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Abstract

Unsaturated hydraulic conductivity of near-surface unconsolidated layers depends on the physical
properties and water content of the unconsolidated layers. So far, many studies have been conducted
on the unsaturated hydraulic conductivity of near-surface unconsolidated layers. However, researches
on hydraulic conductivity of unsaturated fractured rocks have been relatively rare. In relation to the
construction of a low/intermediate level radioactive waste surface-disposal facility, this study compared
and analyzed van Genuchten parameters («, n) in the laboratory and the hydraulic conductivity
obtained in field tests for fractured hornfels at a radioactive-waste disposal site of Korea. The
relationship between the field hydraulic conductivity and van Genuchten parameters using data from
the ten depth intervals of three boreholes resulted in that the correlation coefficient (R) between the
hydraulic conductivity and the van Genuchten parameter « was 0.7607, showing positive correlation
whereas the R between the hydraulic conductivity and the van Genuchten shape-defining parameter 7
a OPEN ACCESS was -0.8720, showing negative correlation. Hence, this study confirmed the relationship between the

field hydraulic conductivity and the van Genuchten unsaturated functions for the unsaturated fractured
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A3 0| 1250 Eixltl= 27 Aot A Fshe A B o g A n|1d S0 e Xl A s HFEL
T A7 297 A3 m|ard o] 84, Sfob, Aot EX4Jof et Ag-Eo] gol 48 otk Richards,
1931; USBR, 1977; Brooks and Corey, 1964; Lisk, 1972; Van Genuchten, 1980; Tiessen et al., 1994; Anderson, 2003;
Lemenih et al., 2005; Ryu et al., 2008; Doussan and Ruy, 2009; Koch et al, 2011; Kim et al., 2014; Moret-Fernandez
and Latorre, 2017). 5], &30} vl o] EQF F20F 2] 4 S/dute] YA -2 2| 2ot E4dof| et @2
7t o]Fo}FthRichards, 1931; USBR, 1977; Brooks and Corey, 1964; Van Genuchten, 1980; Ryu et al., 2008;
Moret-Fernandez, Latorre, 2017; Wang et al., 2019). $HH, FE 0] L5}ofo] thet 4=2]24] EAJof| tholjAl= 2EARE
w2 AqL=0] Y| O L (Hamm et al., 2007; Mejias et al., 2009; Chen et al., 2015), 7 ELHe] 2L sfjof tfist <=
2|21 dehy E4] A= A2 HoloKFrohlich et al., 1996).

SISl A 2] E9] o5 Richards(1931) A1of] oJsix] FAFTE 328} 42|l e b= Skpalof wet 2
2, 5 YR|pRet BAE 4572 o]t Van Genuchten(1980)-2 ESEolA Q] B} e AL o} B9k
O] i gl ol o] A A2 AlRbsIaL, AIRFH A oA 5t e B A= Bl - ZA5180e e
e e U5AGE 7R, s BEEAE Bealo s U gho R W50l 3718 UeRHt Warrick and
Nielsen, 1980). 38 = Dot 2 5824 Y450 32 WsA-E 7Hd o, E¢ 54 Hslo| g 84 o] %
25t @A B = A 22 A2 71A] 7] Flth(Bresler and Dagan, 1981).
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o] 73} sh AEAE o] FekAEH o] 7152 AAste] AR =R HAMISEo] £EE L, ARAIE slFel &
ZIE Fatoto] Iat7kA] dste] o5& =7} QIth Andre-Jehan and Molinas, 1993).

A2 ] AL 2 wio7] B2 Ei= FRl M| ARl =a) A T= oFe|A M| )et SR, 5%
L splel, AR Al37] sPekR, A7) e, Attt e s /9% o] It Chwae et al., 1988; Hwang et al.,
2007). E42 sPetate] HER oA Grd2lgol oloiA At Fojglet. A2 U Zok-2] 52 =& 3}
7ot EjAQre] At Tl B2 T O] 72w} Yo dTH Cheong et al., 2017). <%l 2|5l S-8-2 A1%9]
AR 25 FEO] S| Y 0 & fFetal, |52 0 == A5 Wil 2ol ot R A= B EE 1 A5k29)7t

shole] £ ol S50 AR ®eko 7 §Fokal Ith(Cheong et al., 2017).
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9173 5HA Rl (Falling head test)> T ¥|7](Single packer) & Ale7{tS AEfolal B8 FUTH S ARE B3] o
2 7919 Hi3kE 2U9)E SAcks o2 A, 17 shEo] Asr9] AlA (o)A 12% IHH 0 = 4975k
SN}, I SIAI R S 2R E = Al 7HA] Aol tiet e B &S Horner, 1951). A A= 7w > 3L0]
a1, AJolrHo] A7t ofefjof Q= 7-Fig. 1] Lower GWL)2A], S8k =

