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Abstract: 

In arid regions, sustainable water management practices are critical for a future with 

climate change. Several neighborhoods in Tucson, Arizona have implemented green 

infrastructure designs to collect the untapped, renewable resource of rainwater. Neighborhood-

scale green infrastructure in the form of curb cuts connected to rainwater-harvesting basins have 

been shown to successfully capture storm runoff and create appreciable green spaces. However, 

the maintenance of curb-cut basins has been left to nearby homeowners, and after almost a 

decade, some basins show signs of neglect. Little is understood about how continued upkeep 

affects the function of a rainwater-harvesting basin. It appears that a degraded basin cannot 

properly capture rainwater. This presentation will assess how volunteer homeowner maintenance 

influences the functionality of Tucson’s green infrastructure, as well as make recommendations 

to the City of Tucson for basin maintenance. Infiltration rates – measured with an air 

permeameter - will serve as a metric for basin function, while a qualitative analysis of the basin’s 

appearance will gauge the apparent homeowner care. The results found that basins in fair 

condition and poor condition tended to have a statistically significant increase in average 

saturated hydraulic conductivity. Overall, well- maintained basins underperformed relative to 

unkempt ones. 

Introduction: 

 This research project focuses on the topic of green infrastructure and how its maintenance 

can affect performance. Green infrastructure (GI) refers to city designs or conservation projects 

that model natural environmental systems to provide water management. Often, GI harvests 

rainwater for a localized spot of vegetation. Common forms of GI are retention basins, bio-

swales, rain gardens, living roofs, chicanes, permeable pavement, and restored waterways. 

Interest in natural greenspaces within metropolitan areas began after urban population density 

started to climb; in 1994, a Floridian governor is credited for coining the term “green 

infrastructure” after referring to areas of “strategically planned and managed network of natural 

land” (Hufnagel and Rattle, 2014). A broader definition is typically accepted, as it includes 

native species and essential ecological progressions that are critical for sustaining the water and 

air quality in urban centers. 



 

The GI studied in this project are known as rainwater harvesting curb-cut basins. They 

are neighborhood-scale GI, which means they are typically built along residential streets and 

sidewalks in the right-of-ways. They are designed to reduce flooding by capturing storm runoff 

that flows down a street, which allows it to infiltrate into vegetated basins. Capturing stormwater 

before it flows downstream has been shown to have substantial benefits. Hufnagel and Rattle 

(2014) state that GI basins prevent street containments like motor oil or pesticides from 

accumulating in our waterways, which can cause a hefty increase in water treatment costs. One 

municipality in Seattle has indicated that water quality is improved by GI basins (Matsuno and 

Chiu, 2010). Additionally, many researchers extoll GI for its many community benefits, like 

providing aesthetic property value, cooler temperatures, air pollution scrubbing, and energy-

savings (Coutts and Hahn, 2015; Hufnagel and Rattle, 2014; Pennypacker, 2015). However, the 

high capital costs of GI have dampened its momentum to be fully incorporated (Liptan and 

Santen, 2017). In a 2016 report from the U.S. Environmental Protection Agency, it was observed 

that operation and maintenance is a challenge that when not addressed properly can lead to 

failure of green infrastructure and high costs associated with restoration. The report also 

acknowledges that “limited research is available” when it comes to how regular upkeep impacts 

the basin performance (USEPA, 2016a). It is complicated further when many of the rewarding 

features of GI pay off over the span of decades, so long-term planning is absolutely necessary. 

“Without good data on costs of operations, and good policies regarding maintenance, GI can get 

a bad rap” (Liptan and Santen, 2017). Cities discouraged by the high initial price tag require 

information on whether or not maintenance costs will accumulate over time as well. This 

research seeks to address those concerns.  Rainwater harvesting curb-cut basins in residential 

neighborhoods were studied to determine if long-term maintenance is needed for the basins to 

function as intended.  

A basin with a higher saturated hydraulic conductivity (Ksat) can capture and infiltrate 

more rainwater than clogged basins with lower Ksat values. Traditional hydraulic conductivity 

measurements can be tedious and time-consuming, so this research used an indirect approach. A 

Soil Corer Air Permeameter (SCAP) was used to estimate the air permeability of each basin. 

Measurements were taken at the lowest elevation point in the basin, and were related to the 

saturated hydraulic conductivity. Under ideal conditions, air and water permeability are 

considered equal, as they both depend on the pore shape, size, distribution (Chief, 2007). 



