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A literature review on the effects of high temperature and radiation on radiation shielding concrete in Spent Fuel Dry Storage is presented
in this study with a focus on concrete degradation. The general threshold is 95C for preventing long-term degradation from high tem-
perature, and it is suggested that the temperature gradient should be less than 60T to avoid crack generation in concrete structures. The
amount of damage depends on the characteristics of the concrete mixture, and increases with the temperature and exposure time. The ten-
sile strength of concrete is more susceptible than the compressive strength to degradation due to high temperature. Nuclear heating from
radiation can be neglected under an incident energy flux density of 10'* MeV-cm-s™. Neutron radiation of >10'" n-cm™ or an integrated
dose of gamma radiation exceeding 10'° rads can cause a reduction in the compressive and tensile strengths and the elastic moduli. When
concrete is highly irradiated, changes in the mechanical properties are primarily caused by variation in water content resulting from high
temperature, volume expansion, and crack generation. It is necessary to fully utilize previous research for effective technology develop-
ment and licensing of a Korean dry storage system. This study can serve as important baseline data for developing domestic technology

with regard to concrete casks of an SF (Spent Fuel) dry storage system.
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Ordinary concrete
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Fig. 1. Neutron flux density in ordinary concrete for different water
content [11].
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Fig. 2. Stress-strain relation of siliceous aggregate concrete under high
temperature unsealed condition [18].
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Table 1. Residual ratios for compressive strength, tensile strength and modulus of elasticity of ordinary concrete at elevated temperature [19]

Residual ratio* (%)

Temp. (C) Compressive strength Tensile strength Elastic modulus
Lower limit ~ Upper limit Average Lower limit ~ Upper limit Average Lower limit ~ Upper limit Average

20 100 100 100 100 100 100 100 100 100
50 70 95 85 65 75 70 70 95 85
90 65 90 80 65 80 75 70 85 80
100 65 90 80 70 80 75 65 90 75
200 85 110 100 60 85 70 50 70 60
300 70 100 85 50 70 60 40 60 50
400 55 95 75 35 55 45 30 55 40

*Residual ratio(%) = Value after heating/Value before heating x100
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Fig. 3. Effects of temperature on the compressive strength of unsealed
ordinary concrete [8].
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Table 2. Effects of elevated temperatures on the physical and mechanical properties of ordinary concrete [27]

Residual ratio (%)
Properties ;{)alﬁiey :(tb) 230 23 . ) ] .
28 days® 90 days® 85C©@ 140c® 200C@ 350C@
Density(g-cm) 235 102 100 98 96 95 94
Coefficient of thermal expansion(10¢-C ") 7.63 101 100 96 - 38 79
Compressive strength (MPa)
- Cylinders(15%30 cm) 31.3 78 100 83 71 90 59
- Modified cubes (15x15%15 cm) 33.9 78 100 89 101 102 98
Modulus of rupture (MPa) 34 120 100 95 96 94 33
Modulus of elasticity (MPa)
- Static 272 118 100 83 64 67 33
- Dynamic 29.7 118 100 88 92 50 28
Bond strength (MPa) 2.2 194 100 83 83 18 11
Length change (%) -0.031 +0.002 -0.031 -0.049 -0.090 -0.095 -0.122
(a) Value of concrete property as a percentage of the value after 28 days moist curing and 62 days air curing at room temperature, Le. total of 90 days
(b) 28 days moist and 62 days in laboratory air
() Moist cured for 28 days
(d) As for (b) and then heated for two weeks at stated temperature before testing after cooling to room temperature
(e) At room temperature after heat treatment
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Table 3. Effects of neutron irradiation on the compressive strength of concrete [36]

Compressive strength (%)

Neutron

(ﬂuencze) Unirradiated Irradiated Unirradiated Irradiated

n-cm

unheated* Lower limit Upper limit heated* Lower limit Upper limit

2x10'8 100 80 115 100 80 105

2x10" 100 80 110 100 75 105

2x10% 100 60 85 100 - 95

2x10% 100 35 45 100 - 60
(a) The compressive strengths of the unheated unirradiated specimens were not the same as the heated unirradiated specimens
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Fig. 4. Compressive strength of concrete exposed to neutron radiation F.,
related to strength of untreated concrete F.,, (F.,/Fey) [38-39].
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Fig. 5. Compressive and tensile strength of concrete exposed to gamma
radiation F,, related to untreated concrete F.,, (F../F..) [38-39].

