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[bookmark: _Toc329786980]1. Background
The Lake Tahoe Total Maximum Daily Load (TMDL) requires jurisdictions to quantify the condition of stormwater Best Management Practices (BMPs) following guidelines in the Best Management Practices Rapid Assessment Methodology (BMP RAM).  BMP RAM specifies use of the Constant Head Permeameter (CHP) to measure infiltration rate of various stormwater infiltration BMPs (infiltration basin, dry basin and bed filter) in the Tahoe Basin.  The results of the infiltration testing are used to inform local jurisdictions when to perform maintenance on their stormwater BMPs.  The CHP measures infiltration at least 4” below the soil surface, however infiltration BMPs may fail at the soil surface due to the deposition and accumulation of fine sediment particles which creates a restrictive layer commonly referred to as ‘caking’.  Woody Loftis of Natural Resource Conservation Services (NRCS) who created the CHP has stated that the CHP is not the correct tool for detecting failure of infiltration BMPs because the measurements are taken below the point of failure.  An infiltrometer which rapidly and easily quantifies infiltration rates of stormwater infiltration BMPs at the soil surface could serve as a more suitable tool for assessing stormwater infiltration BMP condition and function.  
The Modified Phillip-Dunne (MPD) Infiltrometer was designed by the University of Minnesota to rapidly and accurately measure infiltration rates of the engineered soils in the Upper Midwest’s rain gardens.  These rain gardens are backfilled with an engineered soil to increase infiltration rate, thus are expected to be comparable to the rapidly draining native soils of the Tahoe Basin.  Minnesota’s equivalent to the BMP RAM, Assessment of Stormwater Best Management Practices recommends the MPD to assess soil surface infiltration rates in stormwater infiltration BMPs such as rain gardens.  The MPD measures infiltration rate in the top 30cm of soil—including any restricting layers at the soil surface, whereas the CHP measures infiltration below the soil surface in the profile. The MPD measures infiltration rates rapidly, is simple to construct and operate and requires a low volume of water.  In a Master’s thesis titled: The Comparison of Infiltration Devices and Modification of the Philip-Dunne Permeameter for the Assessment of Rain Gardens, the MPD was compared to the double-ring infiltrometer and the minidisk infiltrometer.  The thesis found the MPD to be the most accurate and the double-ring to be most precise relative to a falling head test as measured in a laboratory setting.  Most accurate meaning that the MPD measurements came closest to capturing the true infiltration rate; and most precise meaning that the measurements were most consistent, but not reflective of the true infiltration rate.  The double-ring infiltrometer requires too much water and time for consideration as a rapid assessment method.  Although the double-ring is purported to characterize saturated hydraulic conductivity (Ks), current literature points out that the measured profile is seldom truly saturated in the field (Bouwer 1986).  The mini-disk infiltrometer tends to overestimate hydraulic conductivity due to the ratio of sampling head to perimeter, whereas the Tension Disk infiltrometer produces more accurate measurements in the Lake Tahoe Basin due to its larger sampling head which minimizes the boundary effect (Wally Miller personal communication 2012).  
Lake Tahoe Basin managers could benefit from a RAM tool that can alleviate the limitations of the CHP (measurement taken below soil surface) and double-ring (not a rapid assessment method) but still provides the necessary information to assess functionality of the stormwater BMP. This study will field test the MPD alongside the CHP and double-ring to determine if the MPD can measure soil surface infiltration rates comparable to the double-ring infiltrometer and as rapidly as the currently accepted CHP.  
[bookmark: _Toc329786981]2. Project Description, Goals and Objectives 
This project will feature a field comparison test between the MPD,  CHP, the tension disk infiltrometer and in some locations, the double-ring infiltrometer.  The field comparison will specifically examine measured soil surface infiltration rates of the MPD infiltrometer, the disk infiltrometer and the double-ring infiltrometer to determine if the MPD measures rates are comparable to those derived from the double-ring and disk infiltrometers, widely regarded as standard procedure for assessing soil surface infiltration rates (Bouwer, 1986; Hillel, 1998; White et al. 1992).   The field comparison will also analyze expediency and convenience of field operation (time and water needed) between the MPD and the CHP (the Tahoe accepted standard for rapidly measuring infiltration rates) to determine if the MPD is a comparable RAM tool for assessing infiltration rates.  MPD infiltration rates will be compared to the CHP readings to determine whether surface caking of surface soils is a factor in the infiltration BMPs.   
The project goal is to determine whether the MPD infiltrometer is a more suitable tool for rapidly assessing the infiltration rates of stormwater infiltration BMPs in the Lake Tahoe Basin. The objectives include:
1. Assess the accuracy and precision of the MPD by comparing the MPD measured infiltration rates against the disk infiltrometer and/or the double-ring infiltrometer measured infiltration rates of the same stormwater infiltration BMP.
2. Assess the utility & efficiency of the MPD by comparing the MPD ease of operation, time and water required to measure infiltration rates to those same attributes of the CHP.  Material availability, costs and durability will also be documented and compared between the MPD and CHP.  
3. Demonstrate cost-effective, transferable monitoring methodologies for assessing infiltration rates of stormwater infiltration BMPs in Tahoe Basin. 
4. Document field procedures for the MPD, if the MPD is found to be an appropriate tool for rapidly assessing soil surface infiltration rates.  
5. Investigate the extent to which surface caking affects infiltration by comparing subsurface permeameter measurements from the CHP to the corresponding surface infiltrometer measurements where field observations indicate surface caking exists. 
[bookmark: _Toc329786982]3. Sampling & Analysis Plan 
[bookmark: _Toc329786983]3.1	Purpose:  The purpose of the Sampling & Analysis Plan (SAP) is to create field protocols and procedures which will be followed during the study to ensure collected data is comparable and scientifically defensible.  The SAP will also outline how the data will be analyzed to draw conclusions and management recommendations from the field data.  It is critical to note that hydraulic conductivity and infiltration rate are two different concepts and that conversion from one parameter to another cannot be accomplished through unit manipulation.  Infiltration rate (or flux) is the volume of water entering a specified cross-sectional area of soil per unit time (L/t; units of velocity) under specified conditions. Hydraulic conductivity (K) is the proportionality factor in Darcy’s Law as applied to viscous water flow in soil, and is the flux (infiltration rate) of water per unit gradient of hydraulic potential (Soil Science Society of America, 1996). Only when the hydraulic gradient is unity (value of one) will hydraulic conductivity be equivalent to the infiltration rate. 
[bookmark: _Toc329786984]4. Equipment 
This study will require three Modified Philip-Dunne Infiltrometers (MPDs), three Constant Head Permeameters (CHPs), a Tension Disk Infiltrometer and three Double-Ring Infiltrometers for the field testing.  Other necessary field equipment include: stopwatches, water, water jugs, graduated cylinders, Global Positioning System (GPS), mallet, tape measure, soil bore tool and data logs.  MPDs will be fabricated (discussed below).  CHPs, Double-Ring Infiltrometers and the Disk Infiltrometer will be borrowed and serve as a source of in-kind match.   