 

Provided certain assumptions are met, air permeability and Ksat can be related to each other 

through a log-log correlation, and a good linear relation exists (Loll et al., 1999). Using the 

SCAP and methods described below, the infiltration rate was determined at each basin as a 

measure of the water-harvesting ability. 

Additionally, each site location was given a ranking based on appearance. This 

qualitative assessment considered the presence of trash, presence of weeds, vegetation health, 

and inlet/outlet clogging as a proxy to estimate the amount of volunteered maintenance from 

nearby residents. The two variables of basin condition and basin Ksat were compared to 

determine if a correlation exists between a basin’s apparent maintenance and its ability to 

infiltrate water. The concluding discussion will make recommendations to the City of Tucson for 

the basin maintenance policy of its neighborhood-scale green infrastructure, and whether more 

educational outreach programs for homeowners is needed. 

Literature Review: 

 During the last two decades, cities across the US began reevaluating how they manage 

precipitation events. Instead of viewing rainwater as an irritating inconvenience, many urban 

planners perceive an untapped resource. Especially in an era of changing weather patterns, 

booming population density, and limited clean water, it’s critical to plan for a future with scarce 

resources. Green infrastructure reflects that ideology. GI is designed with the goal of utilizing 

rainwater in a beneficial and sustainable way.  It can alleviate many metropolitan concerns like 

stormwater contamination, flood damage, and urban heat island effect. There is ample research 

of GI case studies, and the findings have been positive enough to spur continued attention (e.g. 

Canfield, 2017; Cook, 2016; Matsuno and Chiu, 2010). Below are summaries of the many direct 

and indirect benefits of green infrastructure, so the overall value of GI can be placed in context. 

When considering the potential operation and maintenance costs of GI, it’s imperative to 

remember the long-term rewards as well.  

 In dense urban centers, rain events create a host of management problems. Paved ground 

creates an enormous amount of runoff, so large storm events are a challenge for city planners. 

The traditional method of handling excess water involves diverting it into pipes, sewers, and 

holding tanks. These typical concrete conveyance systems are colloquially known as gray 



 

infrastructure. Conversely, green infrastructure follows a more holistic approach and mimics 

natural hydraulic cycles. The environment has the phenomenal capacity to slow flowing water, 

dissipate the excess energy, and allow the water to soak in. Researchers from Water Environment 

Federation (2014) found that a forest will soak up almost two inches of precipitation before 

water begins to run off. On the other hand, cities lined with concrete and asphalt experience 

significantly decreased infiltration, and almost all of the rainfall turns to surface runoff. Over 

impervious surfaces, like parking lots, roadways, and commercial complexes, as little as 0.1 

inches of rain can cause up to eleven cubic meters of surface runoff (Hufnagel and Rattle, 2014).  

This also presents a water quality issue. As runoff flows down gutters, driveways, and streets, it 

picks up garbage, heavy metals, fertilizers, pesticides, motor oils, pathogens, and sediments. This 

pollution creates an enormous burden on ecosystems and water treatment plants downstream of 

city streets. Hufnagel and Rattle (2014) report that the extra expense and energy needed to move 

and treat contaminated stormwater is an additional financial burden on communities.  

 In the 1980s, the US Environmental Protection Agency began monitoring the water 

quality in urban runoff in the Nationwide Urban Runoff Program (NURP). They found that, 

“storm water was indeed a significant contributor of pollutants to U.S. waters and should 

therefore be managed to the maximum extent practicable” (Liptan and Santen, 2017). When 

runoff occurs in the smallest rainstorm events, and results in a surge of highly contaminated 

stormwater, there is a public health concern. The City of Seattle experienced this issue 

frequently.  In an effect to curb the massive pollutant load being dumped into their local 

waterways, Seattle funded neighborhood-scale green infrastructure projects, like bio-swale 

basins and curb cuts, along dozens of roadways. After the installation and establishment of GI, 

they found that the transmission of pollutants through stormwater runoff was reduced by 98% 

(Matsuno and Chiu, 2010). The pilot installations were successful in multiple ways, including 

neighborhood beautification from the curb-cut basins. 

