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Abstract

Infiltration stormwater control measures (SCMs) have the potential to contribute
towards mitigating the effects of urbanization on downstream receiving waters.
Infiltration SCMs are most often successful when the in-situ saturated hydraulic
conductivity (Kg,) is well characterized. In this paper numerical solutions of the
Richards’ equation are used to quantify the bias of seven infiltration measurement
methods, removing natural variability and random error from the analysis. The meth-
ods evaluated in this study include the double ring infiltrometer, Saturo infiltrometer,
modified Philip—Dunne infiltrometer, Turf-Tec IN2-W infiltrometer, USBR 7300-89
well permeameter, Philip—-Dunne permeameter, and the Guelph permeameter. Seven
homogenous, isotropic soil textures were simulated at four initial soil moistures for
the seven methods, resulting in a total of 196 simulations. The dimensionless bias
is defined as the “measured” K, determined by a given method divided by the
K,

sat Input to the numerical experiments. The “measured” K, is in quotations to

identify the measurement occurs in a numeric experiment rather than in a physi-
cal experiment. In sand through silt loam soils that are typical of infiltration SCMs,
the simulated methods have a bias in the range of 0.7-6.2. The Turf-Tec was the
only infiltrometer that produced a bias >2.5 for these soils. Initial effective sat-
uration had a minimal contribution to bias for most methods. Methods that rely
on a one-dimensional (1D) flow assumption consistently overestimated the K,;.
Borehole methods produced results with bias similar to surface methods. Long dura-
tion methods did not consistently produce more accurate results than short duration

methods.

Abbreviations: DRI, double ring infiltrometer; GP, Guelph permeameter; Hy, initial soil water pressure head; K, saturated hydraulic conductivity; LSa,
loamy sand; MPD, modified Philip-Dunne infiltrometer; PD, Philip-Dunne permeameter; Sa, sand; Saturo, Saturo infiltrometer by Meter Group; SaC, sandy
clay; SaCL, sandy clay loam; SCM, stormwater control measure; Se, effective saturation; SiC, silty clay; SiL, silt loam; SaL, sandy loam; TT, Turf-Tec IN-2W
infiltrometer; USBR, U.S. Bureau of Reclamation; WP, USBR 7300-89 well permeameter.
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1 | INTRODUCTION

Infiltrating stormwater control measures (SCMs) have the
potential to improve stormwater runoff water quality and
reduce runoff volumes relative to urban systems without
SCMs, particularly for small, frequent rain events. Infiltra-
tion SCMs include infiltration basins, infiltration trenches,
infiltrating rain gardens, and bio-infiltration basins among
other practices. Unfortunately, infiltration SCMs have a fail-
ure rate in the range of 10-50% (Bean & Dukes, 2016; CTC &
Associates LLC, 2018; Hilding, 1994; Lindsey, et al., 1992).
This failure rate represents a time period where the water
quality and water quantity goals are not realized and as well
as a significant capital expenditure to remediate the failure.
One of the causes contributing to this failure is that the in-
situ saturated hydraulic conductivity (K,) is often not well
characterized. Some state jurisdictions allow soil texture to
be used as a proxy for in-situ measures of K, (Minnesota
Pollution Control Agency, 2018; Washington State Depart-
ment of Ecology, 2014; Wisconsin Department of Natural
Resources, 2017). However, the variability of K, within a
soil texture group can exceed the variations between soil tex-
ture groups (Lee et al., 2016). Some state jurisdictions allow
the in-situ infiltration measurement from a single point to
be used for design (Minnesota Pollution Control Agency,
2018; North Carolina Department of Environmental Quality,
2020; Pennsylvania Department of Environmental Protection,
2006). However, soil properties can vary significantly across
short distances even within a single soil order (Mulla &
McBratney, 2001). Therefore, multiple measurements of K,
are necessary to capture this natural heterogeneity even for
relatively small infiltration SCMs (Asleson et al., 2009; Paus
et al., 2014).

Regulating agencies often consider a variety of measure-
ment methods to be acceptable (Minnesota Pollution Control
Agency, 2017; Washington State Department of Ecology,
2014). However, there is limited information on the bias
associated with each method.

Many factors can influence measured K, values in the
field. Some factors can be controlled or corrected, such
as influent temperature. Others present persistent problems
that are not easily quantified, such as the influence of the
chemical-physical condition of the sediment, soil structure,
or entrapped air (Johnson, 1963). Emerson and Traver (2008)
found that intra-annual variability of infiltration rate varied by
roughly a factor of 2, resulting primarily from temperature-
induced viscosity changes of the ponded water. Numerous
studies have completed infiltration measurements using var-
ious methods, in various land uses, and found the range of
measured values often exceeded an order of magnitude within
a distance as short as 1 m (Asleson, et al., 2009; Gupta, et al.,
2006; Munoz-Carpena, et al., 2002; Press, 2019; Reynolds,
et al., 2000). The lack of an independent reference standard

Core Ideas

* Small infiltration tests with 3D flow corrections
can be fast and accurate, requiring less water.

¢ Infiltration measurement methods that use a 1D
flow assumption consistently overestimate K,;.

¢ Infiltration tests achieve reasonable accuracy in
<1.1 h in coarse soils typical of infiltration
stormwater control measures.

for which to compare field measured K, values is perhaps
the greatest difficulty in assessing bias of infiltration measure-
ment methods using field sites (Reynolds et al., 2000). It was
therefore determined that the bias inherent to each infiltra-
tion measurement method could not be isolated from natural
variability under field conditions.

There are two primary sources suspected to be contribut-
ing to bias in infiltration measurements. For methods that
assume one-dimensional (1D) flow, the bias is likely due to
the true flow path diverging laterally, creating an overesti-
mation of the true K. Alternatively, there are methods that
account for the three-dimensional (3D) flow either through
an assumed geometry or an empirical correction factor. The
source of bias in these methods likely derives from a differ-
ence between the assumed and true flow geometries and may
either underestimate or overestimate the true K.

