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A closed-top infiltrometer was designed to measure infiltration rate, at negative head, intoa 0.25-m-diameter single
cylinder. After initial wetting of a soil at positive head it was possible to reduce the head to - 50 mm and continue
infiltration without causing air to flow into the water. The reduction of the applied head resulted in a steady rate of
infiltration to be achieved veryrapidly. The useof a negative applied headduringinfiltration allowed the measurement of
infiltration in structured soil without free water flowing in macrovoids such as cracks and biopores. The infiltration rate
measured at an appliedheadof - 50 mmfor foursoiltypescompared favorably with the saturated hydraulic conductivity
measured by an air-entry permeameter. The constant-head infiltrometer requiredabout three times as much waterbut was
much easier to use than the air-entry permeameter.

INTRODUCTION

Infiltration is a very important process
as it is the factor which determines the

ratio of water entering soil to that which is
runoff from any particular rainfall event.
As a result infiltration is a process that has
been extensively measured (Amerman
1983; Constantz 1983). Hillel (1980) has
portrayed a correspondence between infil-
trability after a considerable period of
infiltration and saturated hydraulic con
ductivity (see his Fig. 2.1). Amerman
(1983) pointed out that this infiltrability
relates to the hydraulic conductivity of a
rewetted or satiated soil which may be less
than the saturated hydraulic conductivity
because of air entrapment. A further com
plication to the measurement of infil
trability is the variation of the soil
macropores being measured. Dixon (1975)
has shown that small changes in the
hydraulic head applied during ponded
infiltration caused large changes in the
infiltrability of the soil. He attributed these
changes in infiltrability to the exclusion of
water flow from successively smaller
macropores as the applied hydraulic head
is reduced. In addition, Bouma and
Dekker (1978) and Bouma et al. (1978)
have shown the importance of deep infil
tration through large pores or "short cir
cuiting" under both ponded and non-
ponded boundary conditions.

Most of the methods for field measure

ment of saturated hydraulic conductivity in
the absence of a water table involve an

infiltration process (Bouwer and Jackson
1974; Reynolds et al. 1983; Topp and Binns
1976).Thus there is an implicit assumption
of correspondence between infiltrability
and saturated hydraulic conductivity
(Ksat). The measurement of infiltrability
and the determination of Ksat from infiltra
tion in well-structured soils depends very
much on the surface or boundary through

- 250 mm -

Figure 1. The schematic cross section of the closed-top constant head infiltrometer. FR, flooding
reservoir; CR, controlled-head reservoir (each having 4-L capacity); FV, flooding
valve; CV, valve on CR; SP, air-escape standpipe; ST, calibrated sight tube; C,
cylinder; MR, Marriotte regulator; MA, Mariotte head adjustment tube; OR, O-ring
seal; L, cast acrylic lid; WF, wetting front in the soil.

which water enters the soil, as well as the
magnitude and degree of control of the
applied head of water.

Dixon (1975) has presented an effective
but elaborate scheme for control of head

and measurement of infiltration with

closed-top infiltrometers. More recently,
Constantz (1983) has shown a simpler
closed-top infiltrometer with head control
but the range of applied heads was limited

to positive values. The infiltrometer used
in the present study is a simplified version
of that used by Dixon (1975). It is useful
for measuring infiltration on smaller areas
like the equipment used by Constantz
(1983).

The purpose of this paper is to describe
the design and operation of a closed-top
infiltrometer on which there is easy control
of the applied head of water. The infil-
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TABLE I. PHYSICAL CHARACTERIZATION OF THE AP HORIZONS OF THE SOILS wetted soil at H = +50 mm and at

H = —50 mm. The manometers on the
tensiometer were read at the times when
steady infiltration rates had been achieved.

