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* Expanded Materials Degradation Assessment
(EMDA), Aging of Concrete and Civil Structures,
identified the following issues to be studied:

* Creep of Post tensioned (creep + moisture, multi-axial,
coupling with accidental loading.)

Irradiation of concrete

Alkali-silica reaction

e Boric acid attack of concrete

e Corrosion and stress corrosion cracking of the tendons
e Corrosion of the inaccessible side of the liner
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Abstract

In 2008, Nuclear and Industrial Safety Agency (NISA) (currently integrated to the Nuclear Regulatory Authority)
launched a project to develop a soundness assessment method for concrete members subject to a radiation environment.
Presently, the soundness of concrete members subject to radiation is evaluated based on whether the predicted fast neu-
tron fluence and gamma-ray dose values are lower than specific reference values in Japan, which are 1x10* n/em’ and
2x10° kGy, respectively. These reference values were determined based on report by Hilsdorf ef al. This project begins
by reviewing Hilsdorf ef al.’s report, and we find that the scientific evidence for the current reference values is weak.
‘We thus conclude that new experimental research is required to assess the current reference values and to propose a new
alternative soundness assessment procedure if needed. We quantitatively evaluated the influence of neutrons, gamma-
rays, and the resultant heating and drying processes on the strength of concrete as well as their underlying rnechamsms
The irradiati expenments d the d d ism of concrete due to neutron irradiation. The main
reason for this d d is the ictization of rock-forming minerals, which, in turn, leads to aggregate expan-
sion. Due to aggregate expansion, cracks around aggregates form, which reduce the compressive strength and Young’s
modulus of concrete. Among the rock-forming minerals, a-quartz is the most sensitive to neutron radiation. “’Co
gamma-ray irradiation experiments demonstrated that concrete strength increased as the gamma-ray dose and gamma-
ray flux does not have a dose-rate impact on the first radiolysis of evaporable water in cement paste within the present
study. The effect of gamma-ray irradiation on the properties of concrete is equivalent to that of heating and drying. Con-
crete strength alteration due to heating and drying is attributed to the colloidal and porous nature of hardened cement
paste and crack ion around the due to a mismatch in the volume changes of the mortar and aggregate.
In addition, a numerical analysis code called DEVICE (Damage EValuation for Irradiated Conere(E) is developed to
hamness knowledge obtained from concrete samples to predict the distribution of the physical properties in concrete
members and their changes over time. From these fundamental smdles, We Propose a new soundness assessment proce-
dure for concrete members sub]ect to radiation. We also d a new radiatis duced strength-ds d ref-
erence value of 1x10" n/em” for fast neutron.

PiEFRHEASI V- DBEICRITTEE

Effects of Neutron Irradiation on Concrete Strength

NIg EE B RARR HA FR
Masayoshi KOJIMA, Makio NAKANO, and Kiyotaka TAGUCHI

VAT LREHREM
Division of Research for Reactor System Safety

1. Introduction dergo undesirable changes because of loads and envi-
ronmental conditions. Since concrete structures in nu-
1.1 Background clear power plants are seldom replaced, predicting their
Concrete structures in nuclear power plants may un- aging phenomena as well as evaluating their current and
future soundness is cruclal The widespread use con-
crete for and civil i
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idered for op periods g 40 years are
expected to surpass neutron irradiation fluence levels of
1 % 10" n/em? (fast neutron, > 0.1 MeV). Researchers
have claimed that concrete exposed to such fluence lev-
els would deteriorate (Hilsdorf ef al. 1978). Table 1
summarizes the maximum expected fast neutron fluence
and gamma-ray dose of boiling water reactors (BWR)
and pressurized water reactors (PWR) in Japan over an
operating period of 60 years. Figure 1 shows typical
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@] Healing parameter:

: (b)
* Healing parameter
A=02 -b/f was obtained.
0.2
* Then parameter b = 2.2 01 4= =047 + X1
E12 was determined. 5
é’ -0.1 .
g -0.2
E -0.3
-0.4
0 S5E+12 1E+13 1.5E+13 2E+13

Neutron flux (n/cm?2/s)
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[ Bykov data

* Temperature
dependency was
confirmed by O e ame e @
Bykov et al.’s cwet  swwo s e
review. | N —

* Arrhenius plot O A \
was made and > S
the activation R

e n e rgy Wa S ~3 O Neutron fluence (x10%° n/cm?, >0.01 MeV) 1/T (1/K)
kl/mol was
confirmed.

V.N. Bykov, A.V. Denisov, V.B. Dubrovskii, V.V. Korenevskii, G.K. Krivokoneva, L.P. Muzalevskii, Effect of irradiation temperature on
the radiation expansion of quartz, Soviet Atomic Energy 51 (1981) 593-595. https://doi.org/10.1007/BF01135758.
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Hh

* ~30 kJ/mol is
consistent with Si

diffusion in quartz
(~25 kiJ/mol).

