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Presenter
Presentation Notes
My name is Scott Kindred.  I’m a consulting hydrogeologist focused on stormwater infiltration.  Today’s presentation is titled A unified Method for Infiltration Testing and Predicting Infiltration Performance.  I’m shutting off my camera for the rest of the presentation so you can focus on the works and pictures.




Topics Covered

• Summary of infiltration testing methods in Washington State and 
Los Angeles County

• Limitations of current methodologies
• Introducing the steady-state borehole permeameter (BP) method, 

which is suitable for both horizontal infiltration and vertical infiltration 
(thus, the “unified” method)

• Demonstrating how the BP method can be used to predicting the 
performance of infiltration facilities

Presenter
Presentation Notes
Currently there is a hodge-podge of infiltration testing methods across the united states, with each state or municipality recognizing different methods.  Unfortunately, most of these methods should be considered qualitative in nature and can provide inaccurate estimates of infiltration capacity.  This will be illustrated for infiltration test methods in Washington state and Los Angeles County.  

The challenges and limitations with the Washington and LA County methods will be illustrated using numerical simulations of the test methods and hypothetical full-scale infiltration facilities.  The two hypothetical infiltration facilities include a rain garden, dominated by vertical flow, and a drywell, dominated by horizontal flow.  

Once I have demonstrated the issues with these current testing methods, I will introduce the steady-state borehole permeameter (or BP) method.  Dan Reynolds and I recently published a paper showing how the BP method can be used for analyzing infiltration test results and determining Ks for both horizontal and vertical test facilities. I refer to this as a unified method because it is suitable for large flat infiltration facilities dominated by vertical flow and deep narrow facilities dominated by horizontal flow.  The BP method has been used by soil scientists for many decades and I think it can be part of the solution for addressing limitations of our current infiltration testing approach. 
 
I’ll also demonstrate how the BP method can also be used to predict the performance of infiltration facilities.




What Will You Learn

• Current methods give different infiltration/percolation rates for 
different sized infiltration test facilities 

• Steady head infiltration rates do not equal falling head infiltration 
rates

• In theory, the borehole permeameter (BP) method provides the 
same saturated hydraulic conductivity (Ks) value no matter the size 
or shape of the infiltration facility

• Calibrated BP fitting parameters are different for glacially-
consolidated soils (Kindred and Reynolds, 2020) than normally-
consolidated soils

Presenter
Presentation Notes
So what will you learn today.  Here’s a quick summary of a few things you will learn in this presentation.

One of the problem of our current approach is that different sized infiltration test facilities give different infiltration rates.  In short, the smaller the facility, the higher the infiltration rate. This will be demonstrated using numerical simulations.
 
The numerical simulations will also demonstrate that steady head infiltration rates do not equal falling head infiltration rates. Falling head infiltration rates are always less than steady head infiltration rates.
 
In contrast, the steady-state BP method can be used to calculate saturated hydraulic conductivity, or Ks, for any size and shape infiltration facility, including tests in dug pits, small hand-dug boreholes, and deep boreholes completed as monitoring wells.  In theory, the estimated Ks is independent of the test facility geometry, although this assumes no soil layering.  In practice, virtually all soils are layered and deep borehole tests will give different results than tests in pits or shallow boreholes.
 
Finally, you will learn that the BP fitting parameters for normally consolidated soils do not work well for glacially consolidated soils.  This was demonstrated in the Kindred and Reynolds paper, which also provides fitting parameters for glacially consolidated soils such as glacial till and advance outwash. These soils are widely distributed in Puget Sound and other parts of the world.



Modeling Assumptions for Wash. State Infiltration Methods 
and Hypothetical Bioretention Facility

Test Ponding Area Ponding Depth Type Test Duration

Simple Test 
(Seattle)

3.1 sf 12 in. Falling 
head

4.5 hr

Small PIT 20 sf 12 in. Fixed 
head

8 hr

Large PIT 100 sf 12 in. Fixed 
head

8 hr

Bioretention 
Facility

1,000 sf 6 in. Fixed 
head

8 hr

PIT = Pilot Infiltration Test

Presenter
Presentation Notes
I’m starting with the most commonly used infiltration testing methods in Washington state.  This table summarizes three infiltration test methods and a hypothetical infiltration facility that will be simulated using a numerical model. 
 