JINFCWT Vol.16 No.2 pp.243-260, June 2018



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

4.2.1 E3JE FFH=
WA o] ZA 2 Eof o gl J3FS F=A]of thet
Wt S YA B2 ST B8R Ale
AAS] ATES BN B U YFRE A AR &
A BTk A b S el o3 245 1 2

gk AAZE ok AekET
Dubrovskii £](1967)& WA o] REEAE|ES] =
Aol ojuwet YIS FE=A ol gk A S 3 ATH3S).

A27F F 5% 10" n-em?(o]w &334} A

O

o)

A =5

Bk out, oF 1.45x10% n-em?(o]w] &FAIAL g
3x10% n'cm?)Y A9 GEH T 10~20%0F = A5
o 2w HeEE 100~350C o] &S Has i), Hils-
dort £J(1978)= o2 AT-AI}E Fsto] 54 FAYES
FAAETFA2 5109 n-em? o] 3fel :=E FH Ut A
3P7b Ao AgEkA] AR, A FAZE A= 5x107

n-em? Boh ) sh2 397 2APA R kS EH TR A=

0" rad o]3}e] Zrupx ZAFA] Qut

HAYSEA] ek ot 10" rad
& 2ste vk ol mE3 A 5T oF 25~60% 73
ohar B3 oh3T), SRkl Arbal o] g E Ea| el
74w W2 Fig. 49} Fig. 59 22 e Qi)

JINFCWT Vol.16 No.2 pp.243-260, June 2018

S
N
N
=
2 oXx
2
b

b
e
i
U
u
o
i
lo
offl
!
o,
X,
&
rir
e,
=
2
o
el

o%
>
>
2
2
=
S
o,
s
ne
2
Lo
=
N
N
B
o
ol
rlr
ro ol
oot
o
ad
2
v

&
i)
k
St
ok
>~
2

oz 1 o
)

rr o
>
o
rlo
uld
2

o, 1o

1T ol

_O|L
£
9|L
_VH_,_H
ok
O

be W o d

- =

Lx

I Tx ke
(0]

2 b

2 e

2

e ¥

o O ot
F‘t
&
e,
=
0
o
fru
—
S
]
o)
B

b (m
il
o
au?
o,
X
>
f
o
WL
°

i
o
o lo
s
oX,
Y,

o
v}
X
i
i

=

b

o

6 o
fo
[
flo
i
XS
o%
>

r U

o do >
ro
| (o

W, iRl
2
Fu

AU
i
O

W
o
m
=2

Kelly £](1968)& 23]t &
o} 210" n-em?8] AEFAA} ZARA
Al B} oF 10%9} 20% 242} Zhaghct
Elleuch 9](1972)& ARzt =419} oL &
8 AROE g FAYE n&ETA £
10*° n-em?9] FALE 25F ¢F 150~240C7HA] i
), FEAAITFTE A7 40%2t 45% A= Hold S 71Es
QATH33], 2ol HAR ZAF glo] 160T ¢} 200C o] &%
2 7rad AR FAT ZHER 247 23%, 24%
233t

gk 742 FHE vhek A2 g Rie] AdEARE
W AL of) ofste] FA e Eof WAg &3] AR =}
A o] AARNA] AP Hel of

A= 1x10"
A7} vl
FATH321.

B
>~

of
y
o

R
i«
5

)
(ON]
X
S
LY

N
> B
A
>,
=
m
i

ox, 4
\

ol

2

o

©

el

423 AZZE 9 FF=

UKAFA(1968)= X EH=AIAES} M3
AR g FIET}L APl ol =& HAS of A
= HskE ATtstqlrH32l. A3 a8

- 4.7x10"rad®] P ol =2 H Al59] A EE 6.

MpaZ 2F 7% FHASFAL, 3x 10" n-cm?9] IL&F Ao

fr N

=E2HAS wE 257} oF 45T7HA] st A=
£ o ST A ReS Hustdo) E3 o] 22
T FE g0l n&F AR S Ao Fust
A& AF3FA.

34 Elleuch 9](1972)+= AR A2} 21 GFru A9

I
f
4
ox
i
riy
Hu
i)
Im
o
<
%
Ukol
o
i

>

f

=
&5/42F A5 2x 107 nrem?el] AT 65% HE FHA
!

