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A lightweight, hand-inflatable packing device was designed for rapid measurement of horizontal and vertical com
ponents of hydraulic conductivity. The device used aluminum pipe to which was attached a rubber gasket assembly
which, when inflated, converted a 10-cm auger hole to a piezometer. After bailing out the water, the rate of rise of
water was used to calculate horizontal or vertical components of hydraulic conductivity. Two methods available for
calculating the horizontal hydraulic conductivity did not agree and more work is required to ascertain which gives correct
values. The vertical hydraulic conductivity was greater than either horizontal or auger hole values in a Dalhousie clay
loam. The ratio of Ky to KH was not constant with depth as Kv tended to increase. The use of this device resulted in
improved readability of the rate of rise of water in the auger hole and allowed a rapid assessment of the anisotropy of
the hydraulic conductivity.

The calculation of spacing for subsurface
drains is usually based on isotropic values
of hydraulic conductivity (Kirkham et al.
1974). Depositional layering of soils and
pedogenic development of horizons would
suggest higher values for the horizontal
component of hydraulic conductivity, K.
On the other hand, vertical dehydration
cracks, worm holes and root channels
might suggest that the vertical component
of K is larger than the horizontal K com
ponent near the soil surface. Few data ex
ist which assist in deciding to what extent
the soil structural features influence the

anisotropy of hydraulic conductivity. In
addition, the majority of methods for
measuring K for drainage design, such as
the auger hole and the piezometer method
(Bouwer and Jackson 1974), measure
some combination of horizontal and ver

tical components. Bouwer and Jackson
(1974) suggested that by varying the
length of the piezometer cavity one can
determine the relative magnitude of ver
tical and horizontal K components.

In this study an inflatable device in
serted inside an augered hole was used to
separate the flow in vertical and horizontal
directions. By measuring the rates of flow
into the auger hole from the separate di
rections it was possible to calculate hori
zontal and vertical components of satu
rated K. The results of two calculation

methods for the horizontal K are com

pared to both the results from an unlined
augered hole and vertical K for one soil.

MATERIALS AND METHODS

During a period when the water table
was between 0.2 and 0.3 m below the soil

surface, hydraulic conductivity measure
ments were made in a Humic Gleysol of

the Dalhousie soil association at a site 3.5

km southwest of Ottawa. Twenty different
locations separated by 2 m were chosen
along a line. Holes, 10 cm in diameter,
were augered at each location with an
open-blade-type auger similar to that
shown by van Beers (1976) and Shady et
al. (1977). The bottom of each hole was
squared off using a bucket-type auger hav
ing flat cutting blades on both the bottom
and the sides. Three separate measure
ments, as described below, were made at
each of three depths in each augered hole.
The depths were 0.75 m, 1.0 m and
1.25 m.

The device used for restricting flow into
the augered hole to vertical direction is
shown in Fig. 1. An inflatable rubber gas
ket assembly was mounted at the lower
end of a thin-walled aluminum pipe. The
rubber assembly consisted of a wide
(5 cm) rubber band, B. The rubber bands
were cut from a tire inner tube of suitable

size. Top and bottom edges of the band
were sealed to the center cylinder, C, by
clamping each edge of the band under a
ring screwed onto the ends of cylinder C.
This provided an airtight cavity which was
inflated by the introduction of air through
tubing, D. Tubing, D, was sealed at its
upper end with a standard air valve, E.
Inflation of this device was quickly
achieved by a hand pump. This type of

Figure 1. Schematic diagram of the inflata
ble assembly and hole liner. A,
thin walled aluminum pipe; B,
rubber band with edges clamped
between flange rings of the infla-
tor; C, D, air inlet and tubing for
inflation; E, valve stem for con
nection to hand pump.
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device is referred to as a "packing de
vice'' in groundwater hydrology (Bouwer
and Rice 1976).

