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FINGERING FLOW IN HOMOGENEOUS SANDY SOILS UNDER CONTINUOUS
RAINFALL INFILTRATION

KEN KawaMoTto? and TSUuYOsHI M1yAZAKT)

ABSTRACT

In order to establish a physical model leading to stable (uniform) and unstable (non-uniform fingering) flows in un-
saturated soils, two-dimensional tests on continuous rainfall infiltration were carried out by changing not only the ini-
tial water content (air dry, 0.5%, 1.0%) but also the rainfall intensity (15, 30, 180 mm/ h). The physical mechanism of
fingering flow was discussed on the basis of precise suction measurements inside and outside the fingers.

The results show that wetting fronts developed in unsaturated sandy soils can be classified into three types; 1) finger-
ing flow, 2) wavy front, and 3) plane front. Two types of fingering flow can be further distinguished by the difference
of the swelling velocity; i.e., low-swell finger and high-swell finger flows. In each of the low-swell and high-swell
fingers, a core and a swelling zone are developed while a finger is growing. Based on suction measurements inside
them, it is found that the water condition in the finger core changes from wetting to drying processes while the water
condition in the swelling zone remains in the wetting process. This hysteretic behavior in the core can be explained by
the moisture distribution changing along a finger from tip to tail. Fingers swell when water moves from a finger core
to surrounding dry sand. Such a swelling process is mainly controlled by the hydraulic conductivity for the wetting
process at a finger tail.
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such damage, on some scientific bases, soil engineers
INTRODUCTION must understand at least the reality of the fingering flow
When raindrops infiltrate into unsaturated soil, a wet-  through unsaturated soils. It is of particular importance
ting front is generated and moves downward until reach-  to realize that the fingering flow greatly accelerates the
ing the groundwater level. A problem arises from the fact migration of these dangerous materials.
that the wetting front never moves uniformly, but rather Steenhuis et al. (1996) recognized two types of finger-
heterogeneously with growing finger-like flow. It is well  ing flows; heterogeneity-driven finger and gravity (insta-
known that such a heterogeneous flow, called the finger-  bility)-driven finger. In the field, some fingering flows are
ing flow, is developed as a result of instability at the wet-  driven by heterogeneity (or discontinuity) in soil struc-
ting front. If fingering flow starts, preferential pathways ture where macro-pores or cracks exist. Fingering flow,
are formed in unsaturated soils, and water-borne con- however, does occur in homogeneous soils. The occur-
taminants are rapidly transported downward through rence and the types of fingering flow, even if homogene-
these pathways until reaching groundwater (Kung, 1990;  ous soils are concerned, are sensitively affected by many
Hillel, 1993). It can be easily understood, accordingly, factors such as initial water content, sizes and distribu-
that the fingering flow must be a key factor to solve the tion of soil particles, infiltration rate, and so on (Tamai
following engineering problems; 1) how to evaluate, safe- et al., 1987; Baker and Hillel, 1990; Selker et al., 1992 (a);
ly, the environmental damage arising from disposing of Cho, 1995; Yao and Hendrickx, 1996). A slight increase
industrial wastes in soils, 2) how to recharge effectively of the initial water content, for example, damps down
the groundwater in arid and semi-arid regions and water- the occurrence of fingering flow (Diment and Watson,
repellent sandy soils (e.g., de Rooij, 1995), and 3) howto  1982; Annaka and Idesawa, 1996).
accelerate desalinization for improving saline soils An important characteristic of fingering flow is that
(Kawamoto et al., 1996). Heavy metal ions and even ra- once fingering flow appears, water flows continuously
dio active nuclides, for example, can migrate through the  through these pathways without changing their locations
fingering flow so rapidly that the environment is and shapes. Tabuchi (1961) has suggested that the suc-
damaged widely, as well as quickly. In order to prevent tion distribution inside a growing finger may play a cru-
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cial role in deciding its shape and size. Liu et al. (1991)
measured suction change in a growing finger, and found
that the suction increases just after a finger tip passes.
They stated, based on the test results, that the suction in-
crease is probably due to the fact that water condition in
a growing finger is switched from wetting to drying proc-
ess. They also found that lateral flow of water, from a
finger core to the surrounding dry zone, ceases when the
suction at a finger core exceeds the water entry suction de-
fined by a wetting curve on the corresponding water char-
acteristic curve.

It is important to point out, however, that finger flow
only maintains its shape and size for a relatively short
period of time. If the flow continues for a long period of
time, lateral water movement leads to significant swelling
of the finger. In tests by Glass et al. (1989) and Glass and
Nicholl (1996), for example, water flow was continued
for tens or hundred of hours to produce such a swelling
finger. They suggest that the lateral water movement
takes place by means of film flow and vapor diffusion.
Kawamoto et al. (1996) also observed the swelling fingers
in a short, as well as a long, period test under continuous
rainfall, and distinguished two types of fingering flow;
i.e., low-swell finger and high-swell finger.