=
=
O:

il

o
-

253



Jin-Seop Kim et al. :

State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

Table 4. Effect of neutron irradiation and temperature on the flexural strength and modulus of elasticity of concrete [40-41]

Percentage of unirradiated, unheated value

Constituents Flexural strength Dynamic E Static E
of mix
Temp. gradient ~ Heated . Temp. gradient Heated to . Temp. gradient ~ Heated .
125275C  todooe mdEdTpsoosegpor  Mmadiated oshgse goage  Mmadiated
OPC+barytes 71 78 69 75 64 58 65 63 55
PBFC+barytes 45 63 100 59 51 66 66 56 82
OPC+magnetite 84 74 78 87 82 84 >100 90 80
OPC+Hollith 85 68 >100 75 59 100 80 56 87
OPC = Ordinary Portland cement
PBFC = Portland blas-furnace cement
Hollith = Lightweight aggregate
oF 80 AT et BASAY. Gray 431+ mpAl oFlleuch  FastNeutrons (fn)
: 2 Gray Limestone Aggregate (fn.)
7 ol Aol HAS AT 2~4x 10" rade] Fmf Fru/ Fruo 4 Gray Flint Aggregate (fn)
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Fig. 6. Tensile strength of concrete exposed to neutron radiation F,,
related to strength of untreated concrete F,,, (F.,/F,,) [38-39].

Shere seelE AR} Ae] fA18 232 melthe),
3} Hislsdorf £](1978) = SAIAZ-F A ~7} 5 X 10" n-cm™?
3131 A5 AR o] :=Ed ZABES} 25 sy
& mmeee) 98 A 2 et gleta 3 e art
H 1.45%x10% n'cm’ZS] Aol =z B Fag
Eof g% &S oF 5~10% B EekaL aFivH3s]). 12
- o} 2 7EA] ekl Oﬂ = 2| E o] Aol thgt Eet
HIEA] oL Aol

5 ol

O

o]
RhE

3 &3
[CIR=NPN
AT

JINFCWT Vol.16 No.2 pp.243-260, June 2018



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

He 2 o] ZAeM e A AAHsr) dggt

ofr

.
AN

. ZUERInDE SAE AMSSE 238 BV 1&5FAA)

A 1x10Y n'em?ol] =5 0.2~1.0% A%, 18

4x10" n-em?R1 e =F =W 2~4%2] HAol]F7}7}t ‘3“33}‘4'
(32]. =S FUgE 2olA HAPIS EFHE A9 =
A1 0.5k 130 Aol A, Gl A2l
FYEQ B9 0.1%2 1.0%, A 3]t =A1e] 85 0.2%%}
1.7%¢] Zol7} 242+ Z7}skchar shgdet. 22y 2,27 x 10"
I} 4.7x10"° rade] FnpaAlo] A3)et 28 EVF =& EH
0.03%%} 0.0620%2] Zo] 7Z+27} WrAETh Granata®}
Montagnini (1972)= A38S 53} 10 n-em?A x| &
HAE R Sollis 439 2220k 244 2awlE)
=EHUete A XU EAsEA] kot 10% n-em?o]
o) 2NN E BAH ) o3 AR S Elo] e 5

9T 5 99e-2 Busharkia)

4.3.4 714 A
Ayt o g FAEV} vk SR =& EHAS
) Z3EdAM = 7)A7E FAYTH2-43], T8 TR
S i kA, A e, dAkslERS, o) abslekA o),
o= WAL 7R QI3 o] AP EAN ST u) =
o] WAL (radiolysis)7} =7] wjiEo & Hrhech, =3k 5
ek Z1A| 2 Q] A E WiFellA] o o] whAg - 9lo
U ol2 ¢ls Ea B EAWsyt gtk ©gstr]
= o Hoh. shAIRE S 7)Ao 2]ste] ZA B E o
EA3HE 2] B2l A 7 AL Sl

5. 24 9 B9

US NRC (Nuclear Regulatory Commission)& AR5 3
Qs AAZe) BAZ o BRI ol B T2
ol 0] 187178 N2 02 Feli]

= olx}

1 2=
20l gel 7)F 0 Ak A Brhs etk 714 vt
Sley. B3] 228)E 2] A AT AR S AT

Sl Aozt FrE A ofd] ek AR Lrut WAl
FAA ol thal] Aol o]Fol A7) ek thyk AEA el 5F
i olmmg—ﬂ s QIead-4s), B3] 2aele Aaa
SAIG B 242 A A2 el

JINFCWT Vol.16 No.2 pp.243-260, June 2018

SAR (Safety Assessment Report) H.ILA
AE W, NE BaAele ¥4 2w
o} webd 74 2aeE TR 27

FAERA 39 L DR 212 2 7Y

Ast7] 71 g AeH ] 7ol =

mim 2
2.]_1{
ﬁ,
E@

it r

5.1 |23 2&E7|&

2ae)E F2E Y LEAGe] Aol AL
= o] el AR sk Wkl B3 A2e BeY e
| FES

ne
s

T 20 Ao 2 H& 2
¢ a3}

OECD NEA (2000)%= TrAIZCZA ZA2E 9o
=l _57} 110CE YolH: ¢ fivfa F45ta glon,
A=z HAS B3 Ay exwsh) Z3agE #94A
£ flal 6o olatrt HEE AAskar 9lrH46). Edgemon
3} Anantatmula (1995)= dutx o 2 Zgg|E Falr} vy
7] AR QAR EE 95T oY, 257} E84E 18
I e ARro] S d3tddS ¥ S A