Characteristics of the Soils and Site
Preparation

The soils chosen for evaluation of the

CHI were five of the soil associations stud

ied earlier by Topp et al. (1980) —
Uplands, Castor, North Gower, Dalhousie
and Rideau which ranged in texture from a
medium sand to a heavy clay. Table I gives
a selection of some of the data obtained to

characterize the Ap horizon of these soils.
Twenty sites were chosen for measurement
on each of the soils. On 10 of the sites the

infiltration rates were measured by the
CHI. On the 10remaining sites Ksat values
were obtained by air-entry permeameter
(AEP) as described by Topp and Binns
(1976).

At the time of measurement the sites

were in grass or hay except for the Uplands
soil which was cropped to small grains. At
each site the soil surface was cut free of

vegetation and the upper 20 - 30 mm of
soil was carefully removed. The cylinder
(used for either AEP or CHI measure
ments) was driven into the soil with a
hand-operated sliding hammer and driver
assembly. The top of the cylinder was left
about 10 mm above the soil surface. The

soil just inside the perimeter of the cylin
der was tamped with a 6-mm rod to close
any holes that may have been opened by
driving in the cylinder. Either the CHI or
the AEP assembly was clamped onto the
upper flange of the cylinder for measure
ment. To minimize disturbance to the soil

surface by the incoming water, metal disks
100 mm in diameter were placed directly
under the openings from the CHI reser
voirs. The AEP was fitted with an attached

water deflector.

Org. Sand Clay
Soil Texturet Structured C (%) (%) (%)

Uplands ms Single grain 1.2 86 6
Castor vfsl Weak, medium granular 4.2 23 18

North Gower 1 Moderate, fine subangular blocky 3.6 29 28

Dalhousie cl Moderate, fine subangular blocky to fine granular 9.5 16 33
Rideau c Weak to moderate, fine subangular blocky 3.4 5.5 53

tms, medium sand; vfsl, very finesandy loam;1, loam;cl, clay loam;c, clay.
tMcKeague and Wang (1982).

trability obtained by this constant-head
infiltrometer (CHI) operating at a negative
head is compared to Ksat measured by an
air-entry permeameter (AEP).

MATERIALS AND METHODS
Figure 1 shows the arrangement used

for infiltration intoa singlecylinderhaving
a diameter of 250 mm and driven into the
soil to a depth of 150mm. The cylinder
used was one already described by Topp
and Binns (1976) as part of the air-entry
permeameter. The infiltrometer was con
structed with two reservoirs FR and CR

each having a volume of 4 L and with
valves FV and CV opening through the
cover plate. This assembly was clamped
and sealed to the cylinder after it had been
driven into the soil. Also connected
through the cover plate is an air-escape
standpipe SP. A Marriotte-type air pres
sure regulator as shown on the right side in
Fig. 1 was used to control the pressure
head on the water.

Infiltration was initiated from the flood

ing reservoir FR by opening valve FV.
Water entered under a positive head of
about 200 mm. This caused rapid and uni
form wetting of the soil surface and expul
sion of the air via the air-escape standpipe
SR When water was observed to rise in the

standpipe to above the level of the bottom
of the control reservoir CR the flow was

switched to allow input from CR at con
trolled head (i.e. close valve FV and open
CV). The Marriotte regulator was set so
that hw-ha = 4-50 mm by changing the
height of the Marriotte adjustment tube
MA. For best operation infiltration must
proceed under positive head until the
upper 100 mm of the soil has been wetted.
After about 5 min of infiltration at a

positive head the applied head was
adjusted to zero and the rate of fall of the
water level in the calibrated sight tube ST
on reservoir CR was recorded until a

steady rate had been achieved, usually in
less than 15 min. Then the head was

adjusted to —50 mm; again the rate of fall
of the level in ST was recorded until

steady, usually within 15 min. After initial
experimentation and troubleshooting of
the procedure, we chose two hydraulic
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head settings at which to record the infil
tration rate. Thesewereat hw - ha = 0 and
at hw—ha = -50 mm. The infiltration
rates were computed from the rates of fall
of the water level in ST by multiplying
these rates by the ratio of the area of reser
voir CR to the area of soil surface.

