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Abstract: This paper critically compares the use of laboratory tests against in situ tests combined
with numerical seepage modeling to determine the hydraulic conductivity of natural soil deposits.
Laboratory determination of hydraulic conductivity used the constant head permeability and oe-
dometer tests on undisturbed Shelby tube and block soil samples. The auger hole method and Guelph
permeameter tests were performed in the field. Groundwater table elevations in natural soil deposits
with different hydraulic conductivity values were predicted using finite element seepage modeling
and compared with field measurements to assess the various test results. Hydraulic conductivity
values obtained by the auger hole method provide predictions that best match the groundwater
table’s observed location at the field site. This observation indicates that hydraulic conductivity
determined by the in situ test represents the actual conditions in the field better than that determined
in a laboratory setting. The differences between the laboratory and in situ hydraulic conductivity
values can be attributed to factors such as sample disturbance, soil anisotropy, fissures and cracks,
and soil structure in addition to the conceptual and procedural differences in testing methods and
effects of sample size.

Keywords: in situ permeability test; Guelph permeameter test; heterogeneities; auger hole test;
oedometer test; soil sampling

1. Introduction

Understanding and predicting water movement or seepage in soils is a vital part of
hydraulic and geotechnical engineering. The movement of water through soil is generally
slow and assumed to be laminar. This flow is described by Darcy’s law, which states that
the velocity of a flowing liquid (v) through a porous medium is directly proportional to
the pressure gradient causing the flow and is the product of the hydraulic gradient (i)
and the hydraulic conductivity (k). Darcy’s law is also valid in unsaturated soils, but the
hydraulic conductivity becomes a function of the water content or the matric suction. Yet,
hydraulic conductivity is the most critical parameter used to understand the flow of water
through soils. An accurate determination of k is necessary for various applications in
either steady-state or transient conditions. For example, analyzing the spatial and temporal
variations in groundwater in response to stream elevation fluctuation is essential for
groundwater storage and recharge [1,2]. Evaluating slopes with rain events or fluctuating
water levels becomes a common approach to better understand the slopes’ stability [3,4].
From the environmental perspective, analyzing the transport and removal of contaminants
or pathogenic viruses is also an interesting issue requiring hydraulic conductivity [5,6].

In general, the hydraulic conductivity can be determined using either indirect or direct
methods. Indirect methods are based on empirical equations that take into account soil
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properties such as particle size distribution or void ratio. Most indirect methods are based
on the fundamental theory of flow through porous media modeled as a system of circular
cross-sectional tubes of different diameters [7]. Thus, these methods generally work better
with granular soils than fine-grained soils. As a result, the application of indirect methods
is usually limited to sandy soils.

In contrast, direct methods are based on laboratory tests with undisturbed or re-
constituted samples and in situ tests where flow conditions are closer to field conditions.
Laboratory tests are performed under controlled conditions such as constant cross-sectional
area and constant hydraulic gradient or flow rate. The ability to impose a desired set of con-
ditions constitutes the main advantage of laboratory testing. Nevertheless, using small test
samples under one-dimensional flow conditions limits this approach’s ability to represent
actual field conditions. Thus, in situ tests are often conducted because of the advantage
of accounting for the complexity of field conditions more accurately than laboratory tests.
In addition, sample disturbance is likely during removal and transportation and can be
avoided using in situ tests.

The differences observed between laboratory hydraulic conductivity (kL) and in situ
hydraulic conductivity (kF) are frequently unpredictable, with values often differing by
several orders of magnitude. Most often, kF is larger than kL, including one case where
the in situ value was up to 46,000 times larger than the laboratory value [8]. On the
other hand, some researchers have reported the conductivity in the lab to be slightly
larger [9,10]. However, these results cannot be generalized because flow characteristics,
particularly in fine soils, can vary significantly depending on several factors. Therefore,
the determination of hydraulic conductivity requires careful execution of tests and proper
selection of experimental methods that consider field conditions’ variability.

When the hydraulic conductivity shows a wide range of variation, it is vital that the
most representative value is selected; thus, utilizing information from other sources is
recommended to increase the reliability. One example is that a simple field monitoring
of the groundwater table (GWT) combined with transient seepage analysis can verify the
validity of the hydraulic conductivity. Namely, the modeling results for various hydraulic
conductivity values and the observed GWT at different locations and different flow events
can be compared to determine a reliable input value and measuring technique of hydraulic
conductivity. Solving such issues using numerical modeling has become very popular
thanks to advances in computing resources.