¢ e atolyt g Rpo]F(thermal cycle)& ZA 2| EQ]

o
=
2
Jo
N
Z o
=
s,
o
=2

o =1
dsloll Fet YEFS vzIvkaL 7|3t HdrH47]. 4 Jager
(1975 F4AF F3E AuA 2 43¢ 93T E 25
250 =Z =W et Hu, FAE oA o] FEENS
WAEHL, &5 9 o] 2 Qe I8 | WA F5
ToR g AR dalE WA Al vt 22 2ax
AL whetol shehar A A e At S22 A A (H o W2
T 88T, o] tj7]2= 71C), ﬂHW 2 A (FH D W &
T 177C, 41‘41 7] &% 149°C)[48]. US NRC (2005)= &=
2 EQ P25 A 4%1% £ 93C ol3l®, FRAH F
koA 191 oldtE A etaL vk, mEgh v 23 eflA]

o =

=5 149C ofa} T3t 7520

S71He 318-skaL leH49l.
ASME (American Society of Mechanical Engineers) Boil-

erand Pressure Vessel Code, Section II1(2007)= 22| E 9]

2= 260C7HA] A A

o rir
f

255



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

257} 65T olstE FAIHE g Ame At
o, 5l FhoA 51 £ 2
95C7HAIE 38 7hs ks 7l vb QlvHs0l YA
A2 Alz="le] ZIYE Y v FFed =
Al dREA 0 2 95T o]atE fAErH51, 391 ASTM C1562-
10(ASTM, 2010)F= £ EZ} 149C o] 2] 2ol F7] =
24 A 238 E FH scaling?} crackingo] WA E =
ATkar AABFATHS2), Lev A2 A FA B EVF 149C
ol o] &xol =& H F e 717ke] w9 goHs2l, uhehA
]9 A Q] F7ho| A 149C o Lol :mEFHOZ QI

e d ot gletsal

ZAES] B4 JFS v F e WA g
= AFHo g AA3E AL Brbsslt ol AlgE &4
o] Ws}, 32 AdAs ] H, T olUA] E ZAMAH
T - TheFsk QIAbel| &2 0] 7] wio|th, ZA T E |
gk el v vig- thekst A7yt HaEa 9o, o] 2
S AFRAREL AEH AES FES /AR T o
of 71& AFAE o =& d A8 ZaTE H84
T e AR EE 7hel = gele Ak iTh

ASME (2007)= 22| Eol| thek A 88 =i
< 10*° n'cm? o)3t2 A SFL JTHS50l, ANSI (American
National Standard Institute)©] ANSI/ANS-6.4-2006 H.31X4]
o Wk, WhAFA o] ol #|(incident energy fluxes)7} 10'°
MeV-cm?s? o]3td Z-g-oll= kg o2 Q1 71 S FA|
g 4 glokal Basklehss). =gk 238 EVF 10 nrem?
2o g & AR =E2EYH, 32 10 radE 273}
= Avbd e =2 Evd Fa8Ee dEAE 2 BAA
. Hungerford (1966)= &3.8]
= A% SEA Vs 1S
FA = 10 nrem?, ARl A9+ 10" rad g E2kaL A
AlBFATHS4]. Hilsdorf (1978) 2 of8] dT+27E 53}
o PAAoR FAHAAETFAL 10Y nrom*S 293 2
AYE B e s A gttal B gk uf gl o
[36], Alexander (1963)%= 10" radg& Z3&l= mpad o A
EE =3APIE AR 4FAE FHAHE OF 25~60% T

Al Z| AlsFJATHR71. BSI (British Standards Institution)

4
N
iy
B
2
T
M
o
L
_O|L
52

= T

256

(1990)= A2 WAP 298 Ze2Efs Fag
Eof gt F&ek F8A AF7EES AXSAE EUA
T 0.5x10" nem? olgtelAl= 53] alefstA| =t
3 718G EH56]. B8k ACI(Americal Concrete Institute)
(1972) T2 AFE 5x10Y nrem™>s? o] =, Fvpid &
4%10" gamma photons-cm?s'&2 A8t o]okstr}ar A 4]
3} JTH57]. Fillmore (2004)% 10 n-em? o]3}e] 244} &
2 10" Gy o]ae] upd el oafx= A2 #7 Fa2 E A
237} 509 ojjellx= ZABEd S At do]
AskA] eFar, Tk 1001 o)) #7713t thiA = F7}
ARl A7t Basiohar AFekdct. ¥ 10 nrem? o]
o T84} 22 10" rad o]7o] Fwpd o= b5 =t <l
o] el vt WA EM, o]} tlEo] Fu|wige]
Aghehar B ast gk,

