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DEVELOPMENT OF CONE PENETROMETER METHOD TO DETERMINE
SoiL. HYDRAULIC PROPERTIES

By Molly M. Gribb,' Member, ASCE, Jirka Simiinek,” and Michael F. Leonard®

ABsTRACT: Effective cleanup of contaminated sites requires characterization of the hydraulic properties of
impacted soils. To this end, we present a new method for estimating soil-water characteristic and hydraulic
conductivity curves with a modified cone penetrometer. A prototype has been designed and fabricated with a
screen close to the penetrometer tip and two tensiometer rings 5 and 9 cm above the screen. Water is injected
into the soil under constant pressure. The volume of water imbibed into the soil is monitored, as are the
tensiometer ring readings registering the advancement of the wetting front. These transient flow data are used
to estimate soil hydraulic properties via numerical inversion of Richards’ equation. We present the results of
cone tests performed under variably saturated conditions in a laboratory aquifer system. Results are compared
with independent measurements of the soil hydraulic properties to benchmark the performance of the instrument
and method of analysis. The saturated hydraulic conductivity of the soil is well predicted by the method for
saturated and unsaturated conditions. Further work is required to obtain good estimates of the other parameters

describing the hydraulic properties of the soil.

INTRODUCTION

Definition of the hydraulic properties of unsaturated soils is
increasingly necessary for geotechnical applications. Knowl-
edge of the soil-water characteristic and hydraulic conductivity
curves 68(h) and K(h) is particularly important for accurate nu-
merical modeling of variably saturated flow and contaminant-
transport processes. Although these soil properties can be de-
termined in the laboratory or in the field, in-situ methods often
are preferred because they represent behavior under field con-
ditions.

Direct measurement of a limited number of 68(4) and/or K(h)
data points in the field may be obtained using instantaneous
profile, crust, or infiltrometer methods, among others (Klute
and Dirksen 1986; Benson and Gribb 1997). The transient in-
stantaneous profile method and the steady-state crust method
both involve inducing a flow of water through the soil profile
while concurrently measuring the moisture content or pressure
head distribution with depth. The K(#) values are determined
from Darcy’s law. The tension disc infiltrometer is used to
impart a steady-state flow into the soil at various negative
supply pressure heads to obtain K(h) data points. Other de-
vices, such as the Guelph permeameter and double-ring infil-
trometer, are used to obtain K| values based solely on inflow
(Bouwer and Jackson 1974; Reynolds 1993). In all cases, the
analytical and quasi-analytical methods of data analysis re-
quire adherence to specific boundary and initial conditions that
are often difficult to control in the field. Linearization of the
governing equation of flow and geometric approximations to
boundary conditions generally are required. In addition, ten-
sion disc infiltrometers and Guelph permeameters require
steady-state flow conditions, which may not be achieved dur-
ing a short-term test and can be a source of significant error.

Parameter optimization is an indirect approach that makes
it possible to obtain K(k) and 6(h) simultaneously from tran-
sient data (Kool et al. 1987). First, the flow event is modeled
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with the governing flow equation subject to appropriate bound-
ary and initial conditions. Suitable analytical models are
needed to represent K(h) and 8(h). The unknown parameters
of these models are determined by minimization of an objec-
tive function describing the differences between some mea-
sured flow variables and those simulated with the model. Work
by Zachmann et al. (1981) and Dane and Hruska (1983) to
obtain K(h) estimates from infiltration data was followed by
the further development of methods for analysis of one-step
and multistep column outflow data [see, e.g., Kool et al.
(1985), Parker et al. 1985; van Dam et al. (1992, 1994), and
Eching and Hopmans 1993]. Russo et al. (1991) considered
the applicability of such methods to field data and Bohne et
al. (1992) used a parameter optimization method to analyze
ponded infiltration test data. More recently, Simiinek and van
Genuchten (1996, 1997) and Simiinek et al. (1998) applied an
optimization procedure to tension infiltrometer data to obtain
estimates of the soil hydraulic properties. Simének and van
Genuchten (1996, 1997) showed that the disc infiltrometer ex-
periment could provide information about the hydraulic con-
ductivity, as well as the soil-water characterization curve with
numerically generated data. When parameter optimization was
applied to field data excellent agreement between the un-
saturated hydraulic conductivities calculated with Wooding’s
(1968) analytical solution and the numerical inversion was ob-
tained (Simiinek et al. 1998). However, the correspondence
between optimized and laboratory measured characteristic
curves was not as good. Inoue et al. (1998) applied parameter
optimization for the in-situ determination of soil hydraulic
functions using a multistep soil-water extraction technique. By
comparing the optimized and the independently measured hy-
draulic functions they concluded that this new experimental
procedure could provide accurate soil hydraulic data.

