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Seepage into a Mountainous Tunnel and Rain-Infiltration

By Yasuo IsuiHAra, Eiichi SHIMONMA, Katuki MITAMURA,
Torao Tanaxa and Yoshinobu Hoso

Synopsis

To elucidate the recharge mechanism due to infiltration of rainwater into an
aquifer in a mountainous watershed, discharge of seepage into a tunnel, which is
sited at Yura, Wakayama, is measured at four locations (A-1 to A-3 and B) since
March 1988. The mountain is composed of fissured rocks, that is, A and B locations
are mainly composed of sandy rock and chart, respectively. Electric conductivity of
the seepage water is, in particular, measured in A-3 location since June 1989.
Based on analysis about observed data, the following eonclusions were reached. 1)
Infiltrating water moves downward through two domains. One is a flow through a
large fractured space (fissure flow). The other is a flow through a small fractured
rock (matrix flow). The fissure flow is speedy and contributes to increase of
seepage discharge just after rainfall event occurs. The matrix flow shows slow
movement and contributes to the base flow of the seepage. 2) Filter velocity, g, of
the fissure flow in A-3 location can be given by that g=a@" where 6 is the water
content and @ and 7 are constant. Value of a in cold season is larger than that in
hot season, though n is always kept 2. Therefore, the recharge process due to fissure
flow can be analyzed through kinematic wave theory. 3) Water-redistribution
process in matrix in A-3 location after rain-infiltration may be also analyzed by
kinematic wave model. The hydraulic conductivity may be given by a,f, where n
=2 and a, is around 1/20 times as large as a for fissure flow in hot season. 4)
Fissure flow becomes dominant to the seepage in B location when it rains over 20
mm, but the observed seepage does not persist over a week, so that seepage caused
by matrix flow is not large in magnitude. The fissure flow is quite speedy so that
the traveling time through a surface soil layer is dominantly larger than in the
downward rocks. On the other hand, in A location, seepage due to matrix flow

appears at any season.
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Table 1. Chemical components contained in seeped water in location A-3.

Data @ C Na® K' Mg’ Ca’* Cl” HCO; SOi~ SiO, NOs3 NH: POi~

N ~N -P
818 1200 — 176 23 136 €00 2081758 392 246 46 034 042
@S 900 81 144 11 115 540 19.6150.4 330 240 .13 058 .065
GHZL gp0 383 141 14 120 5.3 226 1715 1 242 .02 009 023
“”éf 575 385 143 14 124 565 2121864 318 — — — —

Table 1 (3 A-3 S THRKL 2BADILERD ZFHNIFERTH B3, T8, QREKIFOKRRE (mn/
h), C RIBSREZEE @S/wm), BLFRIOKEIEREE (g/1) Thd, yr7r (1) IBEH,
F I (D~ FEHISHEL, Hicyrryra () 1, BRick-T—BRESMINL %o
BT, HEBRREIPRBL TORLEZIEKTH D, £0& XZFKER 7 — VO OIRHELERS S
BTV, BEHO 309 v P VOZLENRABECBLREZEEIS L DELTWS, v 7 (D
Ok Nat, K7, Ca®*, HCO;, SO OEEMNEL B T3, INLOHmSOR, B4+ vidXEic
BRICHFET 2, HCO; 3 CO, 38UKEFEAMBRIGL, FORRELENIbDTH B, /- S0 i
(B BEBICEALBKSHIM2EET 5 BETHLY (FeSH 2MLLZoRELZSDLON, &
203 CaS0,» 2H,0 (A8 ZRHICAR L TZ20oEELSH A RBEATEIRATS 5, LWFhic
LThINS RSO source EEBICRKRH B EHNTESE GEAHEHERSMEERORBIC X
%)

