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Abstract

In Taiwan, the space of water pools for temporary storage of spent fuel in
the 1st Nuclear Power Plant (NPP) is running out, and the site of final
disposal facility is still not decided. Therefore, the installation of dry type
interim storage facilities is urgent. Most of these storage systems are
freestanding, leading to stability concerns in terms of potential excessive
sliding displacements and tipping over in an earthquake event.
Consequently, seismic behavior is one of the important subjects of the
safety analysis of the spent fuel dry storage facility to be installed in the 1st
NPP performed by the Institute of Nuclear Energy Research under the
commission of Taiwan Power Company. This research, promoted by the
Fuel Cycle and Materials Administration of Atomic Energy Council, is to
assist the review of SAR proposed by TPC, and to execute an independent
analysis for further verification. In this research, the ABAQUS/Explicit
code is used to analyze the earthquake response of the system through a
3-dimensional coupled model consisting of a freestanding cask, a concrete
pad, and underneath soils, interacting with frictional contact interfaces. The
earthquake motions adopted for study include an artificial earthquake
conformed to the design spectrum of 1st NPP, and a modified strong
ground motion recorded near the 1* NPP in the Chi-Chi earthquake. Both
are used to perform the pseudo-static and dynamic analyses. Results show
that the freestanding cask will slide during strong earthquakes, but the
amount of sliding will be very small. The collision between casks will not
happen. The dry type interim storage facilities proposed have enough

safety margins on stability during strong earthquakes.

Keywords: spent fuel, dry storage, seismic behavior, FEM, coupled model,
soil-structure interaction, frictional contact behavior.
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PERedl (05 0~ B0 o TR EF AT F RS W
& diplzbz AR E B e 0 4oB] 3.9~3.11 #1F ;

3. B & LPEEE PR - RICSA BT 3R H A2 AR ER - ko B
P IEE 2 AR EE RS (T ERTIIESTRER

FH oo

FRATEY L BE G~ E

d B 3.9~3.11 ¢ # ‘#F,J Aok A E R 2 F R &

Prie = B2 RF B R REREH IS DR Rt R
R KA E A RV o AP - LR R
R 1909 & 4 2 SR ARAC T3 ok B0 B 2 AATEETA BEP i

— RBITHEA G 8 2 B o FIM AR R GRS
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-
hix
%
=

BrR732 R -FF o d NEERREF WA CH L L
=7 = F

PGA + $ 38 FIN XY F R FHET -

32 F k&
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F o f 2z KHHFFA(13,14,15] €37

FE2 e BB AE T AR o

AARFEFZ A THE SN A1 T Al
¥ &1 /%5 22 7(1992) [13]
7 —f\é?iibs—‘p 12 );]é?‘ffﬂ‘ » $EL C1~C12 - H# C7~C9 ¥ Cl12

SR E TR BB B R dod 32~34 97 o

2. % BB AL F T 2 (1997)[14]

ASHEL F 1430 > %3 BI~Bl4 -

3. BH 1424 T2 P (2006)[15]
- F

AL G 13 SELE Al

e Z AHHFIR AL 2 gt R 4 Ao 3012 fror 0 RN IRGR
BRI G E 3509 0 AP RREAGERET 2R NE
SRR M e ¥ EH(1992)2 L P FlF B A A FAoB] 3,13 #15F o
FRLget 2 Tk~ A FEUE SPT-NEA G 73] 2757

LR E A A K 26 dok 3.6 477 o
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2367 HBIHLZARK HY F- ke TA2 R vHEA
S LA (NSO F) - KRl LR (N
>50%) » AEREE - E2 Bt & A4 W1997)4EF 4F &
2 B3 B4-B5-B6 ¥ B7 73 2 fi kB~ s G2 HBHT
Fo gL ian 8 22 E B PIE R EE 2 P(1992)2 T 3t
AEERIFTHHP R BB CT73 0~82m 2 Rl % > 2T 4
Bk L 348 m/s> R4 i 5 1464 m/ss @ ¥ A B~ C7 3¢ 8.2~26m
BRSSP il S536mis B4 i S 1647Tm/s s 3R
[HRIP~CO3t 0~dm 2 # 2 BRI S - BT 4 jLid 5 270 m/s > B
g s 776m/sc B 1R ABCTI RpES2Z BT 2 30 55%
2 BF o — A 4 R RCE B FBCTat 24 LiE 348 m/s 0 B

