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ABSTRACT

Houston, Texas and Harris County, Texas are unfortunately susceptible to both
flooding and drought. To alleviate problems from both of these extreme events,
infiltration managed aquifer recharge (MAR) systems can be implemented. In this study,
the spacing, width, and depth of rectangular parallel infiltration trenches are compared
for three soil types and three water table (WT) depths to determine the resulting
infiltration rates. Analysis was conducted using two-dimensional numerical simulations
with the HYDRUS software package.

Modeling of two groups was conducted; one varied the number of trenches in a
fixed area and the other varied the width and depth of trenches while maintaining a
constant trench volume. Increasing the number of trenches within a fixed area resulted in
(1) increased infiltration that slightly diminished as more trenches were added and (2) an
increased proportion of infiltration coming from the bottom of the trenches compared to
the sides. Increasing trench width while decreasing trench depth resulted in (1) decreased
infiltration and (2) an increased proportion of infiltration coming from the bottom of the
trenches compared to the sides. Varying the depth to water table did not have a
significant impact on the infiltration rate for most simulations in this study. However, the
impact of the water table is expected be evident for smaller depths to water table.
Functions were created for both modeling groups that show similar trends of infiltration

rates for the three tested soil types.
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1. INTRODUCTION

1.1. Background

The flooding risk of Houston, Texas and Harris County, Texas has recently been
demonstrated by Hurricane Harvey and Tropical Storm Allison, which caused respective
damages of $148.8 billion and $14.0 billion (NOAA National Centers for Environmental
Information, 2022). This flooding has been exacerbated due to Houston’s rapid urban
growth and subsequent increased amount of land covered with concrete and asphalt
(Zhang et al., 2018). Flooding is also projected to increase in strength and frequency in
the future for the region due to the effects of climate change (Emanuel, 2017).

Texas also happens to be a water-stressed region that will face many future
challenges from drought (Nielsen-Gammon et al., 2020). In most parts of Texas, the
1950-1957 drought was the worst drought recorded in the past 125 years of instrumental
record (Nielsen-Gammon et al., 2020). In the Texas Water Development Board (TWDB)
2022 State Water Plan, this drought of record is used as the statewide benchmark for the
water planning process for most of Texas. However, tree ring studies have shown that
severe droughts lasting a decade or longer have occurred at least once per century in
Texas (Cleaveland et al., 2011). Climate projections also predict more intense droughts
in the future (Cook et al., 2019), which is concerning for the growing Texas population.

The EI Nifio/Southern Oscillation (ENSO) also influences extreme events in
Texas. In the surrounding region, El Nifio phases are linked with increased precipitation

and La Nifa phases are linked with decreased precipitation (Gershunov, 1998; Kurtzman
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& Scanlon, 2007). Extreme ENSO events have increased in frequency over the past
century (Gergis & Fowler, 2006) and are expected to become even more frequent in the
future (Cai et al., 2015).

Harris County and the majority of southeast Texas is underlain by the Gulf Coast
Aquifer System, which has the Chicot, Evangeline, and Jasper aquifers as its three
primary aquifers (Figures 1, 2, and 3). These aquifers supply most of the water used for
industrial, municipal, agricultural, and commercial purposes in the Houston metropolitan
area (Kasmarek & Robinson, 2004). Unfortunately, excessive groundwater withdrawal
in the region has reduced available groundwater supplies and led to land subsidence

(Kearns et al., 2015).
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Figure 1. Hydrogeologic cross-sections of the Gulf Coast Aquifer System for the state
of Texas. Cross-section N-N” is the exact same as the Figure 2 cross-section. Reprinted
from Smith et al. (2017).



12 3 1 5 7 3 1 11
.
0 R B I ¢ | | | |
& | o & Fu
5 & - & & & < & & y
> & & & & N e o & &
glaf gl & &5 & G o &S o
F F S \é‘#’ S = Bt - &P oS £
‘ Tertiary outcrop ’ ¥ outcrop |
e ' MONTGOMERY | ! |
oy | HARRIS COUNTY | GALVESTON COUNTY FeET
+400 i [
NAVD 88 — fand || || navoss
200 -} Pl L 00
-800 L _s00
<1200 L 1200
-1,600 L _1600
-2.000 ~ -2000
-2,:400 L 2400
-2,800 L 2800
-3,200 ~ L 3200
-3,500 L 300
-4,000 - L 2000
4,400 — GRIMES COUNTY I
S o
-4800 1) MONTGOMERY COUNTY Yo, I
A e
-5.200 o ; - 5200
_5.600 o L HARRIS COUNTY L _ss00
-5,000 - I 6000
WALLER COUNTY "
6,400 4 - -6.400
GALVESTON COUNTY
'
6,800 | A ¢ & 8 |- -6:800
MAVD 88, North American Vertical Datum of 1988 F——tr—t—y—t—r-
7,200 7.0
VERTICAL SCALE GREATLY EXAGGERATED U 4 B 12 TEKLOMETERS
7600 L 7800

Figure 2. Hydrogeologic cross-section of the Gulf Coast Aquifer System. This figure
shows that infiltration MAR projects in Harris County will result in recharge for the
Chicot Aquifer. However, this will also impact the Evangeline Aquifer as the Chicot and
Evangeline Aquifers do not have a confining unit between them and are hydraulically
connected (Kearns et al., 2015). Reprinted from Braun & Ramage (2020).
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Land subsidence reduces aquifer storage, causes structural damage and wetland
loss, and leads to increased flooding (Coplin & Galloway, 1999; Kearns et al., 2015).
Much of central to southeast Harris County has subsided by at least 6 ft (Kasmarek,

2013), which was mostly the result of municipal and industrial withdrawals in between

the 1940s and 1960s (Kearns et al., 2015). This led to the creation of the Harris-

Galveston Subsidence District in 1975 in order to regulate and reduce groundwater
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withdrawals (Braun & Ramage, 2020). A study by Miller & Shirzaei (2019) found that
85 percent of the flooded area from Hurricane Harvey in Houston and Galveston had
subsided at a rate over 5 mm/yr, which shows a strong correlation between flooding and
subsidence.

