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Abstract

In this study, a hydro-mechanical-damage coupled analysis model was developed to
evaluate the structural safety of radioactive waste disposal structures. The Mazars
damage model, widely used to model the fracture behavior of brittle materials such as
rocks or concrete, was coupled with conventional hydro-mechanical analysis and the
developed model was verified via theoretical solutions from literature. To derive the
numerical input values for damage-coupled analysis, uniaxial compressive strength
and Brazilian tensile strength tests were performed on concrete samples made using
the mix ratio of the disposal concrete silo cured under dry and saturated conditions.
The input factors derived from the laboratory-scale experiments were applied to a two-
dimensional finite element model of the concrete silos at the Wolseong Nuclear Envi-
ronmental Management Center in Gyeongju and numerical analysis was conducted to
analyze the effects of damage consideration, analysis technique, and waste loading
conditions. The hydro-mechanical-damage coupled model developed in this study
will be applied to the long-term behavior and stability analysis of deep geological
repositories for high-level radioactive waste disposal.

Keywords: Radioactive waste disposal, Concrete silo, Structural damage analysis,
Coupled analysis
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Ao EEE Sl o 2-8-% v} Q1th(Mazars, 1986; Simo and Ju, 1987; Lee and Fenves, 1998; Jirasek, 2004; Park
et al., 2004; Lee et al., 2009; Mazars and Grange, 2017; Souissi et al., 2017; Idiart et al., 2019).
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ok A AR Bol EEF 8 Q5 221 GEta sl 2-gslo] &4 12§79 W) 8 615 Alst &

2 Aol 232]E A2 &4 BA] Fe] 201 Mazars B2 (Mazars, 1986y A75}0] 2.

o=kl ol
&4 B9 E ol o] A-8-513ith HA Kachanov (1958)= Hooke ] HZl(o = Ee)ol| £&421ZHD)E &
$stol Azl aj1Z 4 (1) 2ol Atk
oc=(1—D)Ee )]

A7IA, o= 58, E= A, e = FBECIH: Mazars IO Hob2] (D)2 UFC = QIRF (D)
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A7) A, in= nAFEoA] iF1A] 2 ofo] ZH B (orthogonal eigenvector) 2] HeFO|1l ¢, = Q1 H o5 HIES
et T HAE(e; = ¢, T €.,)°1H He T HIEC] 007 ol 1, 5ol 00] HH: ¢, = S7HRIFE

2 o}gje} Zro] YR 4= Qlth(da Silva et al., 2015).

€1 for tension

2= —v+/2¢, for compression
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=S Poroelasticity Tha B 2|5 ©|-8-5]] G501t Structural mechanics X-&2] 2|0 ©7g41-2 4] (8)x} 2t

0=V - S+F, (8)

of7A, St 52 FAZ B4 32 WA 5,2 vEh 32 WA 5., 0] B LR £ 24 55 (body
load)o]ck. TRE4 A W 55 5501 oIk o] 9IS Tefske 739, 4 (8)2 ofelie} o] wigaict.

0=V + (S—az(P,— P, )+ F, ©)]
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o714, a g Biot Al Paam A Y (absolute pressure), P= 715 ¢ (reference pressure), = T30
oltt. & HFE WA ¢,,i= -3 AL EHdAITE o185l Hooke ] §12] 0 & AR, Mazars £ 9]
S7HIFE €, 2 A (10)1} Zo] & HE AllA 9] o]F W& (double dot product) 05 7 ]It

Eef = <Ef%l> : <6el> (10)
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= A1 (11) %A (12)9F &

a J—

E(Gpp)+ \YAR (p’LL) - Qm (11)
N

u= M Vp (12)

A7IA, p= B, €, = 3, Owe A% 2 (mass source), u= 125 HE, p= e WA 44, pe 1t
Aol T4 A, p= A1) Folrt. x| A Al tha-d mi o] He] dhAlof e v W A A
On 2 A7 #l5(Storage coefficient) Sx= 2 (13) ¥ 2] (14)2} Zo] THo]| 7F5oltt.
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d

ol o], p,=- A9 Y&, o pv=Biot A, €, AR @ E(volumetric strain), <> 38, x & A1 454
(compressibility), K= 112 2] A2 Al4=(bulk modulus)©]tt.