In order to understand further what controls the sepa-
ration between stable (uniform) and unstable (non-
uniform fingering) flows in unsaturated soils, we carried
out two-dimensional flow tests under continuous rainfall
infiltration. The final objectives are: first to clarify the
physical mechanism leading to these various types of
finger (non-uniform) flows on the basis of precise suction
measurements; and second, to build up, for practical
use, a more realistic model which makes it possible to
simulate non-uniform flow through unsaturated soils,
rather than the conventional approach based on
homogeneous flow. In this paper, however, we will
mainly deal with the first target. :

EXPERIMENT

Material and Method

Figure 1 shows an experimental apparatus composed
of an acrylic board container with inside dimensions of
50 cm wide, 50 cm high and 1 cm thick, a rainfall simula-
tor, and drain pipes. The thickness, 1 cm, was selected
such that two-dimensional flow is generated. Ten boxes
50 cm wide and 5 cm high were stacked, after being filled
sand, one by one to assemble the container.

Toyoura sand, a fine uniform sand, was used in the
present study. 99.7% in weight is retained between 0.21
mm and 0.105 mm sieves. The sand was washed by mix-
ing it in a dilute solution of soap, rinsed out ten times
with distilled water, and then air-dried. Three different in-
itial water contents were prepared; i.e., air-dry (0.0%),
0.5%, and 1.0% (Table 1). To get these water contents,
the air-dried sand was thoroughly mixed with a proper
amount of distilled water in a plastic bag, stored in a
dark room for more than 24 hours, and then packed in
the container before a test. To keep the sand as uniform
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Fig. 1. Experimental apparatus
Table 1. Experimental conditions
Rainfall intensity (1)
Initial water content (w;)
15Smm/h 30mm/h | 180mm/h
Air dry (0.0%) Run 1 Run 2 Run 3
0.5% Run 4 Run 5 Run 6
1.0% Run 7 Run 8 Run 9

as possible, the bottom box of the container was first
filled with the sand by hand. Then a new box was stacked
on it, and was filled with the sand again. The dry bulk
density was 1.58 g/cm’® in all tests. The coefficient of
hydraulic conductivity, under a saturated condition, was
also measured at 781 mm/h at 20°C by a constant head
permeability test.

Suction change was measured during the tests by
means of transducerized tensiometers installed at ports
on the back wall of the container at four different depths
from the top surface (Fig. 1); i.e., 5 ports at 2.5 cm
depth, 3 ports at 7.5 cm depth, 40 ports at 22.5 cm depth,
and 1 port at 37.5 depth, respectively. A tensiometer was
fasten at each port so as to be flush with the inside sur-
face of the container. Two different sizes of porous cups
were made from a fritted glass plate of 0.5-5 um thick;
i.e., 10 mm in diameter and 2 mm thick for the ports at
three depths of 2.5, 7.5, 37.5 cm; and 6 mm in diameter
and 1 mm thick for the ports at 22.5 cm depth. The bot-
tom box of the container was divided into 9 parts, each
of which was connected to a drain pipe.

Rainfall was simulated by a rainfall simulator which
consisted of a rainfall acrylic pipe with 12 needles and a
mariotte tank (Fig. 1). A uniform flux was given by drop-
ping water at a constant rate from the needles using DC
motor (a reciprocation of 1.2 sec cycle and 2 cm ampli-
tude). Three rainfall intensities (Ir mm/h) were used;
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i.e., 15, 30, and 180 mm/h (Table 1). The rainfall inten-  be identified by the number of test run as shown in Table

sity of 15 mm/h was a lower limit to get a uniform rain- 1. For example, Run 4 means a test done with w;=0.5%

fall flux in the present rainfall simulator. In all tests, and Izx=15mm/h.

water drained from each drain pipe was collected at a con-

stant interval. Water was applied until cumulative

drainage of 2,000 cm® (40 cm) had been obtained. Wet- TEST RESULTS AND DISCUSSION

ting fronts during the course of experiments were record- Types of Wetting Fronts and Their Classification

ed on videotape using a video camera and on still film us- All wetting fronts observed in the nine tests are traced

ing a still camera. in Fig. 2. One important observation is that these wetting
Nine tests were done by changing initial water content  fronts can be classified, according to their shapes, into

w; and rainfall intensity Iz. For simplicity, each test will  three types; 1) fingering flow, 2) wavy front, and 3) plane

(a) Run 1 Low-swell finger (b) Run 2 Low-swell finger (c) Run 3 Low-swell finger
(w=Air dry, I=15mmv/h) (w=Air dry, I;=30mm/h) (w=Air dry, I,=180mm/h)

(d) Run 4 Low-swell finger (e) Run 5 High-swell finger (f) Run 6 Wavy front
(w=0.5%, I,=15mm/h) (w=0.5%, I;=30mm/h) (w=0.5%, I;=180mm/h)

LA

AN

(g2) Run 7 Plane front (h) Run 8 Plane front (1) Run 9 Plane front
(w=1.0%, I,=15mm/h) (w=1.0%, I,=30mm/h) (w=1.0%, I,=180mm/h)