2.3log10{§+ \/1+(%)2 }— 1} (1)

ofty. FHAIE L < Tu < 3L0]H, Al5krHo] Alg7EE ofZfio]l 9= 74-%Fig. 12] Lower GWL.) 24, 21
k=

K= 5
2w L

6.9Qlogw(é)
K= +2m) @)

ojch Al WA= L < Tu < 3L°|™, AlskrHo] Al@tE T 9]0l 9= 73-9{Fig. 19] Upper GWL)ZA],

K= riitl)ln(ﬁ)ln(ﬂ) 3)
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Fig. 1. Scheme of falling head test.

BT
UA|H(Constant injection pressure test)< A @11l A 202 A4S FUS o FAZ} F
Ot FEl & SAste] Aol PR B ok Al o= FARA|RF ot Al o] = TAl= 4 TH(Vaskou et
al., 2019).
TFUA A (Injection phase test)y& A= A A7l Hi7E AA[skaL, FE719t AEAE ARt 112

T QA ARG G AR AR 15-208 F9 BTl B FUTTE, 79 PR A TS, A7) Aot

T E T} 2F0.5~1.0 bar B A gtk o] w, @7o] 2] Zdof wht & 27 sto] Rt Ayt dojuhA] s £
Alstolof ottt E-& FYches St FAN N E0] FUFS 71551, G =] fAlHE R B2 Y &5
P A Tt 7357 Al (Fall-off phase test)> T E=eF-FAO F¢ WHZ ot 7.9} 217 5]
Aphstal, FUHA R @ H ARK3~44l 717h Bt FAFE sfiaof whE FSHE 7155k Aot
AAFUA o] FJATAR= A7 el =2 7151, Moye(1967) 213 U.S. Bureau of Reclamation(USBR, 1977) 4]
0 7 £ AR TE AERIE Moye(1967) Aol oot 8] T T (K)=
w= g e ol ) @

oltt. o714, gi= FUR(mYs), L AATE Zol(m), He 8 FU5-Fm), = A58 TH78(m)elth
USBR(1977) §=2 L+5(Open hole)oll 21-8:5HH Al 712] A[t9] 227000 tiet 2| e =B 7-_tth(Fig. 2). Ald71F
Het 42 Aol Alske7E fllshe 2332 Dol e es
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Conditon 2 Conditon 3
h=Tu=3h Tu<h

G.L. G.L.

J?_ﬂ ' h

Conditon 1
Tu>3h

G.1

2
i
i|d

Water surface in well -

h: Height of water h
in test well
Tu

“*r: Effective radius of well *

|

i

=3

vG.W.L. (or impervious layer)

Tu: Unsaturated strata

* For all conditions h should be 10r or greater.

G.W.L. (or impervious strata)

)

Fig. 2. Three conditions for USBR (1977) model.

S st A= 78R sl Homer(1951) A1 218610 2= (K) & AFERith

0.183Q, o

q71A, 0, = FUE, Adpe 4= H31 log cycle(m), L2 A @7 Hm)elch



152 - YA 282 Y42 22U YRY - BAY

5 Wi Hlolls dutA o2 T F57 o] A7t 5kt A2 B S ol F= IElA FAlE Tl A
(interface) 0] Q@/d =] 11 A gHA/go] Lrehdtt. fA|et F-A1ke] Z3AH-2 A2 (solid membrane) 2t 22 S-S 5
A (o)l Wt Soieth o] RS &= {40 A} =, BAHN(Capillary pressure)S HAYAIZITE WA
(P2 T FAIRTE] ZgAHo] o] F= rH ] Sk=2 A o2l A1t ZFTH(Fredlund et al., 2012):

9 AlolA R Ry 7GR AARS S 0= 2827t Folo] 7 o] = WX 5 ottt e whefdold
910 2 FAEH N/m Z-& mN/m(= dyne/cm) TS 7FIth -8/4-2%7] 0] HHAE L 485 mN/mEA] E/57]2 &
HA2Q1 72.75 mN/mET} 6.78) A= B A-HMine et al., 2015).

