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ARTICLE INFO ABSTRACT

Drywells are increasingly used to capture stormwater runoff for surface infiltration and aquifer recharge, but
little research has examined the role of ubiquitous subsurface heterogeneity in hydraulic properties on drywell
performance. Numerical experiments were therefore conducted using the HYDRUS (2D/3D) software to sys-
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Keywords: tematically study the influence of subsurface heterogeneity on drywell infiltration. Subsurface heterogeneity was
Drywell described deterministically by defining soil layers or lenses, or by generating stochastic realizations of soil hy-
Infiltration

draulic properties with selected variance (0) and horizontal (X) and vertical (Z) correlation lengths. The in-
filtration rate increased when a high permeability layer/lens was located at the bottom of the drywell, and had
larger vertical and especially horizontal dimensions. Furthermore, the average cumulative infiltration () for 100
stochastic realizations of a given subsurface heterogeneity increased with ¢ and X, but decreased with Z. This
indicates that the presence of many highly permeable, laterally extending lenses provides a larger surface area
for enhanced infiltration than the presence of isolated, highly permeable lenses. The ability to inversely de-
termine soil hydraulic properties from numerical drywell infiltration results was also investigated. The hydraulic
properties and the lateral extension of a highly permeable lens could be accurately determined for certain
idealized situations (e.g., simple layered profiles) using constant head tests. However, variability in soil hy-
draulic properties could not be accurately determined for systems that exhibited more realistic stochastic het-
erogeneity. In this case, the heterogeneous profile could be replaced with an equivalent homogeneous profile
and values of an effective isotropic saturated conductivity (K;) and the shape parameter in the soil water re-
tention function (@) could be inversely determined. The average value of K for 100 stochastic realizations
showed a similar dependency to I on o, X, and Z. Whereas, the average value of « had large confidence interval
for soil heterogeneity parameters and played a secondary role in drywell infiltration. This research provides
valuable insight on the selection of site, design, installation, and long-term performance of a drywell.

Stochastic simulation

Inverse optimization
Effective hydraulic properties
HYDRUS (2D/3D)

1. Introduction rapid runoff or distribution in geographically isolated regions (Postel,
2000). Growing food to meet the needs of the global population re-
quires extraction of a large volume of water and irrigated agriculture
accounts for two-thirds of all water withdrawals from natural water

resources (Shiklomanov, 2000). The unsustainable pumping of

Freshwater resources determine the balance between food security,
public health, industrial growth, economic development, environ-
mental sustainability, and the survival of ecosystems across the world

(Rosegrant et al., 2002). However, water scarcity occurs in many parts
of the world. About 1.1 billion people worldwide lack access to safe
water and at least two-thirds of the global population, over 4.0 billion
people, live under conditions of severe water scarcity at least 1 month
each year (Kummu et al., 2016). Groundwater decline, low or non-
existent river flow, and water pollution are some of the major signs of
water scarcity (Postel, 2000). Although the global hydrologic cycle
produces more freshwater than is needed to sustain the current global
population, > 69% of this resource is not available to humans due to

groundwater exceeds the renewable water limits in many regions
(Postel, 2000; Postel et al., 1996). Therefore, there is an urgency to find
alternative sources of freshwater, to invest in water infrastructure, to
develop innovative technologies to recycle, reuse, and preserve storm-
water, and to improve water management.

Several countries around the world are practicing artificial or
managed aquifer recharge using engineered systems to collect surface
water and enhance its infiltration and subsequent movement to aquifers
to augment groundwater resources. Infiltration and managed aquifer
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recharge can be achieved using surface infiltration (e.g., infiltration
basins), direct injection (e.g., aquifer storage, transfer, and recovery),
and vadose zone infiltration (e.g., drywells) (Bouwer, 2002; Bouwer
et al., 1999; Dillon, 2005; Edwards et al., 2016; Sasidharan et al., 2018)
techniques. In recent years, drywells have gained a lot of attention in
the United States and across the world. Drywells are vadose zone in-
filtration wells that end (at least 1-3m) above the water table
(LACDPW, 2014). There are several potential advantages associated
with vadose zone infiltration over surface infiltration and direct injec-
tion wells. This includes a minimal evaporative loss of water, a small
installation area, a large ponding depth, and removal of contaminants
in the vadose zone (Edwards et al., 2016; Sasidharan et al., 2018).
There are currently > 75,000 drywells in the states of Washington,
Oregon, California, and Arizona of the United States (Edwards et al.,
2016) and their number is increasing annually. However, not many
studies have evaluated the long-term performance of drywells and their
environmental impact.

The purpose of a drywell is to transfer water from a poorly drained
or low permeable surface capture area to an aquifer for subsurface
water storage. The current installation practice involves drilling a
drywell at a site and inspecting soil borings or profiles for the presence
of layers with adequate permeability to ensure drainage for design
storm events (Watt and Marsalek, 2013). However, the lateral extension
and vertical continuity of these permeable layers are not determined
during well installation. It is logical to anticipate that the position,
lateral extension, thickness, and spatial variability of a permeable
layer/lens adjacent to a drywell will play a critical role in determining
the infiltration behavior. Indeed, an understanding of the soil hydraulic
properties has been reported to be a very important factor for the
successful design, installation, execution, and long-term performance of
a drywell (Edwards et al., 2016). In our previous study, numerical and
field-scale experiments were conducted to characterize the drywell in-
filtration behavior. HYDRUS (2D/3D) computer software was modified
to simulate the transient boundary conditions of the Maxwell Type IV
drywell geometry. Effective soil hydraulic properties of two drywell
sites across California were estimated via inverse optimization of the
field-scale falling head data (Sasidharan et al., 2018). However, no
studies have systematically investigated the role of subsurface hetero-
geneity on drywell performance.

Previous studies have attempted to estimate the effective saturated
hydraulic conductivity of an unsaturated soil using a constant head
borehole test. For example, analytical solutions have been developed to
determine the hydraulic properties of a homogenous soil domain using
constant head data and numerical simulations have been conducted to
evaluate the accuracy of these analytical solutions (Reynolds and Elrick,
1985; Xiang et al., 1997). However, estimates of the hydraulic con-
ductivity were often unrealistic due to the assumption of soil homo-
geneity in these analytical solutions (Reynolds and Elrick, 1985) and
inherent soil heterogeneity. Later, Xiang et al. (1997) proposed an
analytical approach to analyze the flow contribution of each layer to
the total flow and numerically evaluated the approach and its as-
sumptions. However, this test neglected unsaturated flow and was only
suitable for determining the hydraulic conductivity of layered media in
thick unsaturated zones. Drywells are used not only to recharge deep
groundwater aquifers, but also as a flood control system in paved urban
settings where a shallow aquifer may be present. Alternatively, nu-
merical solutions that account for both unsaturated and saturated flow
can be used to inversely estimate the unsaturated soil hydraulic para-
meters of thin as well as thick soil layers/lenses/fractures that are
needed to accurately evaluate the performance of a drywell.