[bookmark: _Toc329786985]4.1	Modified Philip-Dunne Infiltrometers:  Two styles of MPD Infiltrometers will be fabricated for field testing in this study.  Cost of materials and time needed for fabricating both styles of MPDs will be recorded and compared to the time and costs for fabricating CHPs as noted in Constant Head Permeameter (CHP) Construction and Implementation Guide (USDA, NRCS 2012). 

[bookmark: _Toc329786986]4.1.1	Two-piece MDPs:  One MPD Infiltrometer will be purchased from the St. Anthony Falls Laboratory in Minneapolis, Minnesota.  This MPD will serve as a template for creating two additional MPDs for field testing.  These infiltrometers will be a two-piece design consisting of a metal base and a clear plastic tube for viewing water level (Figure 1).    

	
[image: ]
Figure 1. Modified Philip-Dunne Infiltrometer (2 piece design).  Base driver not shown.  

[bookmark: _Toc329786987]4.1.2	One-piece MDPs:  Three one-piece design MPDs will be created as well for field testing (Figure 2).  Ease of field use and construction will be compared to the two-piece design.  The one-piece MPD construction directions in Appendix C of Assessment of Stormwater Best Management Practices (Gulliver and Anderson 2007) will be followed.    

[image: ]
Figure 2.  One piece design MPD with sight tube for measuring water level. 