FAPF oA mi e B 22 3= &0 & TS oA = 45 d(non-wetting) FAI7F A SHA =& BAIE S E
Stofl Qlojof it wheha] BAf | QF el §:A4|9] Aot = 20| APRIAIE Zh=t Fig. 3-2 9] 2ol of b RAl
A= A Ve, ohed miEofl A 24 fAl(two-phase fluid) 2] E/82 HHRtti(Dake, 1998).
% 1
=
(=X
=
k=g | Desorption
Pe % 1 (drying)
=
fia)
£
E=1 | Absorption
g 1 (wetting)
Water saturation
Fig. 3. Capillary pressure (~.) vs. water saturation.
AR (P2 Brooks and Corey(1964) 222, van Genuchten(1980) & 502 T HECY,
P.= P, (ST VA1) A (11)
S* _ Sw - ‘S'wv',r o ( 1 )m (12)

3714, Py 7 Al (strength coefficient), A= -5=2] BXEA 21z}, §, = 52| I S, 2 =2 FHREST, ¢ =
ARt ¢ 7F AR (¢ )2 AU I S" = 10]e)
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Van Genuchten(1980)°]] 2|8t Birsle|dr b=

K,, = K,S {1—[1—5 ] } (13)

un

A7IA, Koz Eolre|dE o], afF ne WE APFEl ul7fgo]al, m2 E3oke-RARRY Z419] ui7Rzs,
1-1/n¥} 2.

o7 mAESE AE

T2 AR (Mercury Injection Capillary Pressure, MICP) A @2 ¥=8, 37| EXET, Iolrof| s It
A ok Aoleh 4478 FA1Q1 22 R =RE o] 7l A of nA| F=of T 4 glow, 3=29] 7]
7 AR B2 dEo] aFh o|mf oFelt Tt 20 A E E/5 7] AlARIO] gho & Hglste] Easlh
of| mhg RAIRY A& AFgsta, 11 A= RE v AR miiReE a1

TR BAIEY Ao e o] —"_Lg Z747](mercury injection porosimeter, | MicromeriticsAt2] &
AutoPore IV)E AME5to] FAAEE U082 429 oS A S7HA ]Eq*i PN E T = 20 =S4
St} A ffoliie WA 3=t g)ol Sl= ow\q/\]i_ °F1 em’ A7| 2 TEEolA] AlHRICE HAA RS 60Coll
A 247 oA AZ A7 T HBAZ ZA5H} T8 7 RS HAEA ](penetrometer)oﬂ 3 HEe % 2 Aol A 4
2.5 Q9] Y=tk HA] YL E(low-pressure port) 4] 50 um Hg Y E(Z5/3E)stol A=l 425 A& 5, 430
psi) 2= A&l 25 TR & FAIE AS75te] TUEE APRIT 11 th2oll= YA Ehigh-pressure port)©llA]
FE= 2t 60,000 psiZHA] S7HAZIHA] Almof| 2= TUSHA Erh(Fig. 4).

. Y 4 i i! E 7-\-\\\
Pressure Display +._ e = Ak % !
e = ol = -

3 High Pressure Port

t~ Hg Overflow Trap | 1001'])2_3

. N
[+~ Gas 40-45 psia Pressure Display * R

Low Pressure Port

— Intensifier

Mercury Reservoir Vacuum Pump i
Hydraulic Pump

Fig. 4. Scheme of low pressure part (a) and high pressure part (b).