To achieve horizontal inflow to the au
ger hole a similar approach was used. Two
similarly constructed inflatable packing
devices were mounted on an aluminum

pipe and separated by 0.27 m. The alu
minum pipe was perforated between the
packing devices (Fig. 2B).

Measurement Methods

Figure 2 shows the general mode of op
erating for the three measurements which
were made in each hole. After a sudden

removal of a slug of water with a bailer,
a wood float connected to a flexible steel

tape was used to measure the rate of rise
of water in the unlined auger hole (A) or
in the aluminum pipe (B and C). The de
tails of procedure and calculations were
different for each method and a brief de

scription of each is given. The single au
ger hole method (Fig. 2A) is one of the
best-known methods to measure K in the

field. A number of equations and graphs
have been developed to calculate the auger
hole hydraulic conductivity, ATAH, from
the rise of water level in the auger hole
(Boast and Kirkham 1971; Bouwer and
Jackson 1974; Van Beers 1976). The re
sultant equation has the form

CBK Ay/At (1)

where CBK has been determined mathe
matically and recorded in tabular form by
Boast and Kirkham (1971), and Ay/A, is
the measured rate of rise of water level.

Our measurements followed closely the
detailed procedure and precautions out
lined by van Beers (1976).

The K of the soil around the cavity of
the piezometers in Fig. 2B and C was cal
culated from the rate of rise of water level

in the aluminum pipe. For the horizontal
flow situation (Fig. 2B) two approaches
were possible. Bouwer and Jackson (1974)
review the development leading to the re
lationship

K = (irri/SAt) In (yjyt) (2)

where K is the saturated hydraulic con
ductivity and r is the radius of the alumi
num pipe (3.65 cm), At is time in sec, yQ
and yt are heights of water below the equi
librium water table level, initially and at
Ar sec later, and 5 is a shape factor (cm)
for the measured cavity as given by
Youngs (1968) and Brand and Premchitt
(1980). The four factors influencing the
value of S are: (1) the distance, //, the
measured cavity or surface is below the
water table; (2) the height of the cavity hc\
(3) the radius of the cavity, rc; and (4) the
distance below the cavity to an imperme
able layer, d{.

ABC

Figure 2. Apparatus for threeprocedures usedin measuring hydraulic conductivity. A, augerhole;B, piezometer methodfor A'h; C, piezometer
method for Kv.
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Bouwer and Rice (1976) provide an
other equation for A'h as follows:

KH = ((r2 ln(/?e/rc))/(2/*c A*)) In (yM (3)

where Reis the effective radius over which
the hydraulic head was dissipated and the
remaining parameters and variables are as
defined above for Eq. 2 and shown in Fig.
2.

In our approach to measure horizontal
flow (Fig. 2B) the bottom of the inserted
pipe was closed. This eliminated vertical
flow through the bottom of the hole. The
application of Eq. 2 assumes that the flow
occurs through both the bottom and side
of the piezometer cavity. In choosing the
shape factor S (Youngs 1968) we assumed
that blocking the flow through the bottom
was equivalent to having an impermeable
layer at some depth below the end of the
piezometer. The depth to this virtual im
permeable layer was determined by cal
culating Re, the effective radius over
which the hydraulic head was dissipated
(Bouwer and Rice 1976). Rc was slightly
less than 4 rc (20 cm). Thus di9 the dis
tance to the impermeable layer, was set
equal to 4 rc. Accounting for the above
assumptions, we chose the shape factor,
S, for use in Eq. 2 from column 5 in Table
23-2 in Bouwer and Jackson (1974) to
give the horizontal component KH.

When the end of the pipe was open
water flow through the walls was pre
vented by inflating the rubber tube (Fig.
2C). The flow of water into the pipe could
then take place in the vertical direction
through the bottom of the hole. In this case
hc = 0, and for this soil which has an im
permeable layer only at large depths the
shape factor, 5, in Eq. 2 was obtained
from column 3 ofTable 23-2 (Bouwer and
Jackson 1974). A calculation of K from
Eq. 2 using these S values provided a
measure of the vertical component, thus
Ky.