[bookmark: _Toc329786988]4.2 	Constant Head Permeameters:  A CHP field kit consists of a CHP, spacer and spacer base, tape measure, mallet, stop watch and bore holing tool.  The USDA, NRCS field office of South Lake Tahoe fabricated the CHP kits that NTCD owns.  The 3 CHP kits will be borrowed from NTCD internally for use in this study.  CHP use will be given an estimated rental cost and tracked as in-kind grant match.     
[bookmark: _Toc329786989]4.3	Tension Disk Infiltrometer: The disk infiltrometer will be borrowed from UNR and the estimated cost of use tracked as in-kind grant match. True saturation in the field is seldom attained and the maximum natural hydraulic conductivity is often less than at actual saturation (Ks). This difference in field value has lead to the use of such terminology as near-saturated or quasi-saturated hydraulic conductivity (Faybishenko, 1999). The tension disk infiltrometer (Perroux and White, 1988) was designed to simulate field conditions by allowing water to infiltrate under very low near-saturated tensions, and consists of a chamber and permeable porous plate that will support a very modest suction via a Marriotte bottle feed supply. The infiltration under tension prevents entry into large soil macropores and can be compared to infiltration measurements under positive pressure to delineate the effect of macropores on water flow.

[bookmark: _Toc329786990]4.4	Double-Ring Infiltrometer:  A double-ring infiltrometer consists of two concentric metal rings.  The rings must be at least 6 inches high with the insertion depth clearly marked in three locations on the outside of the ring and water level marks every inch on the inside of the ring.  The diameter of the inner ring should be approximately 50-70 percent of the diameter of the outer ring, with a minimum inner ring size of four inches.  The rings are driven into the ground and filled with water.  The outer ring helps to prevent divergent flow.  The infiltration rate is the amount of water per surface area and time unit which penetrates the soils.  The drop-in water level or volume in the inner ring is used to calculate an infiltration rate.  The infiltration rate can be calculated from the rate of fall of the water level within the internal ring and related to the hydraulic conductivity of the wetted zone (Kw).  Note that since the wetted zone is seldom completely saturated in the field, Kw is less than the saturated hydraulic conductivity (Ks).   Measurements should be continued until the infiltration rate has become essentially constant (Bouwer, 1986).  Three sets of double-ring infiltrometers will be needed for the field testing.  These rings will be fabricated by NTCD and the cost of fabrication and estimated cost of use tracked as in-kind grant match.   

[bookmark: _Toc329786991]4.5	Equipment Validation:  Infiltrometers and permeameters will be tested prior to field use to ensure proper function.  

[bookmark: _Toc329786992]4.5.1	MPD Validation:  MPDs will be inspected to verify scale is attached properly to the body.   The one-piece design will be inspected to verify that the insertion depth line is clearly marked on the bottom of the unit.  Both styles will be installed in the ground and filled with water.  The two-piece design will be inspected to ensure a leak free seal between the two pieces.  The one-piece design will be inspected to ensure that the sight tube is working properly and the debris screen is clean.  

[bookmark: _Toc329786993]4.5.2	CHP Validation:  CHPs will be tested per the procedure outlined in Constant Head Permeameter (CHP) Construction and Implementation Guide (USDA, NRCS 2012).  Specifically, CHPs will be filled with water.  CHPs will be inserted into a bucket of water, balanced upright, while turning the valve on.  CHPs will be inspected for leaks in the form of air bubbles entering the clear reservoir and water level in the CHP dropping.  Faulty CHPs will be repaired or replaced.  Bore hole tubes will be freshly sharpened to ensure correct and exact bore hole diameter.   

[bookmark: _Toc329786994]4.5.3	Tension Disk Infiltrometer Validation:  Disk permeameters will be inspected to ensure all stoppers and pinch clamps are air tight and the silk screen at the base of the permeameter is free of tears or large holes. New stoppers, pinch clamps, and silk screen will be replaced as necessary. The Marriotte bubble system will be measured to ensure the proper tension is applied. Once full of water and the tension applied, the permeameter will be elevated to ensure water will remain in the main reservoir against the force of gravity.