Another widely touted benefit of green infrastructure is the mitigation of the urban heat 

island effect. Human development for large populations absorbs a great deal of radiation, and 

warms the surrounding “air temperatures as much as 22˚ F than less developed areas nearby” 

(Hufnagel and Rattle, 2014). Roadways and rooftops are main contributors of this effect. Trees 

reduce the ambient temperature, and cool the air through evapotranspiration (Coutts and Hahn, 



 

2015). Green spaces, like parks, gardens, or GI can absorb radiation, provide shade, and lower 

temperatures. Greenspaces near buildings can also reduce the energy costs needed to heat and 

cool the building (Hufnagel and Rattle, 2014). Large healthy trees significantly reduce the 

ambient temperature and cool the air through evapotranspiration. Most importantly, this benefit 

can span several generations. Coutts and Hahn (2015) state that projected local temperature 

increases over the next 65 years could essentially be negated.  

An understated benefit of green infrastructure is the subtle effects on human health. From 

an ecological perspective, a healthy environment is mandatory for human well-being. However, 

the natural environment is often ignored or overlooked despite being foundational to public 

health. Coutts and Hahn (2015) wrote a literature review of all the empirically-supported human 

health benefits of GI. For example, a thorough study done over a number of dense Chinese cities 

found that trees were useful for air pollution abatement. Tree leaves collect air particulates on 

their surface and serve to scrub the air clean of contaminates. Nearby forests, parks, and 

protected watersheds could possibly reduce the number of people experiencing acute respiratory 

symptoms due to air pollution. Additionally, Coutts and Hahn (2015) have shown that a relation 

exists between physical activity and access to green spaces. If green environments are nearby 

and easily accessible, a neighborhood is likely to report higher levels of physical activity like 

walking or running. Exposure to greenspaces can reduce stress and stress-related illnesses and 

create feelings of peace and well-being (Coutts and Hahn, 2015).  

 Recently, there has been a movement in the scientific community to analyze the effects of 

soil biota on soil structure. Soil biota refers to the living creatures with in the top soil – like 

bacteria, fungi, earthworms, ants, or plant roots. Evidence suggests that these microorganisms 

change the soil structure in ways that facilitate better air and water flow through the soil profile 

(Bronick and Lal 2005). In 1988, Elliot and Coleman documented “strong feedbacks between 

soil organisms and soil structure”, where microbial activity changed the soil structure to improve 

infiltration. There are several factors that contribute to this phenomena. Some fungi and bacteria 

excrete a microbial extracelluar polymeric substance (EPS) which acts like a hydrophobic slime 

on soil particles (Morales et al., 2010). The water- repellant compounds change the angle of 

wettability and keeps incoming water in the “center lane” of the pore spaces. This allows 

preferential flow paths to form, which increases the infiltration in sandy soils. Too much EPS 



 

from an overactive microbial system can clog soil pores; however, semi-arid environments with 

irregular water availability limits the EPS in a way that can enhance the hydraulic conductivity 

In fact, it has been found that even tiny amounts of EPS in soil can have significant effects for on 

facilitating vertical water flow (Morales et al., 2010). Soil biota can also increase infiltration 

rates by creating macropore spaces. The extracellular compounds clump soil particles together, 

enhancing the aggregation. According to authors C.J. Bronick and R. Lal (2005), when a soil is 

stabilizing under the formation of new aggregates, the “microbial influence is most pronounced 

in sandy soils”. Earthworms and plant roots also contributed to macro porosity in soil, where 

stabilized flow paths enhance infiltration. 

Soil biota fundamentally changes soil structure and porosity to facilitate better air and 

water flow; this improves the basin function for capturing and infiltrating rainwater, potentially 

leading to a healthier environment for vegetation. (Elliot and Coleman, 1988). During their 

installation of curb-cut GI, Seattle Public Utilities expected that their basin performance would 

“improve over time as plants mature and soil is stabilized, leading to an increase in overall 

filtration and retention” (Matsuno and Chiu, 2010). This natural soil stabilization is hypothesized 

to come, in part, from soil biota. High amounts of organic matter, like leaves, sticks, dead weeds, 

or other plant debris facilitates the nutrient recycling of microorganisms and creates a natural 

mulch layer. Mulch serves a variety of purposes, including acting as a filter for fine sediments, 

dissipating energy from inflowing water, and preventing erosion (USAEPA 2016b). The current 

research will examine the condition of the top soil – whether it is bare soil or has a layer of 

organic litter mulch – to determine if soil biota has an impact on infiltration rate.  