The Simple Test is a small-scale falling head test  used by the City of Seattle for small projects.  It’s performed in a two-foot diameter hole and the test is performed by filling it with 1 ft of water and measuring the rate that the water level falls. It’s basically a perc test.
 
The next two lines are two variations of the Pilot Infiltration Test, or PIT.  The two PIT methods involved excavating a test pit ranging in area from 12 to 100 square feet and maintaining 6-12 inches of water for about 7 hours.  The infiltration rate is simply the steady-state flow rate at the end of the test divided by the area of the facility. 
 
The only difference between the small and large PIT is the size of the excavation, the small-scale PIT is between 12 and 32 square feet and the large-scale PIT is approximately 100 square feet. 
 
The hypothetical bioretention facility is assumed to have an area of 1,000 square feet with a ponding depth of 6 inches.
 
Using a numerical model, each of the test methods is simulated to provide a design infiltration rate and compared with the actual performance of the full-scale bioretention facility.




Numerical Simulations use Axisymmetric Domains

Simple Test Large PITSmall PIT

Bioretention Facility

Fine Qva: 
K = 3.3 inch/hr

(Dimensions in meters.)

Presenter
Presentation Notes
Here are the test domains for each test approach and the full-scale facility.  The 4 facilities are circular, so these are axisymmetric cross sections through each facility, with the center on the left side and the outside edge of the simulation on the right side.  
 
The native soil, shown in green, is assumed to be a fine advance outwash (Qva) with is a glacially consolidated fine sand with about 8% silt.  This is a common soil in the Puget Sound basin. 
 
The blue area is bioretention soil, assumed to be a mixture of compost and sand. 
 
The red area indicates where ponding can occur in the facility.




Infiltration Test Ponding Results

Presenter
Presentation Notes
Here are some example results. The flow rate is shown in red and the height of ponded water in the test facility is shown in blue.  
 
The upper graph shows the results of the simple test, with 4 refills to a depth of 12 inches.  
 
The lower graph shows the results of the large PIT test, with a steady ponding depth of 12 inches.  
 
For the PIT test, the flow rate starts high and eventually drops to a steady flow of about 9 gpm.




Wash. State Infiltration Test Results
Simple Test (4th fill) Large PIT (7 hr)Small PIT (7 hr)

Bioretention Facility (7 hr)
Bioretention Soil K = 3.3 in./hr

Design inf. Rate = 9.2 in./hr Design inf. Rate = 6.1 in./hrDesign inf. Rate = 7.0 in./hr

Actual inf. Rate = 5.3 
in./hr

Presenter
Presentation Notes
Here are the water content results at the end of each test for the 4 scenarios.  Let me point out that the dimensions are shown in meters.  
 
Red indicates either ponding or bioretention soils.  
 
The dashed blue line is where soil tension or pressure is equal to zero.  This is essentially the zone of saturated soil beneath the facility.
 
As you can see, the larger tests result in a larger zone of saturation beneath the facility.  
 
The design infiltration rates provided by the three test methods ranges from 9.2 inches/hours for the simple test to 6.1 inches/hour for the large PIT.  All of these rates are significantly larger than the saturated hydraulic conductivity, which is 3.3 inches/hour. 
 
Personally, I think it unacceptable that these three methods provide significantly different measured infiltration rates.  In addition, all three test methods over-estimate the actual infiltration rate of the full-scale facility.  The design rates are between 15% and 74% more than the actual infiltration rate, suggesting that we are under-sizing our facilities.



Bioretention Soil K Affects Performance

Bioretention Facility (Bio Ks = 16 in./hr)

Bioretention Facility (Bio Ks = 3.3 in./hr)

Flow = 54 gpm
Inf. Rate = 5.3 in./hr

Flow = 69 gpm
Inf. Rate = 6.8 in./hr

Presenter
Presentation Notes
This slide shows how the hydraulic conductivity of the bioretention soil can affect performance. 
 