Fig. 2. Tracings of wetting fronts (The numbers in diagrams refer to the time after rainfall (min))

NI | -El ectronic Library Service



The Japanese Geot echni cal

Soci ety

82 KAWAMOTO AND MIYAZAKI

front. The fingering flow developed, in particular, in
Runs 1 to 5 in which all tests were done at the initial
water contents of air dry (0.0%) and w;=0.5%. The
plane wetting fronts, on the other hand, developed in
Runs 7 to 9 tested under the initial water content of
w;=1.0%. The plane front had a stable wetting front
without disturbing the shape under continuous water
supply from the surface (Fig. 2(g), (h), (i)). In Run 6, the
wavy front looks intermediate between the fingering flow
and the plane front. This wavy front developed its wave
with depth but never grew into a fingering flow (Fig. 2(f)).

It seems important to note, in Fig. 2, that the fingering
flow expanded only slightly in the cases of Runs 1 to 4,
but expanded remarkably in Run 5. This implies that
fingering flow can be further classified into 1) low-swell
finger and 2) high-swell finger, as has already been point-
ed out by Kawamoto et al. (1996). Here the low-swell
finger is defined, on a tentative basis, as a type of finger-
ing flow which maintains its flow pattern, without swell-
ing much, during a short period of time (say, a few
hours) under continuous water infiltration. The high-
swell finger is defined as a type of fingering flow which ex-
pands its width for a short period. The former type has
been observed in many laboratory tests (e.g., Glass et al.,
1989). The differences of the two types of fingering flow
will be discussed later in terms of the swelling velocity.

Based on these observations, it can be said that the ini-
tial water content, rather than the rainfall intensity, is a
dominant factor controlling the types of wetting fronts.
Under the air-dry condition (Fig. 2(a), (b) and (c)), the
low-swelling finger is generated irrespective of the rain-
fall intensity ranging from 15 to 180 mm/h. With an ini-
tial water content of 1.0% (Fig. 2(g), (h) and (i)), on the
other hand, the plane front is generated irrespective of
the rainfall intensity from 15 to 180 mm/h. With an inter-
mediate water content of 0.5%, the wetting front
changes, with the increasing rainfall intensity, from the
low-swell finger (Fig. 2(d)) to the wavy front (Fig. 2(f))
via the high-swell finger (Fig. 2(e)). The types of wetting
fronts in each test are summarized in Table 2.

Diment and Watson (1982) reported such a change of
wetting front from the unstable (fingering) front to the
stable (plane) one by increasing the initial water content.
Yao and Hendrickx (1996) also observed the change in
wetting fronts which were generated in air dry homogene-
ous sand layers under various rainfall intensities. They
found that the wetting front was unstable (fingering) at a
rainfall intensity between 3 and 120 mm/h, semi-stable
(wavy) at a rainfall intensity between 1.2 and 3 mm/h,
and stable (plane) at a rainfall intensity lower than 1.2
mm/h. Their result is in accordance with our result show-
ing that fingering flow occurs under the air dry condition.
At the initial water content of 0.5%, however, the wet-
ting front changes from unstable to semi-stable with in-
creasing rainfall intensity (Fig. 2(d), (¢) and (f)). This
suggests that the trend from unstable to stable with in-
creasing rainfall intensity could be reversed depending on
the initial water content.

It can be said, in general, that wetting fronts in

Table 2. Types of wetting fronts

Initial water Rainfall intensity (I)

content (w;) 15 mm/h 30 mm/h 180 mm/h
Air dry (0.0%) ’Low-swell finger | Low-swell finger | Low-swell finger
(Run 1) (Run 2) (Run 3)
0.5% |Low-swell finger High-swell finger| Wavy front
| (Run 4) (Run 5) (Run 6)
1.0% ) Plane front Plane front Plane front
| (Run 7) (Run 8) (Run 9)

Table 3. Numbers, maximum and minimum growing velocity of

fingers
T Max. Min.
Experiment Numbersr grow1’ng grow1.ng
velocity | velocity
(cm/min)(cm/min)
Run 1 (w;=Air dry, Iz=15mm/h) 4 0.52 0.07
Run 2 (w;=Air dry, I,=30 mm/h) 6 1.13 0.33
Run 3 (w;=Air dry, I;=180 mm/h) 15 1.80 1.33
Run 4 (w;=0.5%, Iz=15 mm/h) 4 0.40 0.01
Run 5 (w;=0.5%, Iz=30 mm/h) 3 0.46 0.06

homogeneous sandy soils become more and more stable
with increasing initial water content when rainfall inten-
sity is kept constant. It is very difficult to say, however,
what kind of wetting front is developed in initially dry
sands because not only the slight increase of initial water
content but also the change of rainfall intensity have
such a significant effect on the type of fingers actually de-
veloped. Furthermore, the types of wetting fronts vary
due to many factors such as size and distribution of soil
particles, precleaning of sands, and so on (Baker and
Hillel, 1990; Yao and Hendrickx, 1996; Glass et al.,
1989). All of this makes it difficult to accurately predict
which type of wetting front will occur in initially dry
sands correctly, and to give the exact information about
the reoccurrence of types of wetting fronts under the
same experimental conditions.

