REBEAZHE LB RIS ZHE

The Influence of Water Droplet Impact
on Soil Water Infiltration
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ABSTRACT

The effects of sprinkler droplet impact angle and of a surface water layer in
reducing a soil’s infiltration rate through soil crustling were studied. Infiltration tests
were conducted on three soil types with droplet impact angles of 90°, 60° and 45°.
The results of Infiltration tests revealed that different droplet impact angle caused
different soil water infiltration rate. For all soil types, the infiltration rate decreased
basicly in the following order of impact angle: 90°, 45° and 60°. The results of these
Infiltration tests may be explained by the numerical simulation of water droplet im-
pact mechanism.
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INTRODUCTION

Soil crust formation causes soil water infiltra-
tion problems in many arid and semi-arid irrigated
areas (Morin et al. 1981). The influence of soil
surface crust formation, especially due to the
impact of raindrops and irrigation sprinkler drop-
lets, on soil water infiltration has long been a re-
search interest for soil scientists and agricultural
engineers. Mclntyre (1958a, 1958b) proposed
the process of soil crustling and suggested the fol-
lowing important steps during rainfall that reduce

a soil’s infiltration rate: (1) wet soil aggregates
are broken by droplet impact, (2) surface pores
are clogged by wash-in particles, (3) soil surface
is compacted by droplet impact, and (4) thin
skin crust forms from suspended small soil parti-
cles deposited after the rainfall or irrigation has
stopped. Based on evidence from electron micro-
graphs of several soil crust samples, Onofiok and
Singer (1984) reconstructed the processes leading
to soil crust formation which were similar to the



processes proposed by McIntyre (1958a, 1958b)
but more specified in sequence.

Soil particle detachment is the first step dur-
ing the crust formation and also for soil erosion.
Soil particle detachment is most often correlated
with impact energy (Ekern and Muckenhir
1947; Wischmeier and Smith 1958; Agassi et al.
1985; Thompson and James 1985; Shainberg and
Singer 1988; Ben-Hur and Letey 1989). Impact
kinetic energy of raindrops may be a good index
to predict the amount of soil erosion (Wischmeier
1959, 1976), but from a mechanistic point of
view the kinetic energy of a droplet before it im-
pacts on soil surface is not directly related to the
physical detachment of soil particles (Ghadiri
and Payne 1977). According to Ghadiri and
Payne (1977, 1981 and 1986) the interaction of
stress generated during droplet impact and shear
strength of soil is the major mechanical factor
related to physical detachment of soil particles.
Al-Durrah and Bradford (1982) reported that
fateral shear stress caused by radial flow of the
impacting droplet was the major cause of soil
particle detachment in droplet impact; splash
weight of soil particles is related to both shear
stress caused by droplet impact and strength of
soil.

Factors that affect crust formation can be
divided into two major groups: (1) chemical pro-
perties of soil and applied water, and (2) mechan-
ical properties of the soil and the applied water
(Agassi et al. 1985; Shainberg and Singer 1988).
The first group includes the chemical compo-
sitions of soil material and of the water (Aly and
Letey 1989). Irrigation waters which contain low
levels of dissolved salt or those in which the pre-
dominant salt is sodium bicarbonate increase the
tendency for crust formation and can also cause
reduced permeability below the soil surface due to
clay swelling and dispersion (LAWR 1984). The
chemical properties of water droplets and soils
that influence soil particle detachment are ex-
changeable sodium percentage (Agassi et al. 1985;
Painuli and Abrol 1986; Shainberg and Singer
1988), sodium polymetaphosphate (NaPMP)
(Ben-Hur et al. 1986), cationic guar (CP-14) and
anionic polyacrylamide (PAM) (Aly and Letey
1989), and salinity of applied water (Helalia et al.
1988, Ben-Hur and Letey 1989). The second

