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ARTICLE INFO ABSTRACT

Keywords: Drywells are increasingly used for stormwater management and enhanced aquifer recharge, but only limited

Drywell research has quantitatively determined the performance of drywells. Numerical and field scale experiments were,

;IZ?RU}SI (2(?/ 3D) therefore, conducted to improve our understanding and ability to characterize the drywell behavior. In particular,
alling hea

HYDRUS (2D/3D) was modified to simulate transient head boundary conditions for the complex geometry of the
Maxwell Type IV drywell; i.e., a sediment chamber, an overflow pipe, and the variable geometry and storage of
the drywell system with depth. Falling-head infiltration experiments were conducted on drywells located at the
National Training Center in Fort Irwin, California (CA) and a commercial complex in Torrance, CA to determine in
situ soil hydraulic properties (the saturated hydraulic conductivity, K;, and the retention curve shape parameter,
a) for an equivalent uniform soil profile by inverse parameter optimization. A good agreement between the
observed and simulated water heights in wells was obtained for both sites as indicated by the coefficient of
determination 0.95-0.99-%, unique parameter fits, and small standard errors. Fort Irwin and Torrance drywells
had very distinctive soil hydraulic characteristics. The fitted value of K,=1.01 x 10~ m min~! at the Torrance
drywell was consistent with the sandy soil texture at this site and the default value for sand in the HYDRUS soil
catalog. The drywell with this K,= 1.01 x 1073 m min~! could easily infiltrate predicted surface runoff from a
design rain event (~51.3 m®) within 5760 min (4 d). In contrast, the fitted value of K,=2.25 x 10-° m min! at
Fort Irwin was very low compared to the Torrance drywell and more than an order of magnitude smaller than
the default value reported in the HYDRUS soil catalog for sandy clay loam at this site, likely due to clogging.
These experiments and simulations provide useful information to characterize effective soil hydraulic properties
in situ, and to improve the design of drywells for enhanced recharge.

Inverse simulation
Hydraulic properties
In situ

and increasing the volume of surface runoff (Dunne and Leopold, 1978;
Mount, 1995). This can contribute to a decline in natural groundwa-
ter recharge, long-term and short-term drought, an increase in water
pollution levels, and flooding caused by surface runoff (Weng, 2001;

1. Introduction

Water has a strong influence on food and energy production, indus-
trial and agriculture output, and population and economic growth of

nations (Gleick, 1993; Shannon et al., 2008). The availability of high-
quality water resources is rapidly decreasing, especially in arid and
semi-arid regions of the world, due to the demographic shift and the sub-
sequent increase in demand and overuse of freshwater, and contamina-
tion of aquifers and lakes (Shannon et al., 2008; Koehler, 2008). Climate
variability has further increased the vulnerability of water resources and
it is estimated that around 5 billion people will be living in countries un-
der water stress by 2025 (Treidel et al., 2011; Vorosmarty et al., 2000;
Arnell, 1999). In addition, urban development with paved and imper-
meable surfaces has had a profound impact on the hydrologic cycle
by altering drainage patterns, reducing infiltration and water storage,

Arnold and Gibbons, 1996).

Many arid and semi-arid urban regions of the world face serious
challenges in maintaining water quality and quantity to meet its grow-
ing population demand. For example, around 60% of the water sup-
ply in Southern California is imported from the Colorado River Basin
and Northern California, and the rest is withdrawn from its local
aquifers (Freeman, 2008). Even though Los Angeles (LA) County col-
lects stormwater runoff from its urban surfaces and uses it for artificial
recharge, more than 680 Mm? of its urban runoff (equivalent to half
of its imported water) reaches the ocean annually (DWR, 2009). How-
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ever, local groundwater basins in LA County have more than 1480 Mm?
of unused storage capacity that could be used to store this untapped
freshwater resource. Furthermore, capturing and recharging stormwa-
ter into the aquifers will reduce LA County’s dependence on imported
water, energy needs for pumping, and improve its management of flood-
ing and contaminant loads from surface runoff (Dallman and Spong-
berg, 2012; MWD 2007; Davis and McCuen, 2005). Consequently, im-
plementation of management practices to capture stormwater and en-
hance its recharge into aquifers can have a large influence on many
water quality and quantity aspects (LACDPW, 2014).

Engineering systems which manage surface water and infiltrate it
into aquifers are classified as surface, vadose zone, and direct injection
infiltration systems (Bouwer, 2002; Edwards et al., 2016). Surface in-
filtration systems (e.g., infiltration basins, detention basins, vegetated
swales, and managed aquifer recharge ponds) place stormwater directly
on the ground surface. They require highly permeable sediment and
a large surface area for rapid infiltration to occur but can lose water
due to evapotranspiration (Bouwer, 2002). Most of the surface area
of vadose zone infiltration systems (e.g., recharge trenches and dry-
wells) extends either vertically or horizontally under the ground sur-
face (Bouwer, 2002; Dillon and Pavelic, 1996). Injection wells (e.g.,
managed aquifer recharge) are used to transmit water directly into
aquifers (Bouwer, 2002; Dillon, 2005). Both injection and vadose zone
infiltration systems have no or only minimal evapotranspiration losses,
do not require large installation area, and may employ large water
ponding depths to facilitate rapid infiltration. These various engineer-
ing systems also offer different potentials for reactive contamination
transport and attenuation in the vadose zone. Direct injection wells
provide no chance for contaminant attenuation in the vadose zone
(Bouwer, 2002), whereas vadose zone and especially surface infiltration
systems provide opportunities of contaminant removal in the vadose
zone (Bouwer, 2002; Edwards et al., 2016; Dillon and Pavelic, 1996).
Only vadose zone infiltration systems offer potential advantages of min-
imal evapotranspiration, small installation area, large ponding depths,
and vadose zone treatment.