Gribb (1993, 1996) proposed a new cone penetrometer tool
(e.g., cone permeameter) and use of parameter optimization to
estimate soil hydraulic properties at depth in the field. Leonard
(1997) further developed the cone permeameter, as presented
here. Cone penetrometers originally were developed to eval-
uate strength characteristics of soils, via measuring tip resis-
tance and sleeve friction during penetration at a constant rate
of 2 cm/s. Correlation of these measurements with soil type
also is possible. Other developments have led to methods for
estimating the hydraulic conductivity and moisture content of
soils. Pore-water pressure measurements can be used to esti-
mate the hydraulic conductivity K, of saturated, low-permea-
bility cohesive soils (K, = 107° cm/s) with piezocones by anal-
ysis of dissipation rates (Campanella and Robertson 1988).
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The BAT permeameter commonly is installed using cone push
technology. This device is used to estimate the hydraulic con-
ductivity of saturated subsurface soils with values of K, < 10~
cm/s with an adaptation of Hvorslev’s (1951) analytical equa-
tion (Petsonk 1985). The Hydrocone (In Situ Group, Orlando,
Fla., personal communication, 1997) water sampler also may
be used to obtain hydraulic conductivity estimates of saturated
soil (Scaturo 1993). Moisture-sensing cone penetrometers have
been developed to allow measurement of moisture content in
real time using time domain reflectrometry (Dayton and
Holmes 1993; Topp et al. 1996). However, none of these tools
was designed to determine the soil hydraulic conductivity and
soil-water characteristic curve simultaneously under unsatu-
rated conditions.

In this paper, we describe the fabrication, calibration, and
operation of a modified cone penetrometer that injects water
from a screen and measures pore-water pressures at two lo-
cations in the soil. Flow data are analyzed via parameter op-
timization using an inverse code developed by Simfinek and
van Genuchten (1996) to estimate the hydraulic properties of
the soil. This device, called a cone permeameter, also may be
used as a simple piezometer to determine the hydraulic con-
ductivity of saturated soil. We present a set of prototype tests
performed in a laboratory aquifer system under saturated and
unsaturated conditions. Results are compared with independent
measurements of the soil hydraulic properties to benchmark
its performance.

SHAFT

o

PROTOTYPE CONE PERMEAMETER
Design and Construction

The prototype was composed of four parts: (1) the shaft;
(2) the screen; and (3) two porous ceramic rings/tensiometer
assemblies (Fig. 1). The shaft was constructed from schedule
40 stainless steel pipe. A 5-cm screened section was made
from slotted, stainless steel pipe, which had a 60° conical tip
welded at the bottom to emulate a standard cone penetrometer.

Constant head is supplied to the screen using a micropro-
cessor-controlled solenoid valve assembly. Cumulative flow
volume imbibed into the soil is determined from scale readings
of the mass of water removed from the source bottle (Fig. 2).

Pore-water pressure increases resulting from water flow into
the soil, are measured with tensiometer rings 5 and 9 cm above
the screened section. The tensiometer rings were made from
1-bar air entry porous ceramic cups obtained from Soilmois-
ture (1989). Annular water reservoirs behind the rings are con-
nected by a tubing system to rigid plastic tube bodies attached
to the top of the shaft. The tubing system consists of outer
plastic tubes (0.32-cm diam.), which maintain the hydraulic
connection between the tube bodies and the annular water res-
ervoirs behind the ceramic rings, and inner 0.16-cm tubes,
which are used to bleed air out of the tensiometer assemblies.
Pressure transducers are attached to the tube bodies to sense
pressure changes in the soil. This prototype is limited in its
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FIG. 1.