[bookmark: _Toc329786995]4.5.4	Double-Ring Infiltrometer Validation:  Double-Ring Infiltrometers will be inspected to ensure that insertion depth lines are clearly marked on the bottom of the rings.  Bottom edges of the rings will be inspected and re-beveled as necessary to ensure smooth installation into the ground.  

[bookmark: _Toc329786996]4.6 	Maintenance:  Equipment will be periodically inspected during the field testing.  Any needed repairs will be performed and tracked to help quantify durability and labor investment.
[bookmark: _Toc329786997]5. Field Operations
[bookmark: _Toc329786998]5.1	Site selection:  The BMP RAM specifies utilizing the CHP to measure infiltration rate in three different stormwater infiltration BMPs: 1) bed filters, 2) infiltration basins and 3) dry basins.  Ideally the field testing would sample each of these infiltration BMPs.  Unfortunately, there is only one bed filter large enough to support 60 distinct samples but no infiltration basins of adequate size.  The SAP will include testing a bed filter and two different dry basins.  The sites were selected for surface caking extent, soil type and location. See Appendix A, Map #1 for a map of selected sample sites.  
[bookmark: _Toc329786999]5.1.1	Sample Site #1:  Sample site #1 is the bed filter in Cave Rock, NV.  This site was chosen to represent bed filters as defined in the BMP RAM.  The bed filter was installed in 1992 as part of the Cave Rock Estates Erosion Control Project.  The bed filter is located on Meeks gravelly loamy coarse sand soil which has a map unit number of 7485 and Ks of 14”/hr.  The bed filter does not infiltrate into the surrounding soil however as it is installed with an impermeable liner and a sand filter media.  Due to the sand media, it is expected that the field infiltration measurements will be similar to the mapped rate for the underlying soil.  See Appendix A, Map #2 for a map of the bed filter sample site.  
[bookmark: _Toc329787000]5.1.2 	Sample Site #2:  Sample site #2 is the dry basin located at the corner of Ski Way and Country Club Drive in Incline Village, NV.  This site was selected to represent dry basins as defined in the BMP RAM.  The Ski Way dry basin was installed in 1998 as part of the Ski Way Water Quality Improvement Project.  The dry basin is located on Jorge very cobbly fine sandy loam soil which has a map unit number of 7151 and Ks of 3.92”/hr.  Due to its age and parent soil characteristics, it is expected that the field Ks measurements will be lower than the mapped rate.  See Appendix A, Map #3 for a map of the Ski Way dry basin sample site.
[bookmark: _Toc329787001]5.1.3	Sample Site #3:  Sample site #3 is an infiltration basin located near the intersection of Pioneer Trail and Kokanee Trail in the jurisdiction of El Dorado County near South Lake Tahoe, CA.  This site was selected in California due to the lack of adequately sized infiltration basins in Nevada.  The Kokanee basin was installed in 2001 as part of the Marshall Trail Erosion Control Project.  The dry basin is located on Jabu coarse sandy loam soil which has a map unit number of 7461 and Ks of 3.92”/hr.  Due to the high sediment load the basin receives and the lack of maintenance performed on the basin, it is expected that the field infiltration measurements will be lower than the mapped rate.  See Appendix A, Map #4 for a map of the Kokanee infiltration basin sample site.
[bookmark: _Toc329787002]5.2	Sampling Locations:  Transects will be established through the bottom of the bed filter and dry basins as shown in Appendix A maps #2 through #4.  Each transect will contain multiple sampling points spaced roughly 3 feet apart.  The sampling points may be shifted slightly to avoid geographical barriers such as rocks, burrows, roots or uneven ground.  Sampling points will be recorded with GPS for accurate mapping in the final report.  MPD, CHP and tension disk permeameter tests will be performed around the sampling point.  At some sites, double-ring infiltrometer tests will be performed.  These tests will be limited to no more than 30 tests, due to the expected time and water volume necessary to perform the double-ring tests.  The double-ring tests will provide another point of comparison for the MPD and disk permeameter data.  

Tests will be performed at two locations roughly 9 inches from the sampling point.  The sampling configuration can be thought of as the face of a clock, where the sampling point is the center and the two sampling locations are 9 inches from the center at the 3 o’clock and 9 o’clock position.  The CHP and MPD tests will be conducted at the same location.  The MPD tests will be conducted prior to CHP testing.  Because CHP tests yield saturated conductivity readings, they may be conducted at the same location while the soil is still moist.  The disk permeameter and double-ring tests will be conducted at the same location.  The disk permeameter tests will be conducted prior to double-ring testing.  Because double-ring tests yield saturated conductivity readings, they may be conducted at the same location while the soil is still moist.          