group includes soil physical properties (Cruse and
Larson 1977) and mechanical properties of ap-
plied water such as water droplet impact mechan-
ics, overland flow shear and energy dissipation in
the flow, etc (Ghadiri and Payne 1977; AkDur-
rah and Bradford 1982; Ferreira and Singer 1985,
Thompson and James 1985). The mechanical
properties of water droplet and soil that influence
soil particle detachment are commonly correlated
with droplet impact enery (Ekern and Mucken-
hirn 1947; Wischmeier and Smith 1958; Agassi
et al. 1985; Thompson and James 1985; Shain-
berg and Singer 1988; Ben-Hur and Letey 1989).
Some recent studies on soil particle detachment
queried the traditional impact energy concept
(Al-Durrah and Bradford 1982; Huang et al.
1982; Ghadiri and Payne 1977, 1981 and 1986).
These authors reported that the shear stress
generated during droplet impact and the strength
of soil are the major factors related to soil parti-
cle detachment. The simulation results of drop-
let impact do not support the traditional concept
that impact kinetic energy is the most important
factor in soil particle detachment by water drop-
let impact (Chang 1990, 1991a/b). Droplets with
the same impact velocity (also same impact
energy) but different in impact angle (90°, 60°
and 45°) or impact surface conditions (bare sur-
face or surface with water layer) generated differ-
ent impact pressures, impact forces and lateral
shear flows. The larger water droplets emitted
from sprinkle nozzles usually strike the ground
surface at an oblique angle. A better understand-
ing of the effect of sprinkle droplet impact on
soil water infiltration may improve sprinkler
design or suggest improving an irrigation schedule.
This phase of the research focuses on mechanical
properties of applied water with an emphasis on
sprinkler droplet impact.

In this study a series of infiltration tests were
conducted on three different soil types with two
stages of impact energy and three different im-
pact angles. The objective of this study was to
investigate the influence of sprinkler droplet im-
pact angle on soil water infiltration during irriga-
tion.

MATERIALS AND METHODS
Infiltration Tests
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Three soil types were collected from the San-
Joaquin Valley in Central California. The sche-
matic of the infiltration test is shown in Fig. 1.
Soil samples were air dried, sieved through a 2
mm sieve, and packed loosely in a 51 mm L.D.
soil columns (Fig. 2) to stimulate the tilled soil
surface. There was a 6 mm clearance on the top
of packed soil surface, hence a 6 mm depth of
water could be ponded during an infiltration test.
Soil columns were placed in an outflow collec-
tor (Fig. 3). Bulk densities of the packed soil
columns were 1.32 gm/cm? for soil type A, 1.30
gm/cm® for soil type B and 1.51 gm/cm? for soil
type C. Some physical properties of these 3 soils
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Fig. 1. Infiltration test schematic
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Fig. 2 Schematic of soil column

are as following:
Soil A: Sand 40%, Silt 44%, Clay 16%,
OM.1.15%,M.C.3.6%
Soil B: Sand 19%, Silt 50%, Clay 31%,
OM.2.05%,M.C.5.1%
Soil C: Sand 72%, Silt 17%, Clay 11%,
OM.937%,M.C. 1.2%
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Fig. 3 Schematic of overflow collector

Tap water was applied to the soil column sur-
faces through a 0.254 mm I.C. needle which was
connected to a pressurized water tank (Fig. 1). A
pressure regulator was used to maintain stable
constant pressure in operation. Two operation
pressures were applied, 68.9 KPa (10 psi) and
137.9 KPa (20 psi), which generated two impact
velocities: mean droplet impact velocities of 580
cm/sec and 800 cm/sec, respectively. The drop-
let impact angles and impact velocities were
monitored and calculated via a high speed video
camera operated at 1000 frames/sec. Infiltration
tests were conducted on all soil types for the
three impact angles (90°, 60° and 45°) and for
no impact condition, in which the soil surface



was covered with a 3 mm thick abrasive scrub
cloth and water was applied onto the surface
smoothly without any impact. The choice of
ths three droplet impact angles was based on the
report of Chang and Huang (1990) which indi-
cated that the sprinkler droplet impact angles
ranged from approximately 90° near the nozzle
to approximately 40° near the wetted perimeter.
Water application rates were 15.66 ml/min and
32.91 ml/min for low and high impact velocities,
respectively. Infiltration rates were calculated by
subtracting overflow rates from inflow rates.
Overflow weight was measured with a Mettler PM
2000 electrical scale recorded every minute. The
duration of each infiltration test was 30 minutes.
Five replications were conducted on each soil
type with the three impact angles at low impact
velocity levels. Three replications were conducted
on each soil type with the three impact angles at
high impact velocity levels. In total 87 tests were
conducted.