The above approaches considered idealized homogeneous or
layered soil systems. However, most field soils are highly hetero-
geneous, and the hydraulic conductivity may change over a short dis-
tance. The heterogeneity of a field site can be estimated using ground
topography, soil logs, and other geophysical techniques. However,
these methods are very expensive and time-consuming and it is unlikely
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that such detailed information can be obtained for all drywell sites.
Alternatively, numerical solutions and stochastic approaches, such as
the scaling methodology, can be used to study drywell infiltration. The
scaling approach was first introduced by Miller and Miller (1956) who
derived scaling relationships between the pressure head and the hy-
draulic conductivity using the microscopic laws for capillary pressure
forces and viscous flow based on the similarity of the pore space
(Vereecken et al., 2007). The Miller and Miller (1956) similitude ap-
proach has been widely used in the past to analyze flow and transport
processes in heterogeneous unsaturated soil systems (Hammel and
Roth, 1998; Roth, 1995; Roth and Hammel, 1996; Tseng and Jury,
1994). In the last few decades, several other approaches such as sto-
chastic perturbation methods, the scaleway approach, the stream-tube
approach, the aggregation concept, inverse modeling approaches, and
data fusion approaches were developed for upscaling of soil water
processes (Vereecken et al., 2007). To the best of our knowledge, no
published studies have investigated the influence of stochastic vadose
zone heterogeneity on the drywell infiltration behavior and the de-
termination of effective unsaturated soil hydraulic properties.

The objective of this study was to investigate the influence of sub-
surface heterogeneity on drywell infiltration. The HYDRUS (2D/3D)
software was used to directly simulate cumulative infiltration volumes
for selected drywell geometries and soil heterogeneities under constant
or falling head conditions. Subsurface heterogeneity was described in
this model deterministically by defining soil layers or lenses, or by
generating stochastic realizations of soil hydraulic properties with se-
lected variance and correlation lengths. The numerically generated data
were then used in inverse optimizations to determine the hydraulic
properties and the lateral extension of individual layers or lenses, or to
determine soil hydraulic properties of an equivalent homogeneous
profile. The influence of stochastic subsurface heterogeneity parameters
(e.g., the variance, horizontal, and vertical correlation length) on cu-
mulative drywell infiltration and equivalent homogeneous profile va-
lues of the saturated isotropic hydraulic conductivity (K;) and the soil
water retention function (van Genuchten, 1980) shape factor (a) were
determined.

2. Materials and method
2.1. Mathematical model

The HYDRUS (2D/3D) software package (Simtnek et al.,, 2018;
Simtinek et al., 2016) was used to simulate drywell infiltration and
redistribution in the vadose zone, by numerically solving the 2-di-
mensional axisymmetric form of Richards equation. The unsaturated
soil hydraulic functions were those of van Genuchten (1980) and
Mualem (1976). Unless otherwise noted, default values of soil hydraulic
parameters (e.g., the saturated soil hydraulic conductivity, K;; the
shape parameter in the soil water retention function, «; the residual soil
water content, 6,; the saturated soil water content, &;; the pore-size
distribution parameter in the soil water retention function, n; and the
tortuosity parameter in the hydraulic conductivity function, I) were
taken from the HYDRUS (2D/3D) Soil Catalog (Simtnek et al., 2011)
(Table 1). The van Genuchten hydraulic parameters in the soil catalog
of the HYDRUS (2D/3D) software for selected soil textures were taken
from (Carsel and Parrish, 1988).

Fig. 1 shows a schematic of an example simulation flow domain,
initial conditions, and boundary conditions. This hypothetical 2-di-
mensional axisymmetrical domain was adapted from the engineering
design and the soil log information collected from the Fort Irwin dry-
well site presented in our previous study (Sasidharan et al., 2018). The
initial condition was specified in terms of the soil water pressure head h
(x, 2) and was set to a constant pressure head of —0.5m for the entire
flow domain. The nodes at the bottom boundary were assigned a free
drainage boundary condition. A no-flux boundary condition was as-
signed to the upper, right, and lower left sides of the flow domain
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Table 1

The residual soil water content (6,), the saturated soil water content (§;), the
shape parameter («), the pore-size distribution parameter (n), the saturated
isotropic hydraulic conductivity (K,) and the tortuosity parameter (1) for dif-
ferent textural classes obtained from the HYDRUS (2D/3D) Soil catalog
(Simtinek et al., 2011).

Soil 6e[—]1 6[—1 «lm '] n[-] KJmmin™'] I[-]
Sandy clay loam (SCL) 0.1 0.39 5.9 1.48 218x10°* 0.5
Sandy clay (SC) 0.1 038 2.7 1.23 20x10"° 05
Sand (S) 0.045 0.43 14.5 268 495x10°% 05
Sandy loam (SL) 0.065 0.41 7.5 1.89 7.37x10°% 0.5
Silt loam (SiL) 0.067 0.45 2.0 141 75x10°° 0.5

(Fig. 1). The complex geometry and the dynamics of water flow in and
out of the drywell were implemented as a Reservoir Boundary Condi-
tion which is described in detail by Simtinek et al. (2018) and
Sasidharan et al. (2018). The Reservoir Boundary Condition was spe-
cified along the left and bottom boundary of the drywell (Fig. 1). Some
simulations employed a constant head boundary condition for 200 min
at the surface of the drywell or at textural interfaces. Others considered
that the drywell was initially filled to its surface, and then allowed for
the water level to fall over time to a selected depth as a result of in-
filtration into the soil profile.