* Si ion diffusion in the
quartz is concerned
for annealing/healing
mechanisms.

S. White, Geological significance of recovery and
recrystallization processes in quartz, Tectonophysics 39
(1977) 143-170. https://doi.org/10.1016/0040-
1951(77)90093-2.

Fig. 2. Unbound dislocations the
the Cap de Creus mylonites.

14

DYNAMIC
RECOVERY ~DOMINANT [ r=h)

DYNAMIC
RECRYSTALLIZATION DOMINANT  { h>r )

Fig. 3. Recrystallization mechanisms in quartz. In the upper branch the
sub-grains progressively misorientate until they form new grains. The
recovery, r, and strain hardening, }'}., rates are equal. There is no
build up of unbound dislocations. In the lower branch T is greater than
r, an increase in unbound dislecations occurs until a critical value is
reached whereupon strain induced boundary migration cccurs. New strain
free nuclei develop.

©Maruyama Lab @ The Univ. of Tokyo
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@] RBSM aggregate scale
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Minerals color [1Quartz Albite | | Microcline [] Muscovite Matrix
Cracks color and thickness === (.01~ 0.05 MM ===~ 0.1 mm s ~ 0.2 mm B ~0.4mm Il >0.4 mm
/’l'
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% Rigid body spring network - Concrete-scale calculation

[ 3 phases, mortar, aggregate, ITZ
- Shrinkag—induced cracks are explicitly considered.

O Property change of mortar is considered.

C-S-H nature is taken into account.
1)Mortar
€ Agg.=37.5v0l%

@ PSD is considered.

100 A =
~ 9 | 2
X
by 80
E 70
o 60
>
o 50 |
S50 |
5 20 } ,/ ---a--- Experiment
© 10 - -~ - RBSM (Tension)
0 _ ,—*— RBSM (Compression

0 5 10 15 20 25 30

Particle size(cm)

Outlook Agg. Section

*|. Maruyama et. Cement and Concrete Research Vol. 66, 2014
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[ Results

® Con-A, Tuff, Maruyama (2017) Con-B, Sandstane, Maruyama (2017)
. 4 Serpenting, Elleuch {1972) O Sandstone, Dubrovskii {1966)
i EXpa nsion of mortar has Iarge o Serpendine, Dubrovskii (1968) & Hematite, Dubrovskii {1970)
influence on compressive strength. RN e
e &,/¢, = 0.5 showed the best fitting B
results .
* &n/€s = 0 (No expansion of mortar) 0.8
shows the lowest strength. o6 of °
3
Combination of expansive coarse = 04 @ Roiorenca
aggregate (silicate sandstone) and 0.2 f
inert fine aggregate (Limestone) will 0 - - -
cause a bad scenario. 0 0.5 1 15 2
Linear expansion of concrete: € (%)

n, con

(a) Impact of mortar expansion

Sasano, H., Maruyama, |., Sawada, S., Ohkubo, T., Murakami, K., & Suzuki, K. (2020). Meso-Scale Modelling of the
Mechanical Properties of Concrete Affected by Radiation-Induced Aggregate Expansion. Journal of Advanced
Concrete Technology, 18(10), 648—677. https://doi.org/10.3151 /jact.18.648

©Maruyama Lab @ The Univ. of Togg
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' Young’s modulus

* Trend of reduction of Young’s modulus is well reproduced.
 Slightly, the reduction is overestimated.

» Stress-strain curve (which can not be obtained by the NRA project) is reproduced

by th e Ca I C u Iat IO n . Con-A, Tuff, Maruyama (2017) Con-B, Sandstone, Maruyama (2017)
----- Review, Field (2015) -0—g,/E, =0
—@- Reference (£./£,=0,25) -8 f5,=0.5

80 -0- £,/£,=0.5 ND
— Sealed 1.2

=70 Dried-70°C .

L 60 \ £, /e,=0.5 £,=0.2%

- 50 g, le,=0.5 £,=0.5% 0.8

o —t,/8,=0.5 £,=1.0% =

& 40 —¢, /e,=0.5 £,=1.5% E_,z 0.6

B 30 “ 04

?

o 20 0.2 .

5 N

g 10 0

© 9 ' : : : ' | 0 05 1 15 2

0 2000 4000 6000 8000 10000 12000 14000 Linear expansion of concrete: g, ., (%)
Compressive strain (ug) (a) Impact of mortar expansion

Sasano, H., Maruyama, |., Sawada, S., Ohkubo, T., MurakarL%J(., & Suzuki, K. (2020). Meso-Scale Modelling of the
Mechanical Properties of Concrete Affected by Radiation-Induced Aggregate Expansion. Journal of Advanced
Concrete Technology, 18(10), 648—677. https://doi.org/10.3151 /jact.18.648

©Maruyama Lab @ The Univ. of Togg
AEROBREMICERBSEEV,



i 51k 2% NEF - RFHEES

(:__, THE UNIVERSITY OF TOKYO 2026_’{5'59)% 29 E

@]Tensile splitting test

* Previous experimental data reported by Gray (1972) and Elleuch (1972)
are nicely reproduced by the calculation.