It is proposed to use a numerical solution of the Richards’
equation to conduct numerical experiments of infiltration for
each of the different infiltration methods and thereby remove
the unknown natural variability of soils. Values of K, input to
the numerical experiments would serve as an independent ref-
erence standard to assess bias. Such numeric simulations have
been previously used to successfully evaluate individual infil-
tration measurement methods (Ahmed et al., 2014; Reynolds,
2010), unique soil conditions (Kindred & Reynolds, 2020),
and SCM performance (Sasidharan et al., 2018). The limited
scope of these previous studies does not allow for a simple
comparison between methods. The objective of this study is
to use numerical experiments to evaluate the bias of seven
commonly used infiltration methods, removing spatial vari-
ability and other unknown sources of error associated with
field measurements.

2 | METHODS
2.1 | Numerical solution procedure

The Subsurface Flow module within the COMSOL Multi-
physics 5.4 software package was used to implement the
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Geometry of the domain and boundary conditions for each simulated method. DRI, double ring infiltrometer; SAT, Saturo

infiltrometer; MPD, modified Philip—Dunne infiltrometer; TT, Turf-Tech infiltrometer; WP, well permeameter USBR 7300-89; PD, Philip—Dunne

permeameter; GP, Guelph permeameter

finite element solutions (COMSOL, 2020). All numerical
experiments were conducted using time dependent numeri-
cal solutions. The variably saturated flow was assumed to be
governed by the Richards’ equation (Richards, 1931). A mod-
ified form of the van-Genuchten Mualem soil-water retention
function was implemented following Vogel et al. (2001).

A two-dimensional axisymmetric domain was established
for all numerical experiments. Half of each infiltrometer was
placed in the domain, corresponding to the axisymmetry.
The top boundary outside the infiltrometer and the outer
vertical boundary were specified as a no flow condition,
and the domain was sufficiently large such that the no flow
boundaries did not influence the variably saturated flow from
the simulated device. The bottom boundary, representing
vertical flow to lower soil stratum, was defined as the unsatu-
rated hydraulic conductivity under a unit hydraulic gradient,
that is, was free draining. The constant head methods were

prescribed using a constant pressure head boundary condition
in the infiltration device. The falling head methods were spec-
ified by determining the cumulative time variable flux across
the device boundary, converting it to an equivalent depth, and
subtracting this equivalent depth from the initial head applied
to the boundary. Rings that penetrated the soil domain were
represented using an interior wall boundary condition. Bore-
holes were represented by removing the area of the borehole
from the soil domain, with the appropriate boundary condi-
tion applied within the borehole. For uncased boreholes, the
pressure head boundary condition was applied as a function
of elevation within the borehole. A step function, smoothed
to eliminate discontinuities in the first two derivatives, was
used to smooth all sharp transitions in boundary conditions,
including initialization and rapid changes in head, to facil-
itate solution convergence. See Figure | for the geometry
of the domain and boundary conditions simulated for each
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TABLE 1
method

Meshing parameters for each infiltration measurement

Infiltration
measurement method No. of elements Range of element sizes

m
DRI 12,675 1 x 107°-0.025
Sat 1,271 1 x 1073-0.03
MPD 3,230 1 x 107°-0.025
TT 3,833 1 x 1075-0.025
WP 8,839 1 x 10°-0.05
PD 6,002 1 x 1073-0.025
GP 3,232 1 x 1073-0.05

Note. DRI, double ring infiltrometer; GP, Guelph permeameter; MPD, modi-
fied Philip-Dunne infiltrometer; PD, Philip-Dunne permeameter; SAT, Saturo
infiltrometer; TT, Turf-Tech infiltrometer; WP, well permeameter USBR 7300-89.

INOINININININININININININ

FIGURE 2
an example of the mesh used for simulations

Modified Philip-Dunne infiltrometer mesh shown as

infiltration measurement method. Each infiltration measure-
ment method was simulated using a finite element mesh as
described by Table 1; an example mesh is shown for the
modified Philip—Dunne infiltrometer (MPD) in Figure 2.
The soil physics moisture properties of seven different
homogeneous, isotropic soils were specified as input to
the simulations. While field soils are heterogeneous and
anisotropic, the simplification to a homogeneous and isotropic
soil domain provides an unambiguous reference standard to
isolate the bias associated with each infiltration measurement
method from other factors. The soil water retention charac-
teristics (K, o, n, 6, 6,) of each specified soil texture was
based on the mean value of each parameter following Carsel
and Parrish (1988) and are displayed in Table 2. For all soil
textures, the minimum capillary height (hy) was set to —2 cm
and the extrapolated water content parameter, 6,,,, was calcu-
lated as a function of the soil water retention characteristics

following (Vogel et al., 2001). Four different initial soil water
pressure head (Hpo) conditions were defined for each soil
texture. For coarse soils, the initial effective saturation (Se)
varied from approximately 20-80% in 20% increments, with
the usual definition of effective saturation being given by
Se =(0-6,)/(8, —6,), where 0, is the residual volumetric soil
water content and 6, is the saturated volumetric soil water con-
tent. Finer textured soils were limited to a maximum absolute
value initial soil water pressure head of —10 m, in increments
of 2.5 m. This was selected as clay soils in natural conditions
would retain water and be relatively moist. In all cases, the
initial effective saturation values covered a range of likely val-
ues on the soil-water retention function. Each combination of
infiltration measurement method, soil texture, and initial soil
moisture was implemented resulting in a total of 196 simu-
lations (seven infiltration measurement methods, seven soil
textures, and four initial soil moistures).

The bias is defined as the “measured” K, determined
by the device procedure, divided by the K, input to the
numerical experiment. The “measured” K, is in quotations to
indicate the measurement occurred in a numeric experiment
rather than in a physical soil. For the double ring infiltrometer
and Turf-Tec infiltrometer, the quasi-steady-state infiltration
rate is assumed to approach K, as the hydraulic gradient
approaches unity. Therefore, a bias of 1 indicates the infil-
tration measurement method exactly calculated the input K,
value. Bias of <1 indicates an underprediction of the input
K, while bias >1 indicates an overprediction.