Morphological Properties of Fingering Flow

A horizontal wet layer was first formed just below the
ground surface. After that, fingering flow started to de-
velop (Fig. 2(a) to Fig. 2(e)). The wet layer was called the
distribution layer (Ritsema and Dekker, 1995) or the in-
duction zone (Hill and Parlange, 1972; Selker et al., 1992
(b)), and was believed to play a role in distributing sup-
plied water from the upper wet zone to each finger. The
thickness values of the distribution layers, just after
fingering flows started, were about 1 cm in Runs 1 to 3
(w;=air dry), 2 cm in Run 4 (w;=0.5%), and 5 cm in Run
5 (w;=0.5%).

The number of fingers generated in each test and their
maximum and minimum growing velocities are summa-
rized in Table 3. The growing velocity of a finger was cal-
culated from the passage time between 20 cm and 40 cm
below the top surface. Each finger grows at a rather con-
stant rate, but the growing velocity changes markedly
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from finger to finger; the more the rainfall intensity in-
creases, the more the number of low-swelling fingers in-
creases and the growing velocity becomes faster.

A few fingers were sometimes merged to make a single
finger, which occurred in parallel with their swelling dur-
ing downward movement. This happened in low-swell
and high-swell fingers, but especially in Run 3 (as shown
in Fig. 2(c)), since many fingers were generated in
parallel. Since the swelling and merging of fingers took
place simultaneously in Run 5, the whole observed zone
looked wetted uniformly at 380 min after the test started.

In Runs 1 to § (Fig. 2(a) to Fig. 2(e)), horizontal wet
zones were formed at the bottom of the containers after
fingers reached the drain pipes open to the atmosphere,
These zones spread at about 10 cm height at the start of
drainage from the drain pipes. Furthermore, they spread
slowly upward for the duration of rainfall and reached a
maximum height of 20 cm in Run 1. It is difficult to deter-
mine the influence of these wet zones on the fingering
flows, so in this paper the authors have separated these
zones from fingering flows.

During downward movement of a finger, it was found
that the finger consisted of two areas; i.e., an inner core
and a surrounding outer area (Hill and Parlange, 1972;
Glass et al., 1989). Glass et al. (1989) visualized fingers by
transmission of light and observed the formation of these
areas. The inner core was formed simultaneously with
the pass of the wetting front, and conducted most of the
flow. The surrounding outer area (called the “fringe
area’’ by Glass et al. (1989)) was formed by the lateral
water movement from the core (this means that the finger
width swells). The formation of the surrounding outer
area was, in general, slow, having a time scale in the or-
der of days. In this paper, we call the inner core the ““core
zone’’ and the surrounding outer area the “‘swelling
zone.”’

In Fig. 3, widths of five fingers are shown as a function
of elapsed time. The width was measured at 22.5 cm
depth, only when the finger was isolated and was moving
downward without merging with neighboring fingers. It
can be seen, from Fig. 3, that the width in both low-swell
and high-swell fingers increases linearly with elapsed
time. In Table 4, the finger widths measured at an early

20 T LI e B e e stage of growth (core zone) and at a final stage (core
i T zone+swelling zone) are tabulated together with the
- & High-swell finger (Run 5) swelling velocities, which were calculated from the
L A 4 gradients of linear regression curves for the plots in Fig.
15 - — 3. The swelling velocities of the low-swell fingers are
=) - A@ T within 0.12 to 0.26 cm/h, while the swelling velocity of
N i A ] the high-swell finger is 2.77 cm/h, about ten times faster
% 5 Low-swell finger (Run 4) - th.an jchose of the.low—sv&fel! fingers. These results give a
z 10 |- criterion for making a distinction between two types of
5 - W fingering flow in this experiments; i.e., low-swell fingers
& - i whose swelling velocity is far less than 1 cm/h, and high-
M R Low-swell finger 4 swell fingers whose swelling velocity is larger than
5 ®Run3) (Run2) (Run1) = 1 cm/h. During th.e c':arly stage, all w'ldths of the low-
- ¥ ) swell fingers fall within 1.0 to 1.4 cm in the case of the
] air-dry sand. In the case of the moist sand w:=0.5%),
J however, the widths are wider (7.7 and 9.9 c¢m), which in-
(e —— e T S W LRI i dicates that the width depends much on the initial water
0 200 400 600 800 1000 content.
Time (min) . L
Suction Changes in Finger Core Zones
Fig. 3. Increase in finger width with elapsed time Suction changes were measured at several tensiometer
Table 4. Finger width at early stage of growth and at rainfall halt, swelling velocity of fingers
Finger width (cm) Swelling .
Experiment ;,,_A_t_;;l_ _________ T At final staee whon ] velocity of Correla.tlon
y stage of | At ﬁn:ell stage when N coefficient
growth { rainfall halt nger (cm/h)
Run 1 Low-swell finger 1.4 ' 7.9 0.21 0.99
(w;=Air dry, Iz=15mm/h) (¢="70 min) (¢=1925 min)
Run 2 Low-swell finger 1.0 2.5 0.21 0.98
(w;=Air dry, Iz=30mm/h) (=70 min) (=480 min)
Run 3 Low-swell finger 1.4 1.9 0.26 0.94
(w;=Air dry, I=180 mm/h) (=20 min) (=120 min)
Run 4 Low-swell finger 7.7 10.9 0.12 0.98
(w,=0.5%, Iy=15 min/h) (¢=145 min) (¢= 1860 min)
Run 5 High-swell finger 9.9 19.2 2.77 0.98
(w;=0.5%, Ix=30 mm/h) (=100 min) (¢=280 min)
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(c) Run 5 High-swell finger
(w;=0.5%, Ig=3 Omm/h)
Fig. 4. Suction changes in finger core zones at each depth
Table 5. Bottom values of suction at each depth
Bottom values of suction (cmH,O)
Depth (cm) Run 2 Low-swell finger ‘ Run 4 Low-swell finger Run 5 High-swell finger
(w;=Air dry, Iz=30 mm/h) (w;=0.5%, Izy=15mm/h) (w;=0.5%, Iy=30 mm/h)
2.5 — 11.9 (#=35 min) 13.3 (t=18 min)
7.5 14.3 (=20 min) — 14.6 (=49 min)
22.5 22.0 (t=70 min) 13.0 (¢=91 min) 18.4 (¢=240 min)
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ports through which fingers were passing (finger core
zones). The results are shown in Fig. 4 as a function of
elapsed time. In all three figures, the arrow on the bot-
tom line indicates the time when the drainage started
from drain pipes, and the depth indicates where each ten-
siometer ports was installed. The following observations
are worth noticing.