A simple laboratory experiment was
carried out to demonstrate the nature of

pressure head profiles during infiltration at
negative applied head. The results from
this experiment will be used to explain the
operation of a constant head infiltrometer
operating at a negative head. An acrylic
cylinder, 76 mm in diameter and 250 mm
long, was filled with 240 mm of fine sandy
soil. Six very fast response tensiometers
connected to water-filled capillary man
ometers were inserted through the cylinder
wall at positions 10, 20, 30, 40, 50, and
60 mm below the soil surface. The upper
end of the cylinder was fitted with a cap
through which water was introduced from
a constant head burette.

Infiltration into this soil column was

initiated in a method directly analogous to
that described for the field procedure.
Infiltration rates were recorded into the

dry soil when H = +50 mm and
H = - 50 mm and before the wetting
front reached the bottom of the cylinder.
Infiltration was stopped and the water was
allowed to redistribute overnight (18 h). A
second infiltration was carried out on the

TABLE II. CONSTANT HEAD INFILTROMETER RESULTS (CHI) AT TWO APPLIED HEADS,
H = 0 AND H = - 50 mm AND K^ MEASURED BY AIR-ENTRY PERMEAMETER (AEP)t

md"1

CHI CHI Ksat
Soil atH = 0 SDF atH = -50 SDF AEP SDF

Uplands 1.78a 1.69 — — 1.15ft 1.53

Castor 0.34\ab 1.61 0.266ft 1.80 0.562a 1.32

(revised) 0.405a 1.41 0.367a 1.44

North Gower 5.64b 1.97 2.64c 2.99 11.4a 1.41

(revised) 8.03a 1.53 6.94a 1.48

Dalhousie 13.8a 1.45 10.4a 1.79 15.3a 1.42

Rideau 31.9a 1.29 20.2b 1.32 15.4ft 1.39

tEach entry in columns 2,4 and 6 are geometric means of 10measurements (except "revised" entries) and the
associated standard deviation factors (SDF) are given in columns 3, 5 and 7. The "revised" entries resulted
after removing extraneous data as outlined by Dixon (1965).
a-c Similar letters associated with each soil indicate means that are not significantly different at the 5% level.
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show CHI at H = - 50 mm. On the right of each diagram geometric means and
identified by arrows are those found to belongto a different population (Dixon 1965).
remaining data in Figs. 2 (b) and 2(c).

RESULTS

Table II presents geometric mean
values and standard deviation factors

(SDF) of infiltration rates measured by the
CHI at two applied hydraulic heads of H =
0 and H = - 50 mm and the correspond
ing Ksat mean values and SDF measured
by the air-entry permeameter. The presen
tation of geometric means and standard
deviation factors was based on the assump
tion that infiltration rates and hydraulic
conductivity are log-normally distributed
for a given soil. Only CHI measurements
at H = 0 mm were acquired initially for
the Uplands soil. The site was plowed
before we returned to complete another set
of CHI measurements.

On semi-logarithmic plots, Fig. 2 dis
plays the CHI and AEP measured data. To
the right of the measured data are the geo
metric mean values along with the range
represented by ± one standard deviation
factor. For four of the soils the data from

both CHI and AEP were within a total

range of less than one order of magnitude.
For the North Gower soil the values from

both methods ranged from 0.55 to 26.6 m-
day1 or a factor of 49 (Fig. 2c). Com

parisons of the ranges represented by ±
one standard deviation factor about the

geometric mean show that in all cases
except for the North Gower soil the ranges
given by both methods are overlapping
(Fig. 2). The geometric means show that
for two soils, Uplands and Rideau the infil
tration rates were higher than the measured
Ksat. For the remaining three soils the
reverse was true (Table II). Analysis of
variance has shown that the infiltration

rates at H = 0 and Ksat were the same for
the Castor and Dalhousie soils. At H =

— 50 similar values were found for the

Dalhousie and Rideau soils. The visual

assessment of ranges and statistical analy
sis show that the CHI and the AEP give
values for infiltration rate and Ksat which
are comparable.