Prototype Cone Permeameter Sections
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application to depths of 70 cm below ground surface because An IOtech DBK16 strain gauge amplifier card is used to
of the external mounting of the tube bodies and pressure trans- power the S-psi (34.47 kPa) pressure transducers (Omega
ducers. Cavitation limits the application of this prototype to Technologies Co. 1994) and a Dagbook 100 package is used
near-saturated soils (i.e., pressure heads > —800 cm). The for A/D conversion (IOtech Inc. 1994). An Ohaus (1996) scale
next-generation prototype will be fabricated with internal is interfaced directly to a computer serial port for data acqui-
pressure transducers so that it can be pushed to depths limited sition. Software control is achieved using Labtech Notebook
solely by the standard cone push equipment. Pro for Windows (Laboratory Technologies Corp. 1994).
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Calibration

The relationship between transducer readings and pore-pres-
sure values was obtained for the prototype tensiometer ele-
ments before aquifer testing via calibration in the laboratory.
An airtight chamber was constructed (Fig. 3) to hold the ten-
siometer sections under water while known underpressures of
air were applied in 25-cm increments from 0 to —200 cm.
This covered the range of expected pressure head values in
the laboratory aquifer during testing. Pressure values were ad-
Jjusted for the static head of water above the tensiometer rings,
and net applied pressures were plotted against the transducer
output voltages. The data were fitted with a least-squares re-
gression equation to obtain calibration lines for each tensi-
ometer ring/pressure transducer assembly (Leonard 1997).

Application

The cone permeameter presented here was designed for de-
termining soil hydraulic properties in saturated and unsaturated
soil with A > —800 cm to a depth of 70 cm below ground
surface. In saturated soil, it can be used as a simple piezometer
for obtaining K; however, its primary purpose is for deter-
mining hydraulic properties in unsaturated soil (Gribb 1996).

THEORY
Determination of K, in Saturated Soil

Under saturated conditions, the saturated hydraulic conduc-
tivity K, of the soil can be determined from use of the cone
permeameter as a piezometer with a simple analytical equation
that relates the source strength and flow rate to the hydraulic
conductivity. A constant head of water is supplied to the
screened section and the flow of water into the soil is mea-
sured. Hvorslev’s (1951) equation for constant-head injection
of water through a partially screened piezometer in an uncon-
fined aquifer is

=52
K=Sg m

where S = shape factor; H = applied head above the ground-
water table; and Q = volumetric rate of flow into the soil from
the screened section. The shape factor S depends on the source
geometry and the ratio of horizontal to vertical hydraulic con-
duC[iVity Rk = Kh/Kz

RYL ROL\?
| + + | =
n ( 2r, ! 27,

2L

S= @
where L = length of the screened section; and r, = radius of
the screened section. Given the prototype dimensions of L =
5.0 cm and r, = 2.0 cm, the shape factor S calculated for the
cone permeameter = 0.0333 cm™' for an assumed value of R,
= 1.0.

Hydraulic Property Estimation in Unsaturated Soil

In unsaturated soil, the moisture retention and hydraulic
conductivity curves 6(#) and K(h) are estimated from numer-
ical inversion of Richards’ equation. As with saturated con-
ditions, a constant head of water is supplied to the screened
section. The cumulative volume inflow of water and pressure
heads at two locations above the screened section are mea-
sured with tensiometer elements during the course of the ex-
periment.

HYDRUS-2D computer code (Siminek et al. 1996) is used
to simulate the cone permeameter test in unsaturated soil with
the finite-element mesh shown in Fig. 4. The governing flow

T UT = Upper Tensiometer
LT = Lower Tensiometer
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equation for radially symmetric, isothermal Darcian flow in an
isotropic, rigid porous medium, assuming that the air phase
plays an insignificant role in the liquid flow process is (Rich-
ards 1931)

l—a— rK-aﬁ +£— K %+1 :.ﬂ 3)
r dr ar dz 0z at

where r = radial coordinate; z = vertical coordinate positive
upward; ¢ = time; h = pore-water pressure head; and K and 6
= hydraulic conductivity and volumetric moisture, respec-
tively. For this laboratory setup, (3) is solved numerically for
the following boundary and initial conditions:

hir,z, ) =h(r,z) t=0 «@)
hriz,D=hy— @2 —2) r=r, zo<z<z+L (5

where A, = initial pressure head in the soil; A, = supply pressure
head imposed at the bottom of the screened section; z, = co-
ordinate of bottom of the screen; L = length of the screened
section; and r, = radius of the screened section. Exterior
boundaries are located far enough away from the source as
not to influence the solution and are defined as no-flow bound-
aries.