The 2022 Texas State Water Plan from the TWDB projects the state population
to increase from 29.7 million in 2020 to 51.5 million in 2070, which is a 73 percent
increase. Climate change is also expected to increase the frequency and intensity of both
flooding (Emanuel, 2017) and droughts (Nielsen-Gammon et al., 2020). To account for
these problems, infiltration MAR structures can be implemented.

1.2. Literature Review

Infiltration MAR structures aim to reduce flooding and store additional water as
groundwater. This then increases water availability during drought and reduces potential
land subsidence and saltwater intrusion. These structures work by introducing more
permeable materials and/or diverting water to increase the infiltrating area. Some
examples of infiltration MAR structures are infiltration trenches, infiltration basins,
infiltration galleries, dry (vadose zone) wells, and channel spreading (Maliva, 2020).

Stormwater infiltration trenches are long, narrow pits that are filled with sand,
stone, or gravel to collect and infiltrate stormwater. They are often dug with a backhoe
and are typically sized to less than 1 m wide and 5 m deep (Bouwer, 2002). Trenches are
lined with a geotextile filter cloth and can also include a topsoil layer and perforated pipe
underdrains (Duchene et al., 1994). They are typically used as a stormwater best

management practice (BMP) to collect runoff from small drainage areas such as parking
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lots (Chahar et al., 2012). This is different than this study, which simulates rows of
infiltration trenches for larger drainage areas instead of single trenches for small
drainage areas.

Stormwater infiltration structures are sized differently based upon the desired
goals of the structure. When designed as a BMP, trenches are typically sized to either
prioritize storage or water quality (Schueler, 1987). When storage is the main priority,
the trenches are sized based upon a design storm and its corresponding capture volume
and storage time (Akan, 2002). When water quality is the priority, trenches are sized to
contain the first flush of runoff and typically have water quality volumes based upon 25-
or 50-mm design storms (Schueler, 1987; Guo & Gao, 2016). This study also takes a
different approach towards sizing infiltration trenches, as the goal of this study is to
maximize infiltration rather than fit a required amount of water.

In order for infiltration structures to be feasible in an area, the soil must have
adequate permeability and the existing water table and confining layers must be
sufficiently low (Akan, 2002). In a study on groundwater interference for infiltration
trenches, Locatelli et al. (2015) determined that trench performance is affected for
unsaturated depths of less than 1.5 to 3 m in sandy loam, 6.5 to 8 m in silt loam and 11
to 12 m in silty clay loam. Locatelli et al. (2015) also recommends that trenches not be
constructed for soils with a hydraulic conductivity on the order of 1 x 10-7 m/s or lower
due to the required large storage volumes associated. Infiltration structures should also
not be constructed in soils with high clay contents, such as 30 percent as recommended

by the Virginia Department of Transportation (2013).
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Clogging in infiltration structures is a significant problem that can lead to
reduced infiltration rates and overall failure of the system. Clogging can be caused by a
variety of physical, chemical, and biological processes that reduce soil permeability and
porosity (Baveye et al., 1998). Some examples include deposition of suspended solids,
formation of biofilms, precipitation of salts, and formation of entrapped gases in the soil
(Bouwer, 2002). However, deposition of suspended sediments is the primary cause of
clogging for stormwater infiltration structures (Siriwardene et al., 2007).

Pretreatment and/or erosion control are used in infiltration systems to mitigate
the effects of clogging and improve the water quality of infiltrating stormwater. Some
examples of pretreatment methods typically used for stormwater BMPs are sediment
forebays, vegetated buffer strips, and presettling basins (Maniquiz-Redillas et al., 2014).
Pretreatment is especially necessary for infiltration MAR projects because of the large
amounts of suspended solids and sediment in stormwater. Pretreatment was not included
in the site of the previous two-year study (Albert et al., 2021), as clogging was not its
main focus. However, future infiltration projects that are constructed in detention basins
could require pretreatment.

When designing infiltration structures, the costs of inspection, operation, and
maintenance should be considered (Maliva, 2020). In a survey of Maryland infiltration
BMPs, Lindsey et al. (1992) found that 53 percent of the surveyed infiltration trenches
were functioning as designed and 73 percent required maintenance. The main mode of
failure for these trenches in the survey was due to sedimentation, which inspectors noted

as often accelerated by inadequate vegetated buffer strips.



Many analytical and empirical equations have been developed to estimate
infiltration from the bottom and sides of infiltration trenches (Bouwer, 2002; Campisano
etal., 2011; Chahar et al., 2012; Guo & Gao, 2016; Wang & Guo, 2020). These
equations are typically used to size single infiltration trenches for a particular design
storm. However, there is a lack of research that is focused on estimating the infiltration
of multi-trench systems.

Heilweil et al. (2014) used a variably saturated flow model to compare the
relative importance of trench variables for infiltration performance in a multi-trench
system. This modeling showed that “deeper and wider trenches do not substantially
increase infiltration” and “larger numbers of parallel trenches within a fixed area
increases infiltration but with a diminishing effect as trench spacing becomes tighter”
(Heilweil et al., 2014). These results suggest that there may be an optimal trench
configuration (dimensions and spacing) for a particular location and set amount of infill.
1.3. Previous Study

This synthetic case study builds upon a previous study from Albert et al. (2021),
who evaluated three different infiltration MAR methods in an existing detention basin in
northwest Harris County. In the previous study, three 30.48 m by 30.48 m plots were
constructed with each infiltration method and tested against a control plot. These plots
were then monitored for two years to assess the corresponding recharge performance.
The plot with 16 rectangular infiltration trenches (Figure 4) is the focus of this study.

The 16 infiltration trenches in the previous study from Albert et al. (2021) had a

width of 61.0 cm, a depth of 91.4 cm, and a length of 30.48 m. The spacing between the
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center lines of each trench was 182.9 cm, which creates a 121.92 cm gap between each
trench (Figure 4). The upper 15.2 cm of the trenches were filled with type #57 limestone
gravel (<5 cm diameter) and the lower 76.2 cm was filled with a larger recycled concrete
aggregate (Figure 5). Over the two-year period, the cumulative infiltration was 61%, or
127 cm, greater for the trench plot versus the control plot. However, this infiltration

could have potentially been improved given a different trench geometry and/or spacing.