One vadose zone infiltration system that has gained a lot of recent
attention in the United States and around the world is a drywell. Dry-
wells are subsurface storage facilities that receive, temporarily store,
and infiltrate stormwater into the vadose zone (Edwards et al., 2016).
Modern drywell designs include a fully permeable well that is located
above the water table and may have pretreatment systems such as sin-
gle/double sedimentation chambers to remove sediments and sponges
to adsorb hydrocarbons in stormwater (Edwards et al., 2016). In addi-
tion to the advantages noted above, drywells are also popular because
they have a relatively low installation and maintenance cost in com-
parison to other engineered infiltration systems. However, drywells are
not well suited for areas with low permeability soils, high water tables,
steep slopes, or contaminated soils (landfills and industrial complexes)
due to the potential risks of groundwater pollution (LACDPW, 2014).
Furthermore, drywell failure may occur due to clogging if pretreatments
are inadequate or in situ clays are mobilized. In this case, a complete
reconstruction or a new drywell may be required.

Limited published research has examined the performance of dry-
wells (Edwards et al.,, 2016; Jurgens et al., 2008; Izuka, 2011).
Snyder et al. (1994) reported on a drywell recharge study in the Port-
land Basin in Oregon, USA, and found that 5700 drywells in urban ar-
eas contributed 38% of the total recharge to groundwater within the
basin. Wilson et al. (1990) analyzed the impact of drywells on recharge,
groundwater pollution, and urban runoff at three sites in Arizona. Re-
sults indicated that recharge from drywells created a transmission zone
for water movement with minimal impacts on groundwater quality. In
contrast, field and numerical modeling studies in Washington and Ari-
zona, USA demonstrated that pollutant attenuation was related to the
soil particle size, and recommended that drywells be located in soil pro-
files with a clay layer to enhance contaminant adsorption (Adolfson-
Associates, 1995; Bandeen, 1984). The above considerations suggest
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that, even if previous results are encouraging, more research is needed
to better understand the impact of drywells on groundwater recharge
and quality.

Knowledge of the soil profile hydraulic properties is essential for
the successful design, execution, and long-term operation of a poten-
tial drywell location. Bandeen (1987) simulated the variably-saturated
subsurface flow from a drywell using an axisymmetric flow domain and
the Galerkin finite element method that was implemented in the Unsat2
program. Water flow from the drywell was represented as a gravel filled
borehole. The soil hydraulic properties were determined from a con-
stant borehole infiltration test and empirical formula (Bandeen, 1984;
Bandeen, 1987). However, existing numerical models have not yet ac-
curately represented the complex geometry of modern drywell designs,
like MaxWell Type IV (Torrent Resources), which includes an upper sed-
imentation chamber, an overflow pipe, and a bottom chamber packed
with gravel that determine the total volume and the maximum head of
the drywell. Consequently, these models will not accurately simulate
the filling and falling head cycle within a modern drywell, subsequent
infiltration into the vadose zone, and determination of the effective soil
hydraulic properties via inverse optimization. To our knowledge, there
is no existing literature or numerical modeling on determining average
soil hydraulic properties using the inverse optimization of field-scale
falling head data in a modern drywell system.

The main objective of this study was to improve our understand-
ing and ability to characterize the drywell behavior by conducting sys-
tematic numerical and field-scale experiments. The HYDRUS (2D/3D)
computer software was modified to simulate transient head boundary
conditions for the complex geometry of a modern drywell; i.e., a sedi-
ment chamber, an overflow pipe, and the variable geometry and storage
of the drywell system with depth. Falling-head experiments were con-
ducted at drywells (MaxWell IV model, Torrents Resources, Arizona,
USA) located in the National Training Center in Fort Irwin, California
and a commercial complex in Torrance, California. The effective soil hy-
draulic parameters with the saturated hydraulic conductivity, K,, and
the retention curve shape parameter, «, for an equivalent uniform soil
system representative of both sites were determined by inverse param-
eter optimization of the observed falling head data. Comparison of the
fitted K, and o parameters from these two distinctive sites provide useful
information to characterize and improve the design of the drywells.

2. Materials and methods
2.1. Field sites

The drywell in the first study (June 2017) is situated at the Sleepy
Hollow Military Housing within the Fort Irwin National Training Center
(NTC) in the Mojave Desert, California (CA) (Fig. 1(A)). The Fort Irwin
base climate is typical of the Mojave Desert with low precipitation, hot
summers, and cool winters (Densmore and Londquist, 1997). It has an
annual precipitation of roughly 0-13 mm. Summer monsoon thunder-
storms may bring heavy (intensity and depth) rainfall over a small area,
which can cause localized flooding (Higdon, 2004; Hubbard, 2013). The
NTC receives its water from local aquifers, including the Irwin Basin that
is underneath the cantonment area. The Army Net Zero Water program
has a long-term goal to balance water pumping with aquifer recharge. A
drywell was installed on a portion of the cantonment area of Fort Irwin,
adjacent to four softball fields, referred to as the Four-Plex Site (see Fig.
1(A)) in 2007. Urban runoff generated from housing developments up-
stream of the Four-Plex site is directed into a detention pond where the
drywell is located.