The upper left results assume that the Ks for the bioretention soil = the native soil Ks. The lower right results assume that the bioretention soil Ks is significantly greater than the native soil Ks.
 
The flow rate increases from 54 to 69 gpm, an increase of 28%, largely because the water spreads horizontally into the bioretention soil, resulting in a larger effective radius and a significantly larger effective area.



Wash. State Infiltration Test Results
Test Flow 

(gpm)
Fixed Head 
Infiltration

Falling Head 
Infiltration

Correction 
Factor2

Design 
Rate

Simple (Seattle) <46 in./hr1 18.4 in./hr 0.5 9.2 in./hr

Small PIT 2.6 15.6 in./hr 10.2 in./hr 0.45 7.0 in./hr

Large PIT 7.5 8.9 in./hr 6.6 in./hr 0.68 6.1 in./hr

Bio. Facility
(Bio Ks = 3.3 in./hr)

46 5.3 in./hr 4.3 in./hr

Bio. Facility
(Bio Ks = 16 in./hr)

59 6.8 in./hr 5.8 in./hr

Notes:
1  Not at steady state after 30 minutes.
2 The measured rates are multiplied by the correction factor to obtain the design rate. These correction factors only includes 
the correction for test method and clogging.  The variability correction factor assumed to be 1.0 (recommended range is 0.33-
1.0).

Key Takeaways:
1) Falling head infiltration rates are always less than fixed head infiltration rates.
2) Measured infiltration rates are much higher than Ks of the native soil (3.3 in./hr).
3) All three methods provide different design rates.

Presenter
Presentation Notes
Here’s a summary of results showing the simulated infiltration rates for each test method, the correction factors, and the design infiltration rates as well as the simulated results for the two bioretention facility designs.
 
As you will note, the fixed head rates and the falling head infiltration rates are not the same.  The falling head infiltration rate is always less than the fixed head infiltration rate.  This is due to the decrease in capillarity flux during the falling head portion of the test, a complexity that I don’t have time to discuss during this presentation, but it has implications for current PIT method.
 
The three methods multiply the measured infiltration rate by a correction factor to determine the design infiltration rate.  The correction factors shown here range from 0.45 to 0.68 and are designed to provide a factor of safety.
 
Since bioretention soil usually has a hydraulic conductivity greater than the native soil, the bioretention soil with hydraulic conductivity of 16 inches/hour is the most realistic comparison, with a simulated infiltration rate of 6.8 inches/hour.  At 6.1 inches/hour, the large PIT method underestimates the performance of our hypothetical bioretention facility.  At 7.0 inches/hour, the small PIT method provides a design rate that is very similar to the performance of our bioretention facility and at 9.2 inches/hour, the Simple test significantly over-estimates the performance of the bioretention facility.

The take-away here is that although the test methods provide inconsistent measured infiltration rates that generally over-estimate the infiltration rates of our full-scale facilities, the correction factors tend to provide design rates that are generally a reasonable representation of the full-scale facility performance.




Los Angeles County Infiltration Test Methods

• All methods provide a “percolation rate” which is flow divided by 
total saturated area of facility, including bottom and sides 

• Shallow infiltration methods:
– Double-ring infiltrometer test (ASTM D3385)
– Excavation Percolation Test (small-scale falling-head test similar to Seattle 

Simple Test)
– High Flowrate Percolation Test (small-scale 2-hr steady state test)
– Infiltration Basin Percolation Test (very similar to Washington State PIT)

• Methods suitable for drywells:
– Well Permeameter Test (USBR 7300-89)
– Boring Percolation Test Procedure
– Drywell Percolation Test

Presenter
Presentation Notes
Let’s shift now to Los Angeles County and a focus on predicting the capacity of drywells.  LA county has a large smorgasbord of infiltration test methods, including methods for designing drywells, which Washington does not.  Almost all the methods provide a “percolation rate” which is flow divided by total saturated area of the test facility, including both the bottom and the sides of the facility.  This compares with the Washington State methods which divide the flow rate by just the bottom area.  The advantage of the percolation rate approach is that it can be used to size drywells and infiltration trenches where the area of the facility sidewalls is significant compared with the bottom of the facility.