[bookmark: _Toc329787003]5.3  	Sampling Number:  Adequacy of sample size is viewed in terms of statistical power—the probability that the true mean of the data is within a pre-determined precision.  Statistical power is dependent on the inherent variability of the data.  The statistical power of a data set can only be calculated after field data is obtained, by determining the variability (standard deviation).  The more variability in a data set, the larger the sample size needed to obtain a given level of precision.  The less variable, the smaller the sample size.  If too few samples are measured, the results will have a low confidence level (measure of the certainty that the sample data represents the entire population).  The field crew will perform 30 infiltrometer tests (MPD, CHP and disk permeameter) in each BMP Sampling Site.  After discarding outliers, results of those 30 preliminary tests will be analyzed to determine the mean and variability of the saturated hydraulic conductivity.  If 90% confidence level is achieved for each infiltrometer/permeameter with 30 tests, additional tests are not needed.  If 90% confidence level is not achieved each infiltrometer/permeameter with 30 tests, additional tests (up to 30 more) will be performed.     

The field crew will perform no more than 60 infiltrometer tests (MPD, CHP and disk permeameter) in each BMP Sampling Site.  This sample number is consistent with similar studies (Cody and Norman, 2011; Christensen and Norman, 2007; Munoz-Carpena, 2002).

[bookmark: _Toc329787004]5.4 	Sampling Timing:  Infiltrometer testing will be performed in summer when the soils of the infiltration BMPs are dry.  In order to avoid interruptions of BMP tests, testing will proceed only when the weather forecast anticipates a three consecutive days of dry weather.  BMP soil will be allowed to dry thoroughly following any precipitation events.  

[bookmark: _Toc329787005]5.5	Field Operational Procedures:  Field operational procedures for each infiltrometer/permeameter is given below to ensure that infiltrometers/permeameters are operated consistently between testing sites and between different users, resulting in standardized data collection.

[bookmark: _Toc329787006]5.5.1	MPD Field Operational Procedures:  The one-piece design MPD and the two-piece design MPD are very similar in their installation and operation.  

Installation:  The MPDs will be uniformly pounded into the ground to a depth of 2 inches at the sampling location.  The sight tube of the one-piece design should be at the soil surface.  The two-piece design has a metal lip that inhibits installation beyond 2 inches into the ground.  The soil around the base of the MPD should be tight against the MPD to prevent seepage. 

Operation:  The MPDs will be filled with water.  To prevent soil surface scour, a disk of highly permeable filter fabric will be installed at the bottom of the MPD.  Once the water level reaches the marked initial height (ho), no more water will be added and the stopwatch will be activated.  The time elapsed and corresponding water height will be noted at regular intervals (10 minutes for slow soils; 2 minutes for rapid soils) until the device empties.  The test is complete when all water has drained from the device.    

Volumetric Soil Moisture Content:  An initial volumetric soil moisture sample will be collected 12 inches away from the sample location using a device with an outside diameter of 1 1/8” or less.  The sample will be stored in an airtight container and transported to the laboratory for soil moisture calculations. The volumetric soil moisture sample measures the volume of water relative to the total soil volume.  To determine initial volumetric soil moisture:
Collect an intact soil core of known volume (πR2h = V) 
Weigh core to obtain a wet weight of soil  
Dry soil core for at least 24 hours at 105°C in an oven  
Weigh to determine dry weight of soil sample 
Determine the amount of water in the sample.  
Wet soil – dry soil = weight of water.  
Convert the weight of water to volume (1 g water ≈ 1 cm3 of water)  The Volumetric Water Content (θ) = volume of water / total volume of soil (V)  The Soil Bulk Density (ρb) = dry mass of soil / total volume of soil (V)  
Volume Water Content = mass water content (w) x (times) soil bulk density = (w)(ρb) = θ.

A final volumetric soil moisture measurement will be collected from the center of the MPD sampling location.  The final volumetric soil moisture will be determined by following the procedures above.  