The van Genuchten (1980) expressions for the moisture
content and hydraulic conductivity 8(k) and K(8) are used in
this work

_o() — 8, 1

o, 5—6 a7 AT h<0 (6a)
0.=1, h=0 (6b)
K@ =K8.{1— (1 -0 h<0 (7a)
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K®)=K, h=0 (7b)

where 8, = effective water content; K, = saturated hydraulic
conductivity; 8, and 9, = residual and saturated water contents,
respectively; / = pore-connectivity parameter; and «, n, and m
(=1 — 1/n) = empirical parameters. The predictive K(8) model
is based on the capillary theory of Mualem (1976) in con-
junction with (6). The pore-connectivity parameter / in the
hydraulic conductivity function was estimated by Mualem
(1976) to be 0.5 for many soils. The hydraulic characteristics
defined by (6) and (7) contain five unknown parameters: K,
8,, 6,, o, and n.

The objective function @ expressing the differences be-
tween flow responses measured with the prototype and those
predicted by the numerical model with hydraulic parameter
inputs, minimized during parameter optimization process is
(Simiinek and van Genuchten 1997)

OB, g0 = Dk [v, D wilgr) — g, BW] ®)

where k& = number of different sets of measurements, such as
cumulative inflow volume, or pressure head measurements; n,
= number of measurements in a particular set; g*(t;) = specific
measurements at time ¢ for the jth measurement set; B = vec-
tor of optimized parameters (e.g., K, a, 6,, and n in this work);
q,(t, B) = corresponding model predictions for the parameter
vector; and v, and w;; = weights associated with a particular
measurement set or point, respectively. We assume that the
weighting coefficients w; = 1.0, i.e., that the variances of the
errors in a given measurement set are the same. The weighting
coefficients v; are given by

1

3
na;

)]

Y

thus defining the objective function as the average weighted
squared deviation normalized by measurement variances o 7.
Minimization of the objective function ® is accomplished
using the Levenberg-Marquardt nonlinear optimization method
(Press et al. 1992), which has become a standard in nonlinear
least-squares fitting for hydrologists and soil scientists (van

Genuchten 1981; Kool et al. 1985, 1987; van Dam et al. 1992,
1994).

MATERIALS AND METHODS
Laboratory Aquifer Characteristics

Prototype tests were conducted in a laboratory aquifer mea-
suring 4.7 X 4.7 X 2.6 m (Fig. 5). The laboratory aquifer
material is a sandy soil with occasional kaolin nodules, un-
derlain by 20 cm of gravel. The small kaolin nodules did not
significantly impact the flow regime and therefore were not
considered in the simulations. The bulk density of undisturbed
samples ranged from 1.65 to 1.69 g/cm®. The grain-size dis-
tribution of the sandy soil is shown in Fig. 6. To simulate field
conditions with various soil moisture profiles, the water table
in the laboratory aquifer was raised or lowered by pumping
water in or out of a French drain system. The hydraulic prop-
erties of the soil were determined directly using several stan-
dard methods. Pressure plate (ASTM D-2425) tests were per-
formed to evaluate the drainage branches of the 8(h) curve.
Capillary rise tests were used to evaluate the wetting branch
of the soil-water characteristic curve (Lambe 1951). A con-
trolled inflow method for obtaining soil-water characteristic
curves adapted from Znidarcic et al. (1991) by Ray and Morris
(1994) also was used to evaluate the wetting curve. Pressure
plate tests and the controlled inflow test were performed on
undisturbed samples, whereas the capillary rise column tests
were performed on repacked samples. The nonlinear optimi-
zation program RETC (van Genuchten et al. 1991) was used
to fit 6(k) data to (6). A series of drive tube samples was taken
from the testing area and subject to laboratory constant-head
permeability tests (ASTM D-2334). Besides the laboratory
tests, slug tests and Guelph permeameter tests were performed
in the laboratory aquifer in other studies (Scaturo 1993; Sin-
gleton 1997). Slug test data were analyzed using the Bouwer
and Rice (1976) equation and Guelph permeameter data were
analyzed according the method of Reynolds (1993). The soil
hydraulic properties obtained from these tests are presented in
Table 1.