BEREIC & » TR R 77 — VO WK B EHN TEKARLEART 51854, COFEVWHLRIHEE
IR ORESES B CBBEAR T LT bDET 2 &, FKOBKEHE NS VOTEKOE
SERERIRBOEME LSEBDTEEELLNE, UL, BAEEIFig 00L5TH-T, #
VRS OBRBEREVRIO LD E RHNOKALTH B EELLOMBRYTHELEELOND, #HE,
A SDEKIE, KL T_o0BBRS THEREh, Ihold, BRO—BMEHETEKEE TEL,
—EAIC KRR AN ¥ 30 L, L OREHOBREBREERTEKEL Y, BERARLZMET
BESBETH B, HIBRVDLWEIKALERINIEBHNOKRELBHEBVEE TRET 3 fissure
flow ThH v, HBEIEBACELS O TANELENEH LY - ViZET 5 matrix flow EALE 3,
—%, BAOBAOEKICIE, REBWICHSE matrix flow BELASHELRVEARET, ASRX
DESIBEWEETAKEREBREE T T 5 fissure flow BEEHWTH L EEL LN 5,

4. BARROER

4.1 BEBRANOKXZLREEFT T 5FHN fissure flow)

(1) H@X

fissure flow DFENEMFT 5 LT, Bear D REV (Representative Elementary Volume)? 73
ZOEEBRTERTELhELEARETH S, TITRREVHEEETE, BR—K -SHEL, 20
BT IR E I AHEO—RILTREINI B bDET 5,

TkDEFER KK TH AL 5N B,
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ag/at+aq/axze(x' t) .................................................................................... (1)
Z I, 813 fissure flow iICBHT BAREEKE, ¢ IHBIUE ¢ & sink © source DEE, x 354
HO>DES, t3HKETHZ, UTTR, BREZOFYOEROMTOKSOTZIIEE FAEL,
METERLEZT, e=0&LT 5,
BUNOKOEHRIZT « 7V A VICREETEL VS, ERESKEVLOT, FKIHT ZEHED
HERERTEHOEICH LIERICAKEVWEZEL NS, Darcy HIZ2RBL T, HKEREHIZSKEBOLOD
BT, ROLDICEEBET B,

ZCi, a nBEDERTH 5,
F() &R (2 #fissure flow ODEBREK LM, TO2RIDKRAED B,

0/Bt+C(QIDG/BH=0 «-vverersssrsassratinritnti ittt (3)
ZZic,
C(Q) =@ IGN V7 weoerssrsessbs et )
K@) RRAEEFEMTH 5,
dx/dt:C(q) 'z\"’ q:const‘ ................................................................................. (5)

x—t OFHMTHE ET, RXG) THEAShAFMHRSRET 5L, €I Tid shock flont BERS N
%, O front OHEFHHE (W) 1, KOo#EGERL VKRR TEL LN 3,
IW=dgD /() ++evrereeremmmsmeitminiitinti et (6)
Z iz, {+) itshock front DER&BEEBOKEEOELEKL, RE “+° & ‘=" FENKVER
aETETHE, BT (@ =¢.—q-Td 3,
RE) RQ 2HVBE, K% B,

W=aV1(q. —q.)/ (gl —gVr) «reeresresseersisintististinei s i )
£, n=208F4, RO BRALL S,
Wm@V2(g 24 qY7) werereereret s s @®)

n=2 D&M, n=2PNOBEL VBT EEEICT 5,

(2) BWHEL BB E OBR
(a) EEGREBAGRR
<O IIHEBCHV—CREOBEN (r=q) PREEL TV ZEIA, t>0T, HIBEOHROENS
HRUEAZBEL, $BTOBBOLDRREREZTHCEVESRT, 0L E0HM - BERE
R THEZ oM 5,
g=qge=const. ; <0, x=0
g=r@® S EZ0, =0 ceeerereeen et 9
ZOXIREKET TR, HHEEmMOELD S shock front BFEEL, M TFHOEEEBRIzZ vV
LTWE CERBEICEBTRS, 0L HEt=0, x=0»5F4E L7 shock front DFBFHORRIZ
KATHZ 5N 3%,

[ a@)—adar == - [Clg@, )} + 60, ¢)-8) g, ¢)=q)] = (10
i, t=t x=xicHN3 shock front i, x=0, t=¢ » SRt d siHd 2E5MRIC X - THRE
SNBTEEEHR]RL, £/26,3RQ) Te=qo & LI EEZDOHETH 3,