1T o o J

5.3 ZHA E2HE W

ZaE9] wighul= AR Ao ds ol A9l J3F
< vt Ak xS AdskeE A 2aEY Ee
o} Z1& #HdHo] 9t} dlE o] THIAE AT EN
1Es Y F AR Bert E555 A E oA 7
AE U A 5 Qv S84 A48 22 ES v
e o Bt 2o FHE EA8e FAe 22
S At dAse S AR Borondt 2
S AEEL oaF rpad o] AN glo] dFAE E&AL
232, 29 @ F vk Aol 22 AsE Ei3 T4
A} £80 ZRE 7]RIsk= o] bl & A= F
Q3}HS].

AR Al A= B2 - T3 Boll el At agol

Zolof sith, 2B R ZHT, 7S AESo] AHA U
of 25 P a8t Hal, o] 2 Qla) ZAE ujgu]e] A7
e o2 e Aok givh, 2T E AR A A= 9
oA 7k A= @ o]l Wl X Zvf - FAdAE AL
3 s Gt FAEEL] AWET} FatE A

Mooz b dr o
e

rr g

ae I

§)
rlr
o
b
RO
ri
U
™
{mt
i
o
W
-1
BN
2
o
N

JINFCWT Vol.16 No.2 pp.243-260, June 2018



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

>
o)
o
-
&
r'O
il
Y
1>
2
o3
>
[>
i)
iy
rJ
AU
ol
ol
N
)y

2

m
U ooz il

2o
W e
o
modn e

ox
2
=
%

bl
=)
2
(o

[l
Mo T
1
_O|L
b4
=

>~
>
o
o
1%

-4
N ore
ol
2
ox
=2

T

ol
(oA

geFalra olgel
Hoz Fejat} wi
A NEez AN AL @Y. s 1

AREe vigos AnEo AT 5 9l

i
lo,

rlr
N
X

9

[
Lo

=
ok
e
oo
N
AN
(i

=

i e 4o

o
ans

o

nee) exol 37 wEA| Bl o) ol &
A= parweh eaAe) 1, 28l A

P Fol A GFS et

2ogn S Ao Moo X 2
ox | My L o & M o
o Moo o T o Mo

rkomoﬁ
%Eﬁﬁo"r}or?ﬂu

Orﬂoo gmoﬁﬂ

% o YK

g NS
5 o X% e
. > .
S
- ox fu o=
S o2 bl
= Eﬂl_u -
el
T - of N
HJE_&-ﬂ
o = = Ee)
o e A ye
oor g ool
ol}Jow-‘ﬂFO i
g =
rr = on = I
dy i o e
o 0
AL =) I
m oo 4 Y .
o % oo jo RO

ol
ol
B
it
I
1
Q
X
o,
B
2
B
>
)
v

S WA o] Al|A7F 101 MeVeem®s™ o]8}S
de Fgoz Q3 7tde FALE £ Sk 2

c Aol =Z T, 38 10 rad £
Hop 232 Ee] A8 40
= ZAYE TR
Abshe Zae|ee] o
HgALstE 2

TR AR

BN
o
O
an)
rlu
P o
o
(m on
i Do

¢

ol H
o
o
bz
2o
L g W
5]
b
o
o,
1

N
o
-°
v
o
i

o
U
2

rir
ol

X,
)
o,
i)
N

o
oo
v
iries
rlI.
T
[o

b
N
b e

ot

ACH

m

N

ok

>

oo g
Ay
o
ki
o,
o
2
i
Ky}
el
)
Qﬂ.
)
v

=
N
> 2
6

o NN
o

M1 ox

ZA 2] AgFAd el Bl s}
£AZ Q3 AT E
HEARA 2}

e
o
e
2
o
rr
Y,
1-4 mlo
2
o
off
ol

1=
T
al A

Jm

= o

=

2

ru
o2
ot
tlo
o
>
&‘0
rir
v

i

i
oy
do

(m

lo,

12

19

N

o 2
ox

i)

9

(o
re
-
il
o off
2 1o
o

e,
=)
L
la
e
o fo o
fo o 4]
il
1
o
m
o N
rh
o
o
oL
>
>
Y
>
i—".
2

ox lo
o ek
ir ey
ke
o £
£ o
o Ho
i
P,L
0
N
o
Ho
rr
o%
>
Y
N
>
>
1y
)