BEmL o ANFEIED > 2 EBCI3 2.5 4 B 270 m/s 1F 5 &

33 #ABEAHERATREF LI A 24

P4 3.6 3% T e 2 K Sl 22 2 AITRCAIG > {7 1
% SHAKE 91 #2818 17 3 4 £ o & 45 » 12 fE 3> e 2% 6
Z2_ p o H(free field)¥ % # * 4cig B (PGA)» M % § AL F o 7% 2
ﬁ*ﬁﬁ%&o$$@MH3ll$ﬁ3l2$ﬂ@iiﬁﬁ%%$

GITS OIS A d iy~ Ed > T8 EFF AT BRA T TF



2B A EER RS WA 314 8 315 97T o W& e 12 A F
PGA 3 577.6 gal (0.589g) > & #* » PGA % 593.6 gal (0.606g) ; H#t
%G| 12 & & » PGA % 590.8 gal (0.603g)’ % #* » PGA % 716.7 gal
(0.731g) o d M F %% » Pard B2 005 - %72 £ H %511
2. PGA > @ SARAXE B3 B¢ 4 3MA R4 it sk o1 ¥ 2 PGA
(B13.16) o 23 F A459rEp £ E 2 F iy 5 L3 #5

X}

TG ALELATE LR - Bk

T oA HA v Bt ek REREFTLEE RAT 0 AT
YEHES B2 T RS S L (strain compatible) T 4 f#c e fE R
s A T R I LR ”\’;‘*%/’v\%‘ri%fj?‘ﬁﬂ SBc2 o ok

3.7 8 3.8 #751 o

34 }W&#lu&

2

1945 EN 1992-1-1:2004, 6.2.5 [16] » 2 4 #2308 i 4 ¥ chfE gt

N

qﬁg

G

DG AR R T 5 ER GRS 25 S kF 0 VR AL 0.6 7

PR LT RS RS AR 2 B Glce RS A

Bf 42 Ageiid d 0 A RSN R B RE L a R T

B[17]9 > vUR GRS LI B O R A A2 BT 2 ) ¥
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T2 IV R& (AF 3.17) TR E LR & Bl 06030

B¢t s o M R 055
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% 3.1 £ LR BRxE(TAPO8S4) & F iﬁgk\ﬁiﬁé’] N IS S

] 5 A goF |SpiA
i %:] “‘En%ﬁ{. i o3 ﬁéfk‘:ﬁ FE_ }Ju LL 3

(m) (t/m’) (m/s)
1 Fy 2 1.4 0.03 1.56 120
2 Fy 4 2.2 0.03 1.51 170
3 Fy 4 2.4 0.03 1.98 170
4 T 2.0 0.03 1.70 210
5 [y 2.0 0.03 1.78 210
6 Fy 4 2.0 0.03 1.62 180
7 k2 1.5 0.03 1.67 140
8 b2 2.5 0.03 1.62 140
9 k2 1.5 0.03 1.98 140
10 b2 3.5 0.03 1.61 240
11 Fy 2 3.5 0.03 1.59 290
12 Fy 4 3.5 0.03 1.68 290
13 T 2.0 0.03 1.88 520
14 2 F 0.0 0.01 2.00 750
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£32 CT4pn Tt g

R3]

ER | PRER | SHER | BT | A | ¢
Depth Vp Vs Gd Ed Poisson
(m) (m/s) (m/s) (kg/cm?) (kg/cm?) ratio
0~8.2 1464 348 2471 7266 0.47
8.2~26 1647 536 5951 17148 0.44

% 3.3 CY4kat T3k £ RIFR13]

FR O PRAER | SHER | BET A | BEY K| & ot
Depth Vp Vs Gd Ed Poisson
(m) (m/s) (m/s) (kg/cm?) (kg/cm?) ratio
0~4 776 270 1383 3960 0.431
4~10 1504 502 5142 14784 0.437
10~44 2230 641 8972 26108 0.454