The drywell in the second study (September 2017) is situated in a
commercial complex in Torrance, the Los Angeles County, California
(Fig. 1(B)). The tested drywell was part of a four drywell system in-
stalled in May 2013 at this site as a Standard Urban Stormwater Miti-
gation Plan requirement (SUSMP). The SUSMP was developed as part
of the municipal stormwater program to address stormwater pollution
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Fig. 1. (A) The Fort Irwin National Training Center located in California, a portion of the cantonment area within Fort Irwin referred to as the Four-Plex Site, and
the approximate location of the drywell. (B) A commercial complex situated in Torrance, the Los Angeles County in California, and the location of the drywell.

from development projects (LA-Stromwater, 2000). The site drainage
area is about 3.21 acres, with ~90% impervious surface, and the dry-
well receives pre-treated (StormFilter, Contech Engineered Solutions)
water from subsurface piping (DeJong, 2017).

2.2. Drywell engineering design

The MaxWell IV model (Torrents Resources, Phoenix, Arizona, USA)
drywell was installed at Fort Irwin and Torrance. Figs. S1A and S1B show
the engineering designs for the Fort Irwin and Torrance drywells, respec-
tively. The Fort Irwin and Torrance drywells receive inflow water into
an upper sediment chamber through a grated opening on top and sub-
surface detention pipes, respectively. This upper sediment chamber has
an impermeable chamber side, a concrete base seal, and a floating hy-

169

drocarbon capture pillow, which removes a wide range of hydrocarbons.
Silt, sediment, and debris settle out of the water by gravity inside the up-
per chamber. Incoming water rises inside the upper sediment chamber
and then enters an overflow intake pipe which is connected to a lower
chamber. The overflow inlet is equipped with a debris screen, which
blocks the passage of suspended matter and other floating debris. Wa-
ter from the overflow pipe enters a lower chamber, which is filled with
clean rocks (0.9-3.8 cm). The entire gravel pack is surrounded by a fully
permeable (needle punched) non-woven geotextile (polypropylene or
polyester) fabric sleeve to prevent the migration of fines into the gravel
pack. Water in the gravel pack infiltrates into the vadose zone soil enve-
lope and eventually recharges groundwater aquifers (TorrentResources,
2012).
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Fig. 2. The geometry of the flow domain, boundary conditions, and initial conditions used during simulations of a homogeneous system representing (A) the Fort

Irwin Drywell and (B) the Torrance Drywell.

2.3. Falling head infiltration experiment

A fire hydrant was used to flood the detention pond to fill the Fort
Irwin drywell. A vacuum pump truck was used to remove excess water
from the detention pond until the water level just reached the top of the
grate covering the entrance to the drywell. The detention pond was par-
tially filled for 163 min. At this point, a calibrated pressure transducer
(Decagon CTD-10 sensor 40683, USA) was lowered into the bottom of
the upper sediment chamber and used to measure the water depth in
the drywell every minute with an accuracy of 0.05% and resolution of
2 mm. This pressure transducer was connected to a data logger (Decagon
Em50 Series) and then to a laptop computer via a USB cable. When the
water level reached the inlet of the overflow pipe (at 60 min), the pres-
sure transducer was moved into the overflow pipe and lowered to a
depth of 10 m from the surface and the water level was monitored for
1098 min. According to the engineering design, the sediment chamber
wall (the bottom section of the concrete liner with a small number of
side perforations) and the base (solid concrete slurry) are impermeable
and should thus allow infiltration at a much smaller rate than the bot-
tom of the well. However, we observed that the entire drywell system,
i.e., the sedimentation chamber and the well bottom, acted like a single
system and drained at the same rate. This indicates that the base con-
crete slurry seal might have broken and allowed water to flow directly
into the bottom chamber. The final water level measurement was taken
at 1481 min using a Model 102 Water Level Meter (Solinst Canada Ltd.,
Canada) with a resolution of 1 mm (Solinst, 2017). A small amount of
water was released into the drywell during the night hours from sprin-
kler irrigation runoff, and the resultant change in pressure head was
recorded by the pressure transducer (Table S4).

A calibrated pressure transducer (Decagon CTD-10 sensor 40683,
USA) was placed at the bottom of the Torrance, CA, drywell via the
overflow pipe. The experiment was conducted in three phases. In Phase
I (0-74 min), a fire hydrant outlet that was connected directly to the
upper sediment chamber was used to fill this shallow drywell system
(0-7 min) (only 10.67 m depth) in a controlled manner. Falling head
measurements (7-74 min) were recorded using the pressure transducer

(every minute) and a datalogger (Decagon Em50 Series) until the wa-
ter level in the well reached a steady state. In Phase II (75-98 min), a
constant head test was conducted by refilling the drywell and then main-
taining the head by adjusting the inflow using a flowmeter connected
to the fire hydrant outlet. In Phase III (99-154 min), the drywell was
completely refilled and a second falling head test was conducted (Table
S4). During our site visits, we have measured the dimensions of the Fort
Irwin and Torrance drywells and this information is given in Figs. S1A
and S1B.

3. Numerical modeling

The HYDRUS (2D/3D) software package is a finite-element model for
simulating the two- or three-dimensional movement of water, heat, and
multiple solutes in variably saturated media (Simunek et al., 2016). Wa-
ter flow is described in HYDRUS (2D/3D) using the Richards equation:

0 0 AOh 4
ooy [K(Kffa—x, )| @
where 6 [L3 L-3, dimensionless, L. denotes units of length] is the vol-
umetric water content, h [L] is the pressure head, x; (i = 1, 2) [L] are
spatial coordinates, t [T, T is unit of time] is time, K{J‘. are components
of a dimensionless hydraulic conductivity anisotropy tensor K4, and K
[L T-1] is the unsaturated hydraulic conductivity function given as the
product of the relative (K,) and saturated hydraulic conductivity (K)
[LT].