2

7

o g o
—
ox

%, oy
ol
ol
R
i)
&
o
[l
ro,
]
iy
ALk
m

o
(b
o
=)
i
4
a2
rr
uies
i
-
ot
o,

JINFCWT Vol.16 No.2 pp.243-260, June 2018

EER R ARE R CEERERERRELR R
o et AFE ATAE vitk 247] ket Ag welT
o e Aol ARHQ Aolunt olfet APz o| Sl
7 wolt, 2R 1e B LAY 20 7| E] AT
Ane Foa] PaE AFE Aol Basich AXA
4 B 259 1E30 9 -57kE e 1 ke A
BT AAE GO 2 e B AR o] o] FE 2
222 Auste] ofo] vg Thekd AFAY AFo] 5
wkeojof 3 Zlolth, mebA £ QAT FF ALEFH
= A44% o AR 71 Al

B AT v z=gst e Aoz Alsste st ATAl
o] fxlEv|s AT o] A Yo FY Gt (FA
H 3 NRF-2017M2A8A5014857).

REFERENCES

[1]J.W. Choi, J.N. Chang, W.S. Ryu, G.W. Song, J.G.
Bang, et al., “Development of Integrity Evaluation
Technology for the Long-term Spent Fuel Dry Storage
System”, Korea Atomic Energy Research Institute Re-
port, KAERI/RR-3157/2009 (2009).

[2] J.S. Kim, J.W. Choi, K.S. Lee, and S. Kwon, “The state
of the Technology: Radiation Damage and Deteriora-
tion of Concrete Cask in Spent Fuel Dry Storage Sys-
tem”, Korea Atomic Energy Research Institute Report,
KAERI/AR/851/2010 (2010).

[3]J.S. Kim, K.S. Lee, J.W. Choi, and S. Kwon, “A Litera-

ture Review: The effect of Thermal Damage on Ther

257



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

Physical and Mechanical Properties of Concrete Mate-
rials”, Korea Atomic Energy Research Institute Report,
KAERI/AR-876/2011 (2011).

[4] H. Issard, F. Nizeyimana, E. Cavaletti, and J. Garcia,
“Managing Degradation of Materials in Used Nuclear
Fuel Dry Storage”, IAEA TM 45455, Used Fuel Stor-
age Options, July, 2-4, Vienna (2013).

[5]A.H. Chowdhury, L. Caseres, Y.M. Pan, G. Oberson,
and C. Jones, Expert panel workshop on concrete deg-
radation in spent nuclear fuel dry cask storage systems-
Summary report, US. NRC (2016).

[6] J.S. Kim, S.W. Cha, and J.W. Choi, “The State of Prima-
ry Degradation Models of Concrete Structure and De-
velopment of the Optimized Degradation Model”, Ko-
rea Atomic Energy Research Institute Report, KAERI/
TR-4303/2011 (2011).

[7] E.P. Glasser, J. Marchand, and E. Samson, “Durability
of Concrete-Degradation Phenomena involving Detri-
mental Chemical Reactions”, Cement and Concrete Re-
search, 38, 226-246 (2008).

[8] M.F. Kaplan, “Concrete Radiation Shielding Nuclear
Physics, Concrete Properties, Design and Construc-
tion”, John Wiley & Sons, INC., New York (1989).

[91 H.E. Hungerford, “Shielding in fast reactor technol-
ogy: plant design”, Yevick, J.G., (ed.), MIT Press, Ch.8
(1966).

[10] R.G. Jaeger,(ed.), “Engineering compendium on radia-
tion shielding, Vol. 1I: shielding materials”, S.9.1.12.5.
Springer-Verlag, Berlin, Heidelberg, New York (1975).

[11] E.G. Peterson, “Shielding Properties of Ordinary Con-
crete as a Function Temperature”, USAEC Report
HW-65572 (1960).

[12] B.T. Price, C.C. Horton, and K.T. Spinney, “Radiation
Shielding”, Pergamon Press, London (1957).

[13] H. Goldstein, Fundamental aspects of reactor shield-
ing. Addison-Wesley, Cambridge, USA (1959).

[14] K. Billig, “Prestressed concrete pressure vessels”, J.
Amer. Concr. Inst., 59(11), 1601-1634 (1962).

[15] J.S. Davis, “High-density concrete for shielding atom-

258

ic energy plants”, J. Amer. Concr. Inst., 29(11) (1958).

[16] T. Rockwell (ed.), “Reactor Shielding Design Manu-
al”, McGraw-Hill, New York (1956).

[17] U. Schneider, “Behaviour of Concrete at High Tem-
perature”, Deutscher Ausschuss Fur Stahlbeton, Heft
337, Berlin (1982).