AL Ao o] Z7FlR|H 4~20] T2 ] Foto] A-l(stem) Woll 4~20] B u]7} FAsk=d| o] A4S 439
R APYoPA 3=l HESh 20 Bl g ¢ 4= Qi =, o—|-43-7]55%71‘:]§r Ao 2 A7 At HEH 5=
29| 1A 5 1)(cumulative penetration volume)=E & 5= 7| H .
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2 Al BAZ
HEZAEALS] e|21deky EAE melshr] flafl £2] W 2 QIeflA] K2-1~3, 2KB-1~4, GM2-1-1~GM2-1-3,
GM2-2-1~GM2-2-3, GM2-3-1~GM2-3-3, GM2-4-1~GM2-4-3, GM2-5-1-GM2-5-3, K2T-1~19, PW8-1~PW8-3,
PW9-1~PW9-3, PW10-1~PW10-32] & 507]15-& 225130t o] Al5=gollA A ELS, 2, v o] Ex3id
T1tel thsto] +481§H TG-S 231 2], AAFUAI™ 2503]) S F-3foto] e e & o). 7%
oA PSR 712 0 2= 6 m {H2 0 2 AAJotol o), mhafiol], il 59 vl el whet Al 411k st
715 SH3AH. ’?-‘d%fﬂﬂﬂ Z7+= Moye A17HUSBR ol 285t 2] 5 19t 23} 9.95 x 107 ~3.06 x 107
m/sec?] HEYE Ho|1l, 7]3]-% -2 1.51 x 107 m/secO|tHTable 1). Ao th2 48] A == K2T-1, K2T-3, K2T-59]
A BE 15 m AE7HR = 4R (Fig. 5). 18] K2T-17HK2T-3 FollAE= 2F25-30 m A7) el A w7t Z71st
ot 1 Ho 7 *Q.Eowt THA 31451 A4S Helok 28U K2T-5 FolAE oF 15-25 mojlA] W 8 Ho|
T} 11 ot 212 A olks S7 ke A dS Helh

AAFUAAR 5 K2T-1~10 AZ3] A= Moye A7 USBR W02 et $] Ak w5 A2 H]wstdth(Fig.
6). =3I H17H] AT AN A2 FBRIK2T AlF=552 Al5=3 HIE (1 67 m)H et A|5k-917127 m B 22 offd
40 mo]l YIRISFEL=E Z[5917F A7 h = 6 m) 2] 3ul] Kot o offje]] $1x]ste] USBR HMH ] 274 12 4853

K2T-1~10 Al5=3-2] A5 A1 Afof| tal}A] Moye 413 USBR B of| oJ¢h =2 = 8 A2 H| W3S mf, Fig.
63 o] F Ao] el eyt M2 w2 (Al 0.9999)= Heltt.

Table 1. Result of in-situ hydraulic tests

Hole No. Test interval Test time Saturated K (m/sec) Method
(GL.-m) Range Geomean
K2-1~3 16.0~127.0 44 4.05E-05~1.35E-08 4.28E-07 FHT*
2KB-1~4 11.5~132.5 75 9.95E-06~3.63E-08 4.11E-07 FHT
GM2-1-1~3 13.0~72.5 26 1.52E-06~3.06E-11 2.38E-08 FHT
GM2-2-1-3 16.5~64.0 18 2.06E-06~2.45E-07 1.63E-07 FHT
GM2-3-1-3 12.0~85.0 32 1.96E-06~6.64E-09 1.19E-08 FHT
GM2-4-1-3 12.0~93.3 36 2.32E-06~6.62E-09 9.13E-08 FHT
GM2-5-1-3 4.0~70.0 33 2.95E-06~4.32E-08 4.67E-07 IPT*
K2T-1~19 1.0~40.5 128 2.66E-06~9.39E-10 1.38E-07 IPT
K2T-1~10 1.8~40.5 (68) 2.49E-06~1.14E-08 1.96E-07 IPT (USBR)
PW-8-1~3 4.5~70.6 30 3.46E-06~1.00E-10 8.73E-08 IPT
PW-9-1~3 1.3~61.3 27 3.49E-06~1.00E-10 3.60E-08 IPT
PW-10-1-3 1.0~66.5 32 2.58E-06~1.00E-10 6.66E-08 IPT
Sum 481 (549) 2.81E-06~2.55E-09 1.06E-07

*FHT means falling head test and IPT means injection pressure test.
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K2T-1 K2T-3 K2T-5
K (m/sec) K (m/sec) K (m/sec)
1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-08 1.0E-07 1.0E-06 1.0E-05
—+—NMoye Eq. —+— Movye Eq.
50 | —m—USBRICornwellEq.) 5.0 —m— UsBR(Cornwell Eq.) 5.0

-
-
=]

15.0

-
n
-
n

= N = = —+—Maoye Eq.
E B0 E g —m— USBRI{Cornwell Eq.)
(a) K2T-1 (b) 2T-3 (c) K2T-5

Fig. 5. Comparison of hydraulic conductivity (A) values at (a) K2T-1, (b) 2T-3, (c) K2T-5 boreholes by using Moye and
USBR equation.