0.6096m

0.9144m 0.9144m

1.8288m

Figure 4. Trench cross-sections for the previous Albert et al. (2021) study. For the
purposes of this study, the trenches were assumed to be one gravel type instead of the
two types shown in Figure 5.

Figure 5. Installation of the trench system (left) highlighting the trench fill and non-
woven geotextile fabric (right). Reprinted from Albert et al. (2021).
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1.4. Objectives

The main objective of this study is to use vadose zone numerical modeling to test
how changing trench spacing, width, and depth affects the infiltration rate of a plot of
parallel infiltration trenches in a detention basin. Two-dimensional numerical
simulations were conducted for each different configuration using the HYDRUS-2D
software package (Simuinek et al., 2020). Simulations were also performed for different
soil types (loam, sandy loam, and silty loam) and initial depths to water table (10 m, 15
m, and 20 m) in order to evaluate the relative importance of these variables. The amount
of infiltration leaving the bottom and sides of the trenches was also determined to obtain

a proportion for each simulation.
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2. METHODOLOGY AND MODELING

2.1. Governing Equations
The HYDRUS-2D software package is used in this research to numerically solve
the Richard’s equation for water movement in variably saturated porous media (Simtinek
et al., 2020). HYDRUS allows users to choose between different soil hydraulic models;
for this research, the van Genuchten-Mualem model was selected (van Genuchten, 1980;
Mualem, 1976). The expressions are given by:
6, — 6,

9 - -
o(h) = T @+ [anm
0, h>0

h<0

K(h) = KySk[1— (1 - s;}/m)m]2

where, 6 is soil-water content, 6s and 6, are saturated and residual soil-water contents, h
is pressure head, «, n, and m are characterizing parameters for a given soil, K is
unsaturated hydraulic conductivity, Ks is saturated hydraulic conductivity, Se is degree of
saturation, and | is the pore-connectivity parameter for a given soil (Simtnek et al.,
2020). In this model, m and n are related by the following relationship from van
Genuchten (1980):

m=1-—1/n
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2.2. Soil Types

Loam, silty loam, and sandy loam were selected as representative soil types to
test for the simulations. These three soil types were the most common textural
classifications from the site of the previous study (Albert et al., 2021). The percentages
for the dominant soil textures in Harris County, Texas (Table 1) were also obtained from
the Web Soil Survey from the Natural Resources Conservation Service (2022). Although
clay and clay loam were the second and fourth most common in Table 1, they were not
selected to model due to the lower clay content that is necessary for infiltration
structures.

Table 1. Surface soil type percentages for Harris County, Texas

Soil type Percentage
Fine sandy loam 36.5
Clay 19.9
Loam 151
Clay loam 104
Silt loam 4.3
Very fine sandy loam 2.6
Silty clay loam 2.0
Loamy fine sand 1.6
Silty clay 0.5
Fine sand 0.4
Other 6.7

2.3. Soil Hydraulic Parameters

The van Genuchten parameters and saturated hydraulic conductivities for loam,
silty loam, and sandy loam (Table 2) were obtained from the ROSETTA program
(Schaap et al., 2021) that is implemented into HYDRUS (Sejna et al., 2014). The
ROSETTA program estimates soil hydraulic parameters using pedotransfer functions

and a large dataset of soil samples (Schaap et al., 2021). The default parameters based
13



upon textural classes in ROSETTA were selected in this study. The pore-connectivity

parameter | was set as 0.5 for all soil types based upon the study by (Mualem, 1976).

Figure 6 shows the plotted van Genuchten soil-water retention curves for the soil types

used in this study.

Table 2. Soil Hydraulic Parameters

Soil type Or Os a n Ks I
[cm¥cm®] [cm®cm®]  [1/m] [-] [cm/day] []
Loam 0.0609 0.3991 111 1.4737 12.04 0.5
Sandy Loam 0.0387 0.3870 2.67 1.4484 38.25 0.5
Silty Loam 0.0645 0.4387 0.51 1.6626 18.26 0.5
Gravel 0.0530 0.5070 20.00 3.0000 24,000 0.5
100 ¢
Loam
s | Sandy Loam
-10 | Silty Loam
Gravel

Pressure head, h (cm)
SL»)

_100 | ! L
0 0.1 0.2 0.3

0.4

0.5

Water content, 0 (cm3/cm3)

Figure 6. Soil-water retention curves using the van Genuchten (1980) model.

Determining the van Genuchten parameters and Ks for the gravel inside the

trenches was more challenging. The ideal soil-water retention curve for gravel is flat and
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equal to &r for negative matric potentials with an abrupt transition to saturation at
positive pressures, which requires high o and n parameters (Finch et al., 2008). A large n
parameter results in this steep curve and a large o parameter represents the small air-
entry pressure of gravel. Air entry pressure (also known as bubbling pressure) is the
matric suction where air starts to enter the largest pores of the soil (Wijaya et al., 2015),
which is smaller for coarser soils than finer soils (Indrawan et al., 2005). Since « is
inversely related to the air-entry pressure (van Genuchten, 1980), a large a is needed for
gravel.

In HYDRUS, the nonlinear soil hydraulic function of gravel (as seen in Figure 6)
requires finer discretization and is less numerically stable than finer-textured soils
(Simtinek & Sejna, 2009). There is not a standard range of parameters that is
implemented for gravel in HYDRUS, which is likely due to the resulting instabilities. A
study by Finch et al. (2008) used 175 1/m for o« and 2.80 for n, which were the largest
values that resulted in convergent solutions. These same parameters were also used for a
and n by Btazejewski et al. (2018). A post on the HYDRUS Discussion Forums by
Simtinek (2006) recommended 20 1/m for a and 3.00 for n, which are the parameters
used in this study for gravel (Table 2). A higher value for « would have been preferred,
although increases led to convergence issues.