F(10) thT, GABLALPTEZEEEELD, x=0, t=t* pOoHFEL EEdRIck-ThRES
FZ2® shock front 45 t=¢, Tx=L i5:ET 5 &0, Q@) RUKG) &b
Clg «6—g=m—1ag,
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L=C{g(0, ")}~ @¢.—t")
AMEDMRTA2OT, THhdE 60, g0 & LARA0) KHWEE, >EFOBFRRED 5,

Tc‘—'tc—t*zA/RE_l ....................................................................................... (11)
ZZiT,
A=L"a (n-—l)"“/n” ................................................................................. a2
'*
RC=J I AR +errevrenrrer e 13

W R ORGEEIOE L, t=t* PBRRTEZIC—ET 2L Thid, Rcl30 <e<t* HoKRNERE
1w, XA OBHERIE, B#O shock front Bx=L [cHET S2F TOBRME (T RO (n—1)
RICKEF T2 E2EW®T 3, 88, XAD QAdo@Ey, X)) Tel H=0LLIRED b &I
BRALYT B85, e(x, ©)#0& LB 0BBRIT ENEEEEZ-A LLVEIBEETREWYY,

(b) BRHEER L OB

UARIEICE L 2Fikid, $TETEEEBLI-0Ob, BBRANEEET S, BBOLSi, PvRL
FHEE I ERESTERE N TV ADT, BEKS o HBIGEL ERICEKFERIIEMEED 5,
ZOBBETEARSOMARIGERT B L 6558, LUTTRIORhOERIEENIC IRIEE LS
WIEIZT B, TO& D ICFHKksKINE HGicEY 3 ToOBBON, X1IBAOERFESEENTO
Lo LECBETE, BRBZ0EIoETERFE»OBSEL T T, BHRMBEERAD
i Fig. TISR U7 Re~T OBHKEER B8R0 LEBRBHROFEEMTE D, 272, RAD O
V&M IEREET 3,

A-3HDRA~T: DBFERTH % Fig. 7(a) VT, BRlF— 7 ZEEE L TRREAEELA -1 D
BERTEA3IEMNTE, COHEERAD) EXMlEdE, n=2%9 %, KPOBERD A HIGd
BHUEIR, BET024meh EHT00MM4m h&RBDT, LEFHOVODOES (10m) ickde, K
(12) &by, BHTa= 104 m/h, Y Ta=568m/h LFHEN 3,

a DESEHICH LEHOG SRR B EVWHIBASEESBEEN DM IEKOH 2RETH 5,
KIFEENE 55 ERMEIRNS L, FABEBENIRELL L30T, BHOASERICHL, BEKI
BELPILB0T, KoYkd S BRI LBV, Tanaka et al® 3% 3 —EOBNE
R LE P Y2 AVRTHREN TV AEBOE S IRPOAF BB I OREBE LV HARERT
By, HEMHERERIGIVEESBRC KBRS LR TEEL, ZofEREINHOREIMSERICHE LKL
BKoT, BAENELRBEVWS T ELSHEEEZ TVWS, o BOMEIRT O XS BEERFLS I,
BATHEMR LA LI ICKOBESBEINLTWVWAY, ASATOEBRAICENE-TWA I LMEESH,
BHTOROFEESBROZER (kéab) 2BPICH LECEHANKEC LI LV T Eb—2DFERAK
$A9,

—7%, BRE®DES, Fig. 7(b) TRUELED, Re=20mEEIcL T Tc DEREHMIENT S, D
BRI, RAD TalE2ZEA5L000aTREHATES, LLAARTERAL LRLBONKERSE
T B BB T B EABTRETHA D, THbL, By —VO/NSBFEHIZHLT, 20
mi2EEORMEBATE L L TRTBIcAkah, oA ZBRITEE LK O AHPTHNRD TRE
KHRTFT2CEMELZONS, BB, ZLBOES% 10mD4 —%, field capacity DERESKE% 0.1
OA-FEdTHE, AB1I0mX 01l =10mEESETBIHEKRKENEIEIKZ0T, LitO20mE
BRI A — ¥ s—8T 5,

