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I - INTRODUCTION

In the last two decades there has been a notable interest in investi-
gating the flow of water into partially saturated soils, generally named
the unsaturated zone. A considerable amount of work has been carried out
on this regard, however, most of the papers reported so far were accom-
plished for homogeneoustéoils solely,(e.g.,‘Kluten, Youngsn, Vauclinn et
al?®) . Theoretical-based studies on layered soils have been reported sat-
isfactorily by'Hanks and Bowerso(one-dimensiohal), Freezed(two-dimensio-
“nal), Morales et al®(two-dimensional), all by FDM, ‘and Frind et al? us-
ing FEM(three dimensional) Expérimental research in the field has been
performed by Rogowski et a1®.exam1n1ng the transient response of a 1aye-
red sloping soil to natural rainfall.

This paper presents the results obtained in hydraulic‘models of infil-
tration into layered soils with a set of drains. Moreover; a theoretical
model is developed to numerically simulate the experimental reéults. In
the first part of the study, the results in a two- dimenéional mathemati-
cal- -hydraulic case are presented ‘while in the second part a three dimen-
sional laboratory test is described.

II EXPERIMENTAL MODEL

IT-1 Real Soil Structure and its Conception in Laboratory

Porous media making up aquifers and the soil structure as a whole are
seldom homogeneous. Hence, it can be stated with well accuracy that non-
homogeneity is a property inherent to most natural environments. Schema-
tically a real soil structure is shown in Figure 1.

layer- B : Iayer- B -C
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two-layer model; multilayer model
Fig.l, Typical Soil Structure Fig.2, Modelization of Layers (Lab.)
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In this work, a layered system was adopted to treat the problem of the
typical nonhomogeneous medium. To control satisfactorily the parameters
involved, the present authors used two experimental models: a)two-layer
and, b)multilayer-model, as indicated schematically in Fig.2. The model
a) will be discussed particularly, for the sake of simplicity in the nu-

merical analysis.

I11-2 Experimental Apparatus and Study Cases
The experimental apparatus used in

this study is schematically shown in rain N - E—
. simulator.

Fig.3. It mainly consists of two sec-
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tions: the rainfall simulator and the s .
i /so/l box

soil-box. The latter allows for the =

arrangement of the soil strata boun-

ded by the common interface. In the
lower soil, a pair of drains are fi-

xed and, besides that, one outlet is

provided on the left side wall in or

der to measure the lateral flow in
the distance of the interface.

Three experimental conditions re-

ported here are summarized in Table -B

1. Coarse sand(CS) and coarse glass A
beads were used for layer B and A, = steel
respectively. The properties of the outlet A w " plate ()
filling materials are presented in

Table 2 below, As indicated in Tab. b)type-1 outlet;c)type-2 outlet

1, the soil layers for the Case 4 .

] o Fig.3, Experimental Apparatus
were arranged in reverse position
with respect to the other cases, in order to verify the significance of

the role of capillary pressure at the interface.

Table 1, Experimental Cond, Table 2, Soil Properties (Layers)
Case |Layer-B | Layer-A | © | outlet Soil k Cap. Rise| Gr.S.| Por.
1 CS CGB 3 | type-1 CS [0.48] 2.3-3,3cm | 1.7mm| 0,34
2 Cs CGB 2 | type-2 CGB J1.09| 0.3-0.4 2.5 0.34
3 CS CGB 1| type-2 k:perm,cm/s; Gr.S.:grain size,mm.
4 CGB CS 1| type-2 Por.:porosity

II-3 Experimental Results

Two pictures revealing the flow response within the layered system are
shown in Fig.4. They illustrate the general flow pattern in cases 3 and
4, from which the discrepancy between two cases is clearly visualized,

In Fig.4(a), the water particles tend to flow mainly along the interface
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W . . :
a) Case 3 b) Case 4

Fig.4, Experimental Flow Response Through Pictures

while in Fig.4(b), the flow path is directed into the lower soil with an
insignificant contribution to lateral flow. Therefore, the two flow com-
ponents arisen will be designated as Q, and Qp for lateral and downward
flow, respectively. Figure 5 shows the relationship between QL’ QD and R
(rain intensity). From the figure it follows that low rain intensity in-
duces lateral flow in the initial stage of groundwater runoff at the in-
terface, with relatively small amount of QD, as exposed clearly in cases
2 and 3. For high rain intensity, a dominant response of QD over QL is
observed. As for the Case 4, QD accounted for nearly all the flow drain-
age discharge, and QL on the contrary, was considerably low. Therefore,
it can be stated that among the phenomena observed in the various cases,
the selective mechanism of the whole rain infiltration into lateral and
downward flow components is one of the most noteworthy features at the
interface in layered soils. This fact has it basis on the difference in

capillary pressure working between two layers at the interface.
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a) Case 2 b) Case 3 c) Case 4