The unsaturated soil hydraulic conductivity, K (h), and water reten-
tion, 6 (h), functions are needed to solve Eq. (1). The unsaturated soil
hydraulic property models of van Genuchten (1980) and Mualem (1976)
were employed for this purpose:

0, -0,
Oh)=460,+ ——— > h<0 )
o )
0hy =0, h >0 ©)
K=K, S! 1= (1-5)"] @)
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Fig. 3. The geometry of the (A) Fort Irwin and (B) Torrance drywells used in HYDRUS (2D/3D) to simulate infiltration from the drywells. The drywells have 6
reservoirs. Their corresponding maximum water levels and volumes (Vol) are represented as h,,; —h, ¢ and V; — Vg, respectively. Reservoirs 1-5 are parts of the
drywell design and Reservoir 6 represents the ponding region above the drywell. Q;, is the rate of water inflow into Reservoir 1 and Q,, is the rate of water outflow
from Reservoirs 2, 3, 4, 5, and 6. The drywell is subdivided into 2 domains: Domain 1 comprised of V;, V,, V5, and V4 and Domain 2 comprised of V,, V3, V,, V5, and

V. H

1 and H,,, are the water levels in Domain 1 and 2, respectively. Both drywells are implemented as explained above. However, to account for the impermeable

region surrounding the sediment chamber in the Torrance drywell (Fig. S1B), a zero porosity was assigned to the shaded region of Reservoir 4 and 5 in Fig. (B).

where 6, and 6, [L3L3] denotes the residual and saturated water con-
tents, respectively, « [L™!] is the shape parameter in the soil water re-
tention function, [ is the pore connectivity parameter, and n and m = 1-
1/n are empirical parameters related to the pore size distribution. The
effective saturation, S,, is defined as:
0(h)—0,
T0,—0,
Fig. 2 presents a schematic of the simulation domain, boundary con-
ditions, and initial conditions that were considered for the Fort Irwin
and Torrance drywell sites. A 2-dimensional axisymmetrical flow do-
main was employed in both cases. The Fort Irwin site geometry had
a 3-m width and a 35-m depth, whereas the Torrance site had a 5-m
width and a 15-m depth. The specified radial dimensions were chosen
to best capture the infiltration radius of the drywell based on the soil
log information and the vertical dimensions were chosen based on the
depth of the drywell. A no-flux boundary condition was assigned to the
upper boundary. The nodes representing the right and lower left (the
boundary between the drywell and the bottom boundary) sides of the
flow domain were set to no flux boundaries. The nodes at the bottom
boundary (z = —35 m and z = —15 m for the Fort Irwin and Torrance
drywell simulations, respectively) were assigned a free drainage bound-
ary condition because the groundwater table was deep and below the
bottom of the transport domain. Along the left (at z = —2 to —29.4 for
Fort Irwin and z = —7.36 to —11.2 for Torrance) and bottom boundary,
a Reservoir Boundary Condition was specified to allow for a seepage
face (Simtnek et al., 2018). For this boundary condition, parts of the
boundary that are below and above the water level in the well are inter-
nally assigned time-variable pressure head (Dirichlet) and seepage face
boundary conditions, respectively. HYDRUS (2D/3D) calculates which
part of the seepage face boundary is active (with prescribed zero pres-

e

)

N r
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sure head) and which is inactive (with prescribed zero flux) depending
on whether the boundary nodes are saturated or unsaturated, respec-
tively (Simfinek et al., 2018). Details pertaining to this so-called Reser-
voir Boundary Condition are provided in the next section.

The water table at the Fort Irwin and Torrance study site is at ap-
proximately 61 and 21 m below the soil surface, respectively. Hence,
the distance between the bottom of the drywell and the water table is
approximately 34 and 10 m for the Fort Irwin and Torrance drywells,
respectively. Therefore, the soil moisture is uniform throughout the do-
main, the capillary fringe is well below the bottom of the well, and the
soil domain surrounding the drywell installation is an unsaturated zone.
Hence, the initial condition was specified in terms of the soil water pres-
sure head h (x,2z) and was set to a constant pressure head of —0.5 m for
the entire domain (Fig. 2).

The simulation domain was discretized into two-dimensional trian-
gular finite element mesh using the MESHGEN tool available within the
HYDRUS (2D/3D). 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 grid was adjusted such that the size of
elements was smaller (0.05 m) near the well where large water fluxes
were expected. The grid size was gradually increased with a radial dis-
tance from the drywell, with a maximum element size of 0.75 m and
0.5 m for the Fort Irwin and Torrance domain, respectively. The quality
of the finite element mesh was assessed by checking the mass balance
error reported by HYDRUS (2D/3D) at the end of the simulation. Mass
balance errors were always below 1% and these values are generally
considered acceptable (Brunetti et al., 2017).

HYDRUS (2D/3D) includes a parameter estimation procedure based
on the Levenberg-Marquardt nonlinear least-squares optimization
method (Marquardt, 1963). This procedure was employed to estimate
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several unknown parameters in the unsaturated soil-hydraulic functions
from measurements of the total water height in the drywells over time
by the numerical inversion of the Richards equation. In the absence of