Very high suctions are recorded until finger tips arrive
at the positions where the tensiometers were installed.
The suctions suddenly drop to bottom values when the
finger tips arrive (stage 1), and are followed by slight
recovery up to steady values (stage 2). After that, the suc-
tion remains almost constant at the steady value (stage 3).
Here, the bottom value refers to the smallest value of suc-
tion recorded at each tensiometer port. (It should be
noted, however, that there exist some deviations from the
general trend; e.g., the suction measured at 22.5cm
depth in Run 2 increases again up to another steady value
at 240 min in stage 3 (Fig. 4(a)); in Fig. 4(b), the suction
measured at 22.5 cm depth in Run 4 decreases slightly be-
tween 180 min and 320 min in stage 2.) In Table 5, the
bottom values of suction measured at the end of stage 1
are tabulated at each depth. It should be noted that the
bottom value is higher when the finger tip moves deeper.

In order to calculate vertical suction gradients in the
low-swell and high-swell fingers, the suction difference,
as well as the distance, between two tensiometer ports
were determined at stages 2 and 3 by using the data in
Fig. 4. In doing this, the vertical axis was taken positive
downward. This means that the negative suction gradient
acts so as to suppress the downward flow in fingers, while
the positive suction gradient accelerates the downward

Wetting front arrival
50 | T T T T I Ll T T T I T ] ¥ 1 I T T |
[ @ Decpth 22.5cm ]
40 - b
Q I ;
\Q/ - .
g . ]
520 ]
=
o K(‘ \-....o...m........ ]
10 | .
[ Drainage (t=52.3min) ]
O B i ] 1 1 [ 1 i 1 1 1 ] Il ] 1 I 1 1 ]
0 50 100 150
Time (min)

(a) Run 6 Wavy front
(w;=0.5%, Ip=180mm/h)

85

Table 6. Vertical suction gradients in low-swell and high-swell fingers

(@ Run2 Low-swell finger (w;=Air dry, I=30mm/h)

Stage 2 (=80 min) Stage 3 (=500 min)
Depth - - -
(cm) Suction . - Suction . .
(cmH,0) Suction gradient (cmH,0) Suction gradient
7.5 27.8 33.1
22.5 24.0 0.25 34.6 0.10

I

(b) Run 4 Low-swell finger (w,=0.

5%, Iy=15 mm/h)

Stage 2 (=200 min)

Stage 3 (#=1800 min)

Depth - -
(cm) ((S:;cl—lnog) Suction gradient (f;cgog) Suction gradient
2 2

(¢) Run5 High-swell finger (w,=0

5%, Iz=30mm/h)

Stage 2 (=220 min)

Stage 3 (=500 min)

Depth - -
(cm) Suction . . Suction . .
(cmH,0) Suction gradient (cmH,0) Suction gradient
2.5 23.9 25.2
7.5 22.6 _Ofé 24.3 _3‘}?
22.5 — 22.3 ’

flow. As summarized in Table 6, these suction gradients
change from negative to positive in Run 2 and from posi-
tive to negative in Run 4. More importantly, the vertical
suction gradients are very small, almost zero, in both of
the low-swell and high-swell fingers during stage 3. So it
can be concluded that downward flow of water along a
core of each finger is mainly conducted by the gravitation-

¢ Wetting front arrival

50 B 1 ¥ T ] T L} L] T I ¥ T T T I L] |
[ @ Depth 22.5¢cm i
40 ]
o [ ]
%”30 - .
S = 4
g [ ]
520 N
=
a ]
10 |- .
r Drainage (t=46.2min) i
O i ] 1 1 |Vl 1 1 L 1 I 1 1 1 1 l 1 1 ]
0 50 100 150
Time (min)

(b) Run 9 Plane front
(w;=1.0%, Ir=180mm/h)

Fig. 5. Suction changes of wavy and plane fronts
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al gradient.