% 34 Cl12 4k T3 g £ FAH[13]

RO PASER | SHER | AT A | B K| & b
Depth Vp Vs Gd Ed Poisson
(m) (m/s) (m/s) (kg/cm”) (kg/cm”) ratio
0~7 1147 328 2118 6167 0.455

7~25 2232 651 9254 26902 0.453
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235 F¥FEEHPFFIER > NEZLS]

B2 ET ~ RN ©)

81 & 86 & 95 &

47 A7 37

C3|C4|C7|C8|B3|B4|B5|B6|B7| Al

0-1 7 37| 8 |40 | - - - - - -
1-2 8 |16 | 12 | 42 | 3 6 [ 19| 79 | 100| 16
2-3 - (100 ] - - - (100 29 | 4 9 50
3-4 36 | - |41 | 47 | 18 [100| - |100| - -

4-5 100 | 100 | 100 | 100 | 100 | 100 | 48 | 100 | 34 50

5-6 94 1100 | - | 100|100 | 100|100 | 100|100 | 50

6-7 - (100|100 | - - | 100 | 100|100 | - -

S95 EHMF L B LT sk (TER T 50 =

%36 FFELAPFITRLIPEN - RAETAETFEI RS A B e

% L ER | ErEd PRER (SHER| ¢

, B U ;

= (m) | (t/m’) (m/s) (m/s) b
4 ~wE R

I 5.0 1.75 776 270 0.43
&b g Ay (N<S0)

o=k (N>50)| 3.8 1.90 1464 348 0.47

Im | #& — 2.16 1647 536 0.44
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%37 PEFRAFOTELITRRPEI K S (BREHD

1 T 0.9 0.030 1.75 229.52
2 T 1.3 0.072 1.75 181.21
3 T 1.4 0.116 1.75 149.27
4 T 1.4 0.147 1.75 128.06
5 T 1.9 0.114 1.9 194.09
6 T 1.9 0.131 1.9 179.76
%38 FPEFREAFOTELTYRREFEI R S8 (FRFH 1)
1 ®E 0.9 0.032 1.75 226.41
2 T 1.3 0.077 1.75 176.96
3 T 1.4 0.123 1.75 145.04
4 T 1.4 0.154 1.75 123.85
5 T 1.9 0.119 1.9 190.15
6 T 1.9 0.131 1.9 180.00
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Event: UT2002/ 5/15-03:46:05.910E121.8720N24.651 Z 8.52 M6.20 ; Station: TAP084

PGAG,= 19.7 gal ’
~ PGA,=120gal ’

’ — PGA= 15.0 gal ’

Record Length: 70.0 sec ; Acc Unit: gal

Time (sec)

L4

T4

s
B

¥ RERE

112 %4

i

LV

#*

® 3.3

L)

&
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300

102 ’ il ,JLI‘“ m H,l”“lllu,h “H I ﬁA,MMM
o AR )

-200
-300

apw(gal)

—
———
-]
=

t(sec)

0.8

0.7 | — NPP1 design
0.6 — Simu. Base Motion-1 (EW)

0.5

= 0.4 J
0.3

02

0.1 r

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
T(sec)

B34 iy REGI2 AL 4B REREF BE (Xd %)
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300

200 r
100

‘m Il

o Nk 1Hl.h MHHMH ’Hkuhlll ||1] “l ““H Hh !
Ul

= PR 11 " HMH “

ays(gal)

t(sec)

0.8

0.7 | — NPP1 design
0.6 | — Simu. Base Motion-I (NS)

0.5
0.4 J
0.3

02

Sa(g)

0.1 r

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
T(sec)

W35 WErERGIZALGHRFRFFEF BE# (%)
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200

@ 0 ,'W“H. ”ln 1A |l| i Al“ M.‘
2" IO jil uvv'\’

-200
0 2 4 6 8 10 12 14 16 18 20
t(sec)
0.6
0.5 — NPP1 design
— Simu. Base Motion-I (V)

0.4
)
= 0.3
n

0.2

0.1

0
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
T(sec)

B 3.6 WiEr BRI Z AL HRFREFEF B (45w )
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ag,, (gal)

ayg (gal)

a, (gal)