6r and s for gravel were obtained from soil moisture sensors inside the
infiltration trenches in the previous study from Albert et al. (2021). Using this soil
moisture data, the smallest value was assumed to be & and the largest value was

assumed to be 6s. These soil moisture contents corresponded to a long period of no
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precipitation and full inundation of the infiltration trenches. Studies by Finch et al.
(2008) and Btazejewski et al. (2018) used respective 0s values of 0.50 and 0.35 and the
same 6 value of 0.05, which are close to the 8 and 65 values in this study (Table 2).

The saturated hydraulic conductivity Ks for gravel was set to a significantly
larger value than the underlying soils. This was done in order to make the flow of water
leaving the trench not be controlled by this gravel value and to ensure that the trench
would fill up quickly during a precipitation event. This value is within the continuum of
hydraulic conductivity ranges for well sorted gravel, which is between 0.01 and 1 cm/s
(Fetter, 2018).
2.4. Modeling
2.4.1. Methodology

Two overall groups of simulations were conducted, one which varied trench
spacing and another which varied trench dimensions (Tables 3 and 4). Simulations were
also conducted for “full gravel” and “no gravel” cases in the trench plot in order to
determine the upper and lower limits of possible infiltration for the site. The no gravel
case was considered to be the control simulation to determine a baseline level of
infiltration without the introduction of gravel. The full gravel simulation used the same
0.9144 m trench depth as the existing trenches, but fully covered the 15.24 m trench plot
with gravel.

The full gravel simulation is the equivalent of having 50 trenches with no space
between them, which showed the maximum possible infiltration that can be obtained

from modifying the trench spacing. It was anticipated that as more trenches were added
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to the trench plot (such as 20 and 24 trenches), the reduced space between the trenches
would limit the amount of flow that is able to leave from the sides of the trenches. As a
result, the simulations with 20 and 24 trenches were initially expected to approach a
close value to this maximum infiltration.

These simulation groups resulted in a total of 14 different geometries, which
were tested for the 3 soil types and the 3 depths to water table (10, 15, and 20 m). Each
case also had 3 stages of simulations in HYDRUS, which is later described in Table 5.
For each stage, the ending pressure head values for each node were imported into the
following simulation as initial conditions. All of the tested variables led to a total of 378
simulations that were performed.

Table 3. Spacing Tests

Spacing (m) Number of

Trenches
1.2192 24
1.5240 20
1.8288 16
2.4384 12
3.0480 10
3.6576 8

Note. The bolded values are the existing trench dimensions from the Albert et al. (2021)
study. The number of trenches in the models is actually half of the values in this table, as
the model domain was split in half to take advantage of the symmetry.
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Table 4. Dimensions Tests

. Width/Depth
Width (m) Depth (m) Ratio
0.3484 1.6002 0.2177
0.4064 1.3716 0.2963
0.4877 1.1430 0.4267
0.6096 0.9144 0.6667
0.7620 0.7315 1.0417
0.9144 0.6096 1.5000
1.0668 0.5225 2.0417

Note. The bolded values are the existing trench dimensions from the (Albert et al., 2021)
study.

These 10 m, 15 m, and 20 m depths to WT were selected to be sufficiently deep
to avoid full saturation of the model domain. This was due to a limitation of the
software, as HYDRUS-2D runs into convergence problems when the WT reaches the
surface (Simtinek 2002). These convergence problems did occur for shallower depths to
WT than 10 m, which made it the smallest that was selected. By choosing these depths
to WT, the goal was to get close to seeing the impacts of the WT while still allowing the
simulations to converge.

All simulations were conducted to have a water content balance error of less than
1% between time steps. Pressure head tolerance for nodes in the saturated region was set
at 1 cm, which is the default. Water content tolerance for nodes in the unsaturated flow
region was set at 0.0001, which was decreased from the default of 0.001 to account for
the sharper transitions in the soil-water retention curve for gravel.

2.4.2. Domain

Models were constructed in HYDRUS with a horizontal domain of 100 m and a

vertical domain of 40 m (Figure 7). The problem was modeled to be symmetric across

the centerline of the trench plot, which is the no flow boundary condition (BC) on the
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left side of Figure 7. This symmetry saved computation time, as only the right half of a
200 m total horizontal domain was modeled. This 100 m domain also only required half
as many trenches to be modeled than the values listed in Table 3.

A constant head BC was set on the right side of Figure 7 that started with a
pressure head of O m at the water table level and increased linearly with depth. This was
done for the 3 simulated water tables of 10 m, 15 m, and 20 m. This constant head BC
assumes that the water table outside of the model domain remains constant and forces all
groundwater mounding to end at this point. This constant head BC was also the only exit
point for water to leave the model domain space.

The horizontal domain of 100 m was chosen to be large enough to provide
sufficient space for the groundwater mounding from the trenches, yet small enough to
have feasible computation times. The configuration of trenches in Figure 7 is the same
number of trenches and trench geometry of the Albert et al. (2021) study and is called
the “existing trenches” for the purposes of this study. The trench variables are modified

(Tables 3 and 4) only within the 15.24 m trench plot for the other simulations.
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Figure 7. Conceptual model with boundary conditions and dimensions of the domain.
The surface BCs change in the different simulation sections, which are shown in Table
5. Depths to WT of 10 m, 15 m, and 20 m were simulated.
2.4.3. FE Mesh

Choosing the correct spacing between elements in a finite element (FE) mesh in
HYDRUS was necessary to maximize numerical accuracy while minimizing
computation time. In this model, the FE mesh around surface and edges of the trenches
needed to be the finer than the rest of the domain due to the larger hydraulic gradients
that occur around these regions (Simtinek & Sejna, 2009). When combined with the
large domain in this model, this fine mesh requirement led to a very large number of
nodes (Figure 8).

As seen in Figures 8 and 9, the FE mesh is concentrated to a size of 5 cm at the
surface and around the gravel trenches. The mesh size gradually increases with depth to

an eventual size of 200 cm in order to reduce computation time.
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Figure 8. FE Mesh for the full domain with a total of 23,746 nodes. This figure is the
trench configuration from the Albert et al. (2021) study with a 10 m depth to WT.