The suction changes for the wavy-front in Run 6 and
the plane front in Run 9 are shown in Fig. 5, with the fol-
lowing observations. In the case of the wavy front (Fig.
5(a)), the suction first drops sharply to a bottom value
when the wetting front arrives, and then increases a little.
When drainage starts from the bottom, the suction
decreases again and finally reaches a steady value. In the
case of the plane front (Fig. 5(b)), the suction also
decreases sharply when the wetting front arrives, but con-
tinues to decrease gradually with time.

All data clearly show that the suction increases when
either a finger tip or a wetting front has passed. This oc-
curs in the three types of unstable flow (i.e., low-swell
finger, high-swell finger, and wavy front), which means
clearly that a suction gradient behind a finger tip or a wet-
ting front tends to suppress the downward flow. This find-
ing is in accordance with earlier observations (Baker and
Hillel, 1990; Selker et al., 1992 (b)), and analytical stabil-
ity criteria (Raats, 1973; Philip, 1975).

Moisture Profile from Finger Tip to Tail

In Figs. 4, the three successive stages (1 to 3) were dis-
tinguished based on the suction change at each tensiome-
ter port. Such a suction change is caused by the moisture
profile inside a finger. Glass et al. (1989) found that a
growing finger consists of three zones at least; 1) a finger
tip with the highest water content, 2) a transferring zone
behind the finger tip, and 3) a finger tail with a constant
water content. From this point of view, it is quite natural
to observe that stages 1 to 3 appear in sequence when a
finger, with these three regions, is passing through a ten-
siometer port. It can also be pointed out that the water
content at a finger tip is lost during downward movement
since the suction at the tip gradually increases with the
depth of the tensiometer port (Table 5).
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Water characteristic curves for Toyoura sand were de-
termined by the so-called soil column method. The dry
bulk densities of the soil columns were equal to the two-
dimensional tests (1.58 g/cm?). The results are summa-
rized in Fig 6. The main drying curve was obtained from
drying the sand initially saturated, and the wetting curves
by wetting the sands with the initial water contents of air
dry (0.0%) and 0.5%. Water content at a given suction in
the wetting curves is smaller than in the main drying
curve because of the entrapped air. Note that the method
by van Genuchten (1980) yields the solid curves in the
figure to fit the water content-suction data experimentally
determined. Note also that the two dotted lines in the
same figure are hysteretic curves which will be obtained
when the wetting curves are dried again. Using these
water content-suction curves, we can discuss, in detail,
the suction change (Fig. 4) and the corresponding
moisture profile inside a finger.

The suction change in Run 2 (Fig. 4(a)) can be interpret-
ed using the paths @ and ) in Fig. 6 which are the water
content-suction curves for the wetting and drying proc-
esses initiated from an air dry condition, as follows. The
sudden decrease of suction in stage 1 corresponds to a
step-wise increase of water content in the wetting path
(D, and the suction recovery in stage 2 is given by the
drying path @. The almost constant suction in stage 3
means that the suction and water content both remain at
a point denoted by the open arrow on (2. Similarly, in
the cases of Run 4 and Run 5 (Fig. 4(b) and (c)), stage 1 is
on (® which is the water content-suction curve for the
wetting process started from the water content of 0.5%,
and stage 2 is on @ for the corresponding drying process.
An important point is, therefore, that the suction change
in Fig. 4 arises from switching the water condition from
wetting to drying when a finger tip, irrespective of the
type of fingering flow, is passing. Note also that the hys-

Main drying curve
Wetting curve initiated from w;=air dry
Wetting curve initiated from w=0.5%

Hysteretic curves

Water entry value of suction on wetting curve (&,,,)

Constant value of suction at finger tail ( &)

Constant value of suction at finger-swelling zone

Fig. 6. Water characteristic curves
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teretic behavior from wetting to drying is caused by the
moisture profile composed of the three successive zones
(Glass et al., 1989).

By analyzing wetting tests initiated from the initial
water contents of air dry and 0.5%, the water entry suc-
tion (the limit of capillary rise of water) for the Toyoura
sand can be determined at about 16 cmH,O (Miyazaki,
1993; Bouwer, 1966). It is interesting to note that the
water condition in a growing finger changes from wetting
to drying at a value close to the water entry suction
(Table 5). This may be explained by the fact that the
water does not infiltrate into the dry sand before the suc-
tion in the finger tip reaches the water entry value, as also
discussed by Hillel and Baker (1988) and Liu et al. (1991).
When the wetting front first arrives at the dry sand, the
infiltrating water is under too high a suction to allow its
entry into the pores of the dry sand. The distribution lay-
er formed below the ground surface also continues to
deliver water toward the finger tip. Hence, the suction in
the finger tip falls to a value permitting entry of water,
and this value may be predictable from the wetting tests
(the limit of capillary rise of water in the dry sands).