FIG. 5. Setup of Cone Test in Aquifer Testing System
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FIG. 6. Grain-Size Distribution for Laboratory Aquifer Material
TABLE 1. Soil-water Characteristic Curve Parameters and

Saturated Hydraulic Conductivity Value Obtained from Stan-
dard Test Methods and Inversion of Cone Permeameter Data

Hydraulic Parameters

a n eu Kl
Test methods em™ | -1 | [-] | (cmis)
(1 (2) @ | @ 5)
Standard test methods
Capillary rise (wetting curve)
(Singleton 1997) 0.086 | 3.60 | 0.33 —_
Pressure plate (drying curve)*
(Singleton 1997) 0.036 | 2.07 | 035 —

Controlled inflow method (wet-
ting curve)® (Ray and Morris
1994) 0.139 | 217 | 035

Slug tests (Scaturo 1993)* —_— —_ —_

Guelph permeameter tests*
(Singleton 1997) —_ — — ]0.019

Guelph permeameter tests
(Scaturo 1993) — —_ —_

Constant-head laboratory tests
(Singleton 1997)" 0.047 | 4.24 | 0.21 |0.0039

Cone permeameter test methods

Saturated cone permeameter tests®
(Leonard 1997) 0.040 | 2.12 | 0.35 10.0134

Unsaturated cone permeameter
test:® Inverse solution 1
(8, = 0.008) 0.052 | 699 | 046 |0.01188

Unsaturated cone permeameter
test:" Inverse solution 2
(8, = 0.008, 8, = 0.35) 0.036 | 2.57 | 0.35 |0.01135

*Parameter value determined from several tests.
*Parameter value determined from single test.

0.0073

0.0035

Test Procedure

The prototype was placed in a hole in the laboratory aquifer
and the soil around the cone was backfilled such that the center
of the screened section was 65 cm below the soil surface. Note
that in the field, the prototype would be pushed into the sub-
surface with a cone truck or drill rig and testing would com-
mence shortly after placement. In this work, the water table
was raised to the soil surface and then drawn down 20 cm.
After 24 h, the water table had dropped an additional 6 cm
below the soil surface and the first set of tests was performed.
Tests were run for 500 s, with applied heads (H) of 11, 20,
and 30 cm with respect to the water table for 60 < ¢t < 310 s.
Volumetric flow rates were calculated from scale readings and
(1) was used to determine K for the soil. The water table then
was pumped down to 48 cm below soil surface. Additional
tests were run with 20 cm of applied head and the test data
were analyzed as before (Leonard 1997).

The next day, the water table was lowered to approximately
190 cm below soil surface to establish unsaturated conditions.
This depth ensured that the ensuing tests would not be influ-
enced by the presence of the water table. The laboratory
aquifer was undisturbed for 2 weeks before running the un-
saturated tests, after which time several tests were run with
supply pressure heads of 30 and 50 cm with respect to the
center of the screened section. A representative test was se-
lected for presentation here.

For this particular test, flow data were collected electroni-
cally every second for 0 < ¢ < 900 s. Quiescent pressure head
data were collected for 60 s prior to starting the supply of
water to the screened section. A water pressure head of 50 cm
was supplied to the center of the screen for 60 < ¢ < 460 s.
After the source of water was terminated, data collection con-
tinued as the water redistributed in the flow regime.