Figure 9. Zoomed in view of the FE mesh around the trenches.
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2.4.4. Simulations

Simulations were conducted in 3 stages in a sequential order for each trench
geometry (Table 5). This was achieved by importing the results from Group 1 into
Group 2 and then Group 2 into Group 3. There were actually 4 sections that were
modeled, but the Buffer and Inundation sections were able to be combined to make it 3
simulations. These could be combined because HYDRUS allowed for the coding of
atmospheric and time-variable head BCs together in the same simulation. It would have
been ideal to also combine the Inundation and Dissipation Sections, but convergence
problems occurred when transitioning between the inundation and dissipation BCs
(discussed further in Section 2.4.4.4). An overview of the length of each simulation
section and its corresponding BC is also displayed in Table 5.

Table 5. Simulation Information

Section Surface BC Time (hours) Simulation
Number

Initialization Constant Flux 50,000 or 52,000 1

Buffer Atmospheric 12 2

Inundation Time-Variable Head 48 2

Dissipation Atmospheric 2,340 3

2.4.4.1. Initialization Section

The initialization simulations were conducted in order to obtain reasonable water
content values for the initial conditions of the inundation simulations. A constant flux
boundary condition of 6.8 x 10 m/hr was set at the surface (Figure 7), which is
approximately half of the average rainfall near the site of the previous study from Albert
et al. (2021). The initialization simulations for the existing trenches from the previous

study were run for 50,000 hours with a pressure head initial condition that changed
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linearly with depth (Figure 10). For all other trench geometries, the results (Figure 11)
were inputted as new initial conditions and run for an additional 2,000 hours. This
produced practically identical results for the other geometries while significantly

reducing the needed computation time.
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Figure 10. Pressure head initial conditions for initialization simulations for the existing
trenches (15 m depth to WT).
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Figure 11. Water content values at end of initialization simulations for a)
loam, b) sandy loam, and c) silty loam. This figure shows the simulations for the existing
trenches with a 15 m depth to WT.
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The initialization simulations produced approximate water contents (Figure 11)
in the unsaturated zone of 0.30 for loam, 0.26 for sandy loam, and 0.28 for silty loam.
Figure 11 also shows visible groundwater mounding for loam and silty loam, but not
sandy loam. This is partially the result of the larger Ks for sandy loam (38.25 cm/d) than
loam (12.04 cm/d) and silty loam (18.26 cm/d). Sandy loam also has a higher «
parameter (2.67 1/m) than loam (1.11 1/m) and silty loam (0.51 1/m), which drops the
soil-water retention curve (Figure 6). This lower curve means that sandy loam will
release water at higher pressure potentials than loam and silty loam will, thus retaining
less water.
2.4.4.2. Buffer Section

A “buffer” period of 12 hours with an atmospheric BC at the surface was
simulated at the beginning of the second stage of simulations (Table 5). The initial
conditions for this simulation group were the results from the initialization simulations
(Figure 11). This section was created to prevent numerical stability problems that may
have occurred when the model transitioned between the constant flux and time-variable
head BCs. This section did not need to be its own simulation, as there were no problems
with combining the buffer and inundation sections into one simulation.
2.4.4.3. Inundation Section

After the 12-hour buffer period, the surface BC was switched to a time-variable
head BC for 48 hours. This 48-hour period was comprised of a 12-hour ramp-up period,
a 24-hour constant-head period, and then a 12-hour ramp-down period. The BC pressure

head for the 24-hour period was maintained at 1 m, while the BC pressure heads for the
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ramp-up and ramp-down periods are shown in Table 6. The values in the ramp-up and
ramp-down periods were chosen to roughly represent the shape of a hydrograph. The
small values at tail end of the ramp-down period also provided a smoother transition
from the time-variable BC to the atmospheric BC, which was helpful for numerical
stability purposes.

Table 6. Surface boundary condition values for the 12-hour ramp-up and ramp-down

periods
Time Step Ramp-Up Pressure Ramp-Down Pressure

(hour) Head BC (m) Head BC (m)
1 0.001 0.800
2 0.005 0.600
3 0.010 0.400
4 0.025 0.300
5 0.050 0.200
6 0.100 0.150
7 0.150 0.100
8 0.200 0.050
9 0.300 0.025
10 0.400 0.010
11 0.600 0.005
12 0.800 0.001

The water contents at the end of the inundation sections are shown in Figure 13
for the existing trench geometries with a 15 m depth to WT on the right side of the
model. The differences in the wetting front speeds are visible for sandy loam in Figure
13b, as it has traveled farther than loam and silty loam at the end of this section. As
stated in Section 2.4.4.1, this is the result of the larger Ks and o parameters for sandy
loam than loam and silty loam (Table 2). The velocity vectors are also plotted in Figure
12, which shows increasing velocities for loam, silty loam, and sandy loam, respectively.
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Figure 12. Velocity vectors for a) loam, b) sandy loam, and c) silty loam at the end of
the inundation simulation section. This figure shows the simulations for the existing
trenches with a 15 m depth to WT.

The wetting fronts for loam and silty loam traveled approximately the same
distances even though the Ks of silty loam (18.26 cm/d) is larger than loam (12.04 cm/d).

However, the smaller a value of silty loam (0.51 1/m) compared to loam (1.11 1/m) may
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have offset the effects of these Ks differences. This smaller o value causes the SWRC
(soil-water retention curve) for silty loam to be higher than loam for the portions of the
curve that are closer to saturation (especially since they have similar n values) (Figure
6). These portions of the curve are also the part being simulated, as the initial conditions
for this section were around 0.30 for loam, 0.26 for sandy loam, and 0.28 for silty loam
in the unsaturated zone. As a result, this higher SWRC curve for silty loam means that it
will retain more water for a given pressure potential than loam.