2.2 | Infiltration measurement methods
A total of seven infiltration measurement methods were eval-
uated in this study. These methods were selected as they are
either allowed by regulating agencies, well cited in the litera-
ture, or there is interest in adopting the method if it is shown
to be reasonably accurate. The infiltration measurement meth-
ods evaluated in this paper are the double ring infiltrometer
(DRI), Saturo by Meter Group (SAT), MPD, Turf-Tec IN2-W
infiltrometer (TT), Well Permeameter USBR 7300-89 (WP),
Philip-Dunne permeameter (PD), and Guelph permeameter
(GP). These methods include both constant head and falling
head methods. The observed variable for the constant head
methods is the time variable flow rate, while the observed
variable for the falling head methods is the time variable
head. The output from the numerical experiments was post-
processed following the procedure described by each method
to determine a K, value. For methods that calculate infiltra-
tion rate rather than K, the quasi-steady infiltration rate is
typically assumed to be equal to K. That assumption will be
made herein.

The DRI as defined by ASTM International (2018b) is per-
haps the most commonly implemented method for measuring
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TABLE 2
Parrish (1988)

Soil texture K, o
ms™! I m™!
Sand 8.250 x 107> 14.5
Loamy sand 4.053 x 107> 12.4
Sandy loam 1.228 x 1073 7.5

Sandy clay loam 3.639 x 107° 5.9
Silt loam 1.250 x 10~° 2

Sandy clay 3333 % 107 27
Silty clay 5556 x 1078 0.5

2.68

2.28

1.89

1.48

1.41

1.23

1.09

Vadose Zon 5of 16

Soil water retention function parameters associated with each simulated soil texture, based on the mean values from Carsel and

0, 0, H,, Se,
m
0.045 043 ~0.05 82%
~0.0752 61%
~0.1079 41%
~0.1745 20%
0.057 0.41 ~0.0589 82%
~0.0958 61%
~0.1499 41%
~0.2762 20%
0.065 041 ~0.1023 81%
~0.1901 61%
~0.3438 41%
~0.7985 20%
0.1 0.39 ~0.1682 81%
~0.42 61%
—~1.0966 41%
~4.7953 20%
0.067 0.45 ~0.5526 80%
~1.5184 60%
~4.5058 40%
10 29%
0.1 0.38 ~0.7278 80%
~3.2146 60%
-75 50%
10 47%
0.07 0.36 25 93%
-5 90%
-75 87%
10 85%

Note. o, shape parameter; n, pore-size distribution parameter; 6,, residual volumetric water content; 6, saturated volumetric water content; H,,, initial soil water pressure

head; Sey, initial effective saturation.

infiltration rate. A constant head is maintained in two concen-
tric rings, and the volumetric flow rate is measured in each
ring. The volumetric flow rate of the inner ring is used to cal-
culate the value of K, from the infiltration rate using a 1D
flow assumption. The simulated test soil surface is contained
within the 30-cm diam. inner ring, resulting in a horizontal
test area of 706.9 cm?.

The Saturo is a proprietary device that calculates the K,
using a single ring infiltrometer and a dual head calculation
procedure (Meter Group, 2019). The dual head procedure uses
the measured steady-state infiltration rate at two different con-
stant head levels. The Saturo documentation recommends two
cycles of alternating high- and low-pressure head for wet soils,
and three cycles for dry soils. Three cycles were used for
all conditions herein. The recommended total run time varies

from 75 to 180 min based on soil texture and moisture. The
theory supporting the dual head procedure is based on the
work of Reynolds and Elrick (1990) and Nimmo et al. (2009).
The Saturo insertion ring has a 14.4-cm diam., resulting in a
horizontal test area of 162.9 cm?.

The MPD is an ASTM standard single ring falling head
device that uses an optimization procedure to calculate the
K, and Green-Ampt soil suction head (ASTM International,
2018a). The optimization uses the measured time variable
head within the single ring, initial and final volumetric soil
water content, Green-Ampt assumptions of a sharp wetting
front, and an assumed capped spherical saturation zone geom-
etry. The MPD simulations were completed with an initial
ponding depth of 30 cm and were terminated when 30 cm
of water had infiltrated or a maximum duration of 24 h. The
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MPD uses a 10-cm diam. ring, resulting in a horizontal test
area of 78.5 cm’.

The TT is a small, falling head, double ring infiltrometer
(Turf-Tec International, 2017). The TT has historically been
used in the turf-management industry. However, the small
size, ease of use, and minimal water requirement have gener-
ated interest in the TT. The TT uses a time-averaged 1D flow
assumption to calculate the infiltration rate, which is assumed
to approach K, following an initial wetting period. In this
paper, a 15-min wetting period and a 15-min testing period are
used for all soil conditions as recommended by the Turf-Tec
manual, although the user can vary this period based on the
observed infiltration rate and user experience. The inner ring
of the TT has a diameter of 6.03 cm, resulting in a horizontal
test area of 28.6 cm?.

The WP is a constant head borehole method completed
in an uncased borehole (U.S. Bureau of Reclamation, 1989).
The WP uses a steady-state flow assumption, and an empiri-
cal correction for the 3D flow including lateral flow through
the uncased borehole. The WP can be completed with various
configurations of well diameter and ponding depth. Follow-
ing recommendations for a typical configuration, the WP was
simulated with a 15-cm diam. borehole (177 cm? horizontal
area) and a ponding depth of 15 cm.

The PD is a falling-head method implemented in a solid
walled borehole (Philip, 1993). A spherical 3D flow geometry
is assumed. The time variable head, initial and final volu-
metric soil moistures, an assumed spherical flow geometry,
and borehole geometry are used to calculate the K, and soil
suction head using an optimization procedure. The PD proce-
dure applied within this paper uses the entire time variable
head curve and a trust-region-reflective algorithm within a
nonlinear least squares regression (MathWorks, 2022) to opti-
mize the K, and soil suction head. The PD simulations were
terminated when 30 cm of water have been infiltrated or a
maximum duration of 24 h. The PD was simulated using a
10-cm diam. borehole (78.5 cm? horizontal area), although
alternative diameters are possible.