40

20

Event: UT1999/ 9/20-17:47:15.850E120.8150N23.853 Z 8.00 M7.30 ; Station: TAP084
Record Length: 108.0 sec ; Acc Unit: gal

I T I I T I I
| | | | | | | ‘7PGA _344gal
,,,,,, \,,,,,J,,,,,L,,,,,, ,,,,,L,,,,,L,,,,,,,,,, —_——— -
| | | | ]| | | | | |
| | |
j el L lhl I H |HI ‘ o ponsind
| ‘WU ” ‘”1 F"ll I 1Ir’ | | | |
l l l | l l l l
""" [ [ \7 \77777\7 77777 [ [ [
| | | | | | | | | |
Ti= 15.0] } } | } } | Ti= 95.0)
10 20 30 40 50 60 70 80 90 100
I I I I g g g
| | | | ‘7PGA - 32.4 gal
T 1 T ””” coo i T .
| | | | |
Ili | |L ll " \l“ ‘HI‘ ‘|Ii n ]! || 1i A.II LYI ‘ l" A f
RULLLA UL TRUHU : AL
I S S TN SAk! I A T o [ B o
| | |
| | |
|
L

W38 HFEFELELEA

(Lt

. A N

L QS

.
’

d

Time (sec)

PR BRI ER

et T gde)
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ays(gal)

Sa(g)

300
200
100

-100
-200
-300

1.6
1.4
1.2

0.8

0.6

0.4
0.2

® 3.9

LI

Wil W ,v“ ir,

lh LI .J

T L FULA AR
Tady

|r\| |\l II
i |

10 20 30 40 50 60 70 80
t(sec)

— NPP1 design
— Simu. Base Motion-II (NS)

2.5 3 4.5 5

T(sec)

0.5 1 1.5 2 3.5 4

B s RR oI T2 RS« REPFEF i (X0 %)
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300

200
~ 100 ’ l
<
&‘0 0 \‘l 1 I ‘ ll I\ l‘lu ||l|‘i“,I_U‘\“. ,‘..’Ljp A T e TR LT
= Uk (v O A Ak M
m
< -100

-200

-300

0 10 20 30 40 50 60 70 80
t(sec)
1.2

— NPP1 design
— Simu. Base Motion-II (EW)

Sa(g)

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
T(sec)

310 #r BRI A F g REFEF B (34 %)
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200

100 r
)
) 0
>
<
-100
-200
0 10 20 30 40 50 60 70 80
t(sec)
0.7
0.6 — NPP1 design

— Simu. Base Motion-II (V)

0.5

0.4

Sa(g)

0.3

0.2

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
T(sec)

B 301 #3H RG22 AH4ERFREF B (462%)
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Event: SHAKE Output of Simulation Base Motion |
Record Length: 20.0 sec ; Acc Unit: gal

1000 |

— PGAEW_ 577.6 gal
LS00 e e e e T -

a, (gal)
.
ES
—=
=
é
==
i
=
=—
=
=
=

-500———————————————Jr——————————————a——————————— ———: —————————————— —
I

-1000
0

\ \ \
5 10 15 20

1000

Ll

W 3.14 HEH REGIFHFRAFEFZI L NERFE

CERCENREET LD

ays (gal)
o

Event: SHAKE Output of Simulation Base Motion 11
Record Length: 80.0 sec ; Acc Unit: gal

1000 [ | [ [ ‘ ,
! ! — PGAEW= 590.8 gal
500 | ‘ ‘
E
= 0
=
<"
-500

-1000
0

1000

500

0

ayg (gal)

-500

-1000 | | | | | | |
0 10 20 30 40 50 60 70 80
B 315 HHRFEZGIPS5F RATEFTLY 24k B

(F:haw; T i)
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25 ;
19999210 £ £ R E
D TEIPREZE
PGA
z
E-W N-S .
244 W A
o
S
p S5 1 -
53?64 a2
Ea-HET
| asdas g
h o o
! 9334%9--- a3
24 e 11447
120 121 121

B 317 REIAREIZFMENRE Y 28 TE%[17]
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prir iz pd MR AL rT o B b, AT FR oG
PR RIS L mg 2T R TR L L 0 may AP E4R T