detailed information on soil profile heterogeneity (e.g., the soil log does %
not provide information about the lateral extension of layers), only ef- g
fective soil hydraulic parameters were obtained for an equivalent uni- =
- . . . @
form soil profile. In particular, the values of « and K; were determined ; S naDn
. . . P . S d|SomodSo
for the homogeneous soil profile by inverse optimization. Other soil hy- =S |33
draulic parameters (1, [, 6,, and 6;) were set equal to default values from
the HYDRUS soil catalog for homogeneous Sandy Clay Loam at the Fort % T § § Z % § :
Irwin site and Sand at the Torrance site (Table 1). These soil textural
classes were chosen based on available soil log information from these 3
. ", . - - 5 0o me o
sites. Additional research is needed to fully characterize hysteretic hy- S-|l555555
. . . . .. A R R R
draulic properties for the heterogeneous soil profiles, but this is beyond CE|xxxxx x
. N Elnoowond
the scope of this study. pelda~ATO
N = N~ 0~ —~
3.1. Reservoir boundary condition =5 6 0 @ o o o
~loosocbo
& ‘E Lo B B B I T
. . o = X X X X X X
The drywell has a very complex geometry with multiple compart- S E|lsooanN o
. . D E[NR~ NS
ments. To accurately determine the ponded water height and water flux LAY PN R I g
in the drywell during filling and drainage cycles, the drywell geometry
N O 1 O
was subdivided into 6 different reservoirs (Fig. 3(A) and (B) for Fort & ‘S ‘S “?o :'3 ‘S ‘3
Irwin and Torrance, respectively). Reservoirs 1-5 mimic the drywell de- 8 X X THx X %
. . n
sign (Figs. S1A and S1B), whereas Reservoir 6 is used to account for ex- o § § ol § §
ternal ponding. Geometry parameters for these reservoirs are read into
the modified version of HYDRUS from an input file “Well.in”. Cross- ~|2LLLLL
sectional areas and volumes for each reservoir are subsequently calcu- A RSASASESEVES!
lated from this information and are provided in Tables S1, S2, and S3. 2 USNZ2eS
It should be mentioned that the design of drywells at Torrance and Fort i I
Irwin is somewhat different. For example, the sedimentation chamber is =
much bigger at Torrance (6.9 m) than at Fort Irwin (4.6 m), and Reser- 2
voir 2 is much bigger at Fort Irwin (22.2 m) than at Torrance (3.2 m). 5
Furthermore, at Torrance, the gravel pack surrounding the upper sed- SEIR83BE8
o = NANOANANO

iment chamber was replaced by an impermeable concrete slurry (Fig.

S1B) that does not contribute to the volume of Reservoirs 4 and 5 (a = :‘%

zero porosity was assigned to this shaded region in Fig. 3(B)). In con- dﬁ cg

trast to the Fort Irwin drywell’s engineering design, we observed that E el O, :S

the upper sedimentation chamber had ~1 m thick layer of sediments DE[SSIIRS ‘ﬁ

and the entire drywell system acted like a single system and drained at o

the same rate. Therefore, additional numerical simulations were con- < g

ducted by employing the well dimensions obtained from site measure- 8 R 3

ments (Tables S2 and S4). 5; 2z328dss B
Fig. 3 indicates that the drywell was subdivided into two main do- g

mains. Domain 1 comprises Reservoirs 1, 4, 5, and 6, whereas Domain 2 T; 338348 Qj

consists of Reservoirs 2, 3, 4, 5, and 6. The drywell fills from Reservoir g=lNNO HANOo ’i’

1 to 6. Drainage from Reservoir 1 was not considered since its bottom =

is covered with an impermeable concrete slurry. Drainage from Domain g

2 occurs in the reverse sequence to filling (e.g., Reservoirs 6, 5, 4, 3, 'g "

and 2). The total water levels (a sum of water levels from reservoirs in 3 o g

Domains 1 and 2; denoted as H,,; and H,,,) determine which reservoir Té’ %O E =

is actively filling or draining. Logical statements in conjunction with E Eo 2 s

well geometry information were used to determine which reservoir was E § E_ gl

active at any given time. The initial values of H,,; and H,,, at the be- 2 £2888¢

ginning of the simulation H,;* and H,,,*, respectively, and the water = ECEAER

inflow as a function of time, Q;,(t) [L3 T~1], are also input parameters
in the “Well.in” file.

The change in the water volume within an active reservoir with re-
spect to time can be calculated using the following mass balance condi-
tion:

Fitted values of the saturated hydraulic conductivity (K;) and the retention curve shape parameter («); the standard error (S.E. Coef, and S.E. Coefy,), 95% confidence intervals (95% CI, and 95% Cl,) for
Fort Irwin (Sandy Clay Loam)

lower (LL) and upper (UL) limits on « and K; the coefficient of determination (R?), and the mass balance error obtained by the inverse simulation for the Fort Irwin and Torrance Drywell.
Note: Default values of the residual soil water content (6,), saturated soil water content (¢,), pore-size distribution parameter in the soil water retention function (n), and the tortuosity parameter in the

hydraulic conductivity function () in the HYDRUS (2D/3D) Soil Catalog were employed for Sandy Clay Loam and Sand at the Fort Irwin and Torrance sites, respectively. In particular, 6§, = 0.1, §,=0.39,

n=1.5, and [ = 0.5 for Sandy Clay Loam, and 6,= 0.045, 6,

g ~
dv, dh E %
. . = 8
—d:‘” = 4; —d:w = 0;,(1) = Qpu(®) (6) _‘E ‘5
b g g
where V,,; [L3] is the volume of water in the reservoir, A; [L2] is the cross _% % E
]
F

sectional area of the reservoir, h,,; [L] is the water level in the reservoir,
Quue(® [L3 T17 is the total water outflow to the soil surrounding the
drywell, and the subscript i indicates the reservoir number. In its finite
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Fig. 4. The Fort Irwin drywell experiment. (A) The water level in Domain 1
(H,,) and Domain 2 (H,,,) and (B) the volume of water in each Reservoir (V;-
V) and the total volume of water in the whole drywell system (V,, ;= V,+
Vy+ Vi+ V,4+ Vs+ Vi) during a complete injection (filling) and infiltration (emp-
tying) cycle over 100,000 min simulated with fitted soil hydraulic parameters
(Table 1) using the drywell Reservoir Boundary Condition in HYDRUS (2D/3D).