NOTE:  The analysis will determine whether an assumption may be made regarding initial soil moisture content in order to streamline the field operations of the MPD test.  This issued is discussed in more detail under the Data Analysis section.  

[bookmark: _Toc329787007]5.5.2	CHP Field Operational Procedures:  The CHP operational procedures will follow the directions outlined in Constant Head Permeameter (CHP) Construction and Implementation Guide (USDA,NRCS 2012).   

	Installation:  The sampling location will be selected and prepared to obtain a flat and debris-free site.  The bore hole tool will be vertically hammered into the ground about 2 inches deep.  Soil core will be removed from the bore hole tool by gently tapping it loose or using a dowel to drive the core out.  The bore hole tool will be reinserted to obtain a final hole depth of 4 inches.   The CHP will be filled with water and gently into the bore hole through the spacer base.  With the tip of the CHP gently resting at the bottom of the bore hole, the moody coupler will be slid down and tightened against the spacer base.  The spacer will be inserted between the moody coupler and the spacer base.  

	Operation:  The flow valve will be slowly opened to fill the hole.  The field crew will allow approximately two minutes for the water level to stabilize and surrounding soil to saturate.  The field crew will obtain an initial water level reading and begin the stopwatch.  The field crew will obtain a water level reading every minute for 8 minutes or until the CHP is empty.  The change in water level between readings should be stable.   

[bookmark: _Toc329787008]5.5.3	Tension Disk Permeameter Field Operational Procedures:   Tension disk permeameter tests are based on the theory and applications described by White et al. (1992).
	
	Installation:  The disk permeameter must be level when measurements are taken. Remove any twigs or vegetative matter from the area down to the soil mineral surface. Apply a fine layer of clean sand on the cleared spot and smooth until level to ensure even contact between the permeameter and soil surface. Use as little sand capping as possible. Pre-fill the Marriotte bubble chamber with water to just below the access tube, seal with stopper and hose clamp, and adjust the Marriotte tube to 1-3 cm of tension. Fill the large water reservoir by placing the permeameter in a bucket of water and apply suction to the one way valve at the top. Take a small soil core of known volume from outside but immediately adjacent to the sample area by inserting a 1-2.5 cm thick 5 cm diameter brass cylinder ring into the soil surface.  Place the sample in an airtight container and determine soil moisture content in the laboratory.  The infiltration test is now ready to be run.

	Operation: Designate one person to do the timing, and one to read the height values from the main reservoir of the disk permeameter. Open the air entry stop on the Marriotte bubble tube. The permeameter is placed on the capping sand, making sure that a good seal is obtained over the entire base. Once place on the capping sand the infiltration test has begun. Volume readings from the main water supply reservoir are initially taken at intervals of 5-15 sec, then at longer intervals when infiltration has slowed. Depending on the amount and rate of cumulative infiltration over time, continue the test for at least 10 min or until at least three measurements with the same drop in water volume have been recorded. The test is over when either the tube is out of water, or when the examiners observe a “steady-state” infiltration rate has been achieved. Immediately following the test the capping sand is carefully removed and another soil core of known volume is quickly taken for determination of soil water content as previously described. Post test observations should be made as to overall depth of soil wetting, symmetry of wetting, and any other unusual features. A small sample of soil is then tested via the finger tip method for the estimation of surface soil texture.

[bookmark: _Toc329787009]5.5.4	Double-Ring Infiltrometer Field Operational Procedures:  The double-ring operational procedures will follow the modification of the ASTM Standard D 3385-03 as described in Appendix E of the Low Impact Development Manual for Michigan (SEMCOG 2008).

	Installation:  The sampling location will be selected and prepared to obtain a flat and debris-free site.  Double-ring tests will be performed at the same location as the disk permeameter tests.  The outer ring will be installed into the ground to a depth of 2 inches by placing a sturdy flat board on top of the ring and driving the ring with strikes of the mallet.  The inner ring will be installed in the center of the outer ring to a depth of 2 inches into the ground by placing a sturdy flat board on top of the ring and driving the ring with strikes of the mallet.  Properly installed rings will be at the same depth.  The soil around the base of the rings should be tight against the rings to prevent seepage. 