RESULTS AND DISCUSSION

Table I presents the Ks&t data resulting
from the three methods for two depths
(0.75-1.0, 1.0-1.25 m). Although meas
urements were made at three depths,
three-way comparisons were possible at
only two depths. For the auger hole
method, the measurements made in holes
0.75 m and 1.0 m deep are used to cal
culate KAH for the depth interval 0.75-1.0
m as described by van Beers (1976). Note
also that Kv for 0.75-1.0 m in Table 1 was
measured in holes augered to 0.75 m and
the soil immediately below 0.75 m would
have the most influence on the Ky meas
ured. Figure 3 shows the data obtained by
the three methods at the 0.75- to 1.0-m

depth. The A'h plotted is that which re
sulted from use of Eq. 3, the Bouwer and
Rice (1976) calculations.

Table I and Fig. 3 show that Kv is gen
erally greater than either A'h or KAH for the
two depth intervals. A paired Mest on the
log A^ showed that the differences of Kv
from A'h and A'AH were significant at the
99.5% confidence level. The mean A'h is
greater than the mean KAH at both depth
intervals. At 0.75-1.0 m the difference

was significant at the 95% confidence
level but only at the 90% level at 1.0-1.25
m.

Figure 4 compares Kv and A'h from each
hole and the two depths given in Table 1.
The A'h plotted in Fig. 4 is that which re
sulted from Eq. 3 (Bouwer and Rice
1976). The ratio of mean Kv: mean A'h in
creases from 2.24 for 0.75-1.0 m to 3.94

for 1.0-1.25 m. This increase resulted al

most entirely from increases in Kv with
depth. Tendency for increased A'h and KAH
with depth was not significant whereas
that of A'v was significant at the 99.5%
level. Figure 4 shows that for the majority
of the individual measurements

1^KV\KH^\. These results have demon
strated that KV:KH was not constant for the
0.75- to 1.25-m depth in this soil. It is
worth noting, however, that the mean ATV
measured in the holes 1.25 m deep was
40.6 m-day-1 and not significantly differ
ent from 39.4 m-day-1 immediately be
low 1.0 m as given in Table 1.

If it is assumed that the hydraulic con
ductivity values are log-normally distrib
uted the means and standard deviations
(SD) are calculated on log-transformed
data. After transformation back to the

units of measurement, the resultant SD
becomes a multiplier factor. Such calcu
lations showed SD factors for the nine sets

of measurements to range from 1.36 to
1.91 (6 are shown in Table I). The SD fac
tors for A'h and A'AH were similar to each
other and slightly lower than the SD factor
for A'v A Bartlett's test confirmed non-
homogeneity of variance. This greater
variance for Kv may have resulted from
the smaller area through which water
flowed for A'v measurements, 78.5 cm2,
compared to 785 cm2 for KH or 864 cm2
for KAH.

The calculation of A'h using Eq. 2 re
sulted in values 57% higher than those
obtained from Eq. 3 (Table I). A'AH is a
combination of Ku and A'v. As discussed
above both A'h and A'v were greater than
A'AH- Thus Eq. 3 resulted in A'h values
more comparable to A'AH- Bouwer and
Rice (1976) showed an 18% discrepancy
between their calculation and that from

Eq. 2 based on shape factors from Youngs
(1968). More recently, Brand and Prem
chitt (1980) in an effort to extend the ap
plicability of the piezometer technique
have confirmed the shape factors given by
Youngs (1968). Although we now favor
the values given by Eq. 3 because they are

TABLE I. SATURATED HYDRAULIC CONDUCTIVITY (m day1) OF DALHOUSIE SOIL AS
MEASURED VERTICALLY, Ky9 HORIZONTALLY, KH, (SEE TEXT FOR THE TWO

