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INFILTRATION OF WATER INTO CONFINED SAND COLUMN

By Yasuo IsHiHArRA and Eiichi SHIMOJIMA

Synopsis

In order to research the effect of pore-air on infiltration phenomenon of water into the con-
fined sand column, the experiments of pounded infiltration were carried out by the use of sand
column formed in the lucite cylinder with bottom plate. The changes of the water contents
at various depths, the air pressure at bottom and the infiltration rate of water at top of the sand
column were continuously recorded.

After analysing the results obtained by experiments, the following was disclosed.

(1) In the first stage of infiltration, the pore-air pressure, p,, is approximately expressed
by p,=alogt+ A (a and B are constants), whereas the infiltration rate of water, f, and the
movement of infilirated water are experimentally given by f=S/2/F and e(D)=x/\/t
respectively, (S is a constant and ¢(6) is a function of water content, 6).

(2) In the next stage of infiltration, since the rate of infiltration and the rate of change of pore-
air pressure become nearly constant, the profile of water content in the neighbourhood of wetting
front is unchanged, its phase velocity being constant, and also the space distribution of pore-air
pressure in such a region shows approximately uniform.
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Fig. 10. Comparison of theory and experiment for pore-air pressure in sand K-7.
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Table 1. Characteristic values at early stages of infiltration.

- Water Depthl 8T | d1/d/ 7 (= )| dpar/dlogt . t
o cm cm cm/sec!/? cmAq-sec sec sec
1 59 028 | 181 900 1700
1 84 0.33 16.6 900 950
1 129 0.26 22.9% 1020 1100
1 169 0.20 12.8 1230 1200
1 160 0.38 7.9 >960 >1000
1 169 045 8.4 360 420
K-7 1 169 0.46 9.7 260 720
1 169 0.46 7.1 >400 >400
1 169 0.42 9.8 260 230
5 125 0.34 16.9 530 510
10 120 0.57 12.0 320 160
18 152 0.29 11.9 440 420
18 152 041 10.8 960 >800
K6 I 169 0.32 11.4 680 700
1 169 0.53 12.8 960 960

I: cumulative infiltration amount, p,,z: pore-air pressure at bottom, £.: the time when
dI/d\/§ deviates from const. value, #;: the time when dp,,;/dt deviates from const./t.

* poor conformity
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&T, Fig. 13, 14 i3, K-7 BEAVTOERTO RRRBZE () LHBREKE (bor) OBEFERL
12D TH B, FRRHAE ho=10cm, BEE L=120cm D HA TH DA, 1=5700sec BEIDEK
FEZEEMIC AT dp,/dt=18x10"3cm Aq/sec TELLTEY, REBRBRE (f) K250 TIE dp,/dt=const.
ERBEEXEBIFRILELLLT f=const. bbb fo=28x10"3cm/sec TEILLTVE, %N k=
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Fig. 13. Cumulative infiltration amount and pore-air pressure in sand K-7 for water
depth 10 cm and layer thickness 120 cm.
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Fig. 14. As Fig. 13, but for water depth 18 cm and layer thickness 152 cm.

8cm, L=152cm Q& DTH 575, t=4000sec IEE L VEOHF &R fo=29%10"3cm/sec, dp,,r/dt=
51%1073cm Aq/sec TEALT 545, t=8700sec IZE L 0 5F RE & LR BRIE R 552 RE
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BADERATH 2, K-7 DOBASLARSEENAONE, TTTHRLELOIATRE, K-7TBOD
14 ho=1lcm T L=34, 59cm QOEVPEE O GAE R AR EEMNEL, —F, K-3 Yo%
&, WKERTNT loem Tho7ohs, FOBERE 3tom OBRAZ R ERBEEREMNERL T,

DI EOREETENT 5 & TRKROWE TR OBESS MK RICERE »2BEOBERETE, &
FBEEHSEITT 3 O EERE L REK ORI, BIERBC—EDBIES, &5ICRENED
KON THREERE &L BEEOREICEDSE L BEANS B, ZOBATHERBRIFULAERARTE
SRR, EVL LS, 1B, AJ. Peckd DHEEATH, slate dust DEAOHRETER—EDMHEIC
5B, %7z, sand DBARBEOLS HEBERSES - LERNTVEH, TOBREAERO
HIRIZHERED,