I will tell you up front that I have not worked much in California and this discussion is based on the LA County Manual and second had information from people that practice in California.  my experience is in Washington State, not California or other parts of the country.
LA county provides a number of methods for sizing shallow infiltration facilities, which are actually somewhat similar to the Washington State methods. 

I’d like to focus on the methods that that are typically used for estimating the flow capacity of drywells: 

The Well Permeameter Test is based on USBR 7300-89, which has been around since 1953 and is the only method that provides an estimate of Ks, rather than the percolation rate.  Unfortunately, it’s apparently rarely used due to the complexity of the equipment required to conduct the test. 

Moving on, the Boring Percolation Test can be conducted as a falling head test, similar to the excavation percolation test and the Seattle Simple test, or as a steady state test for high flowrate soils. Unfortunately, it calls for a maximum ponding depth of 12 inches of water, significantly less than the typical ponding depth in a drywell, and the steady state version has a duration of only 2 hours.

The Drywell Percolation Test is similar to the high flowrate boring percolation test except it is conducted for at least six hours in a larger diameter boring (at least 18 inches in diameter).  In addition, there is no limit on the ponding depth and this test can be conducted with a ponding depth that is similar to the proposed drywell. 

For all these test methods, the LA county manual provides reduction factors ranging from 2 to 27, a huge range with only very general guidance on how to select the proper reduction factor. 






Modeling Assumptions for Borehole/Drywell Percolation Tests 
and Full-Scale Drywell

Test Well 
Diameter

Ponding 
Depth (H)

Test 
Duration

High Flowrate Borehole Percolation Test 50 cm 0.3 m 2 hr

Drywell Percolation Test (H = 4 m) 50 cm 4 m 6 hr

Drywell Percolation Test (H = 10 m) 50 cm 10 m 6 hr

Full-Scale Drywell (H = 10 m) 120 cm 10 m 6 hr

All methods are steady-state flow methods.
Only differences between the three test are ponding depth and test duration.

Presenter
Presentation Notes
For the LA county analysis we simulated three typical tests that might be performed to estimate the capacity of a full-scale drywell and the performance of an actual drywell.

The borehole percolation test was conducted in a 50 cm borehole with a ponding depth of 30 cm and a duration of 2 hr.

The two drywell percolations tests were conducted in the same diameter borehole with ponding depths of 4 meters and 10 meters and a test duration of 6 hours.

The full-scale drywell simulation assumed a well diameter of 120 cm, a ponding depth of 10 m and a duration of 6 hours.




Borehole Infiltration Test Results (Fine-medium Qva, K = 10 m/day) 
Borehole Perc. 

(2 hr)
Drywell Perc. 

(H=10 m, 6 hr)
Drywell Perc. 
(H=4 m, 6 hr)

Full-Scale Drywell 
(H=10 m, 6 hr)

Flow Rate = 2,015 m3/day
Perc. Rate = 52 m/d

Flow Rate = 1,402 m3/day
Perc. Rate = 88 m/d

Flow Rate = 346 m3/day
Perc. Rate = 53 m/d

Flow Rate = 22 m3/day
Perc. Rate = 33 m/d

Presenter
Presentation Notes
Here are the water content results at the end of each test for the 4 scenarios.
 
The dashed blue line is where soil tension or pressure is equal to zero.  This is essentially the zone of saturated soil beneath the facility.
 
As you can see, the larger tests result in a larger zone of saturation beneath the facility.  
 
The borehole percolation test significantly underpredicts the performance of the drywell (33 m/d versus 52 m/day)

The drywell percolation test with 4 m of ponding is right on in terms of percolation rate, but that’s just a fortuitous coincident.

The drywell percolation test with 10 m of ponding over-predicts the percolation rate of the full scall drywell (88 m/d versus 52 m/day).

The primary issue is that these test methods are providing very different percolation rates and generally do a poor job of predicting the performance of a full-scale drywell.  

You may ask, why does the 10 m test overpredict the percolation rate even with the same ponding depth as the full-scale drywell?  It’s because percolation area goes up almost linearly with radius while flow increases significantly less as a function of radius.  In this case, increasing the radius by a factor of 2.4 only increases flow by a factor of 0.4, thus reducing the percolation rate.