[18]Y. Anderberg and S. Thelanderson, “Stress and De-
formation Characteristics of Concrete at High Tem-
peratures, 2-Experimental Investigation and Mate-
rial Behaviour Model”, Bulletin 54, Lund Institute of
Technology, Lund, Sweden (1976).

[19] T. Blundell, C. Dimond, and R.G. Browne, “The Prop-
erties of Concrete subjected to Elevated Tempera-
tures”, CIRIA Underwater Engineering Group, Tech-
nical Note No. 9, London (1976).

[20] E. Crispino, “Studies on the Technology of Concretes
under Thermal Conditions”, Ibid. Paper SP34-25,
Vol. T, 443-479 (1972).

[21T R. Blundell, “Session VII discussions on Structure, Sol-
id Mechanics and Engineering Design”, Proc. Conf.
on Civil Engineering Materials, Southampton (1969).

[22] T. Harada, J. Takeda, S. Yamane, and F. Furumura,
“Strength, elasticity and thermal properties of concrete
subjected to elevated temperatures”, Ibid. Paper SP34-
21, Vol. I, 377-406 (1972).

[23] U. Diederishs and U. Schneider, “Bond strength at
high temperatures”, Magazine of Concrete Research.
33(115), 75-84 (1981).

[24] K. Hertz, “The anchorage capacity of reinforcing bars
at normal and high temperatures”, Magazine of Con-
crete Research, 34(121), 213-220 (1972).

[25] T. Harada, “Variations of Thermal Conductivity of
Cement Mortars and Concrete under High Tempera-
tures”, Trans. Architectural Institute of Japan, No.49,
Tokyo (1954).

[26] J.C. Marechal, “Thermal Conductivity and Thermal
Expansion Coefficients of Concrete as a Function
of Temperature and Humidity”, Ibid. Paper SP34-49,
Vol. T, 1047-1057 (1972).

JINFCWT Vol.16 No.2 pp.243-260, June 2018



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

[27] H.S. Davis, “Effects of High-Temperature Exposure
on Concrete”, Materials Research and Standards,
7(10), 452-459 (1967).

[28] H. Weigler and R. Fishcer, “Influence of High Tem-
peratures on Strength and Deformations of Concrete”,
Amer. Concr. Inst. Special Publication SP-34: Con-
crete for Nuclear Reactors. Paper SP34-26, Vol. I,
481-493 (1972).

[29] R. Idine, J. Lee, and B. Bresler, “Behaviour of Re-
inforced Concrete under Variable Elevated Tempera-
tures”, University of California Fire Research Group
Report No. UCB.FRG 75-8 (1975).

[30] S. Ohgishi, S. Miyasaka, and J. Chida, “On Proper-
ties of Magnetite and Serpentine Concrete at Elevated
Temperatures for Nuclear Reactor Shielding”, Amer.
Concr. Inst. Special Publication SP34: Concrete for
Nuclear Reactors. Paper SP34-57, Vol. I, 1243-1253
(1972).

[31] B. Wu, J. Yuan, and G.Y. Wang, “Experimental Study
on the Mechanical Properties of HSC After High Tem-
perature”, Chinese J. Civil Engineering, 33(2), 8-15
(2000).

[32] B.T. Kelly, J.E. Brocklehurst, D. Mottershead, S.
McNearney, and . Davidson, “Effects of reactor ra-
diation on concrete”, 2nd Conference on Prestressed
Concrete Reactor Pressure Vessels and their Insulation.
Commission of the European Communities, Brussels
(1968).

[33] L.E. Elleuch, F. Dubois, and J. Rappeneau, “Effects of
neutron radiation on special concretes and their com-
ponents”, American Concrete Institute Special Publi-
cation SP-34:Concrete for Nuclear Reactors. Paper SP
34-51, 1071-108 (1972).

[34] J. Seeberger and H.K. Hilsdorf, “Effect of nuclear ra-
diation on mechanical properties of concrete”, Trans-
actions 5th International Conference on Structural
Mechanics in Reactor Technology (SMIRT-5), Paper
H2/3, North-Holland (1979).

[35] V.B Dubrovskii, Sh.Sh. Ibragimov, M.Ya. Kulakovskii,

JINFCWT Vol.16 No.2 pp.243-260, June 2018

A.Ya. Ladygin, and B.K. Pergamenshchik, “Radiation
damage in ordin da concrete”, Atomnina Energina, 23
(4), 310-16, English translation in Soviet Atomic En-
ergy, 23(4), 1053-8 (1967).

[36] H.K. Hilsdorf, J. Kropp, and H.J. Koch, “The effects
of nuclear radiation on the mechanical properties of
concrete”, American Concrete Institute Special Publi-
cation SP-55, Paper SP55-10, 223-51 (1978).