The GP is a proprietary borehole device that calculates
K, soil sorptivity, and matrix flux potential in an uncased
borehole (Soilmoisture Equipment Corp., 2012). The GP can
calculate soil properties using either a single head or double
head method, depending on the desired accuracy. This study
implemented the more accurate double head method. The
GP was originally described by Reynolds and Elrick (1986).
Three-dimensional flow is accounted for by a shape factor
that is a function of the soil microscopic capillarity length
and therefore varies with soil texture as described by Zhang
et al. (1998). The GP is simulated using a 6-cm diam. bore-
hole (28.3 cm? horizontal area), and constant head depths of
10 and 20 cm.

Some important characteristics of each of the seven
infiltration measurement methods are summarized in Table 3.

2.3 | Documented accuracy of infiltration
methods

The seven infiltration methods discussed have varying levels
of documentation on their respective accuracy. The DRI and
MPD standards both indicate the measures are primarily for
comparative use, that many factors influence the tests, and
a quantitative statement on precision or bias is not provided
(ASTM International, 2018a, 2018b). The Saturo is stated
to have an accuracy of +5% with respect to the measured
infiltration rate (Meter Group, 2019), and therefore the K,
that is calculated from the infiltration rate at two head levels
will have a corresponding error. The GP states that the single
head method can estimate K,, within a factor of 2, and that
the two head method is more accurate, but the accuracy of
the two head method is not clearly documented (Soilmoisture
Equipment Corp., 2012). The TT manual discusses accuracy
and variation from lab measures as a result of the TT cap-
turing field conditions such as vegetative cover and in-situ
soil properties, but a quantitative statement regarding accu-
racy is not made (Turf-Tec International, 2017). Philip (1993)
describes the PD procedure as approximate, although does
not quantify the approximation. No statement on the accuracy
of the WP could be located. The motivation of this work is
to provide a quantitative estimate of the bias associated with
each method and allow the relative accuracy to be compared
between methods.

24 |
method

Recommended K, range for each

The recommended K, range of each infiltration mea-
surement method was identified, when available. Table 4
describes which soils are likely to be well characterized by
each infiltration measurement method based on the available
documentation. Infiltration measurement methods are likely
to be less accurate when implemented in a soil with hydraulic
properties outside the recommended range.

2.5 | Determination of quasi-steady state

All numerical experiments completed in this study were for
transient conditions, although four of the seven methods use
a constant head flow condition and a steady-state assump-
tion. A transient analysis is implemented to mimic the field
measurement methods as closely as possible. Therefore, a cri-
terion for quasi-steady state is required to determine when
the method would be terminated if completed in the field.
Of the four constant head methods, only the Saturo provides
specific guidance on the duration of the test. The Saturo sim-
ulations were completed for three cycles alternating high-and
low-pressure head, as recommended for dry soils, for each soil
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TABLE 3 Comparison of selected infiltration measurement methods
Infiltration measurement Test Assumed Measured
method Flow condition arrangement dimensionality property
DRI Constant head Surface 1D Infiltration rate
SAT Constant head Surface 3D K
MPD Falling head Surface 3D K
TT Falling head Surface 1D Infiltration rate
WP Constant head Borehole 3D K.
PD Falling head Borehole 3D K,
GP Constant head Borehole 3D K.

sat

Note. 1D, one-dimensional; 3D, three-dimensional; DRI, double ring infiltrometer; GP, Guelph permeameter; MPD, modified Philip-Dunne infiltrometer; PD, Philip—
Dunne permeameter; SAT, Saturo infiltrometer; TT, Turf-Tech infiltrometer; WP, well permeameter USBR 7300-89.

TABLE 4 Recommended range of K, for the infiltration measurement methods and soil textures

Infiltration

measurement

method,

recommended K,

range Sa LSa SalLL SaCL SiL SaC SiC

K, =825x K, =4053 K, = 1228 K, =3.639 K, =125x K, =3.333 K, =5.556
10° m x 107> m x 107 m x 107® m 10 m x 107" m x 1078 m
¢! ¢! ¢! ¢! ¢ ¢! ¢

DRI 1 x 1077-1 x X X X X X X -
10~ ms~!

Saturo, 2 X 1078-3 x X X X X X X X
107 ms~'2

MPD, 6.9 X 10774 x X X X X X - -
103 ms™!

TT, 4.4 x 1077-3 X X X X X X - -
10*ms'®

WP, 1 x 1077-1 x X X X X X X -
103 ms™!

PD, 6.9 X 10774 x X X X X X - -
103 msle

GP,1x107-1x107* X X X X X X -
ms~!

Note. DRI, double ring infiltrometer; GP, Guelph permeameter; MPD, modified Philip—Dunne infiltrometer; PD, Philip-Dunne permeameter; SAT, Saturo infiltrometer;
TT, Turf-Tech infiltrometer; Sa, sand; LSa, loamy sand; SaL, sandy loam; SaCL, sandy clay loam; SiL, silty loam; SaC, sandy clay; SiC, silty clay; WP, well permeameter
USBR 7300-89. An “X” and a “-” indicate the soil is within and outside the recommended K, range of the method, respectively.
“The range of K, is estimated from the range of infiltration rates, recommended difference in applied pressure head (Meter Group, 2019), and with a quasi-steady state

Darcy’s Law assumption.

bClearly defined minimum and maximum values could not be located within Turf-Tec International (2017). The minimum and maximum values were estimated based on
the device gradation, range of suggested monitoring durations, and the assumption that quasi-steady-state infiltration rate approaches K.
¢Clearly defined minimum and maximum values could not be located for the PD within Philip (1993). The minimum and maximum values were based upon values

established for the MPD.

type and initial soil moisture. The GP does not provide a min-
imum required duration but recommends monitoring the rate
of fall in the supply reservoir until the rate does not change
significantly over three consecutive time intervals. The dura-
tion of the time intervals may vary from 2 to 15 min as the
soils vary from coarse to fine. The GP does not clearly, quan-
titatively define what constitutes a significant change over a

time interval. The DRI and WP have a 6-h minimum duration
but recommend extending the test duration if the flow rate
has not stabilized. In addition, the WP provides a minimum
and maximum volume of water that should be infiltrated, but
quantitative guidance on when to terminate the test between
these volumes was not located. The guidance on the DRI and
WP both refer to continuing the test until a relatively constant
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FIGURE 3 Example of the simulated change in effective
saturation. The modified Philip-Dunne (MPD) method is simulated
with a sandy loam soil and Se, = 41%. The simulation terminated at
118 min when the simulated cylinder of water was completely drained.
t, time; Se, effective saturation

flow rate is obtained, but do not provide quantitative guid-
ance on what is sufficiently minimal change. The PD, MPD,
and TT are falling head methods and therefore do not require
an assumption of quasi-steady state.