difference discretization Eq. (6) becomes:

At

A;

i

hi:,:l = h{w- + (Qin - Qout) M

where At [T] is the time step, and h{L T;l [L] and h{” ; [L] are water levels in
the reservoir at current and previous time steps, respectively. Eq. (7) is
used to determine the water level in an active reservoir at the current
time step. The values of H,, and H,,, are updated based on this infor-
mation and the boundary conditions in the HYDRUS domain are dy-
namically adjusted. Values of Q,,, (used for the next time step) and the
total drywell water volume are subsequently calculated in HYDRUS and
printed to new output text files “Well.out” and “WellVolume.out”, re-
spectively. The value of H,,; * and H,,,* and the time-variable boundary
conditions used in the inverse simulation for the Fort Irwin and Torrance
drywells are given in Table S4.

In addition, numerical experiments were conducted with hypothet-
ical conditions. The first experiments were conducted to understand
the dynamics of the drywell and the functioning of the new Reservoir
Boundary Condition. In this case, simulations for a complete filling and
drainage cycle were conducted for the Fort Irwin drywell geometry (an
engineering design) over 100,000 min (Figs. 4 and S2, Table S5). Other
simulations were conducted to compare the cumulative infiltration vol-
ume between the Fort Irwin and Torrance drywells over 1100 min for
a complete drainage cycle and multiple filling and drainage cycles, re-
spectively (Fig. 8). The time-variable boundary conditions used in these
experiments are given in Table S5.

173

Advances in Water Resources 116 (2018) 167-177
4. Results and discussion

4.1. Dynamics of a drywell

The functioning of the newly developed drywell reservoir boundary
condition module and its coupling with the HYDRUS (2D/3D) model
during one complete filling and drainage cycle was evaluated using the
Fort Irwin drywell geometry. A time-variable boundary condition was
employed in the simulation as follows: hypothetical water inflow was
0.23 m3 min~! for 0 to 100 min and 0 m3® min~! for 100-10,000 min
(Table S5). Fig. 4(A) shows the change in H,,; and H,,. Fig. 4(B) shows
the sequence of filling and draining of Reservoirs 1-6 and the corre-
sponding change in the total water volume in the drywell system (Vo).
These figures show that V,,,; increased as the injection continued at a
slow pace until Reservoirs 1 through 6 were full. At the beginning of
the simulation, the water volume in Reservoir 1 (V;) (as well as the
corresponding value of H,,) increased until it reached the maximum
volume of 3.185 m3. During the next stage, water overflowed through
the overflow pipe (Fig. S1) and filled sequentially Reservoirs 2 and 3
(V, and V3) while H,,; stayed constant and H,,, increased. In the next
phase, Reservoirs 4, 5, and 6 (V,, Vs, and V) were filled and the cor-
responding water levels H,, and H,, increased. Once all 6 reservoirs
were full, they started draining in the order of Vg, Vg, V4, V3, and V,
(Fig. 4(B)) and the corresponding water levels H,,; and H,, decreased
with time (Fig. 4(A)). Note that we do not consider draining of V; since
the sedimentary chamber is surrounded by an impermeable wall and a
base seal concrete slurry. Fig. 4 shows that V,,.;, H,, and H,,, increased
and reached the maximum during the filling cycle and then started de-
creasing to a constant value of V; and H,,,, whereas H,,, went down to
zero during the draining cycle. Figures S2A (in a normal scale) and S2B
(in a log scale) present the change in the well water volume, cumula-
tive infiltration, and the mass balance for the well water volume during
one complete filling (injection) and emptying (infiltration/falling head)
cycle for the entire drywell.

4.2. Inverse estimation of soil hydraulic properties

Fig. 5 shows the observed and inversely simulated values of H,,, over
time at the Torrance site. Fig. 5(A)-(D) consider Phases I (initial filling
of the entire drywell and then draining of reservoirs 5, 4, 3, and 2), II
(refilling of the drywell and the constant head test), III (refilling of the
entire drywell, and then draining of reservoirs 5, 4, 3, and 2), and the
entire experiment (Phases I, II, and III), respectively. A sudden decrease
in H,,, occurs during draining of Reservoir 4 during Phases I and III be-
cause it holds a very small volume of water (0.1 m3) compared to the
other reservoirs (Fig. 3(B) and Table S1). Table 1 shows the correspond-
ing fitted values of K; and «, the standard error coefficient, 95% upper
and lower confidence interval limits, the coefficient of determination
(R?), and the mass balance errors for each simulation period.

Fig. 5 and the Table 1 show a very good agreement between the
observed and simulated values, with R2 values of 0.96-0.99% and the
mass balance error less than 0.3%. Based on these simulations, the
value of « ranged from 0.52-2.80 m~! and the value of K, ranged from
1.01 x 1073-1.89 x 1073 m min~!. Table 1 shows that all fitted param-
eters were unique with a very small standard error and a narrow 95%
confidence interval. During the simulation for each phase, the initial
condition was imported from the last time step of the previous phase,
and the observed difference in the fitted K; and « value can be suggested
by the variations in the initial condition (pressure head). This result
shows that, conducting multiple filling and drainage cycle experiment
will help for the accurate estimation of effective hydraulic properties. In
addition, we acknowledge that there is a slight deviation in the slope at
Phase I and Phase III during emptying of Reservoir 2. We have tried our
best to incorporate the engineering design and onsite measurements to
describe the drywell’s geometry. However, we believe that this discrep-
ancy in the simulated value of H,, is due to variations in the volume of
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Fig. 5. The Torrance dry well experiment. Observed (black circle markers) and inversely simulated (solid red line) values of pressure heads (H,,,) in (A) Phase
I (initial filling of the entire drywell, and then draining of Reservoirs 5, 4, 3, and 2), (B) Phase II (refilling of the drywell and the constant head test), and (C)
Phase III (refilling of the entire drywell and then draining of Reservoirs 5, 4, 3, and 2). Simulations for each phase were conducted after first importing the initial
conditions from the final time step in the previous Phase. (D) The observed and inversely simulated H,,, values for the entire infiltration experiment (Phases I, II,
and III = 154 min). Table 1 shows the fitted parameters and Table S4 shows the time-variable boundary conditions. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