Method of Analysis

Only data obtained at 5-s increments while water was flow-
ing into the soil were used in the parameter optimization prob-
lem. Before analysis, cumulative inflow volumes were cor-
rected to account for the slug of water required to fill the
constant-head reservoir inside the cone at the beginning of the
test. Initial conditions for modeling were based on the condi-
tions in the laboratory aquifer. The water table was 189 cm
below ground surface, but the initial pressure head readings at
the tensiometer rings were approximately —50 and —47 cm.
The volumetric moisture content of a soil sample at the same
depth as the screened section of the permeameter was approx-
imately 8%. Because the initial soil moisture distribution near
the prototype was neither hydrostatic nor uniform, initial con-
ditions for modeling were selected as follows. The pressure
head in the domain was set equal to the initial upper tensi-
ometer reading for the soil at and above the elevation of the
upper tensiometer and similarly, equal to the lower tensiometer
reading for soil at the elevation of the lower tensiometer and
below. The pressure heads between the two tensiometers were
distributed linearly. Sensitivity analysis showed that the initial
distribution of the pressure heads in the domain has very little
effect on solution of the inverse problem. This is caused by
the very steep nature of the characteristic curve for pressure
heads used as the initial condition; i.e., changes in water con-
tent are minimal with changing pressure in this range.

The external boundaries were set as no-flow boundaries for
this work. The screened section was modeled as a constant-
head boundary, with pressure heads ranging from 52.5 to 47.5
cm of water (bottom to top) for 60 < ¢ < 460 s. Two inverse
solutions were obtained with different sets of optimized pa-
rameters. In the first case, inverse solution 1 yielded estimates
of the unknown parameters K|, «, 9,, and n, for 8, = 0.008
cm’/cm®. Because the estimated value of 8, obtained from this
solution was not consistent with independently measured val-
ues, we fixed its value and performed a second inversion, in-
verse solution 2, to yield estimates of K|, a, and n, for 0, =
0.35 cm®/cm?® and 8, = 0.008 cm®/cm®. The value of the resid-
ual moisture content was set equal to the value obtained from
the capillary rise experiments, because it would not be iden-
tifiable from a near-saturated test.

RESULTS AND ANALYSIS
Saturated Conditions

Data from the last test in a series of six is shown in Fig. 7
to demonstrate a typical course of experiment under saturated
conditions. Although not used in the calculation of K,, water
pressures at the two tensiometers were measured to identify
the time at which flow conditions were near steady state. The
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Cone Test in Saturated Soil
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FIG. 7. Typical Flow Data from Cone Permeameter Test in Sat-
urated Soll

water table was 26 cm below ground surface and a supply
head of 30 cm above that level was used. Tests were run in
rapid succession of each other. Fig. 7 shows that the initial
pressure heads did not return to the pretest levels of 27.5 and
31.5 cm at the lower and upper tensiometers, respectively, nor
did they immediately return to the initial values after the flow
of water was stopped. The pressure heads at the two tensi-
ometer rings jumped almost instantly to near steady-state val-
ues, as expected for saturated conditions, and were still slightly
elevated 200 s after the flow of water ceased. The cumulative
inflow volume plot is linear, showing that steady-state flow
conditions were attained immediately after the constant-head
reservoir was filled. The K, value was calculated from (1) with
the volumetric flow rate from the test Q in cubic centimeters
per second and the shape factor S = 0.0333 cm™".

Despite the nonequilibrium conditions of the flow regime
before testing, K, values were very stable (Leonard 1997). The
mean saturated hydraulic conductivity obtained from analysis
of 10 saturated tests in a single location was K = 0.0134 cm/
s, with a standard deviation of 0.0081. This result compared
most favorably with K values obtained from the two inverse
solutions (presented in the next section), the slug test results
of Scaturo (1993), and the Guelph permeameter tests of Sin-
gleton (1997) (Table 1). The mean K, value from cone tests
was within one standard deviation (0.00728) of the mean of
the independently determined values of 0.0084 cm/s, suggest-
ing that the cone permeameter also may be used for determi-
nation of K in the laboratory aquifer under saturated condi-
tions.

Unsaturated Conditions

Data from a representative test run under unsaturated con-
ditions are shown in Fig. 8. The cumulative inflow volume
plot shows that near steady-state flow conditions were attained
almost immediately after the constant-head reservoir was
filled. The lower tensiometer responded shortly after the start
of water flow at ¢+ = 60 s. The upper tensiometer responded
approximately 100 s later, rose less steeply, and reached a
lower steady-state head than the lower tensiometer. When the
flow of water was stopped at f = 460 s, the pore-water pressure
heads declined logarithmically.