Hydraulic conductivities of the Toyoura sand are
reported in Fig. 7 as a function of suction. The conductiv-
ity in the main drying process initiated from full satura-
tion (dry bulk density of 1.58 g/cm?®) was determined
from a steady-state method with a suction plate
(Shiozawa, 1983). The hydraulic conductivities in the wet-
ting process initiated from the initial water contents of
air dry and 0.5% were estimated by means of optimized
parameters of the water characteristic curves in Fig. 6
(van Genuchten, 1980), and are shown by the two broken
lines in Fig. 7. It is important to note that the estimated
hydraulic conductivities in the wetting process decrease
drastically when the suction is bigger than the water entry

Hydraulic conductivity (cm/s)

lO- IllIIIIlIllIIlIlI“'IIlIIIllllll

0 10 20 30 40 50
Suction (cmH,0)

suction denoted by the solid arrow. This effect appears
clearly in the case of the wetting process initiated from
the air dry.

Comparing the water entry suction (A,.) with the con-
stant suction at a finger tail (%), we can discuss whether
water can move laterally from the central core of a finger
to surrounding dry sand. In the case of the low-swell
finger in Run 2 (Fig. 4(a)), the values of A,,; are 33 and 34
cmH,O in suction at 7.5 and 22.5 cm depth, respectively,
and exceed the value of A,.. In this case, the hydraulic
conductivity is very small, within a range from 10~% to
107" cm/s. These facts suggest that very small, if any,
lateral water movement takes place from the central core
of a finger into the surrounding dry sand. In the case of
the high-swell finger in Run 5 (Fig. 4(c)), on the other
hand, the values of 4., are about 25, 24 and 22 cmH,O in
suction at 2.5, 7.5 and 22.5 cm depth, respectively. Note
that these values are very close to h,., and that the
hydraulic conductivity, 1073 to 10™* cm/ s, is substantial-
ly high. These facts strongly suggest that water moves
laterally to swell the finger.

Suction Changes in Finger-Swelling Zones

To measure suctions in finger-swelling zones, tensiome-
ter ports were arranged laterally at 22.5 cm depth (Fig. 1).
For convenience, a horizontal axis x was chosen such
that the left edge of the container was x=0 cm (Fig. 9).
The exact positions of tensiometers and the successive
swelling of fingers are sketched in Fig. 9. The suction
changes at x=29 cm (Fig. 8(a)) and at x=24, 26 cm (Fig.
8(b)) were measured at 800 min, 1200 min, and 1700 min
after the start of rainfall, respectively.

Suction change in a finger-swelling zone consists of
two stages as shown in Fig. 8. The first stage is the initial
portion ending in a sudden decrease in suction which

A Measured hydraulic conductivity
on the main drying process

Estimated hydraulic conductivity
on the main drying process

Estimated hydraulic conductivity
on the wetting process initiated from w;=air dry

Estimated hydraulic conductivity
on the wetting process initiated from w;=0.5%

* Water entry suction obtained from
water characteristic curve

60

Fig. 7. Hydraulic conductivity-suction curves
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(w;=0.5%, Ig=30mm/h)

Fig. 8. Suction changes in finger-swelling zones with neighboring finger core zones

takes place when a swelling zone passes through the ten-
siometer port; and the second stage is the steady state
keeping suction almost constant.

In order to calculate horizontal suction gradients in the
low-swell and high-swell fingers, the suction difference,
as well as the horizontal distance, between two tensiome-
ter ports was measured twice during a test. The results
are summarized in Table 7. The horizontal suction

gradient, in fact, exists at the center of the low-swell
finger at x=29 cm (a finger core) in both outward direc-
tions (finger swelling zones) (Table 7(a) and Fig. 9(a)). In-
side finger core zones, the horizontal suction gradient
also exists at the center of the finger in directions toward
the outside (Table 7(b), 7(c) and Fig. 9(b), 9(c)).

In the case of the high-swell finger in Run 5, the
horizontal suction gradient is 0.03 at =280 min, and is
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Fig. 9. Development of finger-swelling zone with tensiometer ports (The arrows indicate the directions of horizontal suction gradients)

smaller than those of the low-swell fingers in Run 1
(—0.25 and 0.50 at #=1800 min) and in Run 4 (0.30 at
t=1800 min). This may probably indicate that the large
value of horizontal suction gradient is not related, in a
direct manner, to the velocity of lateral water movement
from the center of the finger to the surrounding dry sand.
As has already been described, hydraulic conductivities
on the wetting process (1078 to 107 cm/s in the low-
swell finger and 1073 to 107*cm/s in the high-swell
finger) dominate the velocity of lateral water movement.