KT BAR A oma, BT ERTR 2 4hE e 2 RS

¥
(w

FER>ee b 2R PRI T w4 G (mg-ma,) 0§
AN B HREES R T e RS B2 R

a,
g—a

u(mg —ma,) <ma, = u< 4.1)

v

Aoy AR e 4 AR 2 RS AR R TR RS A

S 2 BRb 4 B Pl A2

a,

v
(mg —ma,)r <ma,h, = —<

(4.2)
hcg g - av

r
FENGDE@2)2L S Tard 4> M 6 RIF A

h,,
r
A ZHEEEA A ﬂ<h—£% C RIS € AT EAE A > Sk
cg

Birdl o A BIY > R E 2.1~24 7 £ r=2.25m » h~=2.877m -

r 2.250
cg °

LRt VIR
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1335 ASCE 4-86[19]2. 100-40-40 ;2 R] » & & & ~ & A & 21 4
Loz 3wk BEHY > E- e F kL B2 100%HF 0 ¥ 3 B

S T AL FIE L B2 40% 0 (82 AL A 4T o iR R PR

A 45 o

4.1 P BREGI 120 A 13 &

)

Fl:}i;%?;—ﬁ;v‘f#ﬁm@/;ﬁ’&ﬁﬁ%gﬁwlféﬁﬁﬁ i
BOEr T o A d R AR A KT e B L 0.606g 0 T g 4S

B i B G ORT e B Seid R 2 2/3=0.606%2/3=0.404g -

BAY R KT RS B hieid REFAL 100% 0 5 0.606g > Ak T ¥

- F e iteiE B 5 0.606%40%=0.242g > - AeiE B 5 0.404%x40%

—0.162g » B a, =+/(0.606)* +(0.242)* =0.652¢g » a, =0.162g - {24
FEDENME2) FERFRE > REG 0772 M EE > Rk
1.006 » @ ANSIANS-57.9[2]% %2 % » fific i 1.1+ sdiih 6 224
M2 % SR B A D Re Rdow et &% BB B i)
g RO AR 4t pE L B 2L R S T (5] g gk ek
T 4 M ACERT R~ A B 2 SRR > 7 ¢
AT 0 T RS AN BT Er T
SRR E A AR S > A D5 2 o
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F A dw Avik B 100% 0 5 0.404g 0 BIPR TR 2o et

@R 3 0.606%40%=0242g » a, =4/(0.242)? +(0.242)* =0.653g »
a,=0.404g > pt F‘;#‘u/”ﬁ‘l‘ﬁv >l L 1.046 0 FUME | > BBk
1363 » it i % 5 4 %9 » F# KT ek B 100%2.

mEiEEE o

ST R 0 BREER S BT S 0 S H R

7t 0.5~2Hz BF[8] » PIARFp % F A trori@ 2 ¥ 2@ B F uid
(B S59) » ¥ardfealz ms ik 054 (35 2Hz) BFo &
% 3 deid B 0.847g>0.606g (=PGA)  p* i 5% > (hfici-¢ ' 1
0.510 » $uif 5% > R HCE 1 0.665 > #2011 > o 0 & % 6| | if &
ol wsRd REGILIE* 27 » pripiE s AR R ¢ Ly 4
WEFE > a2 RFAFERE > wFEEFT T RFH DR
IMEETHEAT AT YA AARE R FREF LR - BB A

o KRB EGEREALT T Sl H B E
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42 s AEOII—H 35 AR Y %0
R F= R B EF Badr o B BRI A48
Bl T o pd PR AR KT e AL 0731g0 T RseE e
deig B 5K T B Bk boid B 2 2/3=0.731x2/3=0.488g st A Y B
PofBiy 2 iR o o A ook T R 7 e et @ AR 100% 0

0.731g > RI'RT ¥ - 2 medeid & 5 0.731x40%=0.293g » 4w 4o

i B 5 0.488 x40% =0.195g » R @, =4/(0.731)> +(0.293)> =0.788g -
a,=0.195g o p ErFuf % > %l s 0.614 > FifE % > ik