	Operation:  The test area should be saturated before measurement begins.  Field crew will saturate test area by filling both rings with water and keeping rings full for 1 hour minutes before beginning the test.  To prevent soil surface scour, a disk of highly permeable filter fabric will be installed at the bottom of the inner ring. Field crew will measure water drop in rings over the last 30 minutes of the presoak period to determine measurement interval.  
If water level drop is 2 inches or more, then 10 minute measurement intervals will be employed.  
If water level drop is less than 2 inches, then 30 minute measurement intervals will be employed.  
To start the test, field crew will top off both rings with water and begin the stopwatch.  Readings will be taken at appropriate intervals.  After a reading is obtained, rings will be refilled.  Volume of water added to inner ring will be measured via graduated cylinders to provide a higher level of fidelity than measuring water level height.  Test will continue until 8 readings are obtained or until a stabilized rate of drop is achieved.  A stabilized rate of drop means a difference of 52ml (volume equivalent for ¼” drop in 4” inner ring) or less between 4 consecutive readings (40 minutes or 2 hours—depending on time interval used).  The measured drop from the last reading expressed as inches per hour shall represent the infiltration rate for that test location.       
[bookmark: _Toc329787010]6. Data Collection & Management
This study will require collection of data to analyze and report the measured average infiltration rate and estimated field hydraulic conductivity (Kw), field operation time and water volume necessary to perform field tests.  Field crew will also note the following: testing locations, maintenance needs of infiltrometers/permeameters and costs for constructing  infiltrometers/permeameters.  Field data will be tracked in a waterproof notebook and GPS unit.  At the end of every field week, data will be input into an Excel spreadsheet for analysis.     

[bookmark: _Toc329787011]6.1	Infiltration Rate/Hydraulic Conductivity:  Darcy’s Law is used to describe the volume of water entering a specified cross-sectional area of soil per unit time under specified conditions. Termed the water flux in units of velocity (cm/min), when applied to soils it is considered analogous to infiltration rate (Hillel, 1998).

Darcy’s Infiltration (flux) = Volume Water Flow/Area-Time = cm3/(cm2-min) = cm/min

This infiltration flux is related to the hydraulic gradient or driving force for water flow via a proportionality factor called “hydraulic conductivity” (K), where

Darcy’s Infiltration (flux) = (Hydraulic Conductivity)(Hydraulic Gradient)

and therefore

Hydraulic Conductivity (cm/min) = Infiltration (flux)/Hydraulic Gradient (unitless)
 
[bookmark: _Toc329787012]6.2	Field Operation Time:  Field crews will track operation time needed to obtain measurement from the infiltrometers/permeameters.  Operation time will include site preparation, instrument installation, saturation need before beginning test and soil moisture tests.   

[bookmark: _Toc329787013]6.3	Water Volume:  Field crews will track water volume necessary to perform infiltrometer/permeameter tests in order to quantitfy in a final report how much water each test requires on average to perform.  

[bookmark: _Toc329787014]6.4	Test Locations:  Test locations will be recorded via a GPS unit and plotted in a map of each BMP site in Arc GIS.  

6.5	Surface Caking Assessment:  During infiltration testing, each location will be visually assessed for the presence/absence of surface caking.  If surface caking is present, the extent of the surface caking will be quantified by measuring the thickness of the caking profile via a shallow excavation at the sampling point.  
6.6	Soil Moisture Content:  Soil moisture content data will be tracked by collecting field samples in sealed containers, transporting samples to the laboratory, and weighing initial and dried samples.   Soil moisture content is determined on both initial and dried samples. 
[bookmark: _Toc329787015]7. Quality Control  
Quality control starts with careful field data collection.  Field crews will record data in a standardized template in a waterproof notebook to ensure thorough data collection.  Data will be recorded by the person performing the collection to ensure accuracy.  Each sampling point will have multiple data points (CHP, MPD, Tension Disk Infiltrometer and sometimes double-ring) to cross-check preliminary results.  Outlier data points will be discarded and retested where feasible.  Personnel will enter field recorded data into an Excel spreadsheet.  Quality control of data entry will be accomplished by cross checking of field collected data to data input into a spreadsheet.  
[bookmark: _Toc329787016] 8.  Analytical Techniques
	Raw field data will be converted the comparable data and stored in an Excel spreadsheet for analysis.  Preliminary analysis will be performed by NTCD to quickly determine confidence level of preliminary data.  Final Analysis will be performed by NTCD and verified by UNR and Desert Research Institute (DRI).   