(2) +#ke

Fig. 16, 17 i, % ICHRL7 K7 W OB/ BT S hy=10cm, L=120cm B XY h,=18cm,
L=152cm TOEBRTHIE/KS% parameter IZ& > TENHHRHE & S ICOMLICHELHERLIZLDTH
%, ZOREDTHE, wetting front DHEFTE & b ICETIKSREBAICENT L, DI
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Fig. 15. As Fig. 13, but in sand K-5 for water depth 1 cm and layer thickness 129 cm.
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B RERBOEC DR T OS, BBTERE & RRERE OBMEH—E L 12 5 RKEICRIERE
LTWwaZ &pH3, &ic Fig. 17 T EE000F)IEE X D 51D (0x/0t)g=const. KEKLTNBT &
HHB, TOEKIE Fig. 14 TOEBICHEL TV 3,

Fig. 18, 19 3 K-7 DD 24D wetting front DfT % Wi % parameter K& > T/RLZZH DT
53, tho XV X5, WEBREME TR LEKSB KX BERE -T2, REVSEDICON
T, wetting front 1252 ER O +KS (00) b -THBHL TS, LB HKEODOE Fig. 19 TH
D, RROBBICHIELTATTEIRE -7 0k b - T wetting front BEFLTWVB, —F, BER
L TIRERE & SICHIEKFORIMMA LN DY, CNRERT 2HIERDRECLESDTHS,
7B, CCTRERLEOS K-5 BOBAIKENTHRE L wetting front ORMEHE LT B,

T, HHEKSFOBREICE LT 0« T wetting front HHEFT LTV HERE, BEK - BEOFTRD THM
DEENHON D, B5IE, HHEHREAAEREFAUEARKETS 30, THERKECOT TEFRET
DERETTIE - TV B, £DK, BEOHEGICHBERE S LU P KEMNEOK & E LMK LD /hER
BIE—EOLBKSOEBERVELTN S, chvk “PHESE EFATOSH, TOEBREARLL
wetting front OEITOBICERENS O KHETEHDTHS I,
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Fig. 16. Movement of soil moisture in sand K-7 for water depth 10 cm and layer thickness 120 cm.
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Fig. 17. As Fig. 16, but for water depth 18 cm and layer thickness 152 cm.
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Fig. 18. Stages in the development of soil moisture in sand K-7 for water depth
10 cm and layer thickness 120 cm.
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Fig. 19. As Fig. 18, but for water depth 18 cm and layer thickness 152 cm.
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42 BRREADOEE
(1) FMBZEKOMKH
41 TR &S ICHBEKORB RA B OMEN TS S (K-5BTRES) OTELEORERREE
BRr = NS & > THNTH B EHAEEER L TRO 3080130 OEFMRA LN, FREREK
DOTHEABETH -7, Lidl, TITRZOEEHZERL CTFENICEROKE OBTERHNTHS,
T, ERH oML ZRL T, MBEKOREE, HBETHTHRAIL T2 2KREE B0 TRES
BROOREbOTRESHTEINSS, TTT, BEOES L, ERE ¢ MBREIE CREEIS
DOEALSY) 5 pa(t), Wil t T TORWMRER 5 [(1), RBWRE 5 f(1), %o BK[OKHEE (Darcy HEE) ;
() L&, EREBEKKEALL, TREEEMLTOEEELT Boyle 0:AIZEAT 5L,
L-¢—1 dp,

v.(8)+ f(t) :Pa,0+pa I Pooi KEE e 21
TZZTR, f(H)>fer ADa/dt—>(dp,/dt),=const. DFHEEEZLTHEDT, R (21) &
= LI dpy
vu(t) = —fuot B (She) (22)

E18B, TTT, It), po(t) LLTARRELTVIMHETRAOBOERAVICZLELT, R (22) ©
EAB2EAHKELTABE, HlAid K-7 BT h=10cm, L=120cm DA 40x10 5cm/sec, K-5
BT hy=lcm, L=129cm OIFA 56x10"5cm/sec L1250, #NFhD f. OFEIZ 2.8x1073
4.1x10"2cm/sec THB DT, &R

> B -

&b, MOTNTORRICBNTHN (22) OATE T THIZH 2 HICH A 1~2order FEFAXINT &8
o7z, PEDTE &b, K (22) AR

v F =0 (23)
EEZTEIMAS, b LEHIEK (23) BRI 57125, BIEOHHEMBMORLEZELRHZELES
DT, MBREIDOENENIEROKNEEICH LT ROBEELIEARVEEZ OIS, BBAL
2RO B FIEEKE NS &5 EIETRmEETRS 804 (simultaneous flow of immiscible fluids)
TR (23) DR, T8 Db total flow rate IHIEILIE 2,

