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

'Asst. Prof., Dept. of Civ. and Envir. Engrg., Univ. of South Carolina,
Columbia, SC 29208.

*Asst. Res., U.S. Salinity Lab., Agric. Res. Service, U.S. Dept. of
Agric., Riverside, CA 95616.

*MS Student, Dept. of Civ, and Envir. Engrg., Univ. of South Carolina,
Columbia, SC.

Note. Discussion open until February 1, 1999. To extend the closing
date one month, a written request must be filed with the ASCE Manager
of Journals. The manuscript for this paper was submitted for review and
possible publication on August 20, 1997. This paper is part of the Journal
of Geotechnical and Geoenvironmental Engineering, Vol. 124, No. 9,
September, 1998. ©ASCE, ISSN 1090-0241/98/0009-0820-0829/$8.00
+ $.50 per page. Paper No. 16466.

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).

820/ JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / SEPTEMBER 1998



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
SA = Screened Area
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FIG. 4. Finite-Element Mesh Used for Modeling Cone Perme-
ameter Test
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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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