the actual well (e.g., slight variations in the well geometry and/or the
porosity of the packing material).

Soil log information collected from 4 drywells at the Torrance site
showed the presence of a silty clay layer in a depth of 0-7 m, a silty sand
layer in 4.87-9.7 m, a sand layer in 5.4-11.6 m, and a silty sand layer
in 10.1-14.93 m. However, the lateral continuity of these layers is not
known. Fitted values of high K, were consistent with previously reported
values for sandy soils (van Genuchten MT and Yates, 1991; Carsel and
Parrish, 1988; Rawls et al., 1982), and were therefore assumed to be
controlled by coarse-textured soils at this site. However, fitted values of
a were much smaller than the values reported for sandy soils. Indeed,
the fitted value of =0.85 m~! was much closer to the value reported
for silt and clay (van Genuchten MT and Yates, 1991; Carsel and Par-
rish, 1988; Rawls et al., 1982), and was, therefore, assumed to be con-
trolled by fine-textured silt and clay layers at this site. In comparison to
K;, the fitted value of a exhibited much greater standard error coeffi-
cients (Table 1). This uncertainty likely reflects differences in the actual
and simulated initial conditions, soil heterogeneity, and/or the influence
of hysteresis on hydraulic properties, which were not accounted for this
simulation.

Fig. 6(A) compares the measured and simulated (based on the dry-
well dimensions from the engineering design) values of H,,, with re-
spect to time at the Fort Irwin drywell site (Table S4). In comparison
to the Torrance drywell results, Fort Irwin falling head data show a
very slow decrease in H,,, with time during the experiment. Very good
agreement between the observed and simulated falling head data was
observed, including the change in H,, due to irrigation runoff (821-
919 min). The total mass balance error was very small (0.0098%) and
a high R? value of 0.96% was obtained between observed and simu-
lated values. Table 1 presents the fitted hydraulic parameters. A very
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small value of K;= 2.25 x 10" m min~! was obtained. The fitted value

for « was 2.63 m~1. Fig. 6(B) compares the measured and simulated
(based on the drywell dimensions from onsite measurement) values of
H,,», with respect to time at the Fort Irwin drywell site. Very good agree-
ment between the observed and simulated falling head data was ob-
served with a total mass balance error of 0.01% and a high R? value of
0.95%. Table 1 presents the fitted parameters. The fitted values of K
(3.07 x 107 m min~!) and the value of a (2.42 m~!) were very close
to the K; and « values obtained by the previous (engineering design
dimensions) simulation. Based on the soil log information, this site con-
tains ~90% sandy clay, which has a reported K; value in the range from
2 % 1075 t0 8.46 x 107> m min~! (van Genuchten MT and Yates, 1991;
Carsel and Parrish, 1988; Pachepsky and Park, 2015). This observation
suggests that other factors (e.g., clogging) may have contributed to the
fitted K, value for this site, which is more than an order of magnitude
lower than the default value for sandy clay loam in the HYDRUS soil cat-
alog. Soil log information collected from the Fort Irwin site showed the
presence of a sandy clay layer in a depth of 0-5.2 m, a sandy loam layer
in 5.2-7.6 m, a sandy clay layer 7.6-20.7 m, a sand layer in 20.7-21.6 m,
and a sandy clay layer in 21.6-33 m. However, the lateral extension of
these highly permeable sand and sandy loam layers is not known and
we assume that it must be very small based on the observed falling head
data and the fitted K value. The fitted value of « falls in the range of
reported values for sandy clay loam (2.7 m~1) (van Genuchten MT and
Yates, 1991; Carsel and Parrish, 1988). Therefore, the increased expo-
sure of the Fort Irwin drywell to more sandy clay layers explains the
value of a. Our results show that the new Reservoir Boundary Condition
implemented in the HYDRUS (2D/3D) model is very flexible and can
account for various drywell designs.
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Fig. 6. The Fort Irwin drywell infiltration study. Observed (black circles mark-
ers) and inversely simulated (a solid red line) pressure head (H,,,) changes over
time for the inverse simulation conducted by employing (A) Torrent Resources’
engineering design dimensions during the installation time (2007) and (B) dry-
well dimensions measured during the site visit (2017). Table 1 shows the fitted
parameters, Table S2 shows the well dimensions, and Table S4 shows the time-
variable boundary conditions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

4.3. Predicted h and 0 distributions

Figs. 7 and S3 show simulated spatial h and 6 distributions, respec-
tively, in the model domain for the Torrance and Fort Irwin drywell sites
after 154 and 1481 min, respectively. A very significant change in h and
0 occurs over a large area in the model domain for the Torrance drywell
site after 154 min. In particular, the wetting front reached 3.3 m in the
vertical direction and 15 m in the lateral direction (i.e., the maximum
vertical and lateral extensions of the domain from the bottom point of
the well). In contrast, spatial changes in h and # occur over a much
smaller region at the Fort Irwin drywell site after 1481 min. The wet-
ting front reached a depth of 1 m in the vertical direction and 1.19 m
in the lateral direction.