The size of the hypothetical simulation domain was adjusted de-
pending on the considered soil heterogeneity. Simulations that ex-
amined the location, lateral extension, thickness of a sandy lens systems
(Fig. 2) employed a 3m wide and 35m deep domain, the layered
system simulations (Figs. 6-8) employed a 5m wide and 35m deep
domain and 5m and 20 m wide domains for 1000 and 5000 min si-
mulation (Fig. 8D and E), simulations that examined lateral extension
of lenses (Fig. 9) considered a 15m wide and 50 m deep domain, and
stochastic simulations (Figs. 3-5, 10-13) considered a 12m wide by
40 m deep domain. The simulation domain was discretized into a two-
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dimensional triangular finite element mesh using the MESHGEN tool
available within HYDRUS (2D/3D) (Sejna et al., 2014). The mesh was
refined at the left part of the domain where infiltration from the drywell
was simulated. To reduce the mass balance error, the finite element
mesh was adjusted such that the size of elements was smaller (0.05 m)
near the drywell and the grid size was gradually increased with the
radial distance from the drywell, with a maximum element size of
0.75 m. In numerical experiments with multiple soil layers (Fig. 8), the
finite element mesh was further refined (finite elements between 0.05
and 0.25 m near the drywell) with a maximum element size of 0.75 m to
obtain a smaller mass balance error.

2.2. Numerical experiments

2.2.1. Deterministic heterogeneity — Highly permeable lens

Numerical experiments were initially conducted to understand the ef-
fects of the position (Z = —8, —10.5, —20.5, and —29 m), the lateral ex-
tension (width (W) = 0.09, 0.39, 0.89, and 1.9m and thickness (H) of
0.91 m), and the thickness (H = 0.91, 1.91, 3.91, 5.91 m and W = 0.09 m)
of a highly permeable lens (i.e., a sandy lens surrounded by a sandy clay
loam soil) on drywell infiltration behavior for 1481 min. A homogeneous
(sandy clay loam) flow domain (W = 3m X H = 35m) with an inclusion
of a sandy lens was considered in these simulations. The two-dimensional
(2D) axisymmetrical flow domain, drywell geometry, initial values of the
pressure head at the beginning of the simulation, time-variable boundary
conditions, and observed (OBS) data (Fig. 2) were adapted from the Fort
Irwin drywell falling head experiment presented in Sasidharan et al.,
(2018). In brief, a fire hydrant was used to flood the detention pond at the
Fort Irwin drywell. A pressure transducer connected to a datalogger was
lowered into the drywell and the water depth in the drywell was measured
every minute for 1481 min. The in-situ soil hydraulic properties (K;and «)
were determined by the inverse parameter optimization of the observed
falling head data for an equivalent sandy clay loam soil profile using

zf (B)

X,
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1 l
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52m
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Fig. 1. The geometry, the boundary conditions, and the soil profile for the heterogeneous (sandy clay loam and sand) 2D-axisymmetrical flow domain (with a highly
permeable sandy lens) (A) the corresponding results are presented in Fig. 2. The geometry and the boundary conditions for the sandy loam soil profile used in
stochastic simulations (B) the corresponding results are presented in Figs. 3, 5, 10, and 11. The corresponding drywell geometry is presented in our previous study

(Sasidharan et al., 2018).
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Fig. 2. Flow domains, pressure head profiles (observed data from the falling head experiment at the Fort Irwin drywell (OBS — Black solid line) and simulated data
(Model - Red solid line)), and temporal changes in the water level in the drywell (Hpy ) for continuous sandy lenses at different depths (Z = —8, —10.5, —20.5, and
—29m) (A), for sandy lenses with different lateral extensions (W = 0.09, 0.39, 0.89, and 1.9m), and (B), for sandy lenses with different vertical extensions
(thickness) (H = 0.91, 1.91, 3.91, 5.91 m) (C). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

HYDRUS (2D/3D) software. The fitted values of K;and a for sandy clay
loam were 2.25 X 10" mmin~! and 2.63m™", respectively, and were
employed in this study to be consistent with the drywell at Fort Irwin, CA
(Sasidharan et al., 2018).

Additional drywell infiltration experiments (W = 15m X H = 50 m)
were conducted to see if the lateral extension (W = 0, 2.5, 5, 7.5, or 10 m
and H = 0.5m) of the sandy lens in a sandy clay domain could be accu-
rately identified. In this case, a constant head was maintained at the surface
of the drywell, and the cumulative infiltration volume (I) and infiltration
flux (i) were collected for 5000 min.

2.2.2. Deterministic heterogeneity — Layered soil profile

Numerical experiments were then conducted to determine the ef-
fective hydraulic properties of a layered soil profile. A simulation do-
main of W= 5m X H = 35m was used and divided into two or more
soil layers. Various layers of the flow domain were assigned different
soil hydraulic properties as described in Table 2. Sequential numerical
experiments were then conducted to determine infiltration in the
layered systems, and to inversely estimate the hydraulic properties from
soil layers at the bottom to the top of the drywell using falling (from the
drywell inlet to the textural interface) or constant head (200 min at the
interface of a soil layer) conditions. The cumulative infiltration volumes
(D) from the HYDRUS (2D/3D) direct simulations were determined over
time. Values of K; and a for the bottom soil type were then inversely
estimated by fitting to this I data using the parameter estimation pro-
cedure in HYDRUS (2D/3D) that is based on the Levenberg-Marquardt
nonlinear parameter optimization method (Marquardt, 1963). Table 2
provides a summary of numerical experiments carried out for various
two- and multi-layered soil systems, including: the sequence of different
soil layers and soil hydraulic parameters used in direct simulations.
Direct simulations employed K and « values for each soil type from the

HYDRUS (2D/3D) Soil Catalog (Ksgyprus and dyyprus, respectively,
Table 2). The flow domain was kept the same in both direct and indirect
simulations, while the hydraulic parameters for non-fitted layers were
kept constant. In falling head experiments, the final pressure head
profile after one falling head experiment (half-full well, Fig. 6) was
imported as the initial condition for the next simulation (full-well,
Fig. 6), and the parameter estimation procedure was repeated for the
next layer (Fig. 6). On the other hand, for the constant head simula-
tions, the initial condition was always kept as a constant pressure head
of —0.5m for the entire flow domain for both direct and inverse si-
mulations (Figs. 7 and 8).