(2) WERENE ORBFER OHR

T Fig. 18, 19 ThAShic kL, PEREMEOK &S 80K ERSERICERL, 20
WA 4.1(1) TRAERESIEORHNEINE WA 2BRICH 5 OMrERIT 3,

FHREICE 2 DRITHE SN ZEMSMB SN BE, LARBEREHLHLZLTOELEVSTETH B,
TRbb, KHOERORKETE, (1) HBESKSREEE (#<0) FTEICHI0», Thid (o)
HBHEE DHEMBOTETH -~ TVE DD,

T, BERMIEEE© Darcy Q%2 3L,

v=—K, (l_éﬁ‘_iﬂ_—ﬁf) ........................ (24)

i, p.; KA AT imbibition @R ITT Rdiki& 72 BBED capillary potential (air entry value), &, ;
WK, po FBRERE, x; fAMEROES, K SREKEH, &L KHRED (1) 0HALS,

Dot pa—ho<0 THBMS 0| >K: DRTTH 2, (9) OHALS, |vI<K, ODRESFETS, ZC
TERERE, fo=K(1-4) LLTADEEEANTHZLE, FIZE K71 (K~65x10"2cm/sec) T
ky=10cm, L=120cm # X h,=5cm, L=125cm DA, A=057, 048 L1154, FT~NTOERIC
BNT, A=045~060 L7557, —F, K-5 ¥ (Ks=1.0x10"1cm/sec) D iff, A=060~065 TH 5
(LR, CCTOHRRBBEATEROILHBHRBTHIT ), WThOB/ILS A<] LiE-TW 3,




AE TR RAEE-WE~ORKEBEIET 5 HE 115

CLTRPEMEBRBRE (f.) 2AVT 4 OEERD N, KICREREOTLE, > OEWEZEL
THFEGEN AL ZRTEVITEE, S Ed [o|<K, 2HIREMNSZERKLEOT, (a) O
THERE, TROLLMBRAEROMIMRBRATEREBEL TV L%, 1, MRES OB ENgEE
i}, MIFERORELHOO SN A THERETRL TV S,

Fig. 20 i3, K-7 BOBREOREBEL HBRERE

DRSS —5E DA% & DK 3 A (L) ORIz e o s e (e

RUE (Do) 12 DHEIKTE (h) 2 ELBIOEE 27 & 550 8% g0

LT, he &OHBEBEbDTHE, 1k MbT £

D ho=65cm O, “EER FubbEEsE 0 "
W (K-5%) 64cm, TEHSHE (K-7%) 105cm, 3

hy=1cm DOERETHBH, K-5 BiEZ K-7 Wick

~ICHEIL S EBOTRICHT 3 RSN e e e e w e

he (em)

Fig. 20. Relation between p¥(=p, .. —k,) and
water depth h, for sand K-7; ;..

ERIERICAEY 5 (RBEBR), oL ThIE,
HKEHPRE VR E 5 DEIZNSHT E 2B %3,

TOB, AEROTWHTRPEOES OB BT NE is pore-air pressure at the time when
EZTEDAHS, TOTER, ERNIT ph=x—p infiltration rate becomes constant.

(0:<0) &EZBE, EEREBCETINA (l.) T
B ok, BRESHEMBORZRI /DI IR TR r
Nz, UL, BKENTLEORRFINIEO, T 30 =
DFEET dpf/dh,<0 OFEE IR 2 O BIRH "~
TREBHTHSB, Fig. 21 12 K-5 DOBEATH 555,
BTOEREZBLELT by=lcm 2 & 5TOBZOTH
MCPEDOREEEE 5>TWVWS, L=109cm DEIF
fhOLDLRD p7 1k 10cm-Aq 13& A% fICH AL e
- Tk, TR L & p¥ CoMBRYERLCE o
AOZIE,
wic, EogERE kS OREEE HBRGH 2T -
5, HHKS ORIER, SIFHRIBE {100 B &R 11 J S N
ENBCESLUUTHEBAAENCER 21T 0 an 150
TICBALCR, ©CTRIEE S ORMRIREE < Fig. 21. Relation between(:: and layer
DRACBTHB, TDIH, LIS & OME MREL & thickness L for sandaK-5; nu);n.
LT kA RER OBELLICE T&ZELTH bers represent p,—h, at tl,.
3,
x7T, K-7 BTHEREME h=10cm, L=120cm DEAEFIKE B & (Fig. 13 28), f=Ffu
dpe/dt=(dp,/dt) e &1L BBRRIE oo (& BecmAq THD, wetting front HOETHICIZITET 28
il (£.) DEHD Do 125 DEEMS (dbaen) 1E 10cmAq BETH B, —F, +FHAIUERONHE, B
BERLD 25cm DHDICDNTHE L, TOHNE wetting front ASTFICE LT & D IBRHK LK -
TR T HAICREDIE D - 7S, ROFE (x=10cm) KOO TH, L. TR EFKREIREZOL £, T
RBIEETRBCE -T2 s, F/, E3HHOEA (x=25cm) TR, (. t. TOTHdERRE
i TeE T AM 5T, TOTELD, BE L, TR, BTERSWBERLD 25~10cm ORIICAY,
t, T 10~25cm DOMICHEKEA S EFHRENSD, T O HBFER ORERZERD 4p.. EBFEHD
Qo TOXIIREEE(ERLIS DY Fig. 22 ThB, COREY t, TOMHAEROES (2,) 3,