Moisture Profile in Finger-Swelling Zones

We noticed the two successive stages in the suction
change taking place inside a swelling zone (Fig. 8). Using
the suction changes together with the water characteristic
curves in Fig. 6, we can discuss what is happening inside
a swelling zone, as follows. In the case of Run 1 (Fig.
8(a)), the sudden decrease of suction takes place along
the wetting process (D starting from the air dry condition
(stage 1), and the steady state characterized by a constant
suction corresponds to the point denoted by a double cir-
cle on @ (stage 2). In the cases of Runs 4 and 5 (Fig. 8(b)
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Table 7. Horizontal suction gradients in low-swell and high-swell

cur if water is rapidly redistributed during sampling.

CONCLUSIONS

Two-dimensional tests were carried out to clarify the
physical mechanism of fingering flows (non-uniform, un-
stable flows through unsaturated soils) based on precise
suction measurements, with the following conclusions:

1) Wetting fronts, which appear in dry homogeneous
sandy soils during rainfall infiltration, can be classified
into three types by their morphological characteristics; 1)
fingering flow, 2) wavy front, and 3) plane front. Further-
more, two types of the fingering flows can be identified;
i.e., low-swell finger and high-swell finger. A big differ-

fingers
(@ Run1 Low-swell finger (w,=Air dry, Iz=15mm/h)
t=1002 min t=1800 min
X T —
Suction . . Suction | . .

(cm) | (cmH,0) Suction gradient (cmH,0) | Suction gradient

27 - | 23.5 os

29 23.7 23.0 ’

31 23.9 J 0.10 24.0 \ 0.50

NS |
(b) Run 4 Low-swell finger (w;=0.5%, Iz=15 mm/h)
t=1100 min t=1800 min
X _ S
Suction . . Suction . .

(cm) | (mH,0) Suction gradient (cmH,0) Suction gradient

20 24.9 0.15 24.8 —0.45

22 25.2 0.60 23.9 0.70

24 26.4 o 25.3 0’ 30

2 — | . '

6 L‘ ‘ 25.9

(¢) Run 5 High-swell finger (w;=0.5%, Ix=30 mm/h)
[ I

[ =220 min =280 min
x
| Suction . . Suction . .
(cm) | (cmH,0) Suction gradient (cmH,0) Suction gradient
5 22.2 025 21.8 025
9 | 21.2 0.38 20.8 0.38
13 } 22.7 _ 22.3 0' 03
17 — 22.4 :

Table 8. Estimated (w,,) and observed (w,,) water content in finger-
swelling zones

Experiment West (g/g, %) wobs (g/gs %)
Run 1 (w;=Air dry, Iz=15min/h) 8 9.6
Run 4 (w;=0.5%, Iz=15 mm/h) 10 [ 11.4
Run 5 (w;=0.5%, I,=30 mm/h) 16 ‘ 11.2

and (¢)), the sudden decrease of suction takes place along
the wetting process (3 starting from water content of
0.5%, and the steady state also corresponds to the point
shown by a double circle on (3. These results indicate
that the water condition in a swelling zone always
remains at the wetting process, in spite of the fact that
the water condition in a core zone of a finger is switched
from the wetting to the drying process, as has already
been discussed.

Water contents (w.) in these swelling zones can be esti-
mated if the suction changes are used in the water charac-
teristic curves in Fig. 6. In addition actual water contents
(Wops) Were determined by collecting sand samples in a
swelling zone after a test. In Table 8, the estimated water
contents are tabulated together with the measured ones.
A good agreement between w,; and W, in the swelling
zones in Runs 1 and 4 suggests that the water characteris-
tic curve, together with the measured suction values,
makes it possible to estimate, with sufficient accuracy,
water contents inside a finger. Note, however, that w,, in
Run 5 is a little larger, than w,,. This discrepancy may oc-

ence between these two types of fingering flow is in their
swelling velocities; the high-swell finger swells about ten
times higher than the low-swell finger.

2) Each finger, irrespective of its flow type, consists
of a central core zone and a marginal swelling zone when
it moves downward growing. According to suction mea-
surements, it is found that the water condition in the core
zone is switched from the wetting to the drying process.
This hysteretic behavior arises from the moisture profile
in a finger from tip to tail. The water condition in the
swelling zone, however, remains unchanged in the wet-
ting process during the development.

3) The vertical suction gradient in the core zone is
almost zero, which means that the downward flow of
water along the center of a finger is mainly conducted by
the gravitational gradient. The suction gradient inside a
finger exists in both horizontal, outward directions in the
low-swell and the high-swell fingers.

4) Hydraulic conductivities on the wetting process at
finger tails are very different, depending on the type of
the finger; i.e., 1073 to 107°cm/s in low-swell fingers
and 1073 to 107* cm/s in high-swell fingers. The horizon-
tal suction gradient is smaller in high-swell fingers than in
low-swell fingers. These facts strongly suggest that the
hydraulic conductivity on the wetting process is a prima-
ry factor in controlling the swelling due to lateral water
movement.
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