2.2.3. Stochastic heterogeneity

The HYDRUS (2D/3D) computer software has an option to generate
stochastic (random) distributions of hydraulic conductivity and pres-
sure head scaling factors (ax and ap, respectively) using the Miller-
Miller similitude approximation (Miller and Miller, 1956). Using this
option, a specific K; value can be assigned to the flow domain (or a part
of it) that is then multiplied in each node by a scaling factor ax. The
Miller-Miller scaling procedure requires that ax = a;,~ 2 The stochastic
distribution requires three input parameters: the standard deviation (o)
of logio(ak), and its correlation length in the lateral (the X-correlation
length) and vertical (the Z-correlation length) directions. The value of o
determines the extent of variations in the scaling factors, with higher
values leading to higher variations in scaling factors. On the other hand,
the correlation length is a measure of the distance in a specific direction
that scaling factors are related. A high value of the X-correlation length
means that the scaling factor maintains similar values for a greater
horizontal distance. The same applies for the Z-correlation length in the
vertical direction (Rassam et al., 2003). In this study, the following
combinations of the scaling factors with variable o (¢ = 0, 0.25, 0.5,
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Fig. 3. Heterogeneous sandy loam profiles for the hydraulic conductivity scaling factor (SF-K;) generated for o = 0, 0.25, 0.50, and 1, X = 1m, and Z = 0.1 m (A).
The corresponding pressure head (h) (B) and soil water content (8) (C) profiles at 100 min for a constant head experiment.

L,X =1m; Z = 0.1m), a variable X-correlation length (c = 1, with
X =01,1,10and Z = 0.1; and 0 = 1, withX =1, 10 andZ = 2), and
a variable Z-correlation length (c = 1, with X =1 and Z = 0.1, 1, 2)
were used. Sandy loam was wused in the flow domain
(W =12m X H = 40m). Forward simulations were conducted for
100 min by maintaining a constant head in the drywell. The I output
was collected from each simulation and a total of 100 simulations were
done for each combination of stochastic parameters. The mean cumu-
lative infiltration volume (yp), 95% Confidence Interval-Upper Limit
(95% CI-UL), and 95% Confidence Interval-Lower Limit (95% CI-LL)
were calculated.

Accurate determination of soil hydraulic properties of a field site is
the key to estimating infiltration from a drywell. A numerical model
that can determine the hydraulic properties based on the stratigraphic
information of a site can help to identify the best location for the dry-
well installation. Therefore, the possibility of developing a correlation
between the type of the stochastic parameter combination used in the
forward simulation, the resultant cumulative infiltration volume, and
the effective hydraulic properties of the stochastic field was in-
vestigated. Inverse optimization of the I output data obtained from
each direct simulation (a total of 100 simulations per a stochastic
parameter combination) was conducted. Only the hydraulic parameters
K, anda were optimized while the remaining hydraulic parameters (6;,
6;, n, and ) were kept constant at default values from the HYDRUS (2D/
3D) Soil Catalog (Table 1) for sandy loam. IBM Cloud Computing Vir-
tual Servers (IBM, USA) with four computing instances with
48 x 2.00 GHz core and 192 GB RAM were used to perform 800 inverse
simulations. Python scripts were used for importing and exporting of
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input and output data, and for further data analysis. Mean values of Kj,
o, 95% CI-UL, and 95% CI-LL were calculated from a total of > 80
inverse simulations.

3. Results and discussion
3.1. A direct (forward) numerical simulations

3.1.1. Deterministic heterogeneity — Highly permeable lens

The current drywell installation practice involves drilling at a po-
tential drywell site until a permeable layer is detected. The perme-
ability of this layer is assumed to infiltrate water efficiently and guar-
antee the successful performance of the drywell over a specified time
duration. Numerical experiments were conducted to investigate the
validity of this assumption by simulating drywell infiltration behavior
for different high permeability lens locations, lateral extensions, and
thicknesses. Fig. 2 presents a comparison of the observed data obtained
from the Fort Irwin drywell field scale falling head experiment
(Sasidharan et al., 2018) and simulated falling heads for heterogeneous
(lenses) domains. Fig. 2A shows the influence of the vertical position of
a 50 cm thick continuous sandy lens on the simulated matrix potential
(h) profile in the soil adjacent to the drywell after 1481 min, and
changes in the drywell head (Hpy) over time. The drywell infiltrates
water and Hpyfalls at a faster rate when the sandy lens occurs at a
deeper vertical position because of a larger pressure head at the lens
boundary. Fig. 2B and C show the effect of a sandy lens’s lateral ex-
tension and thickness, respectively, on changes in simulated soil matric
potential and the drywell Hpyover time. Increasing the lateral
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Fig. 4. The mean cumulative infiltration volume (y,;) (A) and the mean stan-
dard deviation of the cumulative infiltration volume (o;) (B) as a function of the
total number of simulations for all considered combinations of stochastic
parameters investigated in this study for a sandy loam flow domain (W = 12,
H = 40) for 100 min.

extension and thickness of the sandy lens also increases the water in-
filtration and the rate of decrease in Hpy,. The numerical results de-
monstrated that a highly permeable lens/layer at the bottom of a
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drywell can infiltrate water at a much faster rate than the same sized
lens at the top of a drywell. Furthermore, the cumulative infiltration
volume from a drywell increases with an increasing lateral extension
and a thickness of a highly permeable lens. However, a thin lateral lens
at the bottom of a drywell infiltrated a larger amount of water than an
isolated highly permeable lens (a thick, vertically extended lens) due to
its greater infiltration surface area. These simulation results clearly
indicate that the drywell infiltration performance is sensitive to the
high permeability lens location, lateral extension, and thickness. High
permeability lens that occurs deeper in the soil profile and has greater
lateral and vertical extensions are preferred for infiltration.

3.1.2. Stochastic heterogeneity

The above simulations considered highly idealized scenarios,
whereas the natural subsurface is inherently highly heterogeneous.
Stochastic simulations were therefore conducted to better understand
the effect of random heterogeneities represented by stochastic fields of
scaling factors on the cumulative infiltration volume from a drywell.
Fig. 3A shows a sandy loam soil profile with increasing heterogeneity
from left to right (i.e.,, 0 =0, 0.25, 0.5, 1; X = 1m; Z = 0.1 m). The
scaling factor for K; (SF-K;) shows 8 orders of magnitude variations
(0.0001-10000) foro = 1, which indicates a highly heterogeneous soil
profile. Fig. 3B and C show the corresponding h and 6 profiles, re-
spectively, at 100 min of simulation for a constant head experiment (a
full reservoir). Similar information is presented for the homogeneous
domain (o = 0) as a comparison for results from the heterogeneous
domains. The homogeneous wetting front reached a distance of 2.8 m in
both horizontal and vertical directions from the bottom of the drywell.
In contrast, the wetting front in the heterogeneous profiles extended
laterally 3.0, 4.0, and 5.6 m and vertically 2.6, 2.7, and 5.6 m when the
value of o increased to 0.25, 0.50, and 1, respectively.