o

R* (cmaq)
T
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By BRBENEBEEL>TOBCEHNB, 1, 50 =
oo DIER ho=1, 5, 18, 65cm DA, ThTh e e
8, 20, 50, 16cmAq T D, 5£OY]& R IC KM ~ [T — stateat
DR E RIXIEAS DL T EAH B, Byl - stateate, |
K-7 B @ air entry potential |, Fig. 4 XV IZIF ; L i
~%emAq BETHY, FREEEA (1) MEOX  § l
&& (d) BLOKERRE OENE () OB, 715 5 30 7 :
bb p=4r/d £HV, d=01~015mm 53L&, gL {9 f
P'=20~30cmAq & 153, LT TR—IG p.=—25cmAq 3 | I |
L#A, Fig 2 X0 penothopoksBEEE S P9y 0 4T
LHCERL, %o OE% BEOICHEEL, Zuoth 2 —I T I R
“boe DEEFRDBE, EIE —35cmAq BELLS B ok ¢ ] E 1:‘ v
A, 1pl=25cm XV 10cmAq EEASVEIE-T PO ! !
w3, - 1 Pl oqd
~%, K-5 B OVTROThOERZENTHY 0 ¢ $ T
BEET 115 cm OETHIE Shic ks O, B 1, 5, 10, 18, 65,
B £t THIRMREEICTS > TOENE & Bi¥ o Fey T WATER DEPTH OVER SAND ( cm )
Fig. 22. Diagram illustrating the develop-
DHE D p. DER Fig. 3 LD —ScmAq UETH ment of saturated zone.

Yy, —F p=4r/d OBHT d=04~05mm LF 3 &,

pi=6~7cmAq &85, ThDDEEZZEL Fig. 21 2/ ~3 &, K-7 PO LARKRERTEO LR
AHUFERORZETHITEIRNCELL S, B LAHABOEEA, BEVITOK &ZEEREICKDHR
AGERAaKIc ER L, ThBERoMLBHKE MNERORS, RERIS JUEKEE OH 0
ATHEBNICKHE SN2 O TRIE L, BFENW counter two phase flow & UTEHEMHERT I LEL LN
%, TOT &IE, FlbD & D ICERICE L CREBBRNI/NSBREOHHMNS - &V I EEMLS ST
Eh&d,

1B, BROBENNEL, BKEEETIHE, AMEREBHEE & IR RET S C EPERN
iZ JR. Philip®, KX OHEOPNTED, ThdORKEE OIZEEED,

T, DEOERPOROEILIENOZI XS, TUbD, HIBEOCHBEOAE I3 EERDFE
WA EOOORBERMPERT BBE TS, 31 Darcy scale T REREE #tkE LTHRZ 3 Thetks
%, L»L, time scale ORIEI NS, REBH/NE Q3 LHBRZER O EHREFESE B L0 KT
BESHEL LYV AZEMEOEE BHEC LB SN T 320, REZRR ZBMICHEGEN counter
two phase flow DHERDER%E analogy HICHA T2 DIXE { ORIESES 5, BROHEMIIREORK
DHEINRYBEOEEIRTELATHB,

(3) wetting front {2 T

4.1(2) TRERES LOHBRESEOHMNES —FEL B -7 REETHR, (i) wetting front 352 LR
O+ HIKSD 04« 25D, (ii) wetting front DFEFTIEEE (02/01)g & LHKS 0 KBRS ~E LB
RPNz, CCTR, COBRREDSEETOERETIL I,

&C, LEKkoBEHERETIERRL, R (3), (4) TH3, KR (), (i) LT —FED
wetting front OHEE o TH BEEERLVANTEZ-LTHHEEOM), . & 41(1) OFER
T OBRINICELT R, 22T, R (6) 2#EEARELT,

(=x—w(t—ty), T=t—ty e (25)
K -TEBESETESE, R (6) BRDEITH 5, KL, to B —COHAEELLIHETHY,
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6k ¢ 0F, b3 ¢ T OHBEELIOND,