A look at the variance as given by the
magnitude of the SDF in Table II showed
that infiltration rates were in general more
variable than Ksat. If there is a correspon
dence between Ksat and infiltration rate we
expected approximately equal variances
for the two methods. A closer examination

shows that for the North Gower loam and

the Castor very fine sandy loam the SDF
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Figure 2. Ksat onlogarthmic scale as measured byCHI and AEP at 10 locations onthe five soils. Figure 2(a) shows CHI at H = 0 and the others

one standard deviation are presented. The data
The filled triangles are geometric means of the

were considerably greater for the CHI than
for the AEP. These two soils were struc

tured but the structure was not strongly
water resistant. The initial flooding of the
soil to initiate measurement by both the
CHI and the AEP takes place at positive
heads. In the case of the CHI, discs were
placed on the soil surface to deflect the
energy of the incoming water. In the AEP
the deflector was mounted on the lid. The

splash of water off the deflector discs in the
CHI may have disrupted the soil structure
causing some sealing of the soil surface.
Any sealing of the soil surface during mea
surement would cause both lowered infil

tration rate and greater variance. Recog
nizing this problem we have now fitted the
CHI with a water deflector similar to that of

the AEP.

By conducting both methods at each
site it was possible to compare their ease of
operation. Requiring only one person, the
CHI is an easier method than the AEP

which requires two persons. The CHI
method takes more total time for each

measurement (>20 min) because of the
need to achieve a steady flow. The water
requirements of the CHI are about three
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times that of the AEP.

DISCUSSION

Visual examination of the data shows
that some of the data from the CHI mea
surements (Fig. 2b, c, d) are not only
widely spaced as discussed above but also
appear to be in two sets, especially for the
North Gower soil. Dixon (1965) has out
lined a procedure for designating data
values which are extraneous or lie outside
a statistically allowed range. In applying
Dixon's (1965) procedure we calculated
the ratio of the range of magnitudes of the
data set to the standard deviation. This
calculated ratio was compared to the limit
ing values given by Dixon (1965). In our
case an estimate of standard deviation was

obtained from the AEP measurements. In
two of the soils extraneous values were

found and those data points are identified
in Fig. 2b, c by small arrows. In all cases
the excluded values were low relative to

the remainder of the data. The sealing of
the soil surface during measurement, as
discussed, above, might have been the fac
tor which caused some of the CHI data to

be extraneous.

When analysis of variance was per
formed on the data after elimination of the

extraneous data there was no significant
difference between infiltration rates at

H = - 50 and Ksat for the four soils on
which the CHI was used at H = - 50 (see
the "revised" entries in Table II and the

filled triangle means in Fig. 2b, c). Thus
there appears to be equivalence between
Ksat by the AEP and the infiltration mea
sured by the CHI at H = -50 mm. It
remains, however, to be determined if the
CHI data which were judged extraneous
were a result of sealing of the soil or from
some other unidentified artifacts. Further

research will be necessary to answer this
question.

We had anticipated greater difference in
structured soil between Ksat by the AEP
and the infiltration rate by the CHI. The
AEP measurements were made with an

applied positive head of >800 mm. The
presence of cracks and biopores would
have offered paths for the downward flow
of free water leading to an apparent
increased Ksat value as a result of "short
circuiting" as defined and described by
Bouma et al. (1978). The CHI measure
ments at H = —50 mm, however,
excluded the possibility of the flow of free
water in cracks and biopores. In addition,
the reduction of the applied head to - 50
mm would tend to reduce the hydraulic
gradient to less than unity. Therefore the
infiltration rates at H = - 50 mm would

tend to be less than the actual hydraulic
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Figure 3. Selected hydraulic heads, H (solid lines) and pressure head, h (dashed lines) versus
depth profiles. Profiles are drawn for applied hydraulic heads of -I-50 mm and
- 50 mm for wetting front depths of A - 20 mm, B -110 mm and C -180 mm. The
equation relating H, h and z is H = h + z.

conductivity of the saturated soil. This
means that the hydraulic conductivity of
the saturated soil lies between the Ksat by
AEP and the infiltration rate at H =

—50 mm. Above we have shown that the

data from the two methods were compara
ble indicating that both methods gave a
good measure of Ksat.