This study aims to critically evaluate laboratory and in situ tests for hydraulic con-
ductivity and check their validity with transient seepage analysis. The study is performed
using natural soil deposits along the riverbank of the lower Roanoke River, North Carolina,
USA. The numerical models consider the unsaturated soil properties and fluctuations of
the water surface elevation (WSE) are created. Different hydraulic conductivity values
obtained from four other laboratory and in situ tests are applied. The transient seepage
analysis is conducted considering the fluctuations of the WSE, and the modeling results,
which are the predicted phreatic surfaces in the riverbank, are compared to the monitored
GWTs in the field. Four different testing methods are applied to determine the soil samples’
hydraulic conductivity collected from the riverbanks, and their values are compared. The
reasons for the differences are reviewed and discussed. The validity of the selected value is
verified by comparing the observed GWTs in the field to those from the numerical analysis.

2. Test Materials and Methods
2.1. Site Description and Materials
2.1.1. Study Sites

The study sites used for soil sampling, groundwater monitoring, and transient seepage
analysis are located on the lower Roanoke River near Scotland Neck, North Carolina,
U.S.A. (Figure 1). The lower Roanoke River flows through the northern Coastal Plain in
eastern North America. The surface soil consists of Quaternary alluvium with Miocene
and Upper Cretaceous sedimentary materials underlying the alluvium soil layer [11,12].



Water 2021, 13, 1131 3 of 20

Unconsolidated fine sands, silts, and clays are the primary materials, but there are also
clayey Miocene deposits in places [12–14]. Three significant reservoirs—Kerr Lake, Lake
Gaston, and Roanoke Rapids Lake—were created after the construction of Kerr Dam,
Gaston Dam, and Roanoke Rapids Dam, respectively. The Roanoke Rapids Dam is located
about 72 km upstream from the sampling sites, as shown in Figure 1. Depending on
the time of year and prevailing hydrologic conditions, the dam operates in one of four
operational modes: normal, flood control, fish spawning, and drought flow. It is worth
mentioning that 88% of the Roanoke River basin area, including all three major reservoirs,
is located upstream from the Roanoke Rapids Dam [15]. No significant tributaries are
present between Roanoke Rapids Dam and the study sites. Therefore, the WSE at the
study sites is primarily controlled by the Roanoke Rapids Dam’s discharge. Thus, the
downstream WSE can be estimated based on the dam operational mode, supplemented by
observed data from the United States Geological Survey (USGS) gage stations.

Figure 1. Field study site location showing (a) the United States and the location of the lower Roanoke
River watershed in North Carolina; (b) the Roanoke River watershed below the Roanoke Rapids
Dam; and (c) the study sites on the lower Roanoke River.

As shown in Figure 1, five sites were initially selected as study sites considering the
current bank retreat, accessibility, soil conditions, and peaking effect by the dam operations.
After multiple site investigations, site 1 was selected for extensive laboratory and in situ
studies and numerical modeling.

2.1.2. Soil Samples and Properties

Soil samples were collected from holes drilled vertically down to 3 m from the river-
banks’ top and slope surfaces using a hand auger. These samples were analyzed for water
content, void ratio, grain size distribution, specific gravity, and Atterberg limits. The
riverbanks’ top surface soil layer at the study sites consists of sandy soil, classified as silty
sand (SM) by the Unified Soil Classification System (USCS). The top sandy soil layer is less
than 0.5 m deep, and roots and decomposed debris were observed in the samples. The
soil below the top of the bank consisted of thick layers of fine-grained soils with the lower
clayey layer containing lenses of gray Miocene clay. The fine-grained soils collected at
multiple locations were classified as either low plasticity clay (CL), low plasticity silt (ML),
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or high plasticity silt (MH) by the USCS. However, no distinctive continuous horizontal
seams were visible at the field sites. Despite the different classifications in the USCS, the
soils were relatively similar in terms of engineering properties. The physical properties of
the other soil groups are shown in Table 1 and Figure 2. The lower fine-grained soil layer’s
depth was measured to be up to 6 m from the bank top. The numerical model assumed
that this soil layer extends down to 10 m and is underlain by an impervious soil layer.

Table 1. Physical properties of riverbank soils on the lower Roanoke River.

USCS
Soil Type

Soil Properties

Liquid
Limit

Plasticity
Index

Specific
Gravity

Sand
Content

Silt
Content

Clay
Content

LL (%) PI (%) Gs (%) (%) (%)

SM Non-Plastic 2.69 69.5 22.0 8.5
CL 41.6 18.3 2.72 16.9 50.1 33.0
MH 52.7 21.6 2.73 9.2 44.6 46.2
ML 41.2 13.7 2.72 25.4 48.2 26.4

Figure 2. Atterberg limits of soils from the test sites (C: clay, M: silt, O: organic soil, H: high plasticity,
and L: low plasticity).

It was noticed that when an exposed surface of the fine-grained soils was submerged, it
became sticky and slippery. Once the surface dried, however, superficial cracks developed,
and the soil became hard and brittle. Although no distinct soil layers were apparent in
the riverbank, chunks of soil fell off easily when dry, indicating pre-developed small-scale
structured layers. As shown in Figure 3, the silt and clay soils in the field contain pores,
cracks, and aggregates that may lead to the development of randomly structured soil
characteristics.
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Figure 3. Evidence of structured soils: (a) surface condition of CL soil in the field, (b) small-scale structured layer on a
dried sample.