O Flint, Gray (1972) O Limestone, Gray (1972)
£ Serpentine (bending), Elleuch (1972) —— Review, Field (2015)
Review, Hilsdorf (1978) —— £, (5,=0.25
—8—g,/e.=0.5 —0— gnfea=0
1 @

ft/fro ('}

0 0.5 1 1.5 2
Linear expansion of concrete: g, ., (%)
Fig. 24 Predicted splitting tensile strength ratio as a func-
tion of the linear expansion of the concrete.
Sasano, H., Maruyama, |., Sawada, S., Ohkubo, T., Murakami, K., & Suzuki, K. (2020). Meso-Scale Modelling of the

Mechanical Properties of Concrete Affected by Radiation-Induced Aggregate Expansion. Journal of Advanced
Concrete Technology, 18(10), 648—677. https://doi.org/10.3151 /jact.18.648

©Maruyama Lab @ The Univ. of Togg_
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EEh Rigid body spring network - Structural schale

Voronoi mesh for the _ for reinforcing b "l Concrete
hollow cylindrical Line mesh for reinforcing bars B Mo

structure B Coarse aggregate

* Modelling with the same dimensions as in the reference experiment.
* The typical element size of hollow cylindrical wall was 12 mm, which corresponds to the
estimated maximum size of the coarse aggregate in the reference experiment.

©Maruyama Lab @ The Univ. of Tokyo
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[f Validation: impact of heat

100

o0
80
70+
60
50

40

Temperature (°C)

20

10

30 F

S rf e« 86° C atthe inner surface
nner surrace o

e 48 Con the outer surface
e Equilibrium in 10 hours

------

Outer surface = Confirmed that the temperature
distribution is the same as in the
experiment.

— C(alc.

=== Exp.

0 2 4 6 g 10 12

Time (hours)

Results of heat transfer analyses

©Maruyama Lab @ The Univ. of Tokyo
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@]Validation (2)

L
=
X
3
!u
b
&
hS
{
S
)

5
1

)

(

1
Tt
(1]

\L—-.
|
{
{
{
r/
¢
|
!
i

¥

-..-—"-..\.r_“'...l.E L..-l.. - v:lu.,-t' — _.."E\ ¥

Experiment Calculation

* As in the experiment, horizontal cracks e
occurred at half the cylinder height in 5 Zhes
the calculation results. b

Comparison of crack patterns on the surface

©Maruyama Lab @ The Univ. of Tokyo
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@]Validation (3)

Horizontal loading only Horizontal loading after heating

1800
1600
1400
1200
1000
800
600
400
200

NG

~

Load (kN)

0 5 10 15 20 O 5 10 15 20

Displacement (mm) Calc.

=== Ex

» Stiffness and bearing capacity of calculation results were in general agreeFr)hent

with experimental results.
* Reproduced the reduction in initial stiffness due to heating.

Comparison of load-displacement relationship
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[ Impact of irradiation

Effect of neutron irradiation Effect of gamma irradiation
= aggregate = aggregate and mortar
o @ U 40
= 18 °
c & 16 hudli i)
& i c .
= 10 o -
o0 | : S &
© 12 [ G
[T 4 o
o 10 3 8 40
g 4 0 g 10 15 20 3 30
O % —— 1.0%10" n/em? ( H %) ©
P — 2.5%10" nfem? o v
© 5.0%10" n/em? Q
g ? & —10.0%10" /em? £
i) 1] (D] i
o 30 B0 90 120 1540 l_ i} B0 100 150
Distance from irradiated face Distance from irradiated face
Neutron fluence Max. aggregate
(n/cm?) expansion (%)
Case0 - —
Casel 1.0x10?%° 0.21
Case? 2.5x 1019 1.79
Case3 5.0x 1019 7.57
Cased 10.0x101° 16.95
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@] Damage due to aggregate expansion

(a) (b) R

0.0 X 10%°n/cm? o g o * Increasing damage of the
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: inner concrete due to
aggregate expansion in
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001-0025 mm cumulative neutron fluence.
ey  Depth of damage up to 10.0 x
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[ Seismic performance of the member

1800
1600
1400
1200
1000

800

Load (kN)

— Wlthout heating and ifradiation
600 — 1.0x10" n/cm? (Reference value)

19
400 2.5x10" n/em?
5.0x10" n/cm?
200 / ; _ , ~ ——10.0x10"" n/cm?

0 12 15
Dlsplacement (mm)

* Neutron irradiation causes a slight decrease in both initial stiffness and bearing
capacity.

* Even with a cumulative neutron fluence of about 10 times the reference value, the
maximum bearing capacity is reduced by only about 10%.
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