The same stochastic parameters will produce different realizations
of heterogeneity and drywell infiltration behavior. Multiple stochastic
realizations were therefore conducted to determine the mean

o=1; Z=0.1 B)
1000 1

—u—ul
e 95% -CI-LL
- — = Homogeneous 1

100 T T T T |

0 2 4 6 8 10
X-correlation Length [m]

Hr [m}]

—=1; X=1

1000 1
] <o 95% -CI-UL
—s—ul

-+ 95% -CI-LL

- Homogeneous 1

up [md]

100 —r—7 T
0 0.5 1 1.5 2
Z-correlation Length [m]

Fig. 5. The mean cumulative infiltration volume (i,) (solid line) and the 95% Confidence Interval Upper (95%-CI-UL) and Lower (95%-CI-LL) Limits (dotted lines), as
a function of 0 (¢ = 0.25, 0.5, 1) for X = 1 and Z = 0.1 (A), as a function of X (X = 0.1, 1, 10) forc = 1 and Z = 0.1 (B), as a function of X (X = 1,10) foroc =1
and Z = 2 (C), as a function of Z (Z = 0.1, 1, 2) forc = 1 and X = 1 (D) for direct stochastic simulations for a sandy loam soil. The HomogeneousI (red broken line)
value for the homogeneous sandy loam flow domain with K; and « from the HYDRUS (2D/3D) soil catalog (Table 1). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The two-layered flow domain with sandy clay above sandy loam (SLg + SCt) (A) and sandy loam above sandy clay (SCg + SLt) (D). The pressure head (h)
profiles at 200 min for a half-full well (B, E) and (C, F) 400 min for a full well for falling head experiments. Note that the Reservoir 2 was initially half-full and the

water level was then raised at 200 min to the top of Reservoir 2.

cumulative infiltration volume (y;) and the mean standard deviation of
the cumulative infiltration volume (;). Fig. 4A and B show y; and o,
respectively, as a function of the total number of simulation realizations
for all different combinations of stochastic parameters. The values of y;
and o; stabilize when the total number of simulations was > 75. To be
extra conservative, 100 realizations of stochastic heterogeneity para-
meters were conducted to determine values of u;and o in this study. It
should be mentioned that the values of y reflect the net effects of the
position, lateral extension, and thickness of high permeability lenses.
The value of I, u;, and its 95% confidence interval as a function of o
(=0.25,0.5,and 1) when X = 1 and Z = 0.1 m is shown in Fig. 5A. For
these stochastic parameters, y, increased with o and exhibited narrow
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95% confidence intervals. An increase in o increases the variability in
the K scaling factor and leads to the formation of more permeable
layers/regions in the soil profile and, consequently, enhanced infiltra-
tion from a drywell.

Multiple realizations of drywell infiltration were also conducted for
other stochastic parameter combinations. Fig. 5 also presents the cal-
culated values of y; and its 95% confidence interval as a function of
various X and Z correlation lengths wheno = 1. Fig. 5B indicates that
values of 4, increased with X and showed narrow 95% confidence in-
tervals when Z = 0.1. The value of y; also increased with X whenZ = 2
(Fig. 5C), but this increase was more rapid, and the 95% confidence
intervals broadened with X in comparison to Fig. 5B. This increase in
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Fig. 7. The two-layered flow domain with sandy clay above sandy loam (SLg + SCt) (A, B) and sandy loam above sandy clay (SCg + SLt) (E, G). The pressure head
(h) profiles at 200 min for constant head BC with a half-full (B, D) and full Reservoir 2 (C, H). The constant head boundary condition is highlighted with a red line.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with X is due to the formation of highly permeable lateral lenses and
that enhances the rapid movement of the wetting front in the horizontal
direction, and facilities infiltration of water over a larger area. The
infiltration area is greater when Z was smaller, and this produced larger
values of u, (Fig. 5B in comparison to Fig. 5C). Similarly, Fig. 5D shows
that u, decreased and exhibited very narrow 95% confidence intervals
when Z increased. This decrease in u, with Z is attributed to the for-
mation of highly permeable isolated lenses and ponded regions with
limited infiltration area. The cumulative infiltration volume averaged
from 100 stochastic realizations increased with increasing o and a lat-
eral correlation length, but decreased with an increasing vertical cor-
relation length. Collectively these results indicate that the lateral extent
of highly permeable thin layers with a great vertical connectivity en-
hances rapid infiltration of water from a drywell to the surrounding
soil.

3.2. Indirect (Inverse) numerical simulations

Drywell infiltration experiments provide an opportunity to inversely
determine equivalent homogeneous hydraulic properties for hetero-
geneous soil profiles (Sasidharan et al., 2018). Below we numerically
investigate the ability to determine soil hydraulic properties of in-
dividual layers and lenses, as well as the potential limitations of such an
approach in more complex, heterogeneous systems.

3.2.1. Deterministic heterogeneity — Layered soil profile

Table 2 provides a summary of numerical experiments carried out
for various two- and multi-layered soil systems, hydraulic parameters,
and the statistical parameters for the inverse simulations. Initial simu-
lations considered the effect of a simple two-layered system on drywell
infiltration, with a sandy clay layer on the top (SCr) and a sandy loam
layer on the bottom (SLp), using falling head (from the surface of the
drywell to the textural interface) or constant head (water level at the
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Fig. 8. The flow domain with seven different soil-type layers and boundary conditions (A). The pressure head (h) (B, D) and water content (8) (C, E) profiles for a
constant head boundary (Drywell Reservoir) experiment at 200 min (B, C) and at 1000 and 5000 min (flow domain W = 20m H = 35m) (D, E).