Summary of LA County Infiltration Testing Methods

• Shallow infiltration testing methods in LA county as 
similar Washington State methods (with the same 
issues)

• Drywell test methods can either under-predict or over-
predict drywell performance depending on test 
geometry

• Drywell tests should be conducted across the same 
saturated interval as the proposed full-scale drywell

Presenter
Presentation Notes
In summary, shallow infiltration testing methods in LA county are similar Washington State methods, with many of the same issues
Drywell test methods can either under-predict or over-predict drywell performance depending on test geometry
Although not demonstrated in this presentation, it is very important that drywell tests should be conducted across the same saturated interval as the proposed full-scale drywell




Borehole Permeameter (BP) Steady State Equation 
(Kindred and Reynolds, 2020)

𝐾𝐾𝑆𝑆=
𝐶𝐶𝐶𝐶

2π𝐻𝐻2 + π𝑟𝑟2C + 2𝜋𝜋𝜋𝜋
𝛼𝛼∗

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 1

Where:

Ks = Field saturated hydraulic conductivity (feet/day)

Q = Steady state flow (cubic feet/day)

H = Steady state head/ponding Depth (feet)

r = Radius of test facility (feet)

𝛼𝛼∗ = Porous media sorption number (1/feet)

C = Shape factor (dimensionless)

Where: C =
⁄𝐻𝐻 𝑟𝑟

𝑍𝑍1+𝑍𝑍2 ⁄𝐻𝐻 𝑟𝑟

𝑍𝑍3
Zhang et al. , 1998

Hydrostatic 
Pressure Flow Vertical Gravity Flow

Capillarity Flow

Kindred, J.S. and W.D. Reynolds, 2020, Using the borehole permeameter to estimate saturated hydraulic conductivity for glacially over-consolidated 
soils, Hydrogeology Journal.  Download at https://kindredhydro.com/kindred-and-reynolds-2020

Presenter
Presentation Notes
The previous slides have shown some of the issues with the current infiltration test methods in Washington State and Los Angeles County. In particular, the methods are using infiltration or percolation rate for design, which are a function of both the soil and the geometry of the test.  This means a test needs to exacting mimic the geometry of the full-scale infiltration facility if it is to accurately predict the capacity of the full-scale facility.  Obviously, that’s not a feasible option.

A better approach is to measure the saturated hydraulic conductivity of the soil (Ks) and use that to estimate the performance of a full-scale facility.  
 
There are numerous methods for measuring Ks of soil in the unsaturated zone but many of them do not provide an easy method for predicting the performance of a full-scale facility, primarily due to the computational complexity. 
 
The borehole permeameter method using a very simple equation, as shown on this slide.  This method can be used to calculate Ks based on a steady-state infiltration test in any shape or size infiltration test facility, including the very same excavations currently used by Washington State and LA County.  
 
Although this equation approximates the physics of unsaturated flow, it also requires a shape factor, C, that can be estimated using fitting parameters.  Zhang et al provided the equation shown on this page for estimating C and developed fitting parameters for normally consolidated soils.
 
This equation has been used by soil scientists for many decades but has not been used for predicting the performance of stormwater infiltration facilities.  Dan Reynolds and I recently published a paper in the Hydrogeology Journal that demonstrates how the BP method can be used for analyzing infiltration test results and determining Ks.  A link to the paper is provided on this slide.


https://kindredhydro.com/kindred-and-reynolds-2020


Glacial Soils - Calibration Approach

• Conduct numerical simulations using SEEP/W
• Fitting parameters for normally consolidated soils over-

predicted Ks by up to 94%
• Conduct axisymmetric numerical simulations intended 

to represent the range of infiltration tests:
– 15 test geometries
– 5 glacial soils (4 advance outwash and 1 glacial till soil)
– 2 Ks values for each soil type
– For a total of 150 simulations 

• Develop BP fitting parameters (Z1, Z2, and Z3) that 
minimize maximum error across all the simulations

Presenter
Presentation Notes
As I indicated in the previous slide, fitting parameters have been developed for normally consolidated soils.  The Kindred and Reynolds paper demonstrated that these fitting parameters are not suitable for glacially consolidated soils, with average errors of 23% and a maximum error of 94%.  Our goal was to develop fitting parameters suitable for glacially consolidated soils through a calibration process.  
 