One essential element of green infrastructure is the long-term economic value. Pima 

County completed a study called the Action Plan for Water Sustainability (Impact Infrastructure, 

2014). A consulting firm was hired to use a business analytics tool to quantify and monetize all 

GI benefits. The report cited green infrastructure as the most cost-effective solution, due to 

several benefits spanning the GI’s entire lifetime, including “increased retail sales, rents, and 

property values; energy and water savings; reduced infrastructure costs; higher rates of worker 

happiness and productivity and lower crime rates” (Impact Infrastructure, 2014). Pima County is 

not the only entity to draw this conclusion about the economic value of GI. Seattle Public 

Utilities (2018) conducted GI case studies by analyzing curb-cut designs installed in the early 

2000s. They found that GI “approach costs 25% less than traditional roadside stormwater 



 

systems, because reducing runoff at source reduces the need to build additional pipes and 

holding tanks” (Matsuno and Chiu, 2010). Instead, natural vegetated basins can serve has 

“holding tanks” for the excess rainwater runoff. 

 Often, the unspecified costs of green infrastructure hinder the advancement in city 

planning (Pennypacker, 2015). Securing long-term funding for any project proves to be a 

challenge – whether the infrastructure is gray or green. While the architect authors of Artful 

Rainwater Design: Creative Ways to Manage Stormwater agree that most GI projects have more 

return dollar for dollar, simple maintenance still needs a plan and set funding. When maintenance 

is overlooked, there is the risk of lowering the performance of the system (Pennypacker, 2015). 

Unfortunately for policy makers, “the literature currently lacks comprehensive research on how 

performance relates to operation and maintenance” (USEPA, 2016a). This research seeks to 

address this shortcoming.  

 

Methods: 

This study was performed in three neighborhoods in Tucson, Arizona, as seen in Figure 

1. All three neighborhoods are classified as National Register Historic Districts, and they are 

situated near parks and biking routes which encourage pedestrian travel. Each neighborhood was 

retrofitted with green infrastructure five to ten years ago to improve walkability and promote 

traffic calming. A sample of 19 to 21 curb-cut basins from each neighborhood was measured for 

this study. 



 

Figure 1 – Tucson, Arizona with the 3 neighborhoods of focus: Jefferson Park (Green), 

Rincon Heights (Red), Blenman Elm (Blue). 

Jefferson Park: The first three curb cuts were installed in 2009. Two additional sets of 

three basins were dug on different streets in 2011 and 2012. A year later in 2013, a non-

governmental organization Conserve2Enhance (conserve2enhance.org) won a grant to install 

seven more basins. This brought the neighborhood total to 16 curb-cut basins. Owing to its 

proximity to campus, this neighborhood is largely rental homes with high pedestrian and bike 

traffic.  

Rincon Heights: A total of 18 curb cut sites were installed between 2009 – 2010 by the 

Watershed Management Group. This neighborhood is just south of the University of Arizona 

campus and is primarily composed of rental homes. There is a high amount of pedestrian traffic 

to and from campus.  

Blenman Elm: In 2008, 28 curb cuts were installed along Treat Avenue- the central bike 

corridor of this neighborhood. The neighborhood received grant funding and a permit for 8 

additional curb cuts in 2011 and 2012. Several schools and parks are in close proximity. This 

area has more permanent residents than the campus neighborhoods. 

The basins were constructed by two non-profit organizations that follow Tucson’s 

established guidelines for right-of-way stormwater basins. Therefore, all 52 basins were almost 

homogenous in design. Figure 2 illustrates the Watershed Management Group’s concept design 

for a curb cut basin. For this study, each site is defined as a single curb cut feeding into 1-3 
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shallow basins with native vegetation. The sites were originally contructed with a medium-

grained sandy bottom outlined by large gravel pieces. Cobble-sized rocks further define the outer 

edge of the site and serve to prevent erosion loss. Desert-tolerant trees were planted in each 

basin, along with a small assortment of native plants. The vegetation consists of desert willow, 

palo verde, or mesquite trees accompanied smaller plants such as creosote bush, desert broom, 

ocotillo, century agave, or desert hackberry. Figure 3 and 4 show examples of well-maintained 

and neglected basins respectively. 

Figure 2 - Watershed Management Group’s concept design for a curb cut basin 

(MacAdam 2010). 

  

 

 



 

 

Figure 3: Basin in great condition   Figure 4: Basin in poor condition. 

Appears well maintained.    Appears neglected 

The first step in collecting data for this project was assessing the overall appearance of 

each basin. A qualitative metric of the assessment is outlined in Table 1. The basin condition 

corresponds with the apparent amount of time each homeowner gave toward basin maintenance. 