The water contents at the end of the inundation simulations for the no gravel and
full gravel simulations are also displayed for loam in Figure 14. These simulation results
show the wetting fronts that result from introducing no gravel and the maximum amount
of gravel within the trench plot area. If the water contents from Figure 14a were to be
subtracted and superimposed from Figure 13a, this would visually represent the

increased infiltration from the trenches for the loam soil type.
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Figure 13. Water content values at end of inundation simulations for a)
loam, b) sandy loam, and c) silty loam. This figure shows the simulations for the existing
trenches with a 15 m depth to WT.
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Figure 14. Water content values at end of inundation simulations for the a) no gravel
and b) full gravel cases. This figure shows the simulations for the loam soil type and a
15 m depth to WT.

2.4.4.4. Dissipation Section

In this final modeling section, the surface BC was switched back to an
atmospheric BC and the simulation was run for 2,340 hours (Figure 15). This provided
enough time for the wetting fronts for all of the simulations to dissipate. The system did
not fully reach equilibrium in this section due to the slow nature of groundwater

movement, but that was not necessary for the goals of this study.
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The dissipation section needed to be its own simulation group, as the switch to
the atmospheric BC caused the simulation to not converge when too much of the area
close to the surface was fully saturated. This was similar to the convergence issues that
occur when the WT reaches the surface (discussed in Section 2.4.1). However, this did
not occur for the tested depths to WT for this study (Figure 13).

To achieve convergence, the uppermost nodes on the surface were set as very
slightly unsaturated (as close as possible) for the initial conditions of this section. Initial
condition pressure heads of -0.01 m for sandy loam and -0.001 m for loam and silty
loam were set. This decreased the respective water contents of loam, sandy loam, and
silty loam by 5.0 x 10, 5.7 x 104, and 1.0 x 107, all of which are not a significant

change from the saturated water contents.
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Figure 15. Water content values at end of dissipation simulations for a) loam, b) sandy
loam, and c) silty loam. This figure shows the simulations for the existing trenches with
a 15 m depth to WT.
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3. RESULTS AND ANALYSIS

3.1. Effects of Changing the Water Table

The effects of modifying the water table on the cumulative surface infiltration
were evaluated for the spacing tests and the dimensions tests. To represent these
infiltration changes, differences in infiltration were calculated for 10 mto 15 m, 15 mto
20 m, and 10 m to 20 m water tables (Figures 16 and 17). For most loam and sandy loam
simulations, infiltration increased as the WT changed from 10 m to 15 m, but decreased
for 15 m to 20 m. Most silty loam simulations increased for both of these comparisons.
The overall infiltration (10 m to 20 m WT) did often increase, but not for all for all
values. These overall infiltration differences were also quite small (<0.3 m?) for all of
the simulations except for the sandy loam 10 m dimensions tests. This suggests that
changing the depth to WT did not significantly affect the infiltration for all of the
spacing and dimensions simulations (Figures 16 and 17) except for the one instance.

This decreased infiltration for the sandy loam 10 m WT dimensions tests can be
explained from the local interference of the WT under the infiltration trenches. In these
simulations, increasing the depth of the trenches while decreasing the width caused the
wetting front from the gravel to reach the WT before the end of the inundation
simulations (Figure 18). As a result, the specified pressure head at the surface was not
able to lead to as much infiltration for the deeper and narrower trench geometries in the
dimensions tests. This did not create any converge problems, as only a portion of the

model domain had the WT connected to the surface.
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silty loam.
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Figure 18. Water content values at end of inundation simulations for the width/depth
ratios of a) 0.2177 and b) 0.6667 (existing). This figure shows the simulations for the
sandy loam soil type and a 10 m depth to WT.

If shallower depths to WT were tested, this would have more significantly
affected the infiltration results. These shallower depths to WT were not tested due to
software limitations that cause convergence problems when the full WT reaches the
surface (as discussed in Section 2.4.1). Shallower WTs would also have also had both
wetting fronts (under the trenches and under the existing soil) connect to the surface for

some of the simulations, which would have created a fully saturated domain. If the
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existing soil would already saturate the whole domain, there would also not be a
significant need for MAR infiltration trenches.
3.2. Cumulative Surface Infiltration

The cumulative infiltration for the whole surface in the second and third
simulation groups (Table 5) was summed to obtain the total cumulative infiltration. In
order to isolate the impact of introducing the gravel trenches, these values were reduced
by subtracting the total cumulative infiltration of the no gravel (control) simulations
(shown in Table 7). The adjusted results are plotted in Figure 19 for the spacing tests and
Figure 22 for the dimensions tests.

“Full gravel” simulations were also conducted in order to determine the
maximum possible surface infiltration that could occur from increasing the number of
trenches within the 15.24 m trench plot. The results from the full gravel simulations
(Table 8) represent the upper limit of infiltration that is possible for the spacing tests and
are the equivalent of 50 trenches within the trench plot. These values were also adjusted
by subtracting out the no gravel (control) values (Table 7). It is important to note that the
simulated infiltration does vary significantly for the different existing soils (Table 8),
which is not evident if only looking at the adjusted values.

Table 7. No Gravel (Control) Simulation Results

Soil Type Simulated Infiltration (m?)
10 m depth to WT 15 m depth to WT 20 m depth to WT
Loam 35.46 35.44 35.45
Sandy Loam 90.39 91.84 92.08
Silty Loam 59.32 59.36 59.34
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Table 8. Full Gravel Simulation Results

Soil Type Adjusted Infiltration (m?)
10 m depth to WT 15 m depth to WT 20 m depth to WT
Loam 7.70 7.75 7.76
Sandy Loam 8.71 8.89 8.98
Silty Loam 8.72 8.43 8.44

3.2.1. Cumulative Surface Infiltration: Spacing Tests

In the spacing tests, different numbers of trenches with a width of 0.6096 m and a
depth of 0.9144 m were placed within the 15.24 m trench plot. These trenches have the
same width and depth as the existing trenches (Albert et al., 2021), of which there are a
total of 16. The adjusted results for each depth to WT show increasing infiltration that
begins to slightly diminish as more trenches are added (Figure 19). However, these
diminishing returns were less than initially anticipated for these simulated numbers of

trenches.