The calibration was based on comparison of BP results with numerically generated simulations of infiltration tests.  The numerical simulations were conducted using a program called SEEP/W.  150 test simulations were conducted for 15 test geometries, 5 glacial soils, and 2 Ks values for each soil type.  We compared these results with results using the BP equation and adjusted the Z parameters to minimize the error across all the simulation.




Numerical Simulation – 15 Geometries

Test Hole 
Type r (m) H (m)

H/r 
Ratio

Test pit 1.0 0.05 0.05
Test pit 1.0 0.1 0.1
Test pit 1.0 0.25 0.25
Test pit 1.0 0.5 0.5
Test pit 1.0 1.0 1
Short Borehole 0.25 0.25 1
Short Borehole 0.25 0.5 2
Short Borehole 0.25 1.0 4
Short Borehole 0.25 2.0 8
Short Borehole 0.25 3 12
Long Borehole 0.1 1.2 12
Long Borehole 0.1 2 20
Long Borehole 0.1 4 40
Long Borehole 0.1 10 100
Long Borehole 0.1 20 200

Presenter
Presentation Notes
Here’s the three numerical domains used in the simulations, a testpit domain, a short borehole domain, and a long borehole domain.  These are axisymmetric domains.  The table summarizes the radius (r) and ponding head (H) values used for the 15 geometries used for calibration.  The H/r ratios vary from 0.05 to 200 and cover the full range of likely test configurations.




Numerical Simulation – 5 Soil Types with 2 K Values

Parameter

Soil Type
Qvt Silty 

Qva
Fine Qva Fine-Medium 

Qva
Fine-Coarse 

Qva
D60 (mm) 0.5 0.25 0.3 0.5 5
D10 (mm) 0.02 0.04 0.1 0.13 0.25
Silt Content 20% 17% 8% 5% 3%
USCS Soil Type SM SM SM-SP SP SW
Porosity (θsat) 17% 25% 30% 30% 30%
Saturated Hydraulic Conductivity Ks
(inch/hr)

0.16/0.32 0.8/1.6 3.3/6.6 16/32 8/16

Sorption Factor α* (ft-1) 0.36 0.41 0.76 1.2 7.6

Qvt = Glacial till
Qva = Advance outwash

Presenter
Presentation Notes
 5 soils were included in the calibration, including a relatively sandy glacial till and 4 advance outwash soils.  The grainsize distributions and parameters that describe the soils are provided on this slide.




Example Results for Short Borehole with H = 2 m

Presenter
Presentation Notes
Results for the five soils are shown here for one of the 15 test geometries, a short borehole with a radius of 25 cm and a ponding depth of 2 m.  The colors represent water content in the soil and the blue dashed line represents the extent of fully saturated soil after 6 hours.  The zone of saturation is relatively small for glacial till and the silty advance outwash and extends 3 m below the bottom of the borehole for the well-sorted fine-medium Qva.




Summary of Calibration Results

Soil Type α* (ft-1)

Low Head (H/r<20) High Head (H/r>20)

Z1 Z2 Z3 Z1 Z2 Z3

Qvt (SM) 0.36
2.65 0.177 0.904 2.84 0.0294 0.605

Silty Qva (SM) 0.41

Fine Qva (SP-SM) 0.76

2.23 0.184 0.968 2.41 0.0296 0.626Fine-Medium Qva (SP) 1.2

Fine-Coarse Qva (SW) 7.6

• Calibrated BP “Z” parameters based on comparison with 150 numerical 
simulations

• Used Excel Goal Seek to minimize maximum error
• Calculated unique α* for each soil type
• Developed 4 sets of Z parameters based on H/r ratio and USCS class

• Maximum error of 2%-13% depending on soil type and H/r ratio.
• Generally more error for fine-grained soils and less error for coarse-

grained soils

Presenter
Presentation Notes
The Z parameters were calibrated by minimizing the maximum error between the numerical results and the BP results.  Rather than developing a single set of Z parameters, 4 sets were calibrated based on the H/r ratio and the USCS soil classification.  The low head parameters are suitable for shallow facilities and short boreholes and the high head parameters are suitable for long boreholes.  Different Z parameters were developed for silty soils classified as SM with more than 12% silt and sandy soils with less than 12% silt.
 