A “great” basin has evidence of routine care and upkeep - like pulling weeds, trimming plants, 

and rock gravel borders in place. A poor basin shows signs of neglect, primarily through the 

amount of trash, the presence of weeds, and organic litter. If a nearby resident ignores large 

pieces of garbage or allows overgrown weeds throughout the basin, it is unlikely they volunteer 

any level of yard care. Basins in neighborhoods with high pedestrian traffic tended to have a 

higher amount of litter along sidewalks and gutters. 

 

 



 

Table 1: Metric for assessing the amount of maintenance based on appearance  

Catagory Basin Condition Description 

1 Great  Well-defined basin borders 

 Little to no trash or dead plant debris 

 Trimmed bushes, evidence of pruned trees 

 Large, healthy plants 

 No inlets or outlets clogged 

2 Fair  Basin borders are mostly defined 

 Low to moderate presence of trash 

 Small amount of weed growth, dead plant debris 

 Mixed health of plants – some struggling, some 

flourishing 

3 Poor  Washed-out, basin borders are unclear 

 Heavy presence of trash 

 Moderate weed growth or dead weed litter 

 Poor plant health – dead or struggling 

 Clogged inlets or outlets 

 

Every basin was given a unique name based on its neighborhood and street address. 

Photographs of each site serve as documentation and reference for Table 1. After a qualitative 

examination, a number from 1-3 was assigned to each basin, based on degree of factors listed in 

Table 1. Out of the 60 basins, 19 were in “great” condition, 21 were in “fair” condition, and 12 

were in “poor” condition. After the measurements of infiltration rates were collected, each 

category was analyzed to examine the correlation between infiltration rate and basin condition. 

The hypothesis for this research project is that basins classified in the poor condition category 

have the slowest infiltration rates, while the basins in the great condition category have the 

fastest rates.  

As organic litter builds up, it has the potential to enrich the local micro biota. Bronick and 

Lal (2005), Elliot and Coleman (1988), and Morales et al. (2012) state that microorganisms can 

improve the permeability of soil. This implies that a poorly maintained basin with a thick layer 

of plant debris may actually improve infiltration rate. This could refute our hypothesis that a 



 

basin which appears neglected has a reduced capacity to harvest rainwater. It may be the case 

that basins with a high amount of litter improve infiltration, independent of homeowner care.  In 

anticipation of this potential outcome, another qualitative assessment was made. Categories “A-

D” in Table 2 characterize of the top layer of soil along basin bottom. The infiltration rates of 

basins in each category were compared to see if a positive correlation exists. 

Table 2: Metrics for assessing the top layer of soil at the lowest elevation point in the basin 

Category Basin Bottom Type Description 

A Sand  Mostly sandy bottom 

 Little to no gravel 

 Little to no leaves/trash/weeds 

B Sand and gravel  Some bare sand along bottom 

 Moderate to heavy mix of gravel 

 Small amounts of leaves/trash/weeds 

C Thin Layer of Debris  Moderate sand and gravel mix 

 Small trash presence – napkins, receipts, wrappers 

 Leaves, branches, dead weeds, mesquite pods 

D Thick Layer of Debris  No sand or gravel seen 

 Large trash presence – soda cups, takeaway containers, 

cans, plastic bags 

 Heavy amounts of leaves, branches, dead weeds, 

mesquite pods, other debris 

 

The second step in this project was to half of the collect data collection focuses on the 

infiltration rates of the basins. This metric evaluates the overall basin function. If the an 

infiltration rate is very low, it can be surmised that the basin does not harvest rainwater as well as 

intended. If the infiltration rate is high, then the basin is likely to be performing soundly. While 

numerous factors can impact the saturated hydraulic conductivity (Ksat) of a basin, the 

infiltration rate at each basin will be compared to the apparent maintenance to see determine if a 

correlation exists. The instrument utilized for this data collection is called a soil corer air 



 

permeameter. This device uses one-dimensional Darcian flow to calculate the air permeability of 

the soil, which can be used to estimate the intrinsic permeability (k).  

Instrument: 

A soil corer air permeameter (SCAP) designed by Chief et al. (2007) was used to 

estimate the air permeability of each basin. Like the saturated hydraulic conductivity, air 

permeability depends on the site-specific soil characteristics like the pore shape, size, 

distribution, and porosity. Prior publications from Chief et al. (2006), Jalbert and Dane (2003), 

Loll et al. (1999), and Weeks (1978) show consensus that a good correlation exists between a 

soil’s air permeability and its saturated hydraulic conductivity. The SCAP provides an air 

pressure gradient using steady-state, laminar air flow; this allows for Darcy’s Law to be applied 

and for the infiltration rate to be estimated. The main advantage of the SCAP is the speed – once 

the equipment is in place, the air permeability can be measured in under a minute. This allows 

for a greater amount of basin data to be collected compared to more traditional field 

instrumentation such as single and double-ring infiltrometers.  