37



a)

Infiltration increase (mz)
N w B [6)] [«2) ~

N
T

Infiltration increase (mz)

~

(o]

a

N

w

N

N
T

b)

—@®— Loam
——A—— Sandy Loam
—&—— Silty Loam

Infiltration increase (mz)

~
T

(o]
T

a
T

N
T

w
T

N
T

=N
T

c)

8 12 16
Number of Trenches

20

24

8

12 16 20

24

Number of Trenches

8 12 16 20 24
Number of Trenches

Figure 19. Increase in cumulative surface infiltration compared to control for a varied

number of trenches within a 30.48 m plot. Simulations were conducted for depths to WT
ofa) 10 m, b) 15 m, and ¢) 20 m.

To obtain larger curves that better estimate the diminishing infiltration increases,
the full gravel simulations were used. Since the full gravel simulations are the equivalent
of 50 trenches with no spacing, this provided the upper limit of infiltration that could be
obtained for each soil type. With this data point added, lines of best fit were calculated
based upon the average infiltration for the three WTs (Figure 19). These lines of best fit
are the second-degree polynomials that were obtained from the method of least squares.
The polynomials in Figure 20 have the following equations:

Loam Infiltration = —0.0018N? + 0.2321N + 0.7334
Sandy Loam Infiltration = —0.0029N? + 0.3090N + 0.6634

Silty Loam Infiltration = —0.0027N? + 0.2887N + 0.9008
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where Infiltration is the surface infiltration increase compared to the control simulations
(m?) and N is the number of trenches. The infiltration results were averaged for all three
WTs in Figure 19 since the WT did not have a significant effect on infiltration for the
spacing tests (as discussed in Section 3.1).
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Figure 20. Average simulated infiltration values across all three WTs for the spacing
tests. The lines of best fit are the second-degree polynomials obtained from method of
least squares.

In Figure 21, the infiltration and number of trenches from Figure 20 are
converted into dimensionless parameters in order to obtain values that are as general as
possible. Infiltration was normalized by dividing the results from Figure 20 by the

average of the 3 full gravel results for each soil type (Table 7) and multiplying by 100%.

This accounted for the differences between the maximum infiltration limits for each soil
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type. This ended up shifting the lines of best fit closer to each other in Figure 21 than in
Figure 20, which showed a similar pattern across the three different soil types.

The number of trenches was also normalized by dividing this value by the
maximum number of trenches (50) and multiplying by 100%. This is equivalent to the
percentage of the 15.24 m trench plot that is covered in gravel, as the trenches all have
the same dimensions. Figure 21 also plotted second-degree polynomial lines of best fit,
which had the following equations:

Loam Percentage of Max Infiltration = —0.0060G?% + 1.4999G + 9.4782
Sandy Loam Percentage of Max Infiltration = —0.0082G? + 1.7443G + 7.4885
Silty Loam Percentage of Max Infiltration = —0.0080G? + 1.6928G + 10.5623
where Percentage of Max Infiltration is the surface infiltration divided by the max
infiltration and G is the percentage of gravel on the surface of the trench plot.

This conversion to dimensionless parameters allows for simple interpretation of
Figure 21 without having to consider units. For example, the existing 16 trenches have
32% of the surface covered with gravel and about 52.1% of the max infiltration for loam.
If the gravel cover were increased by 8%, this would increase the infiltration by 8.5% of
the maximum value. However, an additional 8% increase in gravel cover would only

increase infiltration by 6.1% of the maximum value.
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Figure 21. Dimensionless values and lines of best fit for the spacing tests results from
Figure 20.

It is important to note that the percentage of max infiltration and percentage of
gravel on the surface are not always weighted equally, as the relative importance of each
variable depends upon the goals, economics, and characteristics of the site. These
infiltration values were also determined using one specified trench width and depth.
However, the polynomial lines of best fit can be used to roughly estimate how changing
the number of trenches within an area will affect the infiltration.

3.2.2. Cumulative Surface Infiltration: Dimensions Tests

In the dimensions tests, the spacing and width of 16 infiltration trenches were

varied within the 15.24 trench plot. The trenches maintained the same cross-sectional

area and positions as the existing trenches (Albert et al., 2021), which have a spacing of
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182.9 cm between the center lines of each trench. The adjusted results for each depth to

WT show higher infiltration for deeper and narrower trenches than shallower and wider

trenches for trenches with the same cross-sectional areas (Figure 22).
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Figure 22. Increase in cumulative surface infiltration compared to control for varied
trench width/trench depth ratios. Simulations were conducted for depths to WT of a) 10

m, b) 15 m, and ¢) 20 m.

Figure 23 shows the average values across the different WTs for the simulated

values and also includes lines of best fit obtained with the method of least squares. Since

the sandy loam 10 m WT simulations were the only simulations that were significantly

affected by the WT interference, they were not included in the averaging. These lines of

best fit are the reciprocal functions with the following equations:

42



) . 0.6187
Loam Infiltration = R + 2.9877

Sandy Loam Infiltration =

Silty Loam Infiltration =

157
R

545

+ 3.3036

+ 3.6575

where Infiltration is the surface infiltration increase compared to the control simulations

(m?) and R is the ratio of the width of the trenches divided by the depth of the trenches.
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Figure 23. Average simulated infiltration values across all three WTs for the dimensions
tests. The lines of best fit are the reciprocal functions obtained from the method of least

squares.

Figures 22 and 23 show decreases in infiltration as width/depth ratio increases in

a consistent pattern across the different soil types and WTs. The highest infiltration was

simulated for the narrowest and deepest trenches in all of the dimensions simulations.
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Infiltration was also much more sensitive to change for the lower width/depth ratios than
the higher width/depth ratios.

The interference between trenches certainly impacted these infiltration results.
Although the spacing between the trench centerlines was constant for the dimensions
tests, narrower trenches meant more space between the edges of the trenches than wider
trenches. By increasing the depth, this also created more infiltration space in the area
below the trenches. As a result, interference between trenches is expected to be lower for
deeper and narrower trenches than shallower and wider trenches.