4.4. Cumulative infiltration behavior at drywell sites

Additional simulations were conducted to better understand the cu-
mulative infiltration behavior at drywell sites. Fig. 8 shows cumulative
infiltration at the Torrance and Fort Irwin drywell sites when using
calibrated unsaturated soil hydraulic parameters (Table 1) and time-
variable input boundary conditions from Table S5. The total simulation
time was 1100 min. Multiple filling and draining cycles using a hypo-
thetical water inflow rate of 1.6 m® min~! were considered at the Tor-
rance site (5 of them) (Table S5), whereas only a single cycle (falling
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head) was employed at the Fort Irwin site due to its much lower value
of K, (Tables 1 and S5).

Fig. 8 indicates that the Torrance drywell manages to infiltrate
~53.2 m® of water within 1100 min. The Los Angeles County Low Im-
pact Development standard for drywells indicates that there should be
no standing water within 5760 min (4 days) of a design rain event
(LACDPW, 2014). A design rain event of 1.9 cm h~! for one hour (an av-
erage recurrence interval of 5 years) (Atlas, 2018) on 3.21 acres (with a
90% impervious surface) at the Torrance site will contribute ~205 m3 of
water to 4 drywells present at this site, or ~51.3 m3/drywell (LACDPW,
2014). Thus, the Torrance drywell site can easily infiltrate the expected
incoming volume of water from a design rain event within the required
time.

The Fort Irwin drywell can only infiltrate ~12.6 m3 of water within
1100 min (Fig. 8). This infiltrated water volume is much smaller than
that for the Torrance site, even though the infiltration area and a pond-
ing depth for the Fort Irwin drywell are much larger (Fig. S1). A design
rain event of 2 cm h~! (an average recurrence interval of 10 years)
(Atlas, 2018) on 56.9 acres (with a 44% impervious surface) will con-
tribute ~3643.1 m? to the Fort Irwin drywell. A simple calculation using
the simulated infiltration volume, i.e., ~12.6 m3/1100 min from Fig. 8,
indicates that it will take ~220 days to infiltrate this design rain event
volume (3643.1m?3). Not surprisingly, maintenance contractors at Fort
Irwin have reported ponding at the drywell site for several months after
a storm event (personal communication). This observation confirms that
the drywell site has a very small hydraulic conductivity and the well is
likely clogged and damaged.

A number of factors provide convincing evidence that clogging has
significantly contributed to the low saturated hydraulic conductivity at
the Fort Irwin site. For example, sediment and floating objects such as
plastics and leaves entered the sediment chamber via the lid and passed
through the open overflow pipe into the bottom well during the infiltra-
tion experiment, which mimics a natural storm event. The debris shield
that goes on top of the overflow pipe was found on the upper sediment
chamber floor at the start of the infiltration experiment (Fig. S4). Fi-
nally, a comparison of the drywell dimensions using engineering design
and our direct measurements shows that there is at least 1-2 m of sed-
iment at the bottom of the upper sediment chamber (Reservoir 1) and
the well (Reservoir 2).

5. Summary and conclusions

Field-scale falling head and infiltration experiments were conducted
at the Torrance and Fort Irwin drywell locations. These two drywells en-
compass very different characteristics. The Torrance drywell was much
smaller in depth, the soil was highly permeable, the drywell was situ-
ated in an urban setting with mainly impervious surfaces covering the
soil, incoming water was pretreated via a stormwater filter and large
sediment chamber, and the drywell was routinely maintained and func-
tioning according to design standards. In contrast, the Fort Irwin drywell
was much larger, the soil had low permeability and was likely clogged,
the drywell was situated in a rural setting, and it received little or no
maintenance and was not functioning within design specifications.

The HYDRUS (2D/3D) model was modified to simulate the complex
geometry of the drywell, and a new Reservoir Boundary Condition was
implemented to account for time-variable pressure heads and seepage
faces in the drywell that are coupled with the vadose zone. The mod-
ified HYDRUS (2D/3D) code was run in an inverse mode to estimate
the soil hydraulic properties for an equivalent uniform soil profile at
the Torrance and Fort Irwin drywell sites and to successfully simulate
temporal changes in the infiltration behavior of two completely differ-
ent drywells. Furthermore, model simulations predicted the spatial and
temporal behavior of subsurface water flow at these drywell sites.

Additional information regarding different drywell sizes, depths, lo-
cations, soil heterogeneity, engineering designs, and various contami-
nant and sediment loadings during individual storms and for a long-
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Fig. 7. The soil water pressure head (h) profile during the falling head infiltration test at (A) t = 164, 690, 954, and 1481 min at the Fort Irwin drywell and (B)

t=7,74,78, 98, and 154 min at the Torrance drywell.
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Fig. 8. A comparison of the cumulative infiltration volume for the Torrance
and Fort Irwin sites when using fitted hydraulic parameters from Table 1 and
the time-variable boundary conditions from Table S5.

term (multiple years) data series are important design considerations to
evaluate the effectiveness of drywells in comparison other infiltration
systems. Future research activities will, therefore, focus on infiltration
from a drywell in heterogeneous soil systems, changes in water qual-
ity during transport through the vadose zone, the impact of infiltrated
water on groundwater quantity and quality, identification of conditions
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that pose a risk of clogging (a potential reduction in the infiltration ca-
pacity) and a reduction in overall drywell performance, and designs that
improve the long-term management and sustainability of drywell injec-
tion.
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