 The field methods protocols for the SCAP were followed as directed by Chief et al. 

(2006). The soil corer barrel is gently tapped into the soil surface using a standard soil core 

sampling handle. The barrel is placed perpendicular to the soil surface and any horizontal 

movement during installation is minimized. Once the barrel is in place and the handle is 

removed, soil is gently packed around the inside and outside edges of the barrel to prevent 

preferential air flow along the barrel sides. A pressurized air tank, flow meter, and manometer 

are attached to the appropriate locations as seen in Figure 5. Air is released from the air tank and 

into the soil corer until the pressure stabilizes, and the flow rate is recorded. A laminar air flow 

can be confirmed if there is a linear relationship between flow rates taken at different pressures.  

 The SCAP works best in soil at field capacity or drier. A complicated relationship 

develops if soil moisture is present while measuring the air flow. The wetting process can change 

the soil structure in ways that the air permeability does not properly capture, due to swelling, 

slaking, or dispersion. Therefore, measurements were only conducted in dry basins. Additionally, 

slip-flow, or the movement of gas in a non-Darcian way through porous media, may be present 

in the air permeability measurements. However, Weeks (1978) showed that slip flow has a 



 

significant influence only in soils with high amounts of fine silt or clay particles. The majority of 

basins are entirely composed of loose, sandy gravel, so the slip factor is not a concern with these 

measurements.  

 

 

Figure 5 - SCAP instrument set up in the field (Chief et al., 2006) 

Provided that all the assumptions are met – isotropic conditions, limited clay, soil 

moisture at field capacity, Darcian air flux – relating air permeability to saturated hydraulic 

conductivity is a simple process. First, the in situ measurement of air flow is related to the air 

permeability through the 1D Darcy equation (Chief et al., 2006). The following equation 

translates the air flux measurement from the SCAP to the air permeability: 

 𝑘𝑎 =
𝑄

𝐴

𝐿

∆𝑃
,  

where ka is the air permeability, Q is the air flow,  is the dynamic viscosity, L is the 

length of the soil corer, ΔP is the change in pressure, and A is the cross-sectional area of the soil 

corer. In this case, because measurements were made in the field, a shape factor is needed to 

correct for divergent flow out of the SCAP endpiece. The shape factor is a ratio of length 

between pressure changes and area of the soil corer, and it comes from Jalbert and Dane (2003). 

Developed using the modeling program Hydrus 2D (Simunek et al., 1999), the equation is as 

follows:  
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𝜋
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𝐷

𝐻
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)

−1

ln (1 +
𝐷

𝐻
),  

where D is the diameter of the soil corer, and H is the length inserted in the soil (Jalbert 

and Dane, 2003). Once ka is calculated using the shape factor, it can give a value of saturated 

hydraulic conductivity (Ksat). Loll et al. (1999) have shown that pressures set between a certain 

range gives a strong log-log correlation between ka and Ksat. The equation that relates the two is 

as follows:  

log Ksat [log (cm min-1)] = 1.27 log ka [log (cm2)] + 14.11 

Results and Discussion: 

 The outcome of this research were surprising. To start, Figure 6 illustrates the 

comparison between the basin condition and the saturated hydraulic conductivity in centimeters 

per minute. The labels “x” and “s2” above each condition type denotes the sample mean and 

sample standard deviation respectively. The orange line denotes the total average Ksat for all 

basins, which is equal to 2.84 cm/minute. As you can see, the majority of basins in great 

condition tend to fall below average, while basins in fair and poor condition tend to have 

infiltration rates above average. There is noticeable variability – all three condition types have 

basins far above and below average. However, a trend is evident: there is a tendency for higher 

Ksat values in fair and poor basins. T-tests were conducted on the data to compare the means 

between categories and determine if they are statistically significantly different from each other. 

For a 90% confidence interval, the population mean of infiltration rates for great condition basins 

falls between 2.15 < μ < 2.77 cm/min. For the same confidence interval, the population mean of 

fair condition basins lies between 2.74 < μ < 3.39 cm/min. Similarity, the poor condition basins 

mean is between 2.72 < μ < 3.50 cm/min. This suggests a statistically significant shift in 

infiltration rates from basins that appear well-maintained versus basins that appear neglected. It 

should be noted that the samples sizes within each category are not ideal, and more data would 

improve the robustness of the results. 