RESULTS AND DISCUSSION

Infiltration Test

The infiltration rates of the three soils, at
two levels of impact velocities and three impact
angles of water application together with the no
impact condition were calculated (Figs. 4, 5 and
6). Also, a statistical table (Table 1) of final in-
filtration rates, 20 minutes after the beginning of
the tests, was made to show the relationship bet-
ween infiltration rates and droplet impact angles.
Means and standard deviations of final infiltra-
tion rates were calculated. Several experimental
observations about the influence of droplet im-
pact on infiltration were made:

(1) There are four observed stages during
infiltration tests: (i) Before water ponding, water
droplets impacted onto the bare soil surface, soil
particles were disaggregated, and impact water
was sucked into the soil layer rapidly. (i) As
droplet impact continued soil surface conducti-
vity decreased, ponding started, and soil particle
detachment continued. (iii) Ponding depth ex-
ceeded 6 mm depth and overflow began, some
disaggregated soil particles followed the infil-
trated water “‘washed in” to the top soil layer to
clog soil pores. Some disaggregated soil particles
deposited on the soil surface to form a thin skin

crust. Some deposited deposited skin crust was
disturbed and resuspended depending on droplet
impact conditions. (iv) Approximately 20 mi-
nutes after the test began the infiltration rate
reached a relatively steady state.

(2) During the infiltration tests of high im-
pact velocity level, the overflow stage occurred
sooner than for the low impact velocity stage; for
example soil type A needed 1 minutes at the
high impact velocity level to reach overflow stage
while 3 minutes were needed for low impact
velocity level and 5 minutes were needed for the
no impact condition to reach overflow stage.

(3) Infiltration rate fluctuation for the three
different impact angles was greater than that for
the no impact condition. The test with impact
angle of 45° had the largest standard deviation.
The mean final infiltration rate (20 minutes after
the beginning of tests) of all soil types at the low
impact velocity level increased in the following
order: 60°,45°,90°, and no impact.

(4) When high impact velocity level was
applied, the tendency of infiltration rate of soil
type C was similar to that of all soil types at low
impact velocity level. The final infiltration rate
of high impact velocity is close to that at low im-
pact velocity for soil type C with each impact
angle.

(5) When high impact velocity level was ap-
plied on soil types A and B, the final infiltration
rate of 90° impact was greater than that of no
impact and decreased as impact angle decreased.
The final infiltration rate at high impact velocity
was greater than that at low impact velocity for
soil types A and B with each impact angle.

These experimental observations are ex-
plained as follows: At the beginning of the test
when the droplet was impacting onto the bare
soil surface the hydraulic conductivity was high,
due to the high water content-matric potential
gradient (Borcher et al. 1984). Hence, the ap-
plied water was sucked into soil column and no
ponding happened during this stage. The droplet
impact had two effects on infiltration in this
stage: (i) the droplet impact force (integration of
impact pressure over impact surface) compacted
the top layer of soil surface which impeded water
intake; the.effective area was limited only to
impact contact area (Chang 1991b). (ii) Shear
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Fig. 4 Infiltration rates of soil A with different impact angles.
(a) High impact velocity. (b) Low impact velocity.
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Fig. 5 Infiltration rates of soil B with different impact angles.
(a) High impact velocity. (b) Low impact velocity
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Fig. 6 Infiltration rate of soil C with different impact angles.

(a) High impact velocity. (b) Low impact velocity.



Table 1. Final infiltration rate of the three soil types (mm/hr)

Low Impact Velocity High Impact Velocity

MEAN STD. MEAN STD.