textural interface) conditions in the drywell. Similar simulations were
also conducted with the soil layers reversed; e.g., sandy loam layer on
top (SLt) and sandy clay layer on the bottom (SCg). Table 2 indicates
that a very good agreement was obtained between the direct and in-
versely simulated I data with a coefficient of determination
(R?) > 0.99. Furthermore, the fitted values of K (Ksfi) and Kypyprus
were always consistent. Similarly, the fitted values ofx (ag) and
anyprus Showed good agreement for constant head experiments, but a,
for SL was underpredicted during the SCy + SLy experiment with the
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falling head drywell condition. An explanation for this behavior can be
obtained from the simulated profiles of h for these layered simulations
(Figs. 6 and 7). A distinct wetting front occurs in both SC and SL layers,
as well as between them, during the constant head experiments due to
the continuous flow of water (Fig. 7). In contrast, only a relatively small
volume of water was available for infiltration during the falling head
experiments and this produced a gradual change in the pressure heads
of both soil layers, especially when the highly permeable SL was below
a less conductive SC layer (Fig. 6).
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Fig. 9. The cumulative infiltration volume (I) (A) and the infiltration flux (i) (B) for the sandy clay domain with a sandy lens with lateral extensions (X) of 0, 2.5, 5,
7.5, and 10 m and the vertical extension (H) of 0.5 m. Water content profiles for the sandy clay domain with a 0.5 x 10 m sandy lens at 100, 500, 800, and 2000 min
for a constant head boundary (Drywell Reservoir) experiment (C).
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Fig. 10. The mean fitted values of the saturated isotropic hydraulic conductivity(K;) (solid line) and the 95% Confidence Interval Upper (95%-CI-UL) and Lower
(95%-CI-LL) Limits (dotted lines), as a function of ¢ (¢ = 0.25, 0.5, 1) for X = 1 and Z = 0.1 (A), as a function of X (X = 0.1, 1, 10) forc = 1 andZ = 0.1 (B), as a
function of X (X = 1,10) forc = 1and Z = 2 (C), as a functionof Z (Z = 0.1, 1, 2) forc = 1 and X = 1 (D) for inverse stochastic simulations for a sandy loam soil.
The HomogeneousK; (red broken line) value for sandy loam soil from the HYDRUS (2D/3D) soil catalog (7.37 X 10~ *mmin~") (Table 1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. The mean fitted values of the shape parameter («) (solid line) and the 95% Confidence Interval Upper (95%-CI-UL) and Lower (95%-CI-LL) Limits (dotted
lines), as a function of o (o = 0.25, 0.5, 1) forX = 1and Z = 0.1 (A), as a function of X (X = 0.1,1,10) forc = 1 and Z = 0.1 (B), as a function of X (X = 1, 10) for
o =1and Z = 2 (C), as a function of Z (Z = 0.1, 1, 2) forc = 1 and X = 1 (D) for inverse stochastic simulations for a sandy loam soil. The Homogeneousa (red
broken line) for sandy loam from the HYDRUS (2D/3D) soil catalog (7.5m™ 1y (Table 1). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Additional numerical experiments were conducted to see if hy- loam, and silty loam, respectively. Similar to the two-layered experi-
draulic properties for a soil profile consisting of 7 soil layers could be ments, I data was well described by the model (R> > 0.99) and values
inversely determined from constant head infiltration studies at the top of Ky, and ag;, were consistent with Kpyprus and apyprus, respectively.

of each layer. From top to bottom the soil layers are SiL, S, SC, SCL, SL, A very distinct pattern in h and 6 profiles was observed in Fig. 8B and C,
SiL, and SC (Fig. 8A); where S, SCL, and SiL. denote sand, sandy clay respectively, which reflects the K; value of each layer (Table 2). For
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Fig. 12. A comparison of mean fitted values of K (A) and a (B) obtained by > 80 inverse optimization of the cumulative infiltration volume collected from eight
stochastic realizations of different parameter combinations presented in this study. Also shown are the default K and a values of sandy loam from the HYDRUS (2D/
3D) soil catalog used in the homogeneous domain.
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Fig. 13. The cumulative infiltration volume (I) for a homogeneous sandy loam
flow domain with K, and « values obtained from the HYDRUS (2D/3D) soil
catalog (K; =7.36 x 10 *mmin~! and a = 7.5m™!) (black broken line-
Homogeneous), and for a stochastic domain (X = 10; Z = 0.1; o = 1) with
inversely optimized parameter values of average Ky = 3.94 x 10" mmin~"!
anda = 6.17 m ™! (blue solid line-Stochastic), Upper-Confidence-Interval (UCI)
values of K; = 3.68 x 10" >mmin ! and « = 5.40m ™! (magenta broken line-
UucCD, and Lower-Confidence-Interval (LCD values of
K, =420 x 10 °mmin 'anda = 6.94m™! (magenta broken line-UCI). The
K, and « values were presented in Fig. 12. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

example, a large lateral extension of the wetting front is apparent in the
highly permeable S layer, followed by SL, SCL, SiL, and SC. Note,
however, that the lateral extension of the wetting front in a specific
layer is also affected by its location in the profile and neighboring two
soil layers. For example, when the sand (K = 4.95 X 10" >mmin 1)
layer is on top of the SC layer (K; = 2.0 X 10~ °mmin 1), water ex-
tents laterally in the SC layer despite of its low permeability. The in-
terface between the SC and S layers provides a large infiltration area for
the sandy layer. On the other hand, when the SCL
(K; =2.18 x 10 *mmin~') layer is present on top of the SL
(K, =7.37 x 10" *mmin~1) layer, which has a similar permeability,
the two layers facilitates the vertical movement of water over time
(Fig. 8D and E). In contrast to Fig. 2, these results demonstrate that the
presence of a high permeable layer in a more heterogeneous soil profile

Table 2

Journal of Hydrology 570 (2019) 598-611

has a complex influence on the drywell infiltration capacity which
depends on its location and the hydraulic properties of the neighboring
layers.

Several field-scale approaches have been developed to determine
soil hydraulic properties of boreholes. The atmospheric pressure wave
test measures the bulk air permeability of the vadose zone sediments as
a function of time lag and subsurface pressure attenuation between the
surface and subsurface (Weeks, 1978). However, this method only
provides information about the vertical permeability rather than the
horizontal permeability and is not suitable for soil with a high moisture
content or near-surface soil layers (Weeks, 1978). Similarly, gamma
and neutron logs of boreholes only provide information on the vertical
distribution of soil stratigraphy and water-filled porosity (Hodges et al.,
2012). Xiang et al. (1997) presented a multistep (constant head) per-
meameter test to determine K; value for a layered soil using the
LAYERK model. LAYERK is an analytic code that was designed to de-
termine the field-saturated hydraulic conductivity and the matric flux
potential for individual layers using input parameters including layer
thickness, the water level in the borehole, the radius of the borehole,
and flow rate. However, this approach is only suitable for estimating
the K; value for thick unsaturated zones where the ratio of the water
depth (H) and the borehole radius (a) was% > 20 (Jain et al., 2006;

Xiang and Chen, 1993; Xiang et al., 1997). In contrast, a drywell’s H
value can range from approximately 10 to 60. Also, in the absence of an
independent determination of a, there are some doubts about the
practicality of using borehole permeameter test to measure Ky (Archer
et al., 2014; Philip, 1985). Moreover, drilling of an additional borehole
to perform the above techniques might not be practical at every drywell
site because they are expensive, energy intensive, time-consuming, re-
quire a dry drilling method (a difficult technique), and need vast ex-
pertise. On the other hand, the presented numerical modeling approach
using HYDRUS (2D/3D) software can be used to successfully design
experimental methodologies to determine effective soil hydraulic
properties of a field site regardless of the depth and radius of a drywell.
However, we acknowledge that validation of the model using site
specific infiltration experiment is essential but goes beyond the scope of
this study.