 

  

Figure 6: Basin infiltration rates compared with three categories of basin condition. 

 

Interestingly, the results also appear to show the beneficial influence of soil biota. Figure 

7 demonstrates a comparison between infiltration rate and the top soil condition of the basin. 

Note that basins in fair and poor condition from Figure 6 tended to have the organic debris. The 

orange line represents the Ksat sample mean of 2.84 cm/minute. The basins categorized as “D”, 

with a thick layer of organic litter, tends to have Ksat values much higher than average. This 

increase in soil conductivity may suggest the influence of microorganisms, which thrive under a 

mulch-like topsoil (Elliot and Coleman, 1988). C-type basins with only a thin layer of debris are 

apt to be above-average Ksat. However, the statistical significance between the topsoil categories 

is less defined. While C-type basins have a perceptible increase in Ksat, the population mean on a 

90% confidence interval overlaps with A-type basins. According to the t-test, the population 

mean for A-type basins falls between 2.086 < μ < 2.914 cm/min, while the population mean for 

C-type basins occurs between 2.51 < μ < 3.09 cm/min. Conversely, D-type basins exhibit Ksat 

values that are substantial, with a population mean between 2.82 < μ < 3.52 cm/min. Once again, 

each category has a limited number of basins measurements and a larger sample size would 

allow for a more robust statistical analysis. The B-value basins had too few samples to make a 

reasonable estimate on population mean. The lack of samples in this category is primarily due to 

difficulty inserting a SCAP into rock gravel. Basins where air flow measurements could not be 

taken were not considered. 



 

 

 

Figure 7: Basin infiltration rates are compared with the categories of top soil condition. A – 

sandy, B – gravel/sand mixture, C – thin layer of organic litter, D – thick layer of organic litter. 

 

Finally, Figure 8 shows the relationship between basins categorized by neighborhoods 

and their infiltration rate. Once again, the labels “x” and “s2” serve as the sample mean and 

sample standard deviation for all 52 basins. The orange line represents the saturated hydraulic 

conductivity sample mean of 2.84 cm/minute. Each neighborhood has an almost equal balance of 

high and low saturated hydraulic conductivities. The even spread of values further supports the 

conclusion that maintenance, not basin location, is the primary factor influencing infiltration rate 

of the basin. 

 

 



 

 

 

Figure 8: Infiltration rates of basins categorized by neighborhood  

 

 Initially, the results for this project were a revelation. It was hypothesized that basins in 

excellent condition would perform best by having higher infiltration rates. This was not the case. 

Instead, the most degenerate basins demonstrated higher hydraulic conductivities. The basins 

categorized as fair also did well, outperforming the more maintained and manicured basins. This 

suggests that long-term maintenance may not be necessary, if basin function is the only criteria.  

Basins left to freely grow weeds, shed leaves, and build up organic litter seem to improve the soil 

structure and facilitate increased flow. Routinely removing this natural build-up of mulch could, 

in fact, inhibit the basin quality. Author Pavao-Zuckerman (2008) discusses a variety of ways in 

which urban soil differs from nonurban soil. The paper argues that a healthy soil is an ecological 

process that develops slowly over time, from countless interactions with weather, plants, 

topography, and soil minerals. Urban soils can be inherently cut-off from these normal processes, 

and the rate of infiltration may suffer as a result (Pavao-Zuckerman 2008). Because of the 

apparent influence of mulch on the hydraulic conductivity of the underlying soil, it is 

recommended that as basins begin with a layer of mulch over the sandy bottom. This change in 

the initial design can then reap the benefits of healthy soil from the onset, and more effectively 

harvest stormwater.  
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Functionality should not be the only consideration for a basin. While collecting 

measurements with the SCAP, homeowners would come outside and ask me about my project. 

They would comment about their GI basin, like how frequently they watered it or how often they 

pulled out trash. Many times, the homeowners were unhappy with the appearance, commenting 

that overgrown shrubs and grass were unattractive. The aesthetic of the basins were a high 

priority for the neighboring homeowners. One owner stated they wished the curb-cut would be 

“bricked up” because it was an eyesore. A preference for manicured landscapes is a common 

issue; some residents complain about unruly GI designs near their property, and often “poor 

maintenance exacerbates these complaints”. (Liptan and Santen, 2017). This highlights a 

problem at the community level. There was a lack of understanding of what the basin were there 

for and why they were significant. This is especially an issue if homeowners are expected to 

routinely remove trash or debris blocking the inlet. The impact of aesthetic value on the 

longevity of a basin should not be underrated. A basin with dead vegetation that appears to be a 

landscaping mistake detracts from the overall appeal, and the GI does not live up to its full 

intended value. Therefore, some amount of oversight is recommended to the City of Tucson so 

the rainwater-harvesting curb-cut basins fulfil their designed purpose.   