The maximum error for each set of Z parameters ranged from 2% for sandy soils and high head test facilities (the bottom right) to 13% for silty soils and low head test facilities (the upper left).  These errors were considered acceptable given other variabilities and uncertainties.
 




Using the BP Method to Predict Performance

The BP equation can be re-arranged to predict maximum Q of an 
infiltration facility given Ks, α*, and C:

Q = Ks
2π𝐻𝐻2

𝐶𝐶
+ π𝑟𝑟𝑒𝑒2 +

2π𝐻𝐻
𝐶𝐶𝛼𝛼∗

Results (Q) for a 4-ft deep drywell in fine Qva:
Radius (r) = 5.0
Area = 78.5 sf

Radius (r) = 7.1 ft 
Area = 157 sf

Head (H) = 0.1 ft Q = 4.1 gpm Q = 9.5 gpm

Head (H) = 4.0 ft Q = 12.5 gpm Q = 23.5 gpm

Note that flow increases by a factor of 2.5 to 3.0 as ponding head increases from 0.1 to 4.0 feet.

Presenter
Presentation Notes

As I indicated at the beginning, the BP approach can be used to predict the performance of an infiltration facility by rearranging the BP equation to solve for flux, or Q.
 
The re-arranged equation is shown on this slide.  This equation can be used for any size and shape facility, ranging from deep boreholes to large infiltration ponds or bioretention facilities.  
 
I’ve provided a few example calculations for a 4-ft deep drywell.  Results are shown with a radius of 5 ft and a radius of 7.1 ft and a ponding depth of 0.1 ft and 4.0 feet.  
 
The results show that increasing the ponding depth from close to zero to 4 feet increases the flow by a factor of 2.5 to 3.0.  
 




BP Estimates of Performance

Large PIT (7 hr)Small PIT (7 hr)

Numerical Results = 2.6 
gpm
BP Results = 2.8 gpm

Bioretention Facility (Bio Ks = 16 in./hr)

Ponding depth = 0.65 m
Numerical Results = 59 gpm
BP Results (r = 5.45) = 51 gpm
BP Results (r = 6.45) = 66 gpm

Numerical Results = 7.5 gpm
BP Results = 7.5 gpm

Presenter
Presentation Notes
This slide compares numerical simulation results with BP estimates for the small PIT, the large PIT, and the bioretention facility with bioretention soil hydraulic conductivity of 16 in./hr.
 
For the small PIT and the large PIT, the BP results are within 7% of the numerical results. 
 
The bioretention facility doesn’t meet the assumptions of the BP method that the facility is cylindrical and surrounded by homogeneous soil.  The sloping edge and the layer of bioretention soil make it challenging to select the proper values for radius and ponding head.  Because the hydraulic conductivity of the bioretention soil is so high compared with the native soil, it’s best to assume that the ponding depth is measured from the bottom of the bioretention soil (which is 0.65 m) and the radius is between the ponding radius above the bioretention soil (5.45 m) and the approximate ponding radius above the native soil (6.45 m).  Assuming a radius of 5.45 m provides BP results that are 14% less than the numerical simulation and assuming a radius of 6.45 m provides BP results that are 12% more than the numerical simulation. Obviously, a radius between these values would be most accurate.




Contact Information:

J. Scott Kindred
Kindred Hydro, Inc.
scottk@kindredhydro.com

PLEASE JOIN THE NEXT SESSION & REMEMBER TO VISIT OUR 
EXHIBITORS! 

Presenter
Presentation Notes
Here’s my contact information if you have any follow-up questions.  We will be doing more work on this topic over the next couple years thanks to a NEP grant administered by the Washington State Department of Ecology.  This work includes evaluation of falling head methods and field validation of these methods.   
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