3.2.2. Deterministic heterogeneity — Highly permeable lens

The infiltration capacity of a drywell is not only determined by the
presence of a highly permeable lens but also by its lateral extent
(Fig. 2). However, the inverse optimization technique discussed above
only considered layered soil profiles surrounding the drywell, but not

The summary of various numerical experiments with different positions of soil layers (SL — Sandy loam, SC - Sandy clay, SiL - Silt loam, SCL - Sandy clay loam, S -
Sand; subscript B and T for bottom and top, respectively). The saturated isotropic hydraulic conductivity (K;) from the HYDRUS (2D/3D) Soil Catalog (K;ryprus) and
fitted (Kp,), the standard or coefficient of K,(SEk,), the shape parameter a from the HYDRUS (2D/3D) Soil Catalog (¢nyprus) and fitted (az,), the standard error
coefficient of a (SEy), the coefficient of determination between the direct simulated and inversely optimized cumulative infiltration volume data (R?), and the mass

balance error (M. B. Err).

Experiment Soil layers Soil  Kgsuyprus Kssie SEkg AHYDRUS st SE, R? M. B. Err
[-] [mmin™'1  [mmin~']  [-] [m™'] m™'1 [-] -1 [%]
I (falling head experiments) SLg + SCr SL 7.37 x107* 737x107% 971 x10% 75 7.49 492x10°% 1 0.15
SC 2.0 x 10° 1.91 x 10° 290 x 107 2.7 2.67 3.38x 102 099 0.86
SCg + SLrt SC 2.0 x 10° 2.01 x 10°  1.63x 10% 27 2.70 2.70 x 10°  0.99  0.0037
SL 7.37 x 10*  7.10 x 10* 743 x10° 7.5 5.33 7.43x 102 0.99 0.02
1I (constant head experiments)  SLg + SCr SL 7.37 x10™* 7.37x10"% 475x1077 75 7.47 528x107% 1 0.007
SC 2.0 x107° 1.98x107° 239x1077 27 2.71 7.51 x 1072 1 0.01
SCp + SLy SC 2.0x107% 200x107° 3.65x107% 27 2.70 240 x1072 1 0.0071
SL 7.37 x10™* 737x10"* 890x1077 75 7.51 899 x1072 1 0.0099
III (constant head experiments)  SiLg SiL. 750x10°° 7.50x107° 4.36x107% 20 2.0 8.0x107% 099 0.11
SiLg + SLy SL 737 x107* 737x107* 664x1077 75 7.46 0.11 0.99 0.03
SiLg + SL + SCL SCL 218 x10"* 233x107*% 1.12x107° 59 6.66 0.22 0.99  0.02
SiLp + SL + SCL + SCr SC 2.0 x107° 1.33x10°* 485x1077 27 1.32 0.06 0.99 0.02
SiLg + SL + SCL + SC +Sp S 495x107% 443x107% 6.07x107° 145 1443  0.48 1 0.03
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the lateral extension of a lens. Additional, numerical experiments were
therefore conducted to investigate the ability to identify the lateral
extension of a sandy lens that embedded in a sandy clay domain. These
simulations considered a constant head boundary condition in the
drywell reservoir and different horizontal extensions (0, 2.5, 5, 7.5, and
10m) of a 0.5 m thick sandy lens. Fig. 9A and B show the cumulative
infiltration volumes (I) and infiltration rates (i) as a function of time in
these simulations. Note that I increases with the length of the sandy
lens in Fig. 9A. The value of i also decreases precipitously when the
sandy lens gets fully saturated (Fig. 9B). For example, Fig. 9C (at
800 min) shows the 6 distribution after 800 min when the lateral ex-
tension of the sandy layer is 10 m. In this case, the sandy lens has be-
come completely saturated (at ~761 min), while the corresponding
infiltration rate (blue line) in Fig. 9B shows a sudden decrease. How-
ever, it should be mentioned that it was much more difficult to discern
the influence of the horizontal length of lens on I and i when properties
of sandy clay loam were assigned to the lens (rather than sand), when a
constant head boundary was assigned at the top of the sandy lens (ra-
ther than assuming a full reservoir), and for greater subsurface het-
erogeneity in soil hydraulic properties.

3.2.3. Stochastic heterogeneity

Although the above results demonstrate that the soil hydraulic
properties of individual soil layers can be accurately determined during
constant head infiltration experiments, the noted limitations indicate
that it is unlikely to accurately determine the lateral extension of these
layers/lenses under heterogeneous field conditions. The heterogeneous
stochastic simulations discussed in Figs. 3 and 5 were therefore ana-
lyzed in terms of equivalent homogeneous profile values of K; and «
that were inversely fitted to I for each stochastic realization. Average
values of Ky and o, and their 95% confidence intervals, were de-
termined from 100 realizations using a given set of stochastic para-
meters. Fig. 10 presents average values of K; as a function of the sto-
chastic parameters o (Fig. 10A with X =1 and Z = 0.1), X (Fig. 10B
with 0 =1 and Z = 0.1, and Fig. 10C withc =1 and Z = 2), and Z
(Fig. 10D with o = 1 and X = 1) and the K value of sandy loam from
the HYDRUS (2D/3D) Soil catalog. The average values of K;were found
to be highly sensitive to different stochastic parameters and exhibited
very narrow 95% confidence intervals. In particular, average values of
K increase with o and X, but decrease with Z. Similar to I in Figs. 3 and
5, this can be attributed to increasing amounts of high permeability
lenses with greater lateral extensions with increasing ¢ and X, and
isolated high permeability zones with increasing Z. The average K;
value for stochastic heterogeneous domains was always higher than the
homogeneous domain (Fig. 12A). A highly heterogeneous (o = 1) do-
main with many high and low permeable lateral lenses connected
vertically via short highly permeable lenses (i.e., X =10, Z = 0.1;
X =10,Z=2;X =0.1,Z=0.1;and X = 1, Z = 0.1) had the highest
average K value (Fig. 12A).