This paper will implement a quasi-steady state criterion for
the DRI, WP, and GP as a variation of flow of <1% over a
duration of 15 min. The DRI and WP will use a minimum
test duration of 6 h. The WP will also use the minimum water
volume recommended in the method.

3 | RESULTS

The Richards’ equation calculated the effective saturation
throughout the model domain at each time step of the sim-
ulation. The effective saturation distribution influences the
unsaturated hydraulic conductivity and the observed infiltra-
tion rate. Figure 3 shows the change in effective saturation for
the MPD method over the simulation period as an example.
All simulations were run on a single node with four cores and
8 GB of memory; the total run time for 196 simulations was
46 h, 5 min, 34 s.

Antecedent soil moisture is highly variable spatially and
temporally in natural conditions. A dry antecedent soil mois-
ture may require a longer test duration to achieve a steady-state
condition. Figure 4 shows the bias as a function of the initial
effective saturation for each of the seven infiltration measure-
ment methods. It is observed that the variation in bias across
initial effective saturation values within a soil texture class is
relatively minimal for most soil textures except the silty clay.
This indicates that the test durations are sufficient to allow a
quasi-steady state to develop for the methods implementing a
steady-state assumption, and that initial effective saturation is
likely not a substantial source of bias. The TT is influenced
the most by initial effective saturation, most notably in fine-
textured soils. Tabulated results are given in supplemental
material Supplemental Tables S1 through S7.

The duration of time required to take a measurement in the
field is a metric approximating the difficulty of completing
the measurement. Figure 5 shows the bias as a function of
the duration of time that the test would be run in the field for

each infiltration measurement method and soil texture. Tabu-
lated results are given in supplemental material Supplemental
Tables S1 through S7.

The bias of each simulation tends to get closer to 1 by
extending the test duration, and the value plotted in Figure 5
is the time when the simulation was terminated. The trend of
bias increasing with duration is a result of soils that are finer
and drier requiring both a longer testing duration and having a
higher bias than coarser or initially wetter soils. The duration
of time in Figure 5 only includes the time when the method
is actually infiltrating water, and excludes any time associ-
ated with assembly or disassembly in the field. Therefore, the
results in Figure 5 should be considered comparative, between
methods and soil textures, rather than an absolute statement
on the duration required to complete each method.

As shown in Figures 4 and 5, the DRI performs consis-
tently for all soil textures within the recommended K, range
of the method. The DRI bias varies between 1.18 and 1.76
for soils sand through sandy clay that are within the recom-
mended K, range. It is of note that all biases exceed 1 and
are therefore nonconservative, in that the SCM will infiltrate
below expectations. The DRI documentation (ASTM Interna-
tional, 2018b) does require a minimum test duration of 6 h and
sandy clay and silty clay textured soils may require a duration
in excess of 24 h to achieve steady state, as shown in Figure 5.

The Saturo performed well showing a bias in the range of
1.16-1.49 for sands through sandy clay soils. The maximum
bias was 2.27 and occurred in a dry, silty clay. The Saturo was
arelatively rapid test with durations varying between 115 and
180 min for all soil textures.

The MPD both underpredicted and overpredicted K, with
bias ranging from 0.95 to 1.08 when considering sand through
silt loam soils that are within the recommended K, range of
the method. The range of bias increased to 0.88—1.96 across
all soil textures including those outside the recommended K,
range and when less than the full water depth was infiltrated.
The time required to infiltrate 30 cm of water, as shown in
Figure 5, varied from 19 min for the sand to in excess of 24 h
for the sandy clay and silty clay soil textures. The MPD would
be arapid test for sand and loamy sand soils with test durations
<45 min. It would be less rapid for sandy loam and sandy clay
loam soils, with test durations of approximately 2 and 6.5 h,
respectively. Arrangements for longer duration tests would be
required for silty loam, sandy clay, and silty clay soil textures.

The TT showed the greatest bias of any of the methods eval-
uated. The variability in the bias across initial soil moisture,
within the same soil texture, was relatively minimal for coarse
soils where infiltrating SCMs are likely to be constructed. The
bias varied between 2.15 and 6.21 for soil textures from sand
to silt loam. The maximum bias was 20.28 for the dry, silty
clay. Two consecutive 15-min periods were implemented;
therefore, all durations of the test are 30 min as shown in
Figure 5.
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FIGURE 4 Bias as a function of initial soil moisture for each combination of method and soil type. There are silt loam, sandy clay, and silty

clay points on the Turf-Tec (TT) subplot that exceed the displayed range of bias. DRI, double ring infiltrometer; SAT, Saturo infiltrometer; MPD,
modified Philip—Dunne infiltrometer; TT, Turf-Tech infiltrometer; WP, well permeameter USBR 7300-89; PD, Philip—Dunne permeameter; GP,

Guelph permeameter

The WP had bias ranging from 1.37 to 2.42 for sand through
sandy clay soils that are within the recommended K, range
of the method. The maximum bias was 3.98 for the dry, silty
clay. The minimum duration of the test is 6 h. For the sandy
clay and silty clay soil textures the method did not achieve
either the quasi-steady state criteria or the minimum volume
within the 24-h simulation.

The PD bias ranged from 0.73 to 1.14 for soil textures
in the range from sand through silt loam that are within
the recommended K, range. The full depth of water infil-
trated within the maximum 24-h simulation duration for these
soils. The range of bias increased from 0.15 to 1.58 across
all soil textures including those outside the recommended
K, range and when less than the full water depth was
infiltrated.

The GP had a bias ranging from 0.95 to 1.41 for soils from
sand through sandy clay that are within the recommended K,
range. The bias increased to a maximum of 2.2 for the dry,
silty clay, which is outside the recommended K, range. The
test duration was relatively rapid ranging from 30 min in wet,
sandy soils to a maximum of 9.85 h in dry, silty clay soils.