2.2. Determination of Hydraulic Conductivity

Hydraulic conductivity (k) is the primary parameter to identify the flow characteristics
of soils. It describes and predicts the flow magnitude and direction in the soil matrix. Due
to the different degrees of resolution in available experimental methods and soil types,
caution is needed to select and apply a technique. This caution is especially true with
fine-grained soils, where extra care is necessary to estimate an expected value of hydraulic
conductivity. Even though all the employed methods are known to provide saturated
hydraulic conductivity, the actual test conditions and assumptions are different. Thus, the
measured values may show a large discrepancy. Each adopted test is introduced below
with its background and setup in the study.

2.2.1. Constant Head Permeability Test

The most common laboratory permeability test methods are the constant head per-
meability (CHP) and the falling head permeability (FHP) tests. In general, the CHP test is
better suited for granular soils, while the FHP test is preferred for fine-grained soils due
to the its ability to measure smaller flows. However, the CHP test can also be applied to
finer soils using a Mariotte bottle or by superimposing a constant pressure in which the
testing time is reduced by increasing the flow rate [15]. However, this must be performed
cautiously because high pressure can initiate fractures in the soil sample, resulting in
incorrect values of hydraulic conductivity.

In this study, the CHP tests with a constant air pressure were conducted using Tempe
cells. The cell diameter was 5 cm, and the thickness of each sample was about 1 cm. An
initial pressure below 5 kPa was applied to drain water in the system. Then the pressure
was gradually increased to either 20 or 40 kPa and maintained until the drainage rate
reached equilibrium. The hydraulic conductivity by the CHP kCHP is determined using the
Equation (1):

kCHP =
Qd
PA

(1)

where Q = flow rate, d = sample thickness, P = applied pressure head, and A = cross-
sectional area of soil sample. The pressure head was increased in stages, and the results
compared to confirm the hydraulic conductivity remained constant to check for the devel-
opment of fractures during the test.

2.2.2. Oedometer Test

The oedometer test is the most widely used test for the one-dimensional consolidation
of soils. As explained in the American Society for Testing and Materials (ASTM) stan-
dard [16], a constant vertical load is applied to the sample, and a time-deformation curve is
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plotted. After a series of oedometer tests, steadily increasing the constant load for each test,
the primary consolidation under each loading is determined. The results are plotted in a
void ratio e vs. log (p’) curve, where p’ is the effective vertical stress. Terzaghi [17] proposed
an equation that can be used to determine hydraulic conductivity from the oedometer
test. The hydraulic conductivity by the consolidation test kCON can be calculated from the
Equation (2):

kCON = cvmvγw (2)

where cv = coefficient of consolidation, mv = coefficient of volume change, and γw = unit
weight of water. The coefficient of volume change mv is determined from the slope of the
e vs. log (p’) curve. The consolidation test provides hydraulic conductivity values k as
a function of the void ratio e, which can be used to establish e vs. k relationships for the
tested soil samples. Undisturbed specimens for the consolidation tests were trimmed from
the Shelby tube and block soil samples. Each specimen’s typical size was about 63.5 mm in
diameter with a thickness of about 20 mm. A vertical load of 10 kPa was applied initially
and increased up to 760 kPa for each test.

2.2.3. Auger Hole Method

Due to the drawbacks of laboratory tests, including sample disturbance and the
inability to precisely reproduce field conditions, in situ tests performed in the field are often
preferred. The auger hole (AH) method is a quick and simple test that does not require
sophisticated equipment and can be easily performed in the field when the water table is
shallow. It was proposed by Diserens [18] and later improved by many researchers [19].
Additional benefits of the test are (i) the soil profile can be identified during the test, (ii)
disturbed and undisturbed soil samples can be collected while drilling the holes, and (iii)
several tests can be performed simultaneously.

The auger hole method requires monitoring wells to be drilled that extend below the
groundwater table. Once the observation well is completed and the water table inside the
well reaches equilibrium, the test starts by removing the water in the hole. Groundwater
then seeps into the hole, rising until it returns to the original level, and the time required
to reach equilibrium is measured. As shown in Figure 4, the main parameters needed
when conducting an auger hole test are the hole dimensions (radius r, depth h + H), the
location of the water table in the hole (h), and the location of the impermeable layer below
the hole (S). As van Beers [19] described, the results of an auger hole test can be interpreted
using plots developed by Boumans [20] or by applying an equation first proposed by
Ernst [21]. Although the graphical method is more accurate, the Equation (3) is preferable
when the plots are not readily available [19]. The following Equation determined hydraulic
conductivity by the auger hole test kAH for homogeneous soil with an impermeable layer
existing 0.5 H or more below the bottom of the auger hole (S > 0.5H) [21]:

kAH =
4000(

H
r + 20

)(
2 − y

H
) r

y
∆y
∆t

(3)

where r = radius of the hole, H = depth of the hole below the groundwater table, y =
distance between the groundwater table and the average water level in the hole for a given
time ∆t, ∆y = water level change in the hole for a given time ∆t, and S = distance from the
bottom of the hole to the impermeable layer.
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Figure 4. Schematic of the auger hole method. (r = radius of the hole, H = depth of the hole below
the groundwater table, y = distance between the groundwater table and the average water level in
the hole for a given time ∆t, ∆y = water level change in the hole for a given time ∆t, and S = distance
from the bottom of the hole to the impermeable layer).

The variables in the above equation are defined in Figure 4, and the unit for kAH is
m/day even though the input parameters are all in cm or second. Fourteen AH tests in total
were performed at three different riverbank sites. As the tests need to be conducted below
the water table, 13 measuring holes were made with a hand augur (10 cm in diameter),
and one hole was made with a Shelby tube (7.5 cm in diameter). The depth of each auger
hole varied from 0.6 to 1.2 m, and the volume of water withdrawn from the holes was also
different due to the prevailing field conditions.

The Guelph permeameter (GP) method is an in situ constant head test that measures
unsaturated soils’ saturated hydraulic conductivity using a Mariotte siphon reservoir. The
rate at which water flows out of a cylindrical well above the groundwater table is measured,
assuming that the soils around the well are homogeneous and saturated during the test.
However, due to the saturation process in soils above the GWT, GP measurements are
smaller than the actual saturated hydraulic conductivity [22]. Moreover, factors such as the
soil’s initial water content and smearing and compaction of well walls affect the results
significantly [23]. Thus, each hole in this study was finished with a well preparation brush
to remove any smeared layer. Five GP tests were performed at three different riverbanks.

Interpretation of the test results can be made with one- or two-point measurements [24].
Although two-point measurements provide a better estimate of α*, the ratio of saturated
hydraulic conductivity k to matric flux potential φm, measurements of one steady flow rate
with a single ponded head, in which the hydraulic conductivity can be obtained using
Equation (4), is known to be sufficient for estimating hydraulic conductivity [24].

kGP =
CQ(

2πH2
w + πr2C + 2πHw

α∗

) (4)

where Q = steady intake rate of water, Hw = well height, r = well radius, α∗= ratio of ksat to

φm, and C = dimensionless shape factor =
[(

Hw
r

)
/
(

2.074 + 0.093
(

H
r

))]0.754
.
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The GP used in the field is model 2800K1 manufactured by Soilmoisture Equipment
Corp. The test holes were 6 cm in diameter, and the well height varied from 33 to 55 cm.
Further information on the GP method and apparatus can be found in the literature,
e.g., [23,25–30].

2.3. Groundwater Table Monitoring

When modeling transient seepage, the phreatic surface’s location is required as an
initial boundary condition and, subsequently, may have a significant effect on modeling
results. Model predictions for changes in the phreatic surface can be compared to observed
GWT locations in the field. When the water surface elevation (WSE) in the river changes
considerably with time, as may be the case during the passing of a flood, the predicted
modeling results are strongly dependent on the values used for the hydraulic conductivity
of the riverbank soils [31]. Thus, field observations of the groundwater table (GWT) can
validate the hydraulic conductivity and, consequently, the modeling results.

A groundwater table monitoring well was drilled to a depth of 3.2 m on the riverbank
at site 1 using a hand drill, as shown in Figure 5. One GWT sensor was installed at the
bottom of the monitoring well, and another pressure sensor was installed in the river. These
two sensors simultaneously monitored changes in the WSE and the corresponding GWT.

Figure 5. Schematic of the groundwater table observation hole at site 1 with the change in WSE
shown for an example drawdown event.

The GWT sensors were built based on the design developed initially by Dedrick
et al. [32] and upgraded by Riley et al. [33]. The device consists of a differential pressure
sensor and a logger with a 12-bit microcontroller. The pressure sensor measures differential
pressures between atmospheric and water pressures. The logger with the microcontroller
digitizes an analog voltage from the sensor, and the data are stored in the memory. The
measurement period is determined by battery life. Lithium batteries were used, allowing
the sensor to operate continuously for several months. The resolution of the data logger
is generally determined by the capacity of the sensor and microcontroller. The maximum
measurable depth of water was 10 m, and the resolution of the sensor was set to 2.57 mm.

3. Transient Seepage Analysis

The main objective of transient seepage analysis was to compare the groundwater
table observed in the monitoring well with the location of the phreatic surface predicted by
the seepage modeling using hydraulic conductivities measured by the different methods.
By comparing the modeling results and observations, the hydraulic conductivity values
that produced the closest agreement can be determined.