 Finding a cost-effective balance between design and aesthetic is challenging. Luckily, 

other cities are funding their own case studies to test the merit of green infrastructure. Seattle 

Public Utility is one such organization. In 2001, the city installed the SEA streets project in 

residential neighborhoods with notorious stormwater flooding issues. The city was motivated to 

protect their endangered salmon populations from polluted stormwater flushing into Puget 

Sound, and bio-retention basins were along roadways on several streets. (Pennypacker, 2015). 

Many positive lessons came from Seattle’s SEA street project. They determined it to be saving 

money compared with traditional holding tanks and underground piping. Furthermore, the 

transmission of street contamination through stormwater was almost 100% removed; the 

Harvard Report on Conservation Innovation reported that their design was significant, effective, 

and transferable (Matsuno and Chiu, 2010). The University of Washington applies rigorous 

research methods and evaluates the program quantitatively, so the program can be successfully 

transplanted elsewhere. Their published work predicts that their natural drainage systems with 

improve over time as the vegetation takes root, stabilizing the soil, and increasing the overall 

retention and infiltration rate of the system (Matsuno and Chiu, 2010). Most importantly, the 



 

results from this project appear to support the same conclusion. During the initial stages of the 

project, the city “relied heavily on homeowners to provide or supplement City maintenance” 

similar to Tucson’s protocol (“Operations and Maintenance”). The utility company upheld a 

minimum maintenance duty to protect the GI functionality, and the homeowners were 

encouraged to provide a curb appeal. This duality seemed effective (“Operations and 

Maintenance”). Seattle Public Utility states that GI was chosen over other solutions because “the 

value of GI in the beautification of a site” and most of the maintenance revolves around 

“upholding its intended appearance” which requires more maintenance than simply focusing on 

the performance (Pennypacker, 2015). They were able to strike a balance between minimal GI 

oversight and homeowner education that optimized the results for both the basin performance 

and its aesthetic value. Tucson can learn from Seattle’s example.  

Conclusion: 

Fresh water should never go to waste.  Rainwater is an essential element for making a 

resilient water portfolio for desert urban centers. Green infrastructure helps shape a more 

sustainable resource where we can fully tap into our scare rainwater supply. As authors Thomas 

Liptan and David Santen Jr. (2017) discuss in their paper, “Economics, Policy and Politics: 

Preparing for Landscape Stormwater Management”, communities around the U.S. are 

“beginning to use stormwater as a resource, recognizing the value in utilizing rainfall on site to 

enhance green spaces, reduce urban temperatures, and replenish groundwater supplies". Along 

with its plethora of far-reaching benefits, maintenance appears to be unnecessary for the heath 

and functionality of the basin. However, to support the other beneficial elements of GI, some 

limited routine maintenance should be incorporated into GI planning. More educational outreach 

to residents could also improve the community’s relationship with GI. 

 Going forward, this research can be extended in many ways. For starters, more 

measurements of infiltration rate should be taken at each basin, and the number of basins 

classified under each condition should be expanded. Ideally, the sample size within each 

category would be greater than thirty. The preliminary results of this research can be 

corroborated with a wider sample selection of curb-cut basins from several neighborhoods 

around Tucson. Additionally, this research would do well on a time frame of on two five years. 

Comparing a temporal change in infiltration rate for the basin may shine light of their design 



 

performance. Commercial rainwater-harvesting GI can also be valued and compared. 

Commercial GI is encouraged by city programs and subsidizes. Often, commercial sites hire a 

maintenance crew to care for their GI landscaping. This comparison could provide additional 

insight into the relationship between maintenance and performance. This research can also be 

expanded by continuing to investigate the role of soil biota and mulch on infiltration rate. A 

substantive evaluation of microorganism composition, density, or respiration in the basin soil 

would be essential for understanding the exact role it plays on soil structure and preferential flow 

paths.  The type, thickness, and composition of the organic much litter would help define the 

optimal use. We have many years before green infrastructure designs are perfected. However, 

researchers will always strive to find better practices, so that we many increase the benefits for 

society. Sustainable rainwater collection in Tucson is here to stay.  
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