3.3. Proportion of Bottom/Side Infiltration

The proportion of bottom and side infiltration leaving infiltration trenches was
also measured in the spacing and dimensions simulations. This is measured as “bottom
proportion,” which is the amount of infiltration leaving the bottom of the trenches
divided by the amount of infiltration leaving the bottom and sides of the trenches. The
bottom proportions in Figures 24 and 25 showed consistent patterns across the different
soil types and WTs, which suggests that these variables did not play a significant role
here.

Fluxes were measured in HYDRUS for 3 different trenches in each simulation
and then averaged to find each bottom proportion. 3 trenches were selected since
HYDRUS allowed up to 10 mesh lines per simulation, and 3 lines were required per
trench. The bottom proportion did decrease slightly for the trenches on the right end of

the trench plot, as the flow coming from these trenches was less restricted from nearby
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trenches. To account for these spatial differences, the 3 selected trenches included 1 on
the left, 1 in the middle, and 1 on the right.
3.3.1. Proportion of Bottom/Side Infiltration: Spacing Tests

Figure 24 demonstrates that as additional trenches are added within the 15.24 m
trench plot, the proportion of infiltration leaving the bottom of the trenches increases.
This is due to the space between the trenches decreasing, which restricts the potential for
lateral flow to occur.
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Figure 24. Proportion of cumulative infiltration leaving the bottom of the trenches
compared to the bottom and the sides for a varied number of trenches within a 15.24 m
plot. Simulations were conducted for depths to WT of a) 10 m, b) 15 m, and ¢) 20 m.
3.3.2. Proportion of Bottom/Side Infiltration: Dimensions Tests

Figure 25 shows that the bottom proportion also increases as the width/depth
ratio increases. This is expected to occur, as there is a larger bottom width and a smaller

side depth. However, the overall infiltration is also decreasing with this increasing
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width/depth ratio (Figure 23). To show the actual bottom and side infiltration on one
plot, the average bottom proportions for each soil type (Figure 25) are multiplied by
these infiltration values for the spacing tests (Figure 23) to obtain Figure 26. Figure 26
shows that the infiltration coming from the bottom of the trenches does not significantly
change as the width increases and the depth decreases. Instead, most of these infiltration

changes are attributed to the side infiltration.
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Figure 25. Proportion of cumulative infiltration coming from the bottom of the trenches
divided by the proportion coming from the bottom and the sides for varied trench
width/trench depth ratios. Simulations were conducted for depths to WT of a) 10 m, b)

15 m, and c) 20 m.
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Figure 26. Amount of cumulative infiltration coming from the bottom and sides of the
trenches for varied trench width/trench depth ratios. Simulations were conducted for a)
loam, b) sandy loam, and c) silty loam using the average values of the three WTs.
3.4. Average Infiltration Rates

In the previous sections, infiltration was quantified as the added cumulative
infiltration (in units of m?) compared to the control plot for the whole domain. In this
section, average infiltration rates for the trench plot section were estimated for the 48-
hour inundation event (Tables 9, 10, and 11). To convert to infiltration rate, cumulative
infiltration was divided by the horizontal length of the trench plot and divided by 2 days

for the duration of the inundation event. The results were then averaged between the

three simulated depths to WT.
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Table 9. No Gravel and Full Gravel Average Infiltration Rates

Case Average Simulated Infiltration Rate (m/d)
Loam Sandy Loam Silty Loam
No Gravel 0.177 0.458 0.296
Full Gravel 0.444 0.794 0.597

Table 10. Spacing Tests Average Infiltration Rates

Number of Average Simulated Infiltration Rate (m/d)

Trenches Loam Sandy Loam Silty Loam
8 0.281 0.617 0.434
10 0.293 0.634 0.449
12 0.310 0.657 0.470
16 0.334 0.686 0.498
20 0.349 0.701 0.512
24 0.370 0.727 0.534

Table 11. Dimensions Tests Average Infiltration Rates

Width/Depth Average Simulated Infiltration Rate (m/d)
Ratio Loam Sandy Loam Silty Loam
0.2177 0.396 0.780 0.593
0.2963 0.377 0.754 0.565
0.4267 0.354 0.719 0.529
0.6667 0.334 0.686 0.498
1.0417 0.317 0.657 0.474
1.5000 0.306 0.637 0.457
2.0417 0.299 0.623 0.444
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4. CONCLUSIONS

4.1. Summary of the Findings

In this study, the spacing, width, and depth of infiltration trenches were
compared for three soil types and three WT depths to determine the resulting infiltration
rates. Functions were determined for each soil type that describe these infiltration
changes for the spacing and dimensions tests.

Trench spacing was modified by changing the number of trenches within the
15.24 m trench plot and maintaining the same dimensions. Modeling results for the
spacing tests showed that infiltration increased as additional trenches were added, but
there were diminishing returns. The proportion of infiltration coming from the bottom of
the trenches increased as additional trenches were added in the spacing tests.

The width and depth were varied inversely while maintaining a constant trench
volume and the same number of trenches. Modeling results for the dimensions tests
showed higher infiltration for deep and narrow trenches than shallow and wide trenches.
This infiltration increase for deep and narrow trenches was came mostly from infiltration
from the side of the trenches. Infiltration coming from the bottom of the trenches stayed
relatively constant as the width and depth of the trenches were modified.

4.2. Directions for Future Research

Numerical modeling of clogging in multiple trench systems would be useful for

determining how to best size infiltration trenches. Clogging should especially be

considered for MAR projects that use stormwater due to the associated sedimentation.
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Pretreatment and scheduled operation and maintenance of the trench systems can also be
considered in the modeling to reduce the amount of clogging.

Modeling of multi-trench systems could be conducted for longer time periods,
which could include a variety of inundation and precipitation events. Evaluating over a
longer time period may also show diminishing infiltration from the impacts of high
initial water tables and water contents. Introducing different pressure head values at the
surface may also impact the infiltration performance of the trenches.

Future MAR numerical modeling based in detention basins could incorporate the
ground slope of the basin into the model. This would account for the fact that not all of
the trenches receive water from smaller storms, which affects the performance of the

system.
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