No-Impact 3297 1.25 32.97 1.25

90°-Impact 29.56 6.96 51.20 . 487

SOIL-A 60°-Impact 10.14 3.93 27.98 3.60
45°.Impact 27.26 6.54 23.72 9.62

No-Impact 38.51 0.68 38.51 0.68

SOIL.B 90°-Impact 31.53 3.88 88.39 3.22
" 60°-Impact 13.63 6.47 3392 4.72

45° Impact 20.56 8.01 26.64 8.20

No-Impact 102.10 230 102.10 2.30

90°-Impact 102.98 371 91.39 5.83

SOLL-C 60°-Impact 61.61 435 65.92 537
45° Impact 77.55 11.47 74.83 8.88

stress generated during dropiet impact disaggre-
gated soil particles. As infiltration tests conti-
nued some of these soil particles washed into the
top soil layer and clogged soil pores to form a
“wash in zone,” and some of these soil particles
deposited on the surface to form a thin skin crust
(Mclntyre 1958b; Onofiok and Singer 1984).
The shear stress exceeded soil strength to dis-
aggregate soil particles (Al-Durrah and Bradford
1982). According to Ghadiri and Payne (1986)
raindrop impact shear stress is always greater
than soil strength hence soil particle detachment
is unavoidable when droplets impact on bare soil
surface. For the sprinkler droplet impact nu-
merical simulations (Chang 1991b) the 60° im-
pact angle generated the greatest maximum shear
velocity (1.69 times greater than the impact
velocity) among three impact angles simulated
when droplets impacted on the bare surface.
This may imply. that a 60° impact on bare sur-
face has the greatest potential to disaggregate soil
particles.

When infiltration rate decreased, due to the
change of water content-matric potential gradient
and the influence of droplet impact to less than
water application rate, ponding began. The high
velocity impact has a higher potential to detach
soil particles, and hence, high velocity impact
has a shorter time to reach ponding and an over-

flow stage which agrees with Thompson and
James (1985). The fluctuation of measured
infiltration rate is possibly due to the water sur-
face tension that restricted water flow from the
top of soil column to the overflow collector and
from the overflow collector to scale.

The ponded water buffered the droplet im-
pact pressure but the total impact force was
increased (Chang 1991b). Droplet impact on the
ponding surface had two contradictory effects on
soil water infiltration. First, impact force caused
compaction of the soil surface which impeded
water intake, the same effect as on bare surface
but effective area is larger. Second, droplet im-
pact increased pressure distribution on the soil
surface which, according to Darcy’s law, increases
infiltration rate. The influence of impact pressure
on infiltration is not clearly addressed in the
literature. The larger impact pressure distribu-
tion on soil surface of 90° impact is a possible
reason to cause higher final infiltration rates than
for other impact angles.

The infiltration tests with a 60° impact angle
had the lowest final infiltration rate in low im-
pact velocity situation and can be explained by:
(i) the 60° impact may have disaggregated more
soil particles than other impact angles when im-
pacted on bare surface, (ii) after ponding over
the soil surface some of disaggregated soil parti-



cles may deposit back on the surface to impede
water intake.

The final infiltration rate of high impact
velocity tests was higher than for the low impact
velocity tests in soil types A and B except for the
45° impact of soil type A. This experimental
observation seems to conflict with other re-
searchers’ results (Mohammed and kohl 1986;
Shainberg and Singer 1988; Ben-Hur and Letey
1989). Most studies on the influence of water
drplet impact on soil water infiltration stated
that higher impact kinetic energy of droplets
(higher droplet impact velocity) decrease infil-
tration rate, but physical explanations for this
conclusion are not clearly addressed in the
literature. One possible explanation is ‘that
higher impact velocities will indeed disaggregate
more soil particles due to higher shear stress
generated during impct, but after ponding the
disaggregated soil particles have a chance to
deposit back on soil surface (this happened in the
infiltration test at a lower impact velocity level).
Although the water layer over the soil surface
buffered shear stress, the high impact velocity
still generated a large enough shear stress on the
soil surface to prevent deposition of skin crust
(this happened in the infiltration test at a high
impact velocity level). A skin crust on the soil
surface is a more significant factor affecting infil-
tration rate than clogging of pores by clay migra-
tion (Helalia et al. 1988). If the deposit of skin
crust is prevented by high impact shear stress,
due to high impact velocity, infiltration rate in-
creases as impact pressure increases. The impact
pattern is another important factor affecting
crust deposition. If only limited spots are sub-
jected to droplet impact in the infiltration area,
then higher impact velocity (higher impact
kinetic energy) disaggregated more soil particles
before ponding which are then deposited after

