
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As regards concrete, the chemical composition of an
ordinary concrete in percentage by weight provided in [20]
has been adopted (Table 4).

The target of fissionable material has the dimension of
seven disks (uranium and carbon compounds) for a total
mass of 30 g, a radius of 2cm and thickness of
about 1.3 mm, which makes it an ideal point-source of
neutrons.

The impinging beam starts at an arbitrary point inside a
vacuum pipe; thanks to the vacuum environment, it is
therefore supposed to be delivered not attenuated to the
target. The characteristics of the primary proton beam
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Fig. 6 Radiation damage progression with depth of the sample under
radiation fluence up to 50 years, from fast neutrons (a) and thermal
neutrons (b) on OPC

come from the most serious exercise scenario designed by
INEN for the SPES facility, as reported before. The sto-
chastic simulation with Fluka required 3 cycles per run,
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Fig. 7 Radiation damage progression with depth of the sample under
the radiation fluence of 1 year, from fast neutrons (a) and thermal
neutrons (b) on ordinary and special shielding concretes

with 10° primary particles launched at each run, in order to
reach acceptable statistics.

Fluka results are provided on a regular parallelepiped
grid, at the centre of mass for each element, the dimensions
of which are determined by the required results resolution.
A regular grid of small elements 5 cm wide along each
direction has been adopted for our study. A subsequent
interface program has been additionally used to pass results
from the centre of mass for each volume of the results’ grid
to the FEM mesh adopted in NEWCON3D, based on the
algorithm of the minimum distance.

In Fig. 9 the map of neutron flux density for the con-
trol volume corresponding to the mesh analyzed in
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Fig. 8 Validation of the numerical model with experimental results

by Elleuch et al. [7]

Table 4 Assumed chemical composition for the ordinary concrete

implemented in Fluka [20]

Element % by weight Element % by weight
(%) (%)

Hydrogen 0.64 Phosphorus  0.09
Oxygen 45.36 Sulphur 0.09
Carbon - Potassium 0.64
Sodium 1.76 Calcium 12.66
Magnesium 3.66 Titanium 0.47
Aluminium 5.88 Iron 0.13
Silicon 20.90 Nickel 7.64
Concrete density [g/em®]  2.33

Fig. 9 Neutron flux density for
the control volume
corresponding to the FEM mesh
implemented in NEWCON3D.
Results from Fluka on the
cutting plane just in front of the
source [n/(cmzs)]
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Cutting plane of the
control volume for
neutron fluence

Uranium
carbide target

1.8e+04 1.2e+05 7.4e+05

NEWCON3D is evidenced, which is of interest being
expected to be the most exposed; the first meter of wall
only seems to be affected by neutron absorption, and these
values have been transferred to the corresponding volume
in NEWCON3D.

In Fig. 10 the results in terms of deposited energy are
shown, for a wider investigated area of the shielding.
Results refer to prompt radiation, i.e. the instantaneous
component of the total amount of deposited energy; they
are here intended for primary incident particle (i.e. per
proton) and need to be normalized in order to reach total
values of power density.

For a better visualization, Fig. 11 depicts the same values
of neutron flux and power density (here normalized), for the
same directly exposed investigated prism and the same
geometric cutting planes. The order of magnitude of the
maximum neutron flux density is proved to be 10'® n/(cm?
s); the maximum power density is 10'° GeV/(cm3 S).

Neutron flux density, integrated in time of exposure to
radiation (thus getting neutron fluence), is intended to enter
NEWCON3D as the parameter directly affecting radiation
damage; power density has been used to estimate the
temperature field in concrete due to heat production by
radiation, particularly to impose boundary conditions for
temperature at the outer face of the prism modeled in
NEWCON3D.

The temperature rise has been quantified via a transient
thermal analysis and then applied as a time variable
boundary condition to the F.E. model. In Fig. 12 the con-
tour map of temperature for a neutron source working
continuously for 6 months is shown.

Figure 12 evidences that the maximum temperature is
encountered at the corner close to the source, where after
6 months nearly 70°C are reached; in the last picture a time

Concrete shielding

Vacuum pipe for the
# proton beam

W
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Fig. 13 Contour maps of
relative humidity after 1 h,
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Fig. 14 Contour maps of
temperature after 1 h, 1 week,
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20,359
2031
20,261
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history for the same critical node is reported, which shows
a parabolic increase in time.

The effect is shown to be not negligible, which is in
agreement with the requirements of ANSI/ANS-6.4-1985,
according to which radiation heat and subsequent thermal
effects are to be taken into account for energy flux densities
(power densities) above 10'° MeV/(cm? s).