Cumulative flow and pressure head data for the interval 60
< t < 460 s at 5-s increments were analyzed to obtain soil
hydraulic properties using the inverse code of Simiinek and
van Genuchten (1996) at first with only 6, fixed. The predicted
flow responses from the inverse solution are compared with
observed data in Fig. 9 (inverse solution 1). The cumulative
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FIG. 9. Comparison of Observed Flow Data with Inverse So-
lution 1 and 2 Predictions

inflow volume with time is well predicted by the inverse so-
lution. Predicted pressure heads track closer to the measured
responses for the lower tensiometer (5 cm from the screen)
than for the upper one (9 cm from the screen), but both are
very close to the observed data.

The K value obtained from inverse solution 1 is very close
to the mean value obtained from the saturated cone perme-
ameter tests (0.01188 cm/s versus 0.0134 cm/s). This close
correlation is expected, because the same instrument and lo-
cation were used for the saturated and unsaturated tests. The
K, value from the inverse solution was higher than that ob-
tained from the other field-scale tests sharing similar geometry
and area of influence, with the exception of the Guelph per-
meameter tests performed by Singleton (1997) (Table 1). The
inverse result was also higher than the mean value obtained
from constant-head tests in the laboratory (0.01188 cm/s ver-
sus 0.00385 cm/s).

The soil-water characteristic curves obtained from the in-
version of unsaturated cone test data and wetting and drying
curves obtained from the laboratory measurements fit to (6)
with RETC (van Genuchten et al. 1991) are shown in Fig. 10.
The curve parameters are shown in Table 1. The curve result-
ing from the optimization process (inverse solution 1) was
most similar in shape to the composite wetting curve obtained
from capillary rise experiments at the lower pressure head val-
ues. The saturated moisture content returned by the inverse
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solution (8, = 0.463) was much higher than that obtained from
other test methods, which had a large influence on the shape
of the characteristic curve at the pressure head values near
zero. Earlier numerical experiments with error-free synthetic
data showed that an objective function similar to (8) was most
sensitive to saturated hydraulic conductivity K, and progres-
sively less sensitive to a, 0, and n (Gribb 1996). Here K, was
estimated correctly by the inverse solution for this test,
whereas 0, was not. Therefore, to discover the influence of 6,
on the inverse problem, another inversion was performed in
which 0, was set equal to 0.35. The resulting fit to measured
data is shown in Fig. 9 as inverse solution 2. The fit of the
cumulative inflow volume and the upper tensiometer are not
as good as for inverse solution 1 in which 8, was optimized.
However, the resulting soil-water characteristic curve naturally
takes on a more realistic shape at the pressure heads near zero,
as the 6, value is more in line with the other measured values.
Both inverse solutions return a and n values that are larger
than those obtained for the other test methods, but are closest
in value to those obtained from capillary rise test data.

CONCLUSIONS

In this paper we present a prototype cone permeameter for
collection of transient flow data in unsaturated soil and steady-
state flow data in saturated soil for determination of hydraulic
properties. A calibration chamber and procedure were designed
to calibrate the permeameter tensiometer elements for mea-
surement of negative pore-water pressures in unsaturated soil.
Following calibration, tests were performed in a characterized
laboratory aquifer system to demonstrate the use of the pro-
totype. The performance of the test and subsequent analysis
of steady-state data in saturated soil and transient data in un-
saturated soil are discussed. Because the cone was not moved
between tests, K, values obtained from both methods can be
compared directly without regard for spatial variability.

We found that the cone permeameter flow data could be
analyzed with Hvorslev’s (1951) (1) to determine K, of sandy
soil in the laboratory aquifer under saturated conditions. The
mean K, value obtained with saturated test data was closest to
the independently determined slug tests of Scaturo (1993) and
Guelph permeameter tests performed by Singleton (1997) and
less than an order of magnitude higher than values obtained
using constant-head tests. However, all values of K, for the

laboratory aquifer were within one order of magnitude of each
other.