When locating the GWT using transient seepage analysis, a complicating factor is
the need to account for unsaturated soil conditions above the GWT. For unsaturated soils,
the hydraulic conductivity is a function of saturation or soil water content, and seepage
is strongly affected by matric suction. Strictly, modeling of unsaturated seepage requires
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two-phase fluid flow formulation with relative permeability and suction vs. saturation
functions. Determination of these relationships is cumbersome and time-consuming.

On the other hand, the hydraulic conductivity function can be estimated from the sat-
urated hydraulic conductivity and soil-water characteristic curve (SWCC) as an alternative,
which relates the matric suction with saturation. Several methods have been suggested
for this estimation, among which the methods proposed by Green and Corey [34], van
Genuchten [35], and Fredlund et al. [36] are widely used [37].

3.1. Governing Equation

Darcy’s law can be applied to water flow through unsaturated soils using Richards
equation [38]. The governing differential equation for the flow in unsaturated soils is also
based on Darcy’s law for saturated soils and can be stated as follows [39]:

∂

∂x

(
kx

∂h
∂x

)
+

∂

∂y

(
ky

∂h
∂y

)
+

∂

∂z

(
kz

∂h
∂z

)
+ q =

∂θw

∂t
(5)

where h = total hydraulic head, kx, ky, and kz = hydraulic conductivity in the x, y, and z
directions, respectively, q = external boundary flux, and θw = volumetric water content.
Equation (5) describes the conservation of fluid mass in soils and states that the sum of the
rates of flow changes in the x, y, and z directions and the external boundary flux are equal
to the rate of change of volumetric water content per unit time [40].

Assuming that the total stress is constant and the air phase is continuous in the unsat-
urated soils, the change of volumetric water content can be simplified to Equation (6) [39]:

∂θw = mw∂uw (6)

where uw = pore water pressure, mw = slope of the SWCC.
The governing equation for two-dimensional flows is then expressed as Equation (7):

∂

∂x

(
kx

∂h
∂x

)
+

∂

∂y

(
ky

∂h
∂y

)
+ q = mwγw

∂h
∂t

(7)

In partially saturated soils, the hydraulic conductivity decreases as there is less cross-
sectional area through which water can flow. It is known to be the function of matric
suction, which can also be expressed in volumetric water content or degree of saturation.

In MIDAS GTS [41], a couple of options to define the relationships between the matric
suction and relative hydraulic conductivity are available. The van Genuchten model is
one of the available options that define the hydraulic conductivity function for negative
pressure head (matric suction) with curve fitting parameters m and n [41]:

k(h) =

[
1 − (ah)n−1{1 + (ah)n}−m

]2

[
1 + (ah)n]m

2
(8)

where k(h) is the calculated relative hydraulic conductivity; h is the negative pressure
head; and a, n, and m are the curve fitting parameters, whereby a is related to the air entry
suction head, n corresponds to the soil pore size distribution, and m is set equal to 1 − 1/n.

3.2. Modeling Parameters

The SWCC in each soil layer at the field sites was determined using a combination
of Tempe cell tests, pressure plate tests, filter paper tests, and a chilled mirror hygrometer.
The results are presented as a group of data points that construct a continuous SWCC using
van Genuchten’s model for each soil, as shown in Figure 6. Further details of obtaining
the SWCC for the soil deposits in the lower Roanoke River are described in Nam et al. [37].
The SWCCs shown in Figure 6 are used to determine the slope mw required in Equation (7):
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Figure 6. Soil-water characteristic curve data for the four soil types found at the field sites.

The transient seepage analysis is performed using the finite element program MIDAS
GTS developed by MIDAS IT Co. Ltd. [42]. Average values of the additional model-
ing parameters used for the analysis are provided in Table 2. In this study, the mea-
sured soil suction values and corresponding volumetric water contents were directly
entered into the program. The program finds the relative hydraulic conductivity and the
curve-fitting parameters.

Table 2. Soil properties used in transient seepage analysis.

Depth
(m)

USCS
Soil Type

kAuger
(m/s)

kGuelph
(m/s)

kLab
(m/s)

Volumetric
Water Content

(%)

0.0–0.6 SM 1.84 × 10−4 1.44 × 10−5 5.09 × 10−7 46.1
0.6–2.5 CL 2.64 × 10−5 2.08 × 10−8 7.32 × 10−10 50.3
2.5–3.8 MH 1.35 × 10−5 1.69 × 10−8 4.99 × 10−9 48.3

3.8–10.0 CL 2.58 × 10−5 1.86 × 10−8 1.02 × 10−9 47.8

>10.0 Impervious
hard soil 1.26 × 10−8 1.26 × 10−10 1.26 × 10−10 26.0

3.3. Riverbank Geometry and Soil Profile

Riverbank geometry was determined by the ground-based light detection and ranging
(LiDAR) above the water surface and acoustic Doppler current profiler (ADCP) below [43].
The soil profile at each riverbank was established by visual observation and in situ tests in
the field and laboratory tests using soil samples obtained from vertical auger holes. The
hand auger was capable of drilling to depths of up to about 3 m. By drilling at several
locations along the bank slope, the soil profile was identified to a depth of 6 m. Given that
soil layers deeper than 6 m from the bank top could not be visually identified even during
low flow, the thickness of the lowest soil layer below 6 m was assumed based on previous
reports in the literature [13,14]. The riverbanks’ vertical soil profile was simplified using
between three and five soil layers, including the assumed bottom impervious layer for
modeling purposes.