CALCULATION METHODS) AND BY THE AUGER HOLE METHOD, KAH

Depths

0.75--1.00 m 1.00-1.25 m

K„ ^AH Kh *v ^AH *H
Eq. 2 Eq. 1 Eq. 3 Eq. 2 Eq. 2 Eq. 1 Eq. 3 Eq. 2

1 19.0 8.48 13.4 20.8 24.9 8.36 9.01 14.2

2 7.41 11.0 7.68 11.7 23.1 12.9 9.03 14.1

3 12.9 5.36 16.4 25.1 20.4 7.07 13.5 20.8

4 10.6 9.16 10.5 16.5 25.5 14.8 13.5 21.3

5 6.54 5.87 5.65 8.82 31.2 7.12 7.88 12.4

6 30.9 8.55 10.5 16.7 41.7 4.85 15.6 24.4

7 22.8 6.41 3.15 5.00 90.9 8.46 7.79 12.2

8 33.0 8.92 6.91 10.9 57.6 4.30 11.5 17.3

9 35.4 4.45 7.05 11.2 40.2 10.7 12.2 19.3

10 24.9 7.00 7.69 12.2 30.9 7.55 14.8 23.1

11 10.3 3.49 8.77 13.9 30.6 12.3 8.86 13.8

12 23.8 4.20 10.1 16.1 - 3.57 11.3 17.7

13 27.0 8.05 9.66 15.3 32.1 23.2 5.21 8.11

14 12.3 8.24 7.35 11.7 38.1 9.45 8.63 13.4

15 17.1 8.02 6.03 9.56 53.4 6.23 13.2 20.7

16 24.3 11.1 9.06 14.4 42.9 5.36 8.26 13.0

17 57.0 7.77 15.8 25.0 48.6 12.5 7.93 12.5

18 61.2 14.7 15.6 24.8 56.7 8.89 10.4 16.1

19 26.8 6.01 11.0 17.5 41.7 3.87 5.98 9.44

20 19.2 10.0 13.6 21.5 83.4 9.02 14.6 23.0

GMt 20.4 7.40 9.09 14.4 39.4 8.09 10.0 15.7

SDF* 1.83 1.43 1.49 1.50 1.51 1.61 1.36 1.36

tGM = geometric mean.
*SDF =: standard deviation factor.
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Figure 3. Saturated hydraulic conductivity, K, measured by the three methods given in Fig.
2 at 20 locations at 2-m intervals along a line at a site on the Dalhousie soil asso
ciation. These data apply to the depth interval 0.75-1.0 m.
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more comparable to #Ah, we did observe
increases in the diameter of the auger
holes during some of our measurements.
Work is underway to measure the increase
in diameter of the auger holes caused by
soil sloughing from the wall. It will be
necessary to ascertain the effect of in
creased diameter on the measurement of
A'h and #AH.

The methods used to measure KH and
Ky and thus to determine the anisotropy of
the hydraulic conductivity were found to
be rapid and straightforward. The rate of
rise of water was measured in a pipe of
uniform diameter which gave a more reg
ular rate of rise than that measured in the
unlined or uncased auger hole. We found
it advisable to plot In y vs. t as recom
mended by Bouwer and Rice (1976) to be
confident of the linearity of the relation
ship. Another advantage of the piezometer
pipe was the protection from wind which
it provided for the tape connected to the
float, making easier reading of the rates
of rise.

CONCLUSIONS

The lightweight, hand-inflatable pack
ing device allowed rapid measurements of
horizontal and vertical components of
hydraulic conductivity from a 10-cm-
diameter auger hole. The discrepancies
between the two methods of calculating
A'h will require more work to identify the
causes. For the Dalhousie clay loam A'v
was greater than A'h and above a depth of
1.25 m A'v increased with depth.

The anisotropic nature of soil has not
been incorporated in either drainage
models (King 1974) or in hydrologic
models (Freeze 1971). Freeze (1971),
however, suggested the computational ca
pability exists but measurements have not
provided the data. The method presented
here provides a means to determine
quickly if a soil is anisotropic and to what
extent.
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