3.0E-6

2.5E-6 y=0.93688x e
R?=0.99997

2.0E-6 ..—"

1.5E-6

1.0E-6 _..0

5.0E-7

USBR (1m/s)

0.0E+0
0.0E+0 5.0E-7 1.0E-6 1.5E-6 2.0E-6 2.5E-6 3.0E-6

Moye Eq. (m/s)

Fig. 6. Relationship between USBR’'s A values and Moye’s A values from data of the 68 sections of K2T-1~K2T-10
boreholes.

AL 24 Zat

ANAES 53l 3719] AF-8(2KB-1, 2KB-2, 2KB-3) 107]] 73t A5 Alzofl tiet 358, 3=27] 2= 121
LS of whE RAIEREE Sk, 2 7Y RAIRNMICP) 42 -a8ste] S4% olof whe WA 41
= EEoIinh 120§ ARl Rdlof] A-85te] viZES= Py, A, a, n& TESHIT:

AAAT, A7 0] FUEE2.479~2.727 g/ml, F-=E-20.04~0.32%°] At TS MICPE o|-85}0] FojA| 7o 24

719] =gl whE HAITRES SISt W Al Rl 19 Pyi=8,000~15,000 Pa,

ox,
ro
¥
qo
filo
N
jinss
=
rg
o
L
N
N
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AE0.5~0.75, a (7141 T w74 0.200~0.375, n(FAATH iAAS)-2 2.0~4.0 2 AP | QITK Table 2).

Yang and You(2013)°]] 2J5FH, AFEFE 0] 9 ngke1.1~1.4 Fro|m 2 A2} ke 114 Qhtof A= o|H ) &=
22.0~4.09] HYIE Helt}. o= @ 1159 AMZ|7F ESSY] A Bt =217 whzo & whETh il&i APAFE
O] Z-olli= a o] A= 0.5~0.6 91 HIH 2 AFA] Hol| A= 0.2~0.4] FIE 2 T ZHA UePdt] o= a gko] =%
Lo} vlElobH, APAJES] e ek i A1) 4 o] Ak 7t v W) wEo|oh

Table 2. Hydraulic property and van Genuchten parameters of unsaturated hornfels

Hole No./Sampling depth Bulk density Porosity Py A a "
(amsl, m) (g/mL) (%) (Pa) (1/m)
2KB-1/81.2 2.706 0.06 13,000 0.7 0.325 33
2KB-1/102.6 2.702 0.05 12,000 0.7 0.300 33
2KB-1/119.7 2.639 0.16 14,000 0.55 0.350 22
2KB-2/88.4 2.727 0.11 13,000 0.7 0.325 33
2KB-2/93.7 2.712 0.09 12,000 0.7 0.300 33
2KB-2/108.9 2.611 0.13 14,000 0.6 0.350 25
2KB-2/110.4 2.698 0.11 15,000 0.55 0.375 22
2KB-3/82.3 2.699 0.04 13,000 0.75 0.325 4.0
2KB-3/89.8 2.712 0.06 13,000 0.7 0.325 33
2KB-3/111.1 2.722 0.13 12,000 0.68 0.300 3.1
Y U= ot ALl S X3S Df7lHs0] H2HE 2

et

e I oX
o A
e

1
"
TS AT 50719 AT F RS S0 ) TR 2KB2, 2K 10719 HE b
o ol A ok A AN S W AR vl @, 1)) AP S BT Sk Fig. 7).

=25
S AEAVL B2 2KB-1~35-2] Zskra] A r T gh} gt Aleel o 74 o o] A== 0.76070] 11, A&
a = 5350.20 X K+ 0.31 (14)

ofct. ?HH, 7 At Fht it ARl miZ A 18] A A= -0.87200] 1L, AR

n=—141596 X K+ 3.51 (15)

(]

ot 2xtA o = Zlpe| AL ot o Ttolli= o) Aol Ueihal, e} e A o) nYtoll= 30 A4 do] et
At} o= 7] 41X1991 2 (Gas entry pressure) T Ti7EISQ] o 7} EalGE AL Tof Hl#HRH = -8 UeRATE gyt
Q1 7P nRT IR = At A| S o] Earet SEl A o oA ke ol e | e 7 F A GE HA R o] AR =
ZdF/gdo] & el it TRl mole Ak = AR vliZA S pith Wi lel=t), o= A R| HuiellA = 28}
217 357}5} 74=0] AR 7)o} whalERhts 7S ojm|gitt, o]ejgt AFIAIE 7]Hke 2 ohito] & T3t
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Fig. 7. (@) avs. hydraulic conductivity and (b) nvs. hydraulic conductivity.
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