Fig.5, Relationship between Drainage Discharge and Rain intensity
III- MATHEMATICAL MODEL
III-1 Mechanism of Flow

For the analytical process, the potential distribution o) within the
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flow domain is assumed as shown in Fig.6, where hu

is the intrinsic capillary pressure of upper layer, Fonie i
h, is that of the lower layer and hc’ the pressure :y’/”’,1r———;:¥—
in the saturated capillary zome. Since hu?hg’ no .’ H
downward flow is anticipated until ¢;, surpass ¢i_ h @,

v ) . i+
where the subscripts i+ and i- refer to the points ¢ <
i ' interface

immediétely above and below the interface. Such a ¢,

¢ondition at the bondary explains the generation W = Zp

of latefal flow in early 5tage4through the inter- X
connected pores, being held by capillary forces a- Fig.6, Flow domain

long the interface. This mechanism concerns the first three cases indi-
cated above and it plays an influential role for the flow in an unsatu-

rated zone.

I11-2 Governing Equations

In this work, the inhomogeneity of the medium is considered as inhomo-
geneity of type-2 (J.Bearﬂ), which presumes that each subdomain(layers A
and B) enclosed by boundaries of discontinuity, is homogeneous in itself.

The problem is classified into two stages: a)one-dimensional analysis
for the stage of a quasi-uniform lateral flow, and b)two-dimensional an-
alysis for the stage after downward flow component appears. Accordingly,
for the first stage of flow, the following relation holds,

B s gpagh 0 )
$ = H + zy

where, X and k are the effective porosity and hydraulic conductivity of
upper soil, respectively. Q is the source term and H, zy, are identified
in Figure 6.

For the second stage, the flow in the "held water' can be expressed by
the following equation:

2 2
T L (2)
3x?% 3z?
On the water surface, the following relation should be satisfied,
an ang _
3t us[ﬁi] Woo e (3)

where, u,, W, are the velocity components on the water surface. n regard
to the relative position of the water level. ug and w, are determined by

the following equations:

3 ¢
_k S an . _k 5
Uty ox ~ [axl¥s WS X 3Tl zen peeer ()

The above-noted equations were solved making use of Finite Difference

Schemes and applying the analytical procedure previously reported by Mo-
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rales et al® and Watanabe and Tamai'!®.

, —o— experimental
III- Numerical Results and Comparison Q.q, ve- numerical
Figure 7 shows the numerical and experimen¥ ag{ ,
tal drainage discharges (QL,QD) at different cess
rain intensities, for Case 1., Similar behav-
ior was noticed through the experimental data 0.1

of Cases 2 and 3, shown before in Figure 5,

Thus, it is found that the analytical results 0
well accord with the experimental ones, and rain cess
the small discrepancy i;ydue to slight dis- Fig.7, Experimental and
turbances in the soil .condition. Figure 8 ‘in-- Numerical data (compar.)

dicates the manifestation of the water surface level above the interface
and the location where downward flow occurs. The laboratory model demon-
strated similar pattern and in fact, Qp appeared near the left boundary

wall. In Fig.9, the transient behavior of the drainage discharge is pre-~
sented for 36mm/hr. and 27mm/hr. The effect of rain intensity on the run-

noff pattern is obvious. Both figures‘are obtained for Case 1.

mrvh
006+ R=36
R=36.0 ™vh T cess
004+
QL 0.5
Pr==N {a) 002+
0 QD Zb 100€M 0 ' ; .
180 t (sec) 240
' R =274
K\!\ 0.04+ a R=274
QL . »
< mm 0021 -
0 “'”30 ' 100 0 . : % Y
220 t 280
Fig.8, Shape of the Water Surface \ Fig.9, Transient behavior
above the interface of outflow rate

IV- THREE-DIMENSIONAL LABORATORY MODEL
IV-1 Outline

The experimental model reported so far has been performed on a two-di-
mensional domain and tested satisfactorily through the mathematical mo-
del presented. However, as all groundwater flow in nature is to some ex-
tent three-dimensional, an additional model is suggested fulfilling such
requirements of dimensional character. Furthermore, a drainage system is
proposed for its application in practice.