Mazars /¢ 22 Structural mechanics 257} 5010 HYPE Halol| TpE 22 4o WAk, Ay
g7l ‘ﬂi’r Az o) Aot FrA7 | B =5 A st3int. &40l whE S Al Halke A (1) 2ol
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SA] Q12 ZT 24 71 0.5 mO] HIAE AAE AREs1e] F 1,20071
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Fig. 1. 1D consolidation example for numerical model verification
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AT ndof ST A7 Alg=0] -2, 12 A AollA ohg A wiEe ZieiR= 2 S=3
7t BAAE Fol E ST Terzaghi o[ 2A10lA 7=t 2] 58 2 A7 A4 Afo] 2] TA| A2 oh3at
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n’m2kt

aMUIII 4 . nmz ( )
Plat)=——" .31 (—sm( )e Ansh? 16
(¢) A+ 2GH+ =LA g 2h (16)

n’m 2kt
w(O t) T Op Oé2M . 1 ( 8 e(smShz)]l (17)
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G= AT Y A, hie B8 20|, k= T8, = ARE, pe 3419 JA3AIE, S AFAIsEeltt. slfaof] ARg-

SF & B4 ZES Lee et al. (2019)-2 73] Table 13} 2

Table 1. Input parameters for uniaxial consolidation model (Lee et al., 2019)

Material properties Value
Rock density p (kg/m’) 2,500
Biot coefficient «v (-) 1
Permeability & (m?) 1x10™
Porosity # (-) 0.1
Bulk modulus K (GPa) 0.667
Biot modulus M (GPa) 0.0533
Shear modulus G (GPa) 0.4
Storage coefficient S (1/Pa) 1.95 x 107
21 (16) 2 A (17)2 53l 7] 7H49 42.8 kPaS TESol= #4157 Al 191 §=1.95 x 10® 1/Pa & &5

1!, o] COMSOL Multiphysics W] Darcy’s law 22| 5/ 402 2-8519tt. Fig. 2(a)= "5 A4 Al
AVEL A1 T2 2 w1s]e] WSS LeIo], Fig, 206y 3k AACIA AXHE ARkl ThE 1 Wt e
LheRlEk 5 94 5 S2olle] 2ol ol @410 2 ARKE Zhol B Aok 24 Bl 2 glrk 2o 2

A

=
ot o] 4] ghbo] Afo] 2 o 24 gLO R Liro] 75 O A4S B A, WSIoH7IE4re] H el 02k 242}
3.3%, 0.6%2 U3 2He 36e Bk, wekA] COMSOL Multiphysics©] 2221514 a4 Aol djh %ol

2 HQicka 2 4 Q1L 0] 5 T|ow el ojekia mElg TRsiol,
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Fig. 2. Time dependent numerical analysis results
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2 HoA= AT 244 gAE dEEAE 232 E AR A7 E4 2 Mazars &40 E QIZANE A7
95t AU A1F-S S35k}, 2T 8 E vidH]= Table 22] 23 2| E AJAMAHIA] CP-C2 HigH |2 Zsteich
(Kwon et al., 2016). 32 8igH]2 o]-85) 27 100 mm, E©] 200 mm] ﬂaa]E A= 12712 AZsiL.

AR A& F 670 oF 3297 o5 A, the 671h= 3297 & A listo] 22| Eo Uk, %L—/FH]

P} £ 5 SA5to] ZAYEL| & 2o mhE &4 HiskE 3’1:]'@5]'9&‘—41 S otm &, ZATE A

EH/EJ' © 2 Fig. 31} Zo] d=U=74 (uniaxial compressive strength, UCS)2} 7H Q17 & (tensile strength) A]
23519}, o109 P%— e AJE-S KS F 2405 222 E Q7T AlAH(KATS, 2022) 2 ASTM D 7012

(ASTM, 2014)& 2= 346t o e 5 ek E = WUk &S STk IHH I3 Alde

KS F 2423 (KATS, 2021)—% 7= pRYSIAL =0 W S R E QP W R ES Skl 1H

MHAE A ES T3l ARt 27 734 E = Janhong et al. (2009)0] AIRteH 4] (18)2 o83l o1 A4 E.= B

ArstAct.

E, ZES[(l—Etanl(%))(l—y)—i—w (18)
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Table 2. Concrete mix ratio (Kwon et al., 2016)

Water | Cement | Fly ash Coarse | Coarse Fine | Water reducing | Air-entraining High-perfgrmance
(kem?) | (kg/m?) | (ke/m’) aggregilte sand3 sand3 agen‘; ag,ent3 water reducn31g agent
(kg/m’) | (kg/m’) | (kg/m’) (kg/m’) (kg/m’) (kg/m’)
185 375 94 961 418 278 0.7059 0.0844 2.551

(a) Experimental rig (b) UCS setup (€) Tensile setup

Fig. 3. Experimental setup for determining Mazars damage model parameters
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Fig. 4. Mazars damage model fitted with stress-strain relationships from experimental results