Others have found that single-ring infil-
trometers have given steady infiltration

rates which are greater than Ksatas a result
of lateral flow beyond the bottom of the
infiltrometer ring. Using tensiometers, a
300-mm-diameter inner ring and varying
dimension of outer buffer rings, Ahuja et
al. (1976) have analyzed the percentage of
infiltration which was attributed to lateral

flow. For conditions similar to those used

in our experiment they found that the lat
eral flow was "as much as 20% of the
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vertical flow in some soil horizons in early
stages of infiltration". It was possible that
our CHI values, especially at H = 0, were
greater than Ksat by 20% or by a factor of
1.2 of Ksat. It was not possible to separate
the effect of lateral flow on our experi
ments from the other factors discussed

above.

Dixon (1975) has discussed the mea
surement of infiltration with a single-ring
closed-top infiltrometer at applied nega
tive hydraulic heads. In his case, air was
bubbling up through the water on the soil
surface because the negative head was set
before a plastic seal was removed to initi
ate flow. He noted that for the one soil

when infiltration was measured at H =

- 50 mm it took 15 min before bubbling
ceased. During Dixon's infiltration the soil
was always in a condition of increasing
pressure head. We were able to take advan
tage of the hysteretic nature of soil water
behavior by first beginning the infiltration
using a positive applied head and then
adjusting the head to a negative value after
several minutes. This gave a number of
advantages as follows: (1) Infiltration was
taking place in a soil where the pressure
head of the wetted soil near the surface was

changing in the direction of decreasing
pressure head; this prevented air entry
through the wetted soil and prevented bub
bling up or backflow of the air; in our case
the bubbling of air would have appeared as
an error in infiltration. (2) It was much
easier to start the infiltration measurement

where positive heads were applied than if
using negative heads throughout. (3) On
going from the initial infiltration at
positive head to infiltration at negative
head we usually found that steady rate
infiltration occurred within a few minutes

of lowering the applied head; this resulted
in much shorter time intervals between

measurements than was reported by Dixon
(1975).

Mode of Operation of the Infiltrometer
How this infiltrometer (CHI) operated

at negative hydraulic head without air
intrusion or backflow into the bulk water

above the soil requires explanation. For the
explanation we make use of the hypo
thetical wetting profile diagrams given in
Fig. 3. The similar profile diagram (Fig. 4)
obtained during infiltration of the labora
tory soil column validates the hypothetical
curves in Fig. 3. The hydraulic head H
(solid line) and the pressure head h
(dashed line) versus depth profiles are
shown for three possible positions of the
wetting front during an infiltration pro
cess. In drawing these profiles we have
adopted the equation H = h + z and have

-150 -100 -50
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Figure 4. Pressure head, h, versus depth profiles obtained by tensiometers during infiltration into
a column of fine sandy soil where applied heads were - 50 mm (dots), - 42 mm (open
triangles) and 4-50 mm (crosses).

assumed that the soil within the cylinder
has uniform soil water properties.

In the case of shallow depth of wetted
soil as in Fig. 3a the hydraulic gradient
(the inverse of the slope) is large over the
whole wetted region. The gravity compo
nent of the hydraulic gradient is small
compared to the pressure head gradient at
this early stage of infiltration, i.e. pressure
head profiles and hydraulic head profiles
are of similar shape. Thus a change of
boundary condition from H = + 50 mm
to H = - 50 mm has little effect on the

overall gradient or head profile. If,
however, the soil has large pores behind
the wetting front with an air-entry value
between 0 and - 50 mm H20 air will be
pulled upward through the soil surface as
soon as the applied head is reduced to H =
— 50 mm.