The DRI, WP, and GP all used a quasi-steady state criterion
established by the authors to determine when to terminate the
simulation. The standard method for the DRI and WP both
require a 6-h minimum duration. The GP two head method
does not have a minimum duration, but as the method is com-
pleted at two head levels and a 15-min window is required
to establish quasi-steady state, 30 min is the shortest duration
considered herein as illustrated in Figure 5. All three meth-
ods produce results at earlier times and appear to converge on
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FIGURE 5

Bias as a function of test duration for each combination of method, soil type, and initial soil moisture. There are silt loam, sandy

clay, and silty clay points on the Turf-Tec (TT) subplot that exceed the displayed range of bias. DRI, double ring infiltrometer; SAT, Saturo
infiltrometer; MPD, modified Philip-Dunne infiltrometer; TT, Turf-Tech infiltrometer; WP, well permeameter USBR 7300-89; PD, Philip—Dunne

permeameter; GP, Guelph permeameter

a steady state more rapidly than the 6-h minimum duration
specified by the DRI and WP.

The DRI and WP specified minimum measurement time,
or the WP specified minimum infiltrated volume may not be
required for a given accuracy with a given soil. Figure 6 shows
the bias of the DRI, WP, and GP over the first 6 h of the sim-
ulation. Coarse soils achieve a quasi-steady state much earlier
in the test, converging rapidly with little variation between 1
and 6 h for each method. This may suggest that for coarse, high
infiltration rate soils typical of infiltration SCMs, infiltration
measurements can be terminated at a shorter duration. In the
finer texture soils, the 6-h minimum seems appropriate and
may need to be extended further to reach a quasi-steady-state
condition. The variation of curvature in the GP time variable
bias, displayed in Figure 6, corresponds to the differing shape

factors associated with the coarse-textured soils, that is, sand,
loamy sand, and sandy loam, and the finer-textured soils, that
is, sandy clay loam, silt loam, sandy clay, and silty clay.

The Saturo method can produce an estimate of K, as soon
as an infiltration rate is measured at each of the two head lev-
els. As simulated, the Saturo method completed three cycles
alternating between high head and low head, following the
initial soak period. Figure 7 shows the variability of bias
in response to the alternating head cycles over the simula-
tion period for the Saturo. The general trend had the greatest
bias at the beginning of a cycle, then it improved as the
head was maintained and the infiltration rate stabilized. Later
cycles tended to converge more rapidly than earlier cycles.
The coarse soils showed minimal variability of bias, suggest-
ing the Saturo provides relatively accurate results early in the
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FIGURE 6 Variability of bias as a function of test duration for the double ring infiltrometer (DRI), well permeameter USBR 7300—89 (WP),
and Guelph permeameter (GP). The silty clay (SiC) soil exceeds the displayed range of bias for the DRI and GP plots. Silt loam (SiL), sandy loam
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Variability of bias as a function of test duration for the Saturo. The saturated hydraulic conductivity (K,,) is not calculated until an

infiltration rate is available at both head levels. The Saturo cycles between two head levels as shown in the upper plots. The K, is not calculated

during the transition between head levels. Discontinuities in the lines of a given soil texture occur at the change of head on the Saturo. Sa, sand; LSa,

loamy sand; SaL, sandy loam; SaCL, sandy clay loam; SiL, silty loam; SaC, sandy clay; SiC, silty clay; Se,, initial effective saturation
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FIGURE 8 Variability of bias as a function of the proportion of
the cylinder drained for the modified Philip—Dunne infiltrometer
(MPD) and Philip—Dunne permeameter (PD). Sandy loam (SaC) and
silty clay (SiC) soils did not drain completely within 24 h and are
therefore not plotted. The MPD procedure requires the assumed capped
spherical saturation zone to achieve a minimum radius and the
optimization does not calculate a value prior to this minimum radius
being achieved. Discontinuities in the slope of lines represent a shift in
the optimization result. Sa, sand; LS, loamy sand; SaL, sandy loam;
SaCL, sandy clay loam; SiL, silty loam; Se,,, initial effective saturation

simulation period. Finer soils do appear to require the full rec-
ommended duration to achieve a reasonable result. The silt
loam, sandy clay, and silty clay soils have a bias <1 during the
first high head cycle, as shown in Figure 7. This is a result of
the initial infiltration rate during the soak period being high,
and the infiltration rate during the first high head cycle stabi-
lizing to a lower infiltration rate than during the low head soak
period. For the SaC and SiC soils the bias was calculated to be
higher during the low head cycles than the high head cycles.
This is likely caused by the time required for the soil water
pressure to return to the low level.

As noted by Philip (1993), the PD, and by extension the
MPD, are expected to produce the most accurate results when
the cylinder is allowed to drain completely. However, the opti-
mization procedure can be completed on a partial time series
if a test is terminated prior to the cylinder draining completely.
Figure 8 shows the bias as a function of the proportion of
the cylinder allowed to infiltrate up to the cylinder draining
completely. For both methods and across all soil textures, it
appears the results are most accurate if more than 50-75%,
depending upon soil texture, of the initial water volume in
the cylinder is infiltrated, in this instance approximately 15—
22.5 cm of the 30-cm initial depth. Philip (1993) notes that the
assumed spherical geometry of the wetting front does not hold
in the limit of small time, and therefore the reduced accuracy
is to be expected when the volume infiltrated is less than the
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FIGURE 9 \Variability of bias as a function of the test duration

for the Turf-Tec infiltrometer (TT). The infiltration rate is not
calculated during the step transition to refill the rings for the second
15-min interval, displayed as a vertical black line. The pre-soak period
and testing period are to the left and right, respectively, of the vertical
black line. The SaC and SiC curves exceed the plotted bias limits
during the pre-soak period. Sa, sand; LSa, loamy sand; SaL., sandy
loam; SaCL, sandy clay loam; SiL, silty loam; SaC, sandy clay; SiC,
silty clay; Se,, initial effective saturation

maximum for both the PD and MPD, as observed in Figure 8.
The PD and MPD drained completely in as little as 9 and 19
min, respectively, for a dry sand representing a rapid method
of estimating K.