(3) BMc & 3 BEKFEDOZEAL
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(a) &K Eosafm
Py RVRIRARREFicd 50T, HKE (F 20 B BEOBEKOER EEOREIC > TV
53T THD, D& EHAHRA TORKIZED Darcy BNCHED & 95 &, —ITRAHKITIT 5,

sz—Kf(¢1_q)z)/h/ ....................................................................................... 14)

T ZIT, Qidfissure flow OFRBRFE, h 3fINHORE, ¢, GrZzhZh b v 32 LIk Uiafns
THEORF v e, K ZEERNEKEETHZ, WEOBEICE, @=U—h, O=0Tdh%,
i, GO0 BEERF Y+ M TH B,

pAFIROEHE R BRA &L B,

S}dhf/dtzq,_Qf .......................................................................................... (15)
TR, S REVERE, ¢ IEENOBEBRETH S, UTTE, S, 2—ELAHLL, HRBROH
Eld Green & Ampt DEF L Ic kD ER B LT 5,

A1 &KA5) kv, hOEE Q, TREE, XEEELEEET S L, UTOEVTH 5,
de/dtzlf(l“Qf/Kf)z(B,q—Qf) ........................................................................ (16)
TS, A=K /Si¥, £1:849=q, THY, q IEBAOBMERY O ORBRIE, B FEKDELZK

HEY » OREROERK CGEHEKL) ToH 5,
Asr Kn By DRERU q@) & LrsahhiE, R(16) kv Q DM FETE 5,

(b)) MKEREDHFIH~DOBE

R(16) ZHETIED¢() DEAFC>EERNE, BRE2EBLH~NOBMRR @ &¢35& (A
BOEE), tor®) dx=0TOBERKNLELZDT, x—t DEMER LT, shock front DBEI%2R
(8) T, %17 kinematic wave OBEEN(G) TEHL, HIEITO ¢ EORHELERET NI X
Vo UL, UTTIE, Moy, KL LT, EUICe=0(0¢=0) &L, FHMTFKEDAH
EIREEALEMET—ET, PryANEHERE-KTEE L, BB, CoEs, R3U6) hicg:
N3 S, IEFAEESKRI—HT 5, EBIHET 384, shock front DBEFIZIZ4 2OPRE - fooe
¥ —vHBh, #n 50 shock front DALE & B & DBIRERIE n= 2 DI & » TR E 3°
DT, INoEEAEDLT &I, RAIKINEEICE-Tel) 2RDBENTEE,

(o) FTEMEBMIMEE oLk

A-3 HDES:

LigoFdiciey, A-34ko0T, R16) EHELALER (Qu M Fig.11(a), (b) OBHRTH
n, TNZTHiL19884E6 H2-3HRVEAFETH 13-4 HOBRIC L 3888 ThH 5, ANTOERIIE
KOBANE (Qus), FAMOERIBRZEC XM PKE~NOBRERE (¢ 2%, BHUKER
matrix flow & fissure flow ITX A3BEKBRIVBMEBINTWBE DT, fissure flow iZ X 3E/KENE L
LIcAFHE T}, matrix flow icXiEd 2 0 & L THAIKROMINESOEN 20 FEsh s L
Lo B85 T, QuTRITETEL QRIOULIHKENMEINTWS, K,y 45 B DEGETEENIER
A X —HFT B LD icknid, FRENIF0005m/h, 008h™,, 025 &M -7, K&kb, HEM
i3, HEBOBEME - 7EBE2BTRDLTW B0 T (HREML S 20- 30 B5RD, FRHIMEE »iS
DEL—HLTVWE, 2O%, FHEEREREICEXTTA TR TOLN, ORI, FERBVT,
ERANOKEBLBMER N 2N (fissure flow) OHTHHROBRBEENKRELEMBEHL TV S
T, FhehikoEFEO/NSBESIRENOEREGIORE WIHRE) 2H5GdsELlLicks
LEZ NG, BB, MEOCERIE, a@EREBOMMBBELICER L Re~T OBRIREE (Fig. 7
(a)) PORELIIEITE B,

ZCTHVEBME (=025 133FEAFHTRLUIKDE» Sk 1o KB HEEHOME, RREBLERL
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Fig. 11. Comparison between calculated discharge and observed one
in location A-3.