ponding in spots where no impact occurs; there- |

fore, more skin crust was formed than that
formed with a low impact velocity, and water
intake impedance increases with increasing im-
pact energy. This can be used to explain the
studies of Shainberg and Singer (1988) and Ben-
Hur and Letey (1989); both reported that infil-
tration rate decreased with increasing impact
energy. But when droplet impact density was

increased (increasing the area subject to droplet
impact), higher impact velocity (greater impact
kinetic energy, shear stress, and pressure dis-
tribution) may decrease the degree of crust
depsotiion after ponding. In this situation,
higher pressure distribution due to higher impact
energy may actually increase the final infiltration
rate. Mohammed and Kohi (1986) used different
nozzles to generate different impact energy levels
in field infiltration tests; they stated that infil-
tration rate decreased with increasing impact
energy, but when they increased the number of
nozzles (incresse the number of droplet impact
spots) to increase the water application intensity
at the same impact energy level, then the infil-
tration rate increased with increasing water appli-
cation intensity. Romkens et al. (1985) used a
multiple-intensity rain fall simulator (Meyer and
Harmon 1979) in laboratory infiltration tests and
showed that higher intensity caused higher infil-
tration rates. These results support our explana-
tions above.

Droplet impact shear stress must exceed
soil strength to detach soil particles or to remove
the deposited skin crust (Al-Durrah and Brad-
ford 1982). The effective area of shear stress was
calcaulated (Figs. 7 and 8) from the droplet im-
pact numerical simulation results (Chang 1991b).
The effective area of shear stress greater than 1.0
dyne/cm? is almost equal to zero for low velocity
impact on 6 mm water layer (Fig. 7). If the
shear strength of the skin crust was near this
value then the degree of skin crust removal
would be small. For a high impact velocity level
with a 45° impact the effective area of shear
stress greatr than 1.0 dyne/cm? is equal to zero.
If the crust shear strength of soil type A was
greater than or equal to 1.0 dyne/cm? then the
degree of crust removal for a 45° impact
would be small. The final infiltration rate of soil
type A in 45° impact at higher impact velocity
level was less than that at low impact velocity
level. For soil type C sand is the major com-
ponent (72%) in the soil texture which consoli-
dates rapidly (Hillel 1982) and a rougher skin
crust is deposited. This feature of soil surface
microrelief may have some influence on the
depsotied skin crust removal (Huang et al. 1982).
One possible explanation is that the rough sur-
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Fig. 7 Shear stress effective area of 4 mm droplet impact with
V=800cm/sec and depth of water layer = 6 mm.
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face obstructs the transmission of shear stress
which prevents most skin crust from being
resuspended even at high impact velocity level.
Thus, the influence of droplet impact angle on
infiltration rate in soil C is similar to that in soil
A and B at low impact velocity level.

CONCLUSION

Conclusions:

1.

The mean final infilatration rate (20 minutes
after the beginning of tests) of all soil types
at the low impact velocity level increases in
the following order: 60°, 45°, 90° and no
impact.

When high impact velocity level is applied,
the tendency of infiltration rate of soil type
C is similar to that of all soil types at low im-
pact velocity level. .The final infiltration rate
at high impact velocity is close to that at low
impact velocity for soil type C with each im-
pact angle.

. When a high impact velocity level is applied

to soil types A and B, the final infiltration
rates of 90° impact are greater than of no
impact and decreases as impact angle de-
creases. The final infiltration rates at high
impact velocity are greater than that at low
impact velocity for soil types A and B with
each impact angle.

. If skin crust does not deposit after ponding

then a higher impact velocity (higher impact
energy) will cause higher infiltration due to
higher impact pressure distribution over the
soil surface.
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