In unsaturated soil, the inverse solution provided a good fit
between measured and predicted flow responses (i.e., pressure
head and cumulative flow volume) for the course of a cone
permeameter test. The K, value was well estimated by the in-
verse solution, whereas 8, was much higher than the porosity
of undisturbed samples from the laboratory aquifer would sug-
gest. Although the inverse solution for 8, = 0.35 (inverse so-
lution 2) produced a better fit of the soil-water characteristic,
it yielded a poorer fit of the flow data. Fig. 9 shows that the
water reaches the tensiometers too quickly in this case, sug-
gesting that 9, = 0.35 is too small. Although the undisturbed
samples from the laboratory aquifer had dry densities of
1.65-1.69 g/cm’, it is quite possible that the soil that back-
filled around the cone permeameter was not as dense as the
undisturbed soil. Therefore, the 8, obtained from inversion 1
may be more appropriate for the conditions of the test than
the value of 0.35. Drawing specific conclusions regarding the
van Genuchten parameters o and »n is difficult, because the
parameter values obtained from other direct tests vary. How-
ever, it is clear that more work needs to be done to improve
the identifiability of these parameters if this method is to be
applied under field conditions. Siméinek et al. (1998) found
that inclusion of the initial moisture content in the soil, as well
as the final moisture content in the soil after testing, may dra-
matically improve the identifiability of those parameters with
the tension disc infiltrometer.

It is well known that the soil fabric is disturbed because of
cone penetration, and the resulting densification or loosening
of the soil near the cone will greatly affect the hydraulic prop-
erties of the soil. Therefore, disturbance caused by cone pen-
etration must be addressed for this method to progress further.
In addition, a more robust cone permeameter, with automatic
flow control and internal transducers, is needed to test this
method under field conditions. Such a second-generation pro-
totype has been designed and is under construction. Future
work will include quantification of the effects of disturbance
and field testing in different soil types. We also envision in-
corporation of time domain reflectometry components into the
device to provide soil moisture information in addition to the
pressure head data to be used in the inverse solution.

The cone permeameter has the potential to provide a min-
imally intrusive means for measuring hydraulic parameters in
the field, both in the near surface and at depth, while over-
coming many of the shortcomings of other techniques for in-
situ measurement of the hydraulic properties of soils near sat-
uration. A significant advantage to this new approach is that
potentially contaminated materials need not be removed during
the course of testing. Because cone penetration technology is
applicable to depths of 30 m or more, it will not be limited to
near-surface use. Finally, steady-state flow assumptions and/or
approximation of the governing equation are not required for
solution to obtain the hydraulic properties in unsaturated soil.

Since completing this work, this method and device have
been further studied by running tests after direct push of the
permeameter to the desired testing depth (Kodeova et al.
1998a). Variation of the source strength and number of param-
eters estimated, inclusion of additional soil moisture infor-
mation, and the effects of placement also have been studied
(Kodesov4 et al. 1998b).
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

H = applied head above ground-water table for saturated test;
h = pore-water pressure head;
h; = initial pressure head in soil;
hy = supply pressure head imposed at bottom of screened sec-
tion;
K = hydraulic conductivity;
K(h) = hydraulic conductivity of unsaturated soil;
K, = horizontal hydraulic conductivity of saturated soil;
K, = saturated hydraulic conductivity;
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vertical hydraulic conductivity;

number of different sets of measurements;

length of screened section;

pore-connectivity parameter;

van Genuchten-Mualem curve fitting parameter;

van Genuchten curve-fitting parameter;

volumetric rate of flow into soil from screened section;
specific measurements at time ¢, for jth measurement set;
radial coordinate;

ratio of horizontal to vertical hydraulic conductivity;
screened section and cone radius;

shape factor;

time;

weight associated with particular measurement set;

LPLPT WL Y &
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|

weight associated with particular point;

vertical coordinate positive upward;

coordinate of bottom of screen;

van Genuchten fitting parameter;

vector of optimized parameters (e.g., K, a, 6,, and n);

volumetric moisture content;

soil-water characteristic of unsaturated soil;

effective moisture content;

residual volumetric moisture content;

saturated volumetric moisture content;

measurement variances; and

objective function expressing difference between flow
response measured by prototype and those predicted by
numerical model with hydraulic parameter inputs.
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