The transient seepage analysis was performed at site 1 on the outer bank of a meander
bend—a location where the GWT was monitored. Figure 7 shows the riverbank geometry
used for the seepage modeling. The model’s width and height are 90 and 30 m, respectively,
following the ratio suggested by Desai [44], and the meshes were generated with 8-node
quadrilateral elements. As for the boundary conditions, the water head is allowed to
change freely on the right side of the model, while the left side is assumed to be the
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constant head boundary. The left boundary is set far enough from the well not to affect the
prediction of the GWT. Laboratory tests and in situ tests with a few exceptions determined
the input parameters for each soil layer, such as k, SWCC, and water content at saturation.
The parameters kGP and kAH were assumed for the SM layer because the tests were not
applicable due to high hydraulic conductivity. The long-term GWT observation data at
the closest GWT monitoring station by the North Carolina Department of Environmental
and Natural Resources (NC DENR) Division of Water Resources (Station no. F22B7,
latitude 36.24◦ N, longitude 77.19◦ W) were analyzed, as shown in Figure 8. The GWT log
overlapped the daily average WSE near the site during the same period, indicating that
both the local groundwater and river elevations fluctuate regularly on a seasonal basis.
Based on this observation, the initial location of the GWT for the numerical modeling was
determined.

Figure 7. Bank geometry and finite element mesh for the transient seepage analysis.

Figure 8. Variation of groundwater table and water surface elevation between 2005 and 2009.

4. Result and Discussion
4.1. Comparison of Hydraulic Conductivities

Hydraulic conductivity of the soils k at four different riverbanks was estimated using
35 laboratory and in situ tests, as shown in Figure 9. The estimated hydraulic conductivities
were compared by soil types, test methods, and sampling/measuring locations. The
hydraulic conductivity of the saturated clay soil (CL) varies from 10−9 to 10−5 m/s. The
two silty soils, ML and MH, show similar ranges between 10−8 and 10−5 m/s. However,
the differences in the hydraulic conductivity between each soil type (CL, MH, and ML)
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are much smaller than that between test methods (AH, CHP, CON, and GP). Similar
trends were observed for the sampling locations, indicating that the differences amongst
locations (sites 1, 3, 4, and 5) are relatively negligible between the test methods (AH, CHP,
CON, and GP). Thus, these wide ranges for hydraulic conductivity seem to be attributable
mainly to the different test methods. The soil types and sampling locations seem to be
relatively insignificant in the saturated hydraulic conductivity estimation for the conditions
encountered on the lower Roanoke River.

Figure 9. Hydraulic conductivity measured by different methods (AH = auger hole, CHP = constant
head permeability, CON = consolidation test, GP = Guelph permeameter).

The auger hole method (AH) resulted in the highest hydraulic conductivity values—
close to 10−5 m/s—followed by the Guelph permeameter test (GP) with values of around
10−7 m/s. The two laboratory methods, the constant head permeability test (CHP) and the
consolidation test (CON), yielded lower values of around 10−9 m/s. The two laboratory
methods resulted in similar values, whereas the difference between the two in situ methods
was about two to three orders of magnitude.

Samples from site 4 were trimmed perpendicular and parallel to the bedding plane
and tested for the anisotropic hydraulic characteristic using the consolidation test (CON).
The results, shown in Figure 10, revealed that the horizontal k was up to 20 times larger
than the vertical k. The implications of anisotropic permeability on the test results are
discussed in detail below.



Water 2021, 13, 1131 13 of 20

Figure 10. Influence of anisotropy and sampling method (V = vertical permeability and H = horizontal
permeability).

4.2. Seepage Analysis

The laboratory and in situ experimental methods used to determine k produced a
wide range of values. Thus, selecting an appropriate value for transient seepage analysis is
difficult given the influence of k on the numerical results’ accuracy and reliability. Using
values from the lower and upper bounds of the range will generate different results for
the transient seepage analysis in terms of the predicted pore water pressure distribution
and phreatic surface location. A numerical method to back-calculate field measurements
of the GWT was employed to validate the model k-values. Transient seepage analysis
was performed using MIDAS GTS [42] with different k-values from laboratory and in situ
tests while keeping geometry, boundary conditions, and other soil parameters constant.
Calculated changes of the phreatic surface with different river water elevations were then
compared to the measured groundwater table from the monitoring wells to evaluate the
various test methods.