A% P 20 NEY €9 99~129 pe HRlolA AFER L, 1 w2m|E 9l 4,2} BA= 212 0.30~0.672F
3,350~5,450 HollA, b= ukebalelQl 4,9} BA= 212 1.18~3.187) 1,010~2,940 oA AA =] et 3}
P 20 NEL €40 73~112 pe HIIA AA=SAL, P mefn| el 4,2F BA= ZF2F 0.33~0.8127 4,500~
6,950 HLloA, 45 oHa|El )l 4.2} BA= 27} 0.87~1.477F 1,400~2,550 H9loflA] A=Ak AU AlE<S
Sofl =Ee AT 94 dAE] S ERIE 232 E0] /42 Table 337 £t Table 39| 22E &4 B
7% B mejn)E 2R ASUSAE E R E AldS Foll 92 7 AId 240 Hakgtolth

b

Table 3. Mazars damage model parameters for LILW silo concrete

Uniaxial . . Mazars damage model parameters
. . Tensile | Young’s | Poisson’s
Curing | compressive . . .
.. strength | modulus ratio € Tension Compression
condition strength (MPa) (GPa) ) do
(MPa) (p€) A, B, A. B.
Dry 28.6 3.5 27.03 0.224 119 0.47 4,351 1.80 1,956
Saturated 22.6 2.9 29.39 0.217 92 0.54 5,720 1.15 2,046

o] F7V4F uhv) T 4§29 Do h AL, Bgre] B71a4E Al ¢ Fo
o S7lolM BAe thaz Welaleh, mot 2 el =) A §4 QY WEEe A 2 EaeEd
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21X A2k Ba= TS 2 WP, A= Bl 2] 2101 Ba= AT AT 2Eok= QIt B
o
o

2] FAs EPeE oulgick
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Stress[MPa]

3.5 8 a
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Fig. 5. Sensitivity of Mazars damage model parameters
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Fig. 6. 2D numerical model of LILW waste disposal concrete silo
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Yotolet. AP E AL = 0] 234 ©ThH-2 3 /] At U AlE 2 AFY = 0] A (Park et al.,

2009)°]l Wt Fig. 637} 7o) 2=0] 750 m, Z°] 500 m2] 4] eH|elo] & 1=0] 2F51.4 m, 27 °F25 m, 2T E
7 0.6 mo] RS A5 11, AFY 2 Akl 519 (unloading) E1'E ¥} 51ol] 74 (construction) Bl'E-S gt
ST AFd & HIER 71550 2 ©F 130 m A|Stofl YAJehe s s FF5tal st Hdy d Hd> 24
HER FAR A4S 7Hdsiaint Bl'E FAR A= A 2 2R EQt 5Ust s 445 Fofsiiih ¢
A= R Tl A5 202 Fofobalal sHE A W= 178skink At 100 m 2712 Alefsto] 5
W o= 1 MPa®] Zh=p9ts Folohalal, Ald &= W1 A ol= vl 2705 Fofsto] Al 2 YR 2 25}
T7F Tl = ATt ZARE S| &4 Kl Q) QIA=34ollA] & FHAHE A= 0] Mazars 74 1
ol A G AR SERAL, A= R el 4T e )= QIxbE =] ePdel 21S sl A8 HHKim

et al., 2020)= Z75Ict & SfjAof] ARgSH Xﬂi E4JL Table 49} 2}

Table 4. Material properties used in numerical analysis

Material parameters Rock Concrete
Density p (kg/m?) 2,650 2,400
Young’s modulus £ (GPa) 50.4 27.03
Poisson’s ratio v (-) 0.22 0.224
Porosity 7 (-) 0.0116 0.25
Permeability (m?) 1.94 x 107" 1x10"8
Mazars model parameters Rock (Kim et al., 2020) Concrete (dry) (sca(t)lrll:;te:(j)
€0 (x107) 117 119 92
A, 0.25 0.47 0.54
B, 3,755 4,351 5,620
A, 12.87 1.80 1.15
B. 1,927 2,098 2,046

SAFH WA 7| B2 LEFA © 2 Table 52 20] 200 L T=320 L 74 5 8712 Z4H & A4
3 A7k Al Aol A 2F Ata 21l oA §F §1 Z 32 E AZ-87]0f| 16-pack = 9-pack O =
AHEAFE & A= Holl AR E chPark et al., 2009). H7 & 287 A2 It ZIHE ALZ W 52 ¥
3} 9 &4 2t B4 ERlshr] ffal w7 1E skl 2uA o= 7P AlUR] @& dlefste] AHgStSiTh 200
L =37} 16-pack 2I2|E HEE72 tjaLo 2 w7 2o Y7 200 L =] 2|t 5152 400 ke 2 715}
A1, 16-pack HE-8719] FA|(5.4 ton) S 1ol T4 FAIS 11.8 ton. 02 ARSI AFA 2} 4 E-87]9]

AlLS a12fste] o Fofl Soid 4= Qe A2-8719] 75 40711= ARFslal, AL R =ol& A Es) 2o 305
= AARY AU & A1l o] o, FAES] HAMIHZ = AE8719] T T 52 4.63 MN, 3050 &
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Table 5. Disposal container specifications (Park et al., 2009)

Drum | Drum dimensions | Drum weight Container Dimensions Container weight
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Fig. 7. Damage evolution with loading for HMD analysis with dry curing condition
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Fig. 8. Comparison between mechanical and mechanical-damaged coupled analysis
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