The TT simulation included a 15-min pre-soak period, fol-
lowed by a 15-min testing period. In the case of the sand, the
rings drained completely in <15 min. Figure 9 shows the vari-
ability in bias over the pre-soak period and the testing period.
In the testing period, the bias is relatively stable after several
minutes, except for the SC and SiC soil, implying the pre-soak
and testing intervals are of sufficient duration for coarser soil.
The bias may be reduced in the SC and SiC soils by extend-
ing the pre-soak period and testing period or adding additional
testing periods.

4 | DISCUSSION

4.1 | One-dimensional flow assumption

The DRI and TT both rely on a 1D vertical flow assumption
in the inner ring of the device. The goal of the outer ring is to
buffer the divergent flow caused by the soil suction head in the
adjacent unsaturated soil, allowing the inner ring flow to be
purely vertical. Evaluating the flow net shows that while the
flow in the outer ring is more divergent than the inner ring, the
flow in the inner ring of both the DRI and TT is still laterally
divergent. The effect is greater in the TT than the DRI, as the
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TT has a smaller size and thus the lateral divergence accounts
for a larger percentage of the infiltrated water.

Previous studies have indicated that larger diameter double
ring configurations can provide reasonably accurate results. In
a study on canal seepage where low infiltration rates would be
anticipated, Robinson and Rohwer (1957) found that nested
rings of 183 cm (6 ft) diam. and 549 cm (18 ft) diam. pro-
vided an accurate method of estimating infiltration rate. Lai
and Ren (2007) found that a DRI with an inner ring of 80 cm
and an outer ring of 100 cm reliably estimated K, in sandy
loam, silt loam, and silt soil textures. The diameter of the
inner ring, the ratio of the outer ring diameter to inner ring
diameter, the ring penetration depth, and the soil texture all
influence the assumption of 1D flow. A larger diameter inner
ring is less susceptible to divergent flow, as the divergence
would represent a proportionally smaller fraction of the total
flow. A greater ratio of the outer ring diameter to the inner
ring diameter would also decrease the bias, as the outer ring
is increasingly able to buffer the background soil suction head.
Finally, the rings provide a physical barrier to divergent flow
while the water is within the soil column contained within
the ring, thus a greater penetration depth forces 1D flow over
a greater depth of soil. Finer and drier soils have a greater
potential soil suction head, and therefore the bias would be
expected to be larger as the texture transitions from coarse to
fine and the initial soil moisture from wet to dry.

Johnson (1963) provides an early reference to the DRI con-
figuration, including the 30- and 60-cm ring diam. and 15-cm
penetration depth, now standardized in ASTM International
(2018b). The author notes that divergent flow will influence
measured infiltration rates, and states the proposed method is
versatile and useful when considering economic limitations
of larger tests. ASTM International (2018b) also likely con-
siders the physical difficulty of installing larger rings. The
preferred DRI installation method recommends using a jack
under a truck, which is not practical for infiltration SCMs
where driving on the soil surface is to be avoided.

4.2 | Three-dimensional flow corrections

The methods that implement a correction to account for the
laterally divergent 3D flow rely on either an assumed geome-
try or a factor that corrects for the divergent flow paths. The
PD uses an assumed spherical flow geometry, while the MPD
uses an assumed capped spherical flow geometry. The SAT
uses a factor that is a function of the insertion ring diameter
and penetration depth. The WP uses a factor that is a func-
tion of ponded head, borehole radius, and the steady-state
flow rate corrected to a standard water temperature. The GP
uses a shape factor that is a function of the ponded head,
borehole radius, and microscopic capillarity length following
Zhang et al. (1998). The source of bias in these methods is

likely due to the true flow path diverging from the simplifying
assumptions of the method.

Philip (1993) discusses the idealized flow geometry as
being more hydraulically efficient than the in-situ flow path.
A factor of 8/n% is introduced in the PD formulation, and
subsequently the MPD, to account for this excess hydraulic
efficiency. It is also of note that coarse soils are more likely
to have flow that is dominated by gravity flow and have a
larger vertical component, while finer soils likely have higher
soil capillarity and therefore more lateral flow. This difference
in flow geometry with soil texture likely introduces bias in
methods that do not account for soil texture variation and may
either underestimate or overestimate K.

4.3 | Time required for measurement

The time required for a relatively accurate measurement of
saturated hydraulic conductivity varies between infiltration
devices. It also varies substantially between soil textures, and
the finer soils require more time to reach a reasonable accu-
racy. To examine this, we will use sand as the reference soil
texture and a bias within + 0.2 of the final bias in a sand to
represent the required time to achieve accuracy. The duration
required to achieve a reasonable accuracy is shown in Table 5.
Reasonable accuracy is achieved in <1.1 h for all infiltration
measurement methods in the sand, loamy sand, and sandy
loam textures. The duration increases in the finer texture soils.
None of the infiltration measurement methods were able to
achieve a reasonable accuracy within the simulated duration
for the silty clay.

4.4 | Limitations of the current study

Numerical experiments are at best a representation of reality,
but always deviate from the in-situ characteristics. The sim-
ulated domain was specified as isotropic and homogeneous
to provide an unambiguous reference standard; however,
this condition does not exist in nature. The simulations did
not account for any soil structure, which can substantially
influence the subsurface movement of water. The simulated
domains also did not include any type of soil layering, which
may result in different results in terms of bias.