0.800 » 3. %+ 1.1 o £ ¥ & % SuBg ¥4 3 $ k2 PSA > 12358 5.10
Fohvo hofmEyz kR S ik 0.5 ) (B 2Hz) B B i B
0.908g>0.606g (=PGA) ° 4* PFHiif # % > (hfici-€ % 1 0.465 > $if
MF > GEED 06070 A AR T2 RS KT Rd W AZ 0
SRR wAEEF ARV EY 27 > prrERE AL PR
gARFA S 2 RFFFEHRE > mRE- H B E AT

R L A FAREFFE -
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7B A

51 &3

dOTRF R AR L o FE R I BT

C5'\

e R FIT TR LIRFF B TR S AR T AT H
AAPHED > 7€t A~ AR o Tl AR
YLEEF PR E 0B ABAQUS/Explicit » 2 = BB pT s f~ A A&
~2 32 3T BTFRFERFES LA 1T o ABAQUS/Explicit ## *
kg M P B A7 4 72 (explicit time integration scheme) » #p ¥ F& |4/%
(implicit method)® % » H Ao 74cft o B E LR P P HPF > 3 3

EFREREY

34

THER R AR R T g 2 BT do ke R

FRAFE  TRAFERECATERS AR RTETLEE

52 & 473
521 pBFE A

PFTF 4 SL s G BRF R 2 C3DS8R fic#t o 7o 4% 7 1835 7y
FonFBE o g AR ETR 230k 0 Aol 5.1 AT o Al A
BRATA BT R A B D INA 0 1354 2124 2K
SHc A BT ERRERE S8 IR Ak E R A

Z AR A VMERAF ek S 0 R VAT ER
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F(RFE FoerioflfRles 4ok 5297) 824 F1

FEAIPT I kLo BELR hE_ o d N RUET R R
2R RBORA P ARG - KR T L BRARAY EER- 4R
MR A E P RER L RE o R REN VS
Me- M BT R FRTEZRE  ux GRS 2 BT R

FLth o Fol FARA R RS E B RS R B e T b 23R

2 BAL S % > i B (full-bounded) » 14 f§ it A 45 -

522 R4 AR

4ok 1.1 & 9rik > d YR A E B ERE > FIp A 1S EAR
AR AFE Y #0 ABAQUS AR 4 2~ BT R TSR A F
(continuum shell element) Xk %t 3% ~ % "f TR - BERAE

-3 £ 7

Fobo F KRR D A 0 50 R B A TS

R

SRR SR SLEE TR RS 3 SO Y
® AL 1L6mx11.6mx0.9m > 7 W F e B RY R FR P B iR
WA b e 5.1 R« A TR R R - BRI

5 g e BRTE RS LR 61 W -
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523 ¥ ¥

PoAZder N SRR R A 3 C3DSR Rk o 50 A mE
BoxX Ra SR EBHEI A 0 B ERAIRFHL > 2 A uR
LR Bt & EhA > f1% ABAQUS 425% 2 *MPC 4 4
(Multi- Point Constraints) 3 43k % — & (4B 5.2 #775 )  4ept f
BB SR RT - iz 5350 3§ Mg 2 Rl fiig

S LR == T RS IS BT S A R

<

LR SN T K LS X AR AR T R

d "‘G"Jaq -an}'ii']7 ﬁﬁg; -E/‘J’/ﬂ @sb v _;ﬂi/ *g——‘*ﬁﬁjié;i ,E@E‘y};;

Ik

WAL 2Tl € = AT FA o et B BRI Xk 0 1
B @R B2 2 IR o 15 2 R E 1 & B(US Army Corps of
Engineers) 3% » # ¥ #4112 > F 5 B AT R

[20] e ¥ BRI A F6)¢ » RAForAFR 5 8.8m» B # 4 H04) <
Bed 2 EERIH O AL REY 2 BHFE TS 64m e 5 2

R BB 2. 64/8.8=7.27 & o

524 B4R
PR/ AR AR/ H2 R o #2 ABAQUS #73% 2.

*contact pair ¥ it Bt 0 A FAREFE N P 2 2EMP R EE B R
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‘,NA-

Pl 5 184 o (slavesurface) » A &R 2o st THENEE o 0 RREE
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