[37] S.C. Alexander, “Effects of Irradiation on Concrete:
Final Results”, Atomic Energy Research Establish-
ment, Harwell, United Kingdom Atomic Energy Au-
thority (1963).

[38] G. Edgemon and R. Anantatmula, “Hanford Waste
Tank System Degradation Mechanisms”, WHC-SD-
WM-ER-414, Rev. 0a, Hanford, June 26 (1995).

[39] D.L. Fillmore, “Literature Review of the Effects of
Radiation and Temperature on the Aging of Concrete”,
Idaho National Engineering and Environmental Labo-
ratory, INEEL/EXT-04-02319, 1-10 (2004).

[40] J.A. Houben, “De bestraling van Mortelproefstukken
(The irradiation of mortar test specimens”, 2nd Con-
ference on Prestressed Concrete Reactor Vessels and
their Thermal Insulation, Commission of the European
Communities, Brussels (November) (1969).

[41] C.F. Van der Schaaf, “Effect of irradiation and heating
on the strength of mortar and concrete)”, Ibid (1969).

[42] S. Granata and A. Montagnini, “Studies of behaviour
of concrete under irradiation”, Amer. Concr. Inst. Spe-
cial Publication SP-34: Concrete for nuclear reactors,
Paper SP34-53, Vol.II, 1163-72 (1972).

[43] B.S. Gray, “The effect of reactor radiation on cements
and concrete”, Conference on Prestressed Concrete
Reactor Pressure Vessels, Commission of the Euro-
pean Communities, Luxembour, 17-39 (1972).

[44] US. Nuclear Regulatory Commission, 10CFR 72.104
-Criteria for radioactive materials in effluents and di-
rect radiation from ISFSI or MRS (1998).

[45] US. Nuclear Regulatory Commission, l0CFR 72.106
-Controlled area of an ISFSI or MRS (2017).

259



Jin-Seop Kim et al. : State-of-Arts of Primary Concrete Degradation Behaviors due to High Temperature and Radiation in Spent Fuel Dry Storage

[46] Organization of Economic Co-operation and Devel-
opment, “Radiological Impact of Spent Nuclear Fuel
Management Options-A Comparative Study”, Nuclear
Energy Agency for the OECD (2000).

[47] G. Edgemon and R. Anantatmula, “Hanford Waste
Tank System Degradation Mechanisms”, WHC-SD-
WM-ER-414, Rev. 0a, Hanford, June 26 (1995).

[48] Jager, R. G.(ed.), Engineering Compendium on Radia-
tion Shielding, Vol. II. Springer-Verlag, New York, 117
(1975).

[49] US Nuclear Regulatory Commission, The Effect of El-
evated Temperature on Concrete Materials and Struc-
tures — A Literature Review, NUREG/CR-6900, ORNL/
TM-2005/553, Oak Ridge National Laboratory (2006).

[50] American Society of Mechanical Engineers. “Boiler
and Pressure Vessel Code-Section III: Rules for con-
struction of nuclear power plant components”, Ameri-
can Society of Mechanical Engineers, New York
(2007).

[51] Electric Power Research Institute, Used fuel and high-
level radioactive waste extended storage collaboration
program: November 2009 workshop proceedings, TR-
1020780, Palo Alto, California: EPRI (2010).

[52] ASTM International, “Standard guide for evaluation
of materials used in extended service of interim spent
nuclear fuel dry storage systems”, ASTM C1562-10,
West Conshohocken, Pennsylvania: ASTM Interna-
tional (2010).

[53] Southwest Research Institute, Initial Long-term Integ-
rity Assessment of Spent Fuel Dry Storage-Final Re-
port, Center for Nuclear Waste Regulatory Analyses,
Geosciences and Engineering Division, SRI, CNWRA
2011-001, Texas, USA (2011).

[54] H.E. Hungerford, “Shielding,’ Ch. 8 in Fast Reactor
Technology: Plant Design”, Yevick, J.G. (ed.), MIT
Press, Cambridge, Massachusetts, 432 (1966).

[55] American National Standard Institute, Nuclear Anal-
ysis and Design of Concrete Radiation Shielding for
Nuclear Power Plants, ANSI/ANS-6.4-2006 (2000).

260

[56] British Standards Institution, “Specification for Pre-
stressed concrete Pressure Vessels for Nuclear Reac-
tors”, BS 4975, London (1990).

[57] L.F. Elleuch, F. Dubois, and J. Rappeneau, “Effects of
neutron radiation on special concretes and their com-
ponents”, American Concrete Institute Special Publi-
cation SP-34:Concrete for Nuclear Reactors, Paper SP
34-51, 1071-108 (1972).

JINFCWT Vol.16 No.2 pp.243-260, June 2018