Two reservoir release events at site 1 were considered to fit the numerical models
with the different k and monitored GWT. As shown in Figure 11, one event was observed
between 23 and 31 May 2008, with the discharge varying from 354 to 187 m3/s through
three stepped-down stages. The second event occurred between 20 and 29 June 2009, with
the discharge changing from 589 to 292 m3/s in a single step.
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Figure 11. Changes in the GWT with hydraulic conductivity values determined from the field and
laboratory tests for (a) 23–31 May 2008 and (b) 20–29 June 2009.

The observed and estimated GWT and WSE corresponding to the reservoir releases
using different hydraulic conductivities are presented in Figure 11. Klab is the horizontal
hydraulic conductivity that is assumed to be 10 times larger than the vertical hydraulic
conductivity. This figure demonstrates that the GWT responds almost instantly to the
changes in the WSE. The results indicate that the highest k from AH produced the best
agreement with the observed changes in the GWT. The difference between the observed
GWT and the modeling result using the AH values could be due to the uncertainty associ-
ated with estimating the modeling parameters and boundary conditions in the seepage
analysis. Considering the multiple orders of magnitude variations in the permeability
values, the comparison between numerical modeling results and GWTs monitored in the
field supports the validity and utility of in situ hydraulic conductivity measurements.
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4.3. Discussion of Factors Affecting Hydraulic Conductivity

The numerical results produced the closest agreement to observations using the
hydraulic conductivity from the auger hole method, kAH. It is unclear why kAH is higher
than typical values for similar soil types and why significant differences are seen between
in situ and laboratory values. Interestingly, each laboratory test produces similar results
regardless of soil type and location. Thus, it is essential to identify the potential factors that
contribute to this range of values to select the appropriate method to properly determine
permeability values.

(1) Test environment—The values for k from the in situ tests were higher than those
from the lab tests. Of the two in situ tests, the AH method consistently produced
higher values than the GP test. Weber [8] reported field to laboratory permeability
ratios kF/kL for silty clay and sandy silty clay that were as high as 4,900 and 46,000,
respectively. Reynolds and Zebchuk [45] also observed higher k-values with the AH
method than with the GP in clay soil. Dorsey et al. [29] and Gallichand et al. [27]
reported that the AH results in their study produced k-values that were about 1.4
to 83.3 times higher than the GP method. This difference was attributed to the test
environment as the GP is performed after saturating soils near the bottom of the test
hole but above the GWT. In contrast, the AH is performed in saturated soils below
the GWT. Thus, the GP measures field-saturated hydraulic conductivity, which is
smaller than the fully saturated hydraulic conductivity below the GWT. Although the
soil is assumed to be saturated during the GP tests, air may be entrapped during the
saturation process, resulting in a lower value for hydraulic conductivity than that for
fully saturated hydraulic conductivity [46,47]. This situation is further complicated
by the presence of inhomogeneous soil and pore conditions. While other studies have
found that the entrapped air reduces the hydraulic conductivity, the magnitude of the
reduction has been found to range from a factor of 2 to 5 [48,49] to up to 1 to 2 orders
of magnitude [50,51].

(2) Sample disturbance—In general, the logarithm of hydraulic conductivity is expected
to decrease proportionally with a decrease in void ratio. However, the opposite
trend was observed in some of the consolidation test results (see Figure 12), whereby
the hydraulic conductivity initially increased as the void ratio is decreased. The e
vs. log(k) curve follows the expected trend for void ratios below 1.0, but above this
value, the logarithm of hydraulic conductivity increased as the void ratio is decreased.
This trend could be due to sample disturbance resulting from the removal of the
sample and transportation. Sample disturbance alters the fabric or structure of the
samples (e.g., by creating discontinuities) in such a way as to increase hydraulic
conductivity. The effects of sampling disturbance appear to diminish after the soil
has been consolidated to a void ratio lower than 1.0.

Figure 12 also shows that the test results create a relatively narrow band of e vs. log(k)
data for the same soil types shown in the dotted area. This band can be used to determine
the in situ hydraulic conductivity from the experimental data if the in situ void ratio
is known. In general, the field void ratios are more significant than the corresponding
values in the lab for stress levels below the pre-consolidation stress [52]. Thus, the actual
hydraulic conductivity for undisturbed soil samples is expected to be higher than the
values determined in the laboratory.
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Figure 12. Results of the consolidation tests for CL soils from different locations.