18D 035 ~ 045, - FEREMEEZLBED 045~ 055 X D/NE W, KIGEEH» 54 XEEERELE,
MBI X 2 REESSHED S SENEEOHEOF - s b SRESNcDT, ZICEAHBECEHES
B LD - - BHEBEEHI/NE K fissure flow ZX 2606 FFTNTVWBRRTTHS, K-T, &K
HED B EIRKNE D ORKDIMEL /NS B-TVWB I EBERTE S, TITHVWEKE, A8
RU—IGS & LT 005 #HWT A,=K/S,¥; % Bd 5L, U=12me#i3, IhoofikR(4)
KHWAEE, FZER b)) TR, QOFY—s8BIci3h=2m&iy, FHEHOFH (@Q=0) Th=12
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(b} In the case of rainfall in April 15, 1989

Fig. 12, Same as Fig. 11, but in location B.
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4.2 EMAONILEREBERTT3HN(matrix flow)

(1) fafmkToRn

matrix flow OEBIBICH b v %V Eifi bicid fissure flow OB& & ERIc, fEfEMSERIhTY
BT TH L, OB TOKOTNL fissure flow DIFA & [EHkIc Darcy RIICHES &35, £/
METHRTCEESEEL, B0 EH ORI > OBENEE LEL 1 - B EHRICY
2, COXINREZGETTE, RUG EBEITIIE, LITORXBKILT 5,

dQu/dt=—2n(1-Qu/Kn)*Qn

...........................................................................

B ADBA!

g L%, BATE, B
SR E » 25 mAsRTEICEkS
h, FhLBEOBRLAZOEE T
ElRshTwai T kmicE#Esh 3
E LR TR (16) 2EHEL-BE
» Fig. 12(a), (b) OBEE®D “cal’
ELEbDTHY, ThEhIT 1989
04 H8HRY 15 HOBRERIC
L BIGATH B, BIFED/ NI 2 -4
ELT, K=00lm/h, 4,=05h7",
Br=1025& Lt, MPOBRT/ vy
F v 7L S EECH N KE AN
BEICET OB TH 5, FTEM (B
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ks hik 5 moRmRRVTNE
OF FEBAIHKEhIzE LTS,
HETORBEKBIBREOW 0.25
feic Loy, LAL, 3.4
(2) TOKRZ 5K - FEREE
Hiz#0s (REBERGALLES)
Th-1-DT, TITEALLD,
b 4 HLBRIBERE 2 b i CHUTT KT
T AEBERSBEAL, IhHH
B — s RELBTOREBOERES
fieacsicHE5dsLELIONG,

an

22, @, ld matrix flow i2 & BBKOHRT, A, & K, 13 fissure flow TD A, & K TGS %,
RAD E2RATHE, ®RlES 5
Y=In{Q@*/(1—-@"}+1/(1—-Q*)=—21,{&—t,) +const.

12, Q*=@Q./Knm L, 3—EHTH 5,
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(a) LEIRSEEE L 74584 Fig. 13(b) TH Y, [Fkic QoD &I, Yid et L CEHRHIEE
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Fig. 13. Relation between the right side in Eqn.
(18), Y and elapsed time, t.
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TTiR, COHRICHEHL, matrix TORBRAMBED L 5 TH 30ERET 3,

ETRESBETH O matrix  flow OAEREICIZ, VWbhWARKSOBHRSOBESELLTVWERTTH
3%, CoOBEZAKREECHEETH A, matrix flow ZBIES iz Darey MlicfE > THEH LTV 31
TTH5B, TOBHOBEN, Darcy QIT, ENARESEHH L L/MESL, BHETE ELE
kinematic wave model'® TH#E 2 & LLD, TDEFINIEIRTO fissure flow DEFNEFUTH
D, HIZ matrix flow OREIFIBEKRETKDBD <+ M THEE 3 &dhiE, matrix flow OEHD
KEFXQ) LEBREEE, FABFKRTRICE, SBEHEXOTHOSZEEE TR, BIEF—HELIKS
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