The experimental model is shown in Fig.10. As formerly, a rain simula-
tor and soil-box are employed. The latter allocates the soil strata and
drainage system. Two trenches symmetrically located produce a fixed wa-
ter head and the excess of flux is to be released through the outlets a-
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Rain simulator =

Fig.10, Three-dimensional Experimental Model
dimensions: 100x50x50 cm.

ffixed each side., Additionally, Table 3,S0il Prop

any variation in the stationary Layer|Gr.size| Perm.|Cap.rise|Poros.
water table will be recorded by B -FS[0.42mm [ 0.075/6.00 cm 0.37
means of the manometers attach- A -CS|1.70 0.48012.3-3.3 0.34
ed to the apparatus. A pair of C -8510.18 0.024)19.50, 0.39

drains are provided within the

soil layers. The uppermost, a canal-pipe drain system, allows to measure
the lateral flow above the interface, which corresponds to "lateral dra-
inage" in the former two-dimensional model. The depth of drain, h,, is
determined to exceed the capillary pressure difference in the layers.The
lower drain will discharge water as soon as the stationary water table
reaches its inferior level. The properties of the filling materials are
described in Table 3. Coarse sand (CS) is used for the middle layer, fi-
ne sand (FS), for the uppermost layer and, standard sand (SS) for the
lowermost. The order in magnitude of hydraulic conductivity is kcs>kfs>
kss.

IV-2 Experimental Results

Experimental runs were conducted for two different heights in the cut
off-wall of upper drain. The criterion to do so is based on the differ-
ence in capillary forces working at the interface or, it was adopted a
drain wall with hlz hB-hA. As a first trial, h1=3cm was used and after-
wards it was increased to 6 cm., In the former case,hlth—hA. Such values
refer to the capillary pressure head of layers B and A disclosed hereto-
fore(Table 3). Hereinafter the experimental results obtained for the la-
tter height will be discussed. Fig.ll shows the variation of drainage
discharges (Ql, QZ’ Q3+4) with the applied rain intensities. As the wa-
ter starts to percolate into the soil for step-wise increase in rain in-
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tensity, two stages are observed.
1. Initial Stage:
a) on the upper interface,

b:. < b

ia i- Q; exists , QD(=Q2+Q3+Q4)=0
As time goes on, a saturated capillary zone is developed and the enti-
re flow discharge is released indefinitely through the upper outlet.
b) on the lower interfacé,
The local conditions remain unchanged, which means that no flow is oc-
curring along or across the interface., Such condition was sustained from
Amm/hr up to 49mm/hr in rain intensity., Thereinafter the flow pattern no

longer behaves in that manner.

2. Second Stage:
a) at certain points on the upper interface,

¢ > s Qp starts to increase but, Q; > Q,

i+
The water particles flow laterally along the interface as well as flow
downward into the middle layer, but the ratio Ql/QD being always larger
than unity. Such condition takes place for R>49mm/hr.
b) on the lower interface,

¢i+ > ¢i_ ; kA > kc' , Q2=0 , Q3+4 occurs first,
As time advances, H>H,, the stationary water table rises gradually un-
til K reaches the drain lower level. Thereinafter Q2 appears indefinite-
ly with Q3+4.

Q 1 37 8.26
Figure 12 shows the mmshr

24.3 339 1496 610

remarkable effect upon 60 1

y f'~
6

the groundwater runoff

observed through the
mm/hr

usage of a shorter 40 t
drain wal. For step-

wise increments of the

Q344
O~

-

—4 By
t (hr) 18

amount of rainfall, 20 4

the water flowing la-

terally along the up-

per interface(Ql) is 0 —l

w4
-~
(»)

stored in the trench 2
first. Q; appears in Fig.1ll, Drainage disch 1 d ti =

the initial stage but .11, ge disch. vrs. elapse t1me(h1 6cm)
since h1 is nearly equal to hB—hA, soon after downward flow occurs any-
where on the interface, thus, lateral flow to the trench ceases. Therefo-

re, the importance of trench-wall to drainage response is evident.
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Fig.12, Drainage disch. vrs. elapsed time

V- CONCLUSIONS

In this work, the infiltration mechanism into an unsaturated flow do-

main was studied. The most remarkable phenomena can be summarized as fo-

llows:

1.

The mechanism of the unsaturated. flow into nonhomogeneous soil is wi-
dely affected By the capillary force at the interface between the la-
yers. , .

Low rain intensity induCes,lateral flow in the initial stage of gro-
undwater runoff in finer soils. In the three-dimensional model, such
tendency is observed even at relatively high rain intensity.

The flow hehavior in the unsaturated zone is characterized by a non-

~homogeneous: pattern, in contrast to previous theories which assume u-

niformity in the advancement of wet front.

4, The mechanism of flow described here can be simulated by a mathemati-
cal model using a finite difference scheme in two-dimensional works.

5. The arrangemenf of layers plays an important role in an unsaturated
flow if the caﬁillary pressure is taken into account.

6. The drain system proposed and an appropriate arrangement of layers
seem to have engineering applications such as recharge problem, in-
filtration of rainwater to retard surface runoff, stabilization of
base flow and others.
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