(3) Soil anisotropy—As shown in Figure 10, the results of consolidation tests on the
horizontally and vertically trimmed soil samples indicate a horizontal hydraulic
conductivity that is about 20 times larger than the vertical value. Although there was
only one set of tests performed to examine the anisotropic characteristic of hydraulic
conductivity, the finding that the horizontal k (kh) was more significant than the
vertical k (kv) is consistent with previous reports for alluvial soils, i.e., [53,54]. The
higher horizontal k can be attributed to bedding plane cracks and anisotropic deposi-
tional structure in riverbank soils [55]. According to Wu et al. [56] and Casagrande
and Poulos [57], the ratio of horizontal to vertical permeability kh/kv for fine-grained
soils was found to be on the order of 15 and 40. On the other hand, Mitchell and
Soga [58] provide several references (e.g., [59–62]) indicating that this ratio varies but
remains less than 10. While the riverbank soils on the lower Roanoke River exhibit
anisotropy in hydraulic conductivity within the range of previous studies, further
work is needed to clarify the role of soil properties and fluvial processes, such as
erosion and deposition, on the in situ anisotropy.

(4) Preferential flows—The k-values determined by in situ tests, while supported by
observed changes in the GWT, still seem to be larger than typical hydraulic conduc-
tivity values for clay or silt. Similar observations at a natural levee in the Atchafalaya
River Basin, LA, were reported by Newman [63]. Childs et al. [64] reported the much
higher field k and anisotropy for clay soils and observed strictures and fissures in
the soils. Jarvis and Messing [65] observed higher k in loam soils than in sandy soil
but attributed this to the macrostructure induced by earthworms, plant roots, and
shrinkage. Hydraulic conductivities in clay are known to be about 10 to 100 times
different depending on its structures affected by cracks or bio-pores [66]. High hy-
draulic conductivities in fine-grained soils have been described using various terms.
Among these methods are preferential flow, bypass flow, macropore drainage, or
small-scale channeling flow. The definition of each term may vary somewhat, but all
are commonly used to explain unusually high water flow rates in silt and clay soils.
As Figure 3 shows, surface cracks and pores were observed in the field, serving as
visual indicators of preferential flow paths. Beven and Germann [67] suggested that
soil fauna, plant roots, cracks and fissures, and natural soil pipes contribute to the cre-
ation of macropores. They also considered that drought conditions would cause clay
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soil to crack, possibly to a considerable depth, and subsequent soil freezing and frost
heave would also deepen soil cracks. In addition, Regalado and Munoz-Carpena [68]
pointed out that due to natural conditions in the field, in situ test results are spatially
variable due to small-scale heterogeneities such as in structure, texture, flora, fauna,
and soil composition. Although there was no analysis of preferential flows for this
study, it seems likely that preferential flow is the primary factor responsible for the
rapid response of the GWT in fine-grained structured riverbank soils.

5. Conclusions

The hydraulic conductivity of silty sand, silt, and clay obtained from the lower
Roanoke River’s riverbanks was determined using two laboratory tests and two field
test methods. These tests are the constant head permeability test, the consolidation test,
the Guelph permeameter, and the auger hole method. Numerical modeling of transient
seepage using the resulting values for hydraulic conductivity was then performed to es-
timate different GWT locations for two different WSE drawdown scenarios. The results
were compared with the observed GWT in the field.

The results revealed that the hydraulic conductivity from the auger hole method,
kAH, was about 102 times larger than the hydraulic conductivity from the Guelph perme-
ameter, kGP, and up to 104 times larger than the values measured from the constant head
permeameter and oedometer tests (kCHP and kCON). Although kCHP and kCON were closer
to the typically reported range of hydraulic conductivity for homogeneous clayey soils,
the transient seepage analysis indicated the highest k value from the auger hole method. It
produced the GWT prediction that best matched the observed GWT.

The more significant differences seem to be attributed to the heterogeneous soil
conditions in the field. Roots, cracks, and structured soils were observed in the field, which
could cause preferential flow. These factors were not quantitatively analyzed but are known
to affect the in situ hydraulic conductivity. Further analyses of the experimental results, in
conjunction with findings reported in the literature, confirmed the natural variability of
k and the variability between each method. The difference in the hydraulic conductivity
between laboratory and in situ permeability tests can be attributed to anisotropy, sample
size and disturbance, and test method, but indicate that variability due to soil type in the
field was relatively small. It can also be assumed that the combined effect would be more
significant than that of a single parameter.

While the wide range of k-values occurring in natural deposits are well documented,
k also depends on the test methods. Thus, the determination of k for riverbanks with struc-
tured fine-grained soils needs to be performed with care as many in situ factors that accel-
erate seepage may exist in the field. When determining k, especially for non-homogeneous
fine-grained soils commonly found on riverbanks, a single source of information may not
adequately represent the soils’ actual hydraulic conductivity. Thus, it is recommended that
additional information be considered, including visual investigation, the geological and
geomorphological background of the site, and numerical modeling, to increase reliability.
In addition, a comparison of long-term observations with results of numerical seepage is
analysis is recommended.
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