The numerical experiments did not account for poten-
tially imperfect implementation of the field procedures. Ring
devices and borehole devices assume a tight seal is achieved
with the soil interface, and a preferential flow path may exist
if the seal is not sufficient. Borehole methods use an assumed
geometry that may not be identical to the true borehole
geometry and smearing of the soil may artificially decrease
infiltration rates at the soil water interface. The application
of water can suspend fines into the water column, which can
clog open pore space, artificially reducing the measured infil-
tration potential. The sensitivity of specific types of sensors to
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TABLE 5 Duration (h) required to achieve reasonable accuracy for each infiltration measurement method. Reasonable accuracy is defined as

achieving a bias within +0.2 of the final bias in a sand

Infiltration

measurement

method SaSe, =41% LSaSe,=41% SaL Se, =41%
DRI 0.1 0.2 0.5

Saturo 0.4 0.4 0.4

MPD 0.1 0.1 0.3

TT 0.4 >0.5 >0.5

WP 0.1 0.2 1.1

PD* 0.1 0.1 0.3

GP 0.1 0.2 0.8

SaCL Se,

=41% SiL Se, =40% SaC Se; =50% SiC Se, = 87%
1.3 9.4 17.7 >24

0.4 1.3 1.7 >3

14 2.7 14.2 >24

>0.5 >0.5 >0.5 >0.5

5.7 >24 >24 >24

0.5 1.0 >24 >24

1.0 7.0 >12 >24

Note. DRI, double ring infiltrometer; GP, Guelph permeameter; LSa, loamy sand; MPD, modified Philip-Dunne infiltrometer; PD, Philip-Dunne permeameter; Sa, sand;
SAT, Saturo infiltrometer; SaC, sandy clay; SaCL, sandy clay loam; Se,, initial effective saturation; SiC, silty clay; SiL, silty loam; SaL, sandy loam; TT, Turf-Tech

infiltrometer; WP, well permeameter USBR 7300-89.

*Two exceptions to the PD results are sandy clay loam at Se, = 0.2 and silty loam at Se, = 0.29, where the bias of 1.06 and 1.14, respectively, is not within +0.2 of the

sand bias of 0.74.

detect small or large changes in water depth or flow rate was
not evaluated. Long duration tests with ponded water may be
influenced by evaporation, which was not included in the sim-
ulations. Finally, water temperature is important in evaluation
the infiltration rate of soil (Emerson & Traver, 2008).

With these limitations in mind, the numerical experiments
completed should be considered an idealized implementation
of each method that allow for relative comparisons between
methods. As the discussed limitations could result in either
under- or overestimation, there is not likely a simple correc-
tion that can be applied to account for the various sources
of natural variability and random error across all potential
situations.

S | CONCLUSIONS

There are many different methods to estimate soil hydraulic
properties. When considering the soil where most infiltrating
SCMs are located, that is sand through silt loam, the simu-
lated methods had a bias in the range of 0.7-6.2. Methods that
rely on a 1D flow assumption, including the DRI, consistently
overestimate the infiltration rate. The TT was the only method
where the bias exceeded 2.5 for soils from sand through silt
loam. The range of bias appears to be reasonable given the
natural heterogeneity of soil, but a correction should be con-
sidered, particularly for the TT, for engineering applications
because otherwise a nonconservative error may be introduced.

All the infiltration measurement methods evaluated herein
test a relatively small volume of soil. For many applications
including infiltration SCMs, the soil properties need to be
characterized over a much larger spatial extent than can be
approximated by a single test. Multiple measurements are
required to characterize the spatial heterogeneity of infiltra-
tion potential when the area of interest exceeds the extent

of the tested soil volume (Ahmed et al., 2015). Methods
that require less time and less water to estimate K,, may be
preferred to the conventional standard represented by the DRI.

When designing infiltration SCMs, it is important to
understand the in-situ soil properties over the soil profile.
Borehole methods of estimating hydraulic properties allow
measurements to be completed at depth without expensive
overexcavation. The three simulated borehole methods (i.e.,
WP, PD, and GP) produced results with similar levels of accu-
racy to the surface application methods and may be useful in
characterizing vertical variations in K.

The standard method for the DRI and WP rely on a steady-
state assumption and have a minimum test duration of 6 h.
As noted in Figure 6, the DRI and WP reach a quasi-steady
state prior to the standard method minimum duration in many
coarse materials. The Saturo, MPD, PD, GP all produce
results of comparable accuracy to the DRI and WP, often with
a shorter required duration. Selecting a test with a long dura-
tion or large water volume does not necessarily increase the
accuracy of the measurement.

The TT produced the largest bias of the simulated meth-
ods. The range of bias was 2.15-6.21 for soil textures from
sand to silt loam. However, the variability of K, between
texture classes is often a factor of 5-10. This would sug-
gest that the TT may be useful for differentiating between
areas with high and low infiltration potential. The TT may
be useful in applications where a rapid field test is required
such as construction quality assurance applications, particu-
larly when the surface being tested is known to be a coarse
material. A correction factor in the range of 3—6 may be appro-
priate for soil materials in the range of sand to silt loam. For
example, Garcia-Serrana et al. (2018) found good simula-
tion of swales after reducing the TT K, by a factor of 4.3,
based upon field comparison measurements taken by J. Houle
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(personal communication, 2017). The short duration and min-
imal water volume requirement of the TT test may allow for
a large number of tests, corrected for bias, to be completed to
characterize the variability of infiltration rate over an area.

The Saturo, MPD, PD, and GP were the most accurate
methods for the silty clay soil texture. However, the MPD, PD,
and GP require a substantially longer duration of test than the
Saturo for fine soils, such as a silty clay, as shown in Figure 5.
For coarser soils, the MPD, PD, and GP produce relatively
accurate results with lower duration. The Saturo appears to be
able to estimate the K, within a factor of 2.3 or less and with
a duration of 3 h or less, which may be useful when exploring
areas with limited knowledge of the soil characteristics.

Our suggestion is that the saturated hydraulic conductivity
resulting from all infiltration measurement devices could be
divided by the bias factor to account for the difference between
the assumed flow geometry and the actual flow geometry. A
bias factor of 1.2 is proposed for the 60 cm diam. double
ring infiltrometer, 3 for the Turf-Tech infiltrometer, 1.4 for the
well-head permeameter, 1.1 for the Guelph permeameter, 1.2
for the Saturo, 0.8 for the PD, and 1.0 for the MPD. The Sat-
uro, PD, GP, and the MPD were relatively accurate for sandy
clay and more course soil textures. The double ring infil-
trometer was relatively accurate for the silt loam and coarser
soils. The well permeameter was relatively accurate for the
sandy clay loam and coarser soils. There was no evaluated
infiltration measurement device that could accurately quan-
tify the saturated hydraulic conductivity of silty clay within
the simulated duration.
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