—w+df/d; = d(D-d0/d)/dl —dK/d0-dB/d] +O(K-0pa/B) /B  wwevrreverieenes (26)
RS d6/d; =0 at ¢ =oco, 0p /3¢ =0at B=0, e @7
ELT v 2EELR (26) % (=({~ ITHITTEL,

w-(0—00) = —D(8)-d0/d{ +(K(6) —~K(00)) —K(0)+dpa/aL  -oreverreveeeeeenens (28)

BR (D XD (=(x T 0=0, &35, (d0/d0)¢rte=0 EFEZ TIPS, R (28) &b
@ = K({);::;i(oo)‘Lﬂ%i'f!‘;z/af]@§* ........................ (29)
® P—FIARNTOBEDT, [K(0)8p,/00]¢-¢s=const. &35,

WIC, HEERD o &, K(O)~0 oBF»5RE AR (29) OB 1 HEEKBELTH 2, Table2ld 2D
BRERLIODTHEN, “BEROSOS>VTRARESR NV, T, 0 iE o=K(0%)/0
EBEERE o 2ETHEKSEEK, TS, ¥51K, RORBROWOERICOVTRNTEL,, EFLR
BIRE f.. & wetting front OEMEE o & OBFRI

fo=w(0x—0) e (30)

L%, LpL, —icid 4.2(2) TR MAERORES XU 2 NICHES ARERGE D1 8Kk 5 OB
M BB DELREABEEN, TOXBITRNTHA S, TOWZ, fo/o & (0x—0,) & DHRE
FEROBEOIMEIEA S, i, K(O)~0 OBFiIconTiE, K-5, K-6 O BAEE OREICXD,

K-7 b @4, imbibition B2 ICHT % v~0 OBKR L OKFE D) absorption HE X DYk 2 ki FR¥
D(0) EERFN K(0)=D(0)-df/dy XORIERIKKRDTNE, 8T, KTD w & K(0:)/0x 5% 04
L O EERHETEERFELON, TRNTOEE 0<K(0:)/0k 8:>0 &1 ->TW5B, TOTER, K
(29) OE2HOEENHSINITOY, K(O)~0 ORI 0 »0 LERL TS K(O) BR&EZ I (—
BT d2K(0)/d6>>0) i i, FERELTR PR OBREERETRENR OB, Tk BksG o

CALCULATION \o
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Fig. 23. Comparison of theory and experiment for ultimate moisture profile in sand K-7.
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ERELERTHS, ho0AEEETNE, R (29 @Eﬂ%ﬂﬁ@%lﬁ‘cbb’\ﬁuﬁ'ﬂcﬁéﬂﬁ.’(%é
ELTHEMBD,

T, TRTD { KOWT 0p./8 WEEKFETH2 LMELTK (28), (29) &b BHEERNL S He
wetting front @ 0 OFHHRE,

'5 D(@)-(6—6) e
.c = Ssm[(ﬂkfao)(K(ﬁ) -K(6,))— (0 000) <(K(6*)— K(Go)) S

zzie, O,=0,—40, 40«1

Fig. 23 i3 K-7 oA, #iiid, Fig 16 TO 2~t PRLIOVRDBEKD wetting front QIR &R
(31) XVDHEBLOEBERLZODOTHD, ARICR EZROMEOTVES © RERELHEMEE A
BHERLTE O, X8, MHPT K-5/K-7 EE»,NLTIH DI, EENM K-5 % 64cm, TEHN K-7
# 105cm, h,=lcm OEATH %, Fig. 24 FFIN &

R CoMEROME, TUbE LMK H Bem, [ oo . 7.
FBK-5 b 138lem, ho=1cm OBAL, EEK-7 “ C U\\zv S 1,3
B 245cm, TE K-6 B 1445cm, h,=lcm OF L 3 >, @
aTHs, CNOORIVTOE, BREEHEEE g [ 7 : 13
REE—HKLTOBEVLLS, 1, wetting front ¥l ’ b 1 ¢
OHRE, —HIC EK(0)/dP>0 155 BEEFTHS L % g 1
5, BHEoEs, R (28) XDZEROMENIVES N ° °. ]
15 2B HNEGMTET 5 LA, I o 0
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Fig. 25. Cumulative infiltration amount, pore-air pressure and distribution of moisture
in two layered sand system (upper layer: sand K-5, lower layer: sand K-7).
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Fig. 26. Cumulative infiltration amount and pore-air pressure in two layered sand
system (upper layer: sand K-7, lower layer: sand K-6).
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Stages in the development of soil moist ure, as Fig. 26.




