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ABSTRACT
Rain gardens are an effective means to control stormwater. The current state of 
practice only allows designers to calculate storage based upon the volume of the 
bowl and possibly the void space of the soil in Pennsylvania. Infiltration and 
evapotranspiration (ET) remain unaccounted for in design. Other design components, 
such as depth and soil type, are often restrictive and vague. In addition, current 
research demonstrates the importance of ET in vegetated stormwater control 
measures (SCMs), however, the soil mix guidelines heavily favor infiltration. 
Establishing soil mix guidelines that consider both infiltration and ET will enable 
greater creativity in SCM design and flexibility in siting SCMs. 

A total of twelve column non-weighing lysimeters will be used to evaluate soil mixes 
that span the USDA classification triangle (Figure 1). Six of the lysimeters will have a 
46 cm depth and the other six with have a 20 cm depth. Both depth setups will 
contain the following soils: sandy loam (typical rain garden mix), loamy sand, loam, 
silt loam and clay loam. Five of the lysimeters will have switch grass. A bare control 
lysimeter will contain a sandy loam soil. Soil analyses (i.e. grain size analysis, organic 
content, liquid and plastic limits, soil-water characteristic curves, cation exchange 
capacity) will be performed on each soil.

BACKGROUND

Lysimeter Design

An experimental setup was created to measure the 
performance of infiltration and ET in bioretention 
SCMs by considering the design parameters of soil 
type, soil depth and flow pattern of rain garden 
design.

For the analysis of vertical flow, six non-weighing 
lysimeters were constructed using 10 cm (4 in) 
diameter PVC pipes (Figure 3). The soil media will be 
placed to a depth of 46 cm (18 in) with 10 cm (4 in) 
of ponding allowed. Three layers of geotextile fabric 
with an opening size of 0.16 mm and a permittivity 
of 150 m-2 s-1 were placed at the bottom of the 
column to hold the soil in place. A PVC cap with 
eight 1 cm (0.4 in) outflow holes allows for the 
outflow of water. A similar setup was used for the 
horizontal flow boxes (Figure 3). The expanded PVC 
box will have a 20 cm (7.9 in) depth of media and a 
10 cm (4 in) depth of ponding. The inside length and 
width are 67 cm (26.5 in) and 10 cm (4 in), 
respectively, at a slope of 2.5%.

METHODS

ANALYSIS

FUTURE WORK

Many current SCM designs focus 
on infiltration as the primary 
volume removal mechanism for 
stormwater runoff. While 
infiltration does provide 
substantial reduction for both 
volume and pollutant levels in 
stormwater, evapotranspiration, a 
crucial part of the hydrological 
cycle, has just recently begun to 
be considered in rain garden 
design. Existing SCMs are already 
removing stormwater volume 
through ET, it is just unaccounted 
for in the design. In a current rain 
garden comparison weighing 
lysimeter setup, 30-60% of direct 
rainfall is reduced through 
evapotranspiration. 

Figure 3: Vertical flow design (above). 
Horizontal flow design (below).

Current rain gardens designs primarily specify sandy soils due to their low hydraulic 
retention time to aid in the amount of infiltration that occurs. Soils with a lower 
hydraulic conductivity, such as clays, retain more water near the surface making more 
water available for ET (Figure 2). Higher clay content has been shown to produce 
healthier plants, less percolation, and more ET, in addition to increased pollutant 
concentration removal.

Figure 1: USDA soil types to be tested and state 
recommendations for rain garden design.

The soil media within the bioretention zone can play a large role in nitrogen and 
phosphorous removal. Pollutant removal can be limited if the soils in the bioretention 
system are too sandy due to short hydraulic retention times. Although a higher load 
removal is seen with sandier soils due to mass volume reduction through infiltration, 
soils with a longer hydraulic reduction time may see better reductions in pollutant 
concentrations.

Rainfall Distribution System 

The distribution system will be optimized to add 
6.4 mm to 25.4 mm (0.25 in to 1 in) of water at a 
5:1 ratio over a 24 hour period to simulate runoff. 
Three automatic dosage pumps will supply the 
water at a constant rate  to the twelve columns 
(Figure 4). Dosed water will run tubing  to a the 
irrigation heads. Each head contains 9 holes that 
are 1/16” diameter and ¾” spacing between 
adjacent holes. A circular head is used for the 
vertical setup and a linear head is used for the 
horizontal setup. 

Soil Types & Vegetation

Five different soil types will be 
tested that cover a broad 
range of USDA soil 
classifications (Figure 1). The 
different soils are:
• loamy sand, sandy loam 
• loam
• silt loam
• clay loam

Panicum virgatum
(switchgrass), will be planted 
in each column, except the 
control, so the soil type is the 
main variable from column to 
column (Figure 4).

Pollutant Reduction  

Composite samples will be taken from the influent and effluent water sources in to 
test the quality of the water entering and leaving the system before and after loading 
events. Samples will be measured for Total Suspended Solids (TSS), Total Dissolved 
Solids (TDS), and some of the main species of nitrogen and phosphorus.
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Figure 4: Automatic dosage system (left). Switch grass (right).

Figure 5: Collection of outflow samples 
for quality performance curve.

Figure 2: Hydrus 
model  for 

infiltration and ET 
for various soil 
types. Penman-

Monteith method 
is used to 

calculate ET.

• Infiltration and ET will be quantified for each 
soil type in both depth profiles 

• Outflow samples will be collected and tested 
for nutrient loads 

• Monthly leaf counting

• Root depth determined for the beginning and 
end of the experimental time

Soil analysis will include:

• Grain size analysis, organic content, liquid and 
plastic limits,  and soil-water characteristic 
curves

Over the next two years, the site will undergo a minimum of 10 storm simulations  
during rainfall events. Runoff will be added to the system to mimic typical rain 
garden function. The following parameters will be collected:

• Cation Exchange Capacity determined for the beginning and end of the 
experimental time

Small soil samples for each soil type will be dosed with various inflow concentration 
amounts  of nitrogen and phosphorus. The soil sample outflow will be tested for 
nutrients over time, approximately 10 minutes per sample (Figure 5). This will create 
a soil water quality performance curve for each of the inflow dosing amounts.

Correlations between the performance curve of the small sample will be compared 
with the larger box study quality performance.

This research hopes to enable site specific rain garden design. With a comprehensive 
look at water quantity and quality benefits of each soil type we can think of rain 
gardens as an engineered system. Rain gardens can be designed to perform for 
volume loss through a combination of ET and infiltration and not just the bowl 
capacity. Water quality benefits of different soil mixes can also be addressed for 
various pollutant inflows. Use of native soils at the rain garden site will increase use 
and decrease cost leading to more sustainable designs. 

Volume Reduction

To quantify the volume removal of stormwater through both infiltration and ET, a 
mass balance will be applied to each of the twelve lysimeters. The 
evapotranspiration (ET) is equal to the precipitation (P) minus the drainage (D) and 
the change in storage (ΔS):

𝐸𝑇 = 𝑃 − 𝐷 − ∆𝑆

The precipitation will be measured by a Met One Instruments 375 series heated 
precipitation gauge that is able to read up to 5 tips per min at 1% accuracy. The 
change in storage will be equivocated to the change in weight of each lysimeter. The 
drainage from each lysimeter will be equivocated to the amount of infiltration 
occurring in the system. Effluent water volume through the lysimeters will be 
measured by two means. The first method provides a constant reading of water 
leaving the system through a rain gauge tipping bucket. 1000 ml graduated cylinders 
beneath the six rain gauges  will act as a secondary measurement device for 
infiltration.