For the condition portrayed in Fig. 3b
there is a 50-mm-deep region where the
hydraulic gradient is unity (slope of 1) for
the profile starting at H = -1-50 mm.
When the applied hydraulic head is
decreased to H = - 50 mm, however, the
gradient decreased to some extent. For this
condition the gradient decreased from 1 to
an average of 0.6 over the upper 50 mm of
soil. When H = - 50 mm at the surface, h
is increasing with depth with a maximum h
at Z = -50 mm. In Fig. 3c, a 150-mm-
deep region is portrayed as having flow
occurring under a hydraulic gradient of
unity at the right where the applied head is
H = + 50 mm. When the applied head is
reduced to H = -50 mm there is a

decrease in the hydraulic gradient. The
reduction in hydraulic gradient as depicted
on the left in Fig. 3c is a reduction from 1
to 0.6. The resulting profiles of h vs. Z
show that under the conditions on the right
in Fig. 3c h ^ 0 to a depth of Z =
— 170 mm. Thus the soil is saturated to

this depth. After the applied head is
reduced to H = - 50 mm the resulting h
profile shows an increasing h with depth
until Z = -120 mm. When the applied

head is reduced to H = - 50 mm it is the

increasing h with depth as shown in Fig.
3b, c which prevents air backflow into the
bulk water above the soil even though it is
at a negative pressure.

The laboratory experiment measuring
infiltration into a column of fine sand and

the measurement of pressure heads has
demonstrated that h profiles do increase
with depth as hypothesized above (Fig. 4).
The profile on the right was obtained dur
ing infiltration into air dry soil when the
applied head was H = 4-50 mm. The h
profile (dashed line) on the far left was that
obtained when the applied head was H =
—50 mm during infiltration into air-dry
soil. The middle h profile is that which
resulted when the applied head was
reduced to H = —42 mm during infiltra
tion into the wetted soil. In both cases

where H was reduced to -50 mm or

—42 mm the resulting h profile shows an
increase with depth.

We suggest that the region showing an
increase in h with depth remains saturated
even though a negative head is applied at
the soil surface. The direction of head

change prior to the condition shown on the
left of Fig. 3 is in a decreasing direction.
The desorption curves for soil draining
from a saturated condition usually show no
change in water content for small
decreases in h just below zero as a con
sequence of the hysteresis in the pressure
head vs. water content relationship. At Z
= —110 mm in Fig. 3c where h = -12
all pores having equivalent diameter
<3 mm remain filled with water. Thus this

region, not at the surface but within the
soil, acts to prevent the passage of air
upward. The soil above Z = —110 mm
remains saturated even though a negative
head of —50 mm is applied at the surface.

The use of a negative head applied to
the surface will not allow water to run

freely down into large voids such as worm
holes and cracks which exist at or below

the wetting front, for example below Z =
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-170 mm. The negative head prevents
flow ahead of the wetting front analogous
to the "short circuiting" or bypass flow
which was described and measured by
Bouma and Decker (1978) and Bouma et
al. (1978). The infiltration measured under
conditions of negative head at the soil sur
face as with the CHI is equivalent to Ksat.

CONCLUSIONS

This closed-top single-ring infil
trometer was easy for one person to
operate. Through comparison with Ksat
values measured by AEP this CHI operat
ing atH = - 50 mm gave good correspon
dence between CHI values and Ksat. By
starting infiltration at positive heads it was
possible to take advantage of soil-water
hysteresis to prevent air backflow when
infiltration was taking place at negative
heads and to achieve steady flow very
rapidly. Further investigation will be
required to explain the apparent large vari
ation in CHI values on two of the soils.
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