It is to be noticed that Fig. 11 gives maximum values of
the order of magnitude of 1010 GeV/(cm3 s), where cm? are
to be intended per volume of the small elements defined by
the resolution of the result grid (side of the cubes: 5 cm),
therefore one gets 5 x 10'® GeV/(cm? s), which is quite
above the prescribed limit required to neglect thermal
effects. In fact, thermal effects are now understood to be
mainly responsible for the stress state of the shielding, as it
will be better illustrated in the results obtained from the
thermo-hygro-mechanical analysis.

The thermal analysis justifies also the working period of
the facility assumed in the study, i.e. 6 months, nearly
4,500 h per year, longer durations resulting unacceptable
for the material.

Back-analyses with Fluka have been made in order to
study the influence of radiation heat in the variation of
water content of concrete, but no significant change in the
neutron fluence has been envisaged; this has allowed for
concluding that the experimented deposited energies do not
provide significant losses in the shielding properties of
concrete; i.e. the slight variations in water content, due to
radiation heat, have not shown to affect the moderating
capacity of concrete towards neutrons, namely due to the
intrinsic hydrogen content given by its bound water.

@ Springer
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Initial conditions consider an internal relative humidity
of 60% and a temperature of 20°C; the results from the
hygro-thermo-mechanical analysis are reported in Figs. 13,
14, 15 (only a portion of the model is here shown); par-
ticularly, Fig. 15 depicts damage, longitudinal displace-
ments, relative humidity and temperature, respectively,
along the prism central axis and a parallel line at its border.

Relative humidity seems to be not much affected by the
6 months prolonged radiation, whereas temperature rise is
understood to be of interest, leading to thermal gradients up
to 50°C; for this reason the irradiation profile for the SPES
facility should not exceed 4,500-5,000 h/year, i.e. nearly
67 months of continuous service, within the investigated
exercise scenario (once specifics on the primary proton
beam and geometry of the target cave are assigned).

As regards the results in terms of damage, this is
intended to be due only to thermo-chemical effects, since
now the neutron fluence, for the investigated time span,
stays always under the critical value of 10'® n/cm?, which
is expected to mark the beginning of first evidences of
damage by radiation in concrete; therefore, now, the ther-
mal aspect of the problem represents the most restrictive
condition to prescribe the period of work for the facility as
well as to define its structural integrity.

4 Conclusions
Nuclear radiation both in the form of fast and thermal

neutrons is known to affect concrete in its mechanical
behavior over peculiar threshold quantities of radiation
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fluence. To our purposes, radiation in the form of neutron
particles has been of particular interest, since the estimate
of durability performances of the shielding walls for SPES
target room, where the fissionable target represents the
neutron source, is the expected utility of this study.

A collection of the most relevant experimental results on
neutron irradiated concrete has been exploited to derive a
formulation for radiation damage in the context of damage
mechanics for concrete materials. An upgraded parameter
has been introduced in a F.E. research code assessing the
coupled hygro-thermo-mechanical behavior of concrete.
Total damage is the result of a multiplicative relationship,
accounting for radiation, as well as thermo-chemo-
mechanical damage, the latter being already implemented in
the constitutive law of the material, so that the two effects are
independent on each other, when not present simultaneously.

Results in terms of damage have been achieved, also
taking into account several kinds of special concrete
commonly used for reactor shielding, which allows for
defining up to a 50 years long radiation exposure the edge
of the damaged portion of wall, when a neutron flux density
of 10'* n/(cm? s) is supposed to impinge the biological
shielding under the assumptions of the approximated dif-
fusion theory and two-group theory for thermal and fast
neutron fluences, respectively.

The numerical code in its upgraded form, taking into
account the effect of radiation damage, is thus expected to

Distance [m]

describe the mechanical response of concrete when irradi-
ated; in particular, under the considered irradiation scenario,
OPC has shown a decrease in its elastic modulus of nearly
50%, thus providing a low strength capacity to external
loads; when considering improved mixtures, under equal
fluences, strength is less affected by damage so that special
concretes are preferable not only for shielding requirements
but also from a purely mechanical point of view.

As an alternative approach, Monte Carlo stochastic
techniques have been considered to catch the complexity of
the interaction of radiation with concrete, also in terms of
collateral reactions to its attenuation on the shielding
material.

The coupling between radiation and hygro-thermal
fields to check the joint effects of prolonged irradiation
exposures on concrete behaviour has been additionally
focused.
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