[bookmark: _Toc329787017]8.1	Preliminary Analysis:  After 30 tests at each BMP sample site, preliminary data will be analyzed in Excel spreadsheet to determine mean, variability and confidence level of the infiltration rate and field hydraulic conductivity data.  The results will be verified using GraphPad graphing and statistical analysis software with which NTCD has experience.  If 90% confidence level is achieved with 30 tests for all infiltrometers/permeameters, additional tests are not needed.  If 90% confidence level is not achieved with 30 tests, additional testing for all infiltrometers/permeameters (up to 30 more) will be performed.  Preliminary data will also be analyzed to verify that the SAP is feasible to implement and is obtaining suitable and comparable data.      

[bookmark: _Toc329787018]8.2 	Final Analysis:  After 60 tests are performed in a BMP or 90% confidence level achieved with 30 tests, data will be ready for final analysis.  Final Analysis will be performed by NTCD using GraphPad statistical analysis software.  Raw data will be analyzed to determine distribution and standard deviation.  If data does not exhibit normal distribution and standard deviation is large, then data will need log transformed before further statistical analysis with a student’s T-test.  The Student’s T-test of equivalent means is used to determine the statistical confidence level of the infiltration measurements.  If log transformation does not normalize the data, then a nonparametric Mann-Whitney Rank Sum test can be used for data comparisons.  NTCD will work with UNR and Desert Research Institute (DRI) personnel to ensure sound statistical analysis using appropriate comparison tests.    
 
[bookmark: _Toc329787019]8.2.1	Infiltration Rates:  The data analysis will examine measured soil surface infiltration rates of the MPD infiltrometer,  the tension disk infiltrometer and when available the double-ring infiltrometer to determine if the MPD measures rates comparable to the disk infiltrometer and the double-ring, widely regarded as the industry standard for assessing soil surface infiltration rates.   MPD infiltration rates will be compared to the CHP readings to determine whether surface caking of surface soils is a factor in the sampled infiltration BMPs.  Infiltration data for MPD will be compared to infiltration data from the tension disk infiltrometer and the double-ring infiltrometer (when available) to determine statistical significance of the results using GraphPad graphing and statistical analysis software. Sample population means between the infiltrometer data will be compared to determine trends and bias.  

[bookmark: _Toc329787020]8.2.2	Field Operation Time:  The data analysis will examine the time required for field operation of the MPD and the CHP (the Tahoe accepted standard for rapidly measuring infiltration rates) to determine if the MPD is a comparable RAM tool for assessing infiltration rates.  

[bookmark: _Toc329787021]8.2.3	Water Volume:  The data analysis will compare the water volume necessary to perform field tests between all infiltrometers/permeameters in order to quantitfy the amount of water required on average to perform each test.  

[bookmark: _Toc329787022]8.2.4	Cost and Material Availability:  Material availability, costs and ease of assembly will also be documented and compared between the MPD and CHP.

[bookmark: _Toc329787023]8.2.5	Maintenance and Durability:  Infiltrometer durability and necessary maintenance will be documented to assess differences between MPD and CHP.  

8.2.6	Surface Caking:  The data analysis will compare the measured infiltration rates of the MPD infiltrometer to those of the CHP for sample locations where surface caking is present and absent to determine the extent that surface caking affects surface infiltration readings.       

8.2.7	Soil Moisture Content:  Soil moisture content of initial and dried samples will be determined to complete the MPD and Tension Disk infiltrometer calculations.  The moisture content information will also be used to help characterize the soil bulk density under dry and wetted conditions and the shallow surface soil sorptivity. Soil moisture content data will be analyzed to determine if a standard initial soil moisture content can be made regarding soils of stormwater BMPs during late summer.  The analysis will determine whether a standard may be applied regarding initial soil moisture content in order to streamline the field operations of the MPD test resulting in a more Rapid Assessment Methodology tool.  
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Map #1—Sample Sites 



Map#2—Sample Site #1



Map # 3—Sample Site #2


Map #4—Sample Site #3
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