Fig. 11 presents average values of « as a function of the stochastic
parameters o (Fig. 11AwithX = 1 and Z = 0.1), X (Fig. 11Bwitho =1
and Z = 0.1, and Fig. 11C witho = 1 and Z = 2), and Z (Fig. 11D with
o = 1and X = 1) and the a value of sandy loam from the HYDRUS (2D/
3D) Soil catalog. Average values of a ranged between 2.44 and
8.46m~! and had a relatively large confidence interval (Fig. 12B)
compared to the average values of K; with a very tight confidence in-
terval (Fig. 12A). Furthermore, a sensitivity analysis ofK; and a were
conducted where one of the parameters (i.e. either K; or a) was kept as
constant in each direct simulation and the cumulative infiltration vo-
lume was determined (Data is not shown). Average value of
K, =3.94%x1073% 819x107* and 244 x 10" *mmin~! and
o = 8.46, 7.5, and 2.44m ™' were used (Fig. 12). The results from the
sensitivity analysis demonstrated that the cumulative infiltration vo-
lume increases with increase in K and a values at a given condition.
However, the observations from sensitivity analysis, Figs. 10-12 in-
dicate that the average value of K; plays a primary role and the value of
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a played a secondary role in determining the cumulative infiltration
volume and long-term performance of a drywell. A large K, value in-
dicates the presence of a highly conductive soil that leads to the faster
infiltration. Whereas, a large a value indicates a uniform and sharp
wetting front and a small « value indicates a nonuniform and dispersed
wetting front (Carsel and Parrish, 1988; Elrick et al., 1989; Rawls et al.,
1982; van Genuchten et al., 1991). Additional numerical experiments
are needed to understand this topic better, which was not further in-
vestigated in this study.

Fig. 13 shows a comparison of I simulated for a homogeneous sandy
loam soil profile with K and a values obtained from the HYDRUS (2D/
3D) Soil catalog (Ky=7.37 x10"* m min™! and a =7.5m™ %)
(Table 1), inversely optimized average value of K; = 3.94 x 10 % m
min~! andx = 6.17m™!, Upper-Confidence-Interval values of
K, =3.68 x 10 ° mmin~! and @ = 5.40 m~?, and Lower-Confidence-
Interval values of K, = 4.20 x 10 >mmin~'anda = 6.94m ™" for the
heterogeneous domain with the following stochastic parameters: o = 1,
X =10, and Z = 0.1. Average values of K and I increased by 435%
and 396% for the stochastic domain. Note that all these simulations
were conducted for a homogeneous flow domain with a sandy loam soil
for 5760 min (96 h) by keeping a constant head at the surface of the
drywell.

Replacing the heterogeneous domain with an equivalent homo-
geneous domain as presented in this study can accurately predict long-
term cumulative infiltration (96h), which is relevant for the Low
Impact Development Standard for drywells (LACDPW, 2014). There-
fore, a detailed characterization of heterogeneity in soil hydraulic
properties, which is very time consuming and expensive, may not be
required when water quantity is the only criterion for evaluating dry-
well performance. This research demonstrates that falling or constant
head drywell infiltration experiments can be used in conjunction with
HYDRUS (2D/3D) numerical modeling to inversely estimate effective
hydraulic properties for a heterogeneous drywell site that can be used
to accurately assess its infiltration performance. A constant head ex-
periment can accurately provide the average hydraulic properties of a
drywell site. However, a constant head experiment may not account for
hydraulic properties (position, lateral extension, and thickness of high
permeable lenses) of sites presented in Fig. 2 that are highly relevant
factors affecting the cumulative infiltration volume in a falling head
experiment. The hydraulic properties determined using a falling head
experiment may thus underestimate or overestimate the cumulative
infiltration volume compared to the hydraulic properties obtained from
a constant head experiment. Therefore, this research demonstrates that
a constant head drywell infiltration experiment coupled with HYDRUS
(2D/3D) inverse optimization of hydraulic parameters of each layer of a
multi-layered soil system (Table 2 and Fig. 8) is the best method to
accurately estimate the hydraulic property of a drywell site and to as-
sess the long-term performance of a drywell.

4. Conclusions

The numerical modeling results presented in this study demonstrate
the application of HYDRUS (2D/3D) in predicting the cumulative in-
filtration volume and in determining soil hydraulic properties adjacent
to a drywell. In particular, numerical experiments were conducted to
better understand the influence of deterministic and stochastic het-
erogeneity in soil hydraulic properties on drywell infiltration behavior.
Results demonstrated that a highly permeable lens/layer at the bottom
of a drywell can infiltrate water at a much faster rate than the same
sized lens at the top of a drywell. Furthermore, the cumulative in-
filtration volume from a drywell increases with an increasing lateral
extension and thickness of a high permeable lens. Similarly, the average
cumulative infiltration volume from 100 stochastic realizations in-
creased with increasing o and lateral correlation length but decreased
with an increasing vertical correlation length.

The result from direct and indirect numerical experiments provided
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insight in developing field scale falling head and constant head ex-
perimental methods for drywell to determine the in-situ soil hydraulic
properties of multiple soil layers and high permeable lenses to char-
acterize drywell infiltration. Numerical experiments demonstrated that
constant head experiments provide higher accuracy in inversely opti-
mized hydraulic parameters than falling head experiments. However,
inverse determination of soil hydraulic properties for individual soil
lenses of varying lateral extensions may be impractical for highly het-
erogeneous systems. The hydraulic properties for stochastic experi-
ments with heterogeneous soil distributions were therefore character-
ized in terms of an equivalent homogeneous soil profile. The average
value of K; from multiple stochastic realizations with the same para-
meter sets had the greatest influence and played a primary role on
drywell cumulative infiltration. The a value showed a larger confidence
interval and thus played a secondary role in the overall drywell per-
formance. Similar to cumulative infiltration, the average value of K;
increased with o and the lateral correlation length, but decreased with
an increasing vertical correlation length.

The equivalent homogeneous hydraulic properties obtained from a
heterogeneous domain can be used to estimate the infiltration from a
drywell. However, the hydraulic properties obtained from a falling
head experiment may over or underestimate the cumulative infiltration
volume compared to the hydraulic properties obtained from a constant
head experiment. Therefore, a constant head experiment for multi-
layered soil system would be the best method to accurately determine
the drywell site hydraulic property and its long-term performance. This
research demonstrates that extensive soil characterization may not be
necessary if water quantity is the only concern. However, if the drywell
performance also needs to account for water quality, including the fate
and transport of pathogenic microbial contaminants such as virus and/
or bacteria, an accurate estimation of site heterogeneity is expected to
be very important. Ongoing research in our lab is currently in-
vestigating this further.
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