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Executive Summary

The infiltration potential of Portland cement pervious concrete has encouraged its use as

a stormwater management tool.  However, the material has suffered historically poor support

due to a number of factors, including failures due to poor mix design and improper

construction techniques, concern about lesser structural strength, concern about poor long

term performance due to clogging of surface pores and undefined credit for stormwater

management.  This study focuses on long term infiltration performances of pervious concrete

parking lots and their stormwater management credit.

Before stormwater management credit could be estimated, it was necessary to develop a

testing device to gather information from existing pervious concrete parking lots currently in

use.  Eight parking lots were examined to determine the infiltration rates of the pervious

concrete, as well as to verify the soil infiltration rates beneath pavement.  A total of 30

concrete cores were extracted and evaluated for infiltration rates.  Three of the sites had a

pervious concrete section that included a gravel reservoir.  Infiltration rates were measured at

the field sites using the application of an embedded single-ring infiltrometer.  The water head

for testing the infiltration rates must be set at the head that is expected in operation.  For

comparative purposes, filed infiltration testing was performed using a 3 inch head and

compared to a water head at grade to 1 inch above grade.   Laboratory infiltration tests were

conducted at the standard 9 inch head.

  Recommended for infiltration measurements for pavement that accepts no off site

discharge is a minimum head as measured on the pervious concrete equal to the grade or

within one inch of the grade.  Higher heads produce higher rates of infiltration rate estimates.
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To provide an estimate of stormwater credit, the authors of this study created a mass

balance model to be used for simulation of the hydrologic and hydraulic function of pervious

concrete sections over a one year period of time.  The purpose of the model is to predict

runoff and recharge volumes for different rainfall conditions and hydraulic properties of the

concrete and the soil.

The field derived hydraulic data were used to simulate infiltration volumes and rainfall

excess given a year of rainfall as used in a mass balance operated within a spreadsheet.  The

results can be used for assessing stormwater management credit using average annual

efficiencies.

Disclaimer

The opinions, findings, and conclusions expressed in this publication are those of the authors

and not necessarily those of the State of Florida Department of Transportation.
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CHAPTER 1 – INTRODUCTION

Stormwater management methods seek to decrease the negative effects of land use

changes by reducing and attenuating surface runoff and by promoting infiltration.    Pervious

concrete is a type of porous pavement that can be used as an infiltration practice for

stormwater management.  It has an open-graded structure and consists of carefully

controlled portions of small stone aggregate, cement, water, and admixtures.  The open-

graded structure of the concrete promotes rapid passage of water and allows it to infiltrate

underlying soils.  Pervious concrete, already recognized as a best management practice by

the Environmental Protection Agency (USEPA, 1999), has the potential to become a popular

alternative for dealing with stormwater runoff.

However, a lack of data, particularly with respect to the long-term performance,

leads to hesitation in using pervious concrete as an acceptable stormwater management

practice alternative.  The author of this study established a continuous, mass balance flow

model that will predict the hydrologic function of a pervious concrete system for a year long

rainfall simulation.  This model was designed for application in areas such as pervious

concrete parking lots and low-volume roadways.  An important part of this research

involved determining a method for measuring the infiltration rates through pervious concrete

sections. Testing included field investigation of pervious concrete parking lot sites and

laboratory infiltration tests on sample cores gathered during field investigation.  A total of

eight pervious concrete parking areas, all of which have been operational for at least several

years, were investigated during the course of the study.
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1.1 Objectives

The objectives of this research are threefold:

1) Develop an on-site testing method for measuring infiltration rates of pervious

concrete parking lots.  The purpose was to measure hydraulic operational efficiency

and to gather data for utilization in modeling and simulations of infiltration rates.

2) Develop a mass balance spreadsheet to catalogue the flow through a pervious

concrete and soil section and that which remains on the surface given hourly rainfall

data.

3) Utilize the results from the mass balance spreadsheet to predict operation efficiency

in terms of surface runoff and groundwater recharge for various combinations of

water table depth, soil porosity/permeability, concrete porosity/permeability, and

concrete depth.

1.2 Limitations

The results are constrained by several limitations.  Most of the field recorded data

originated from sites within the southeastern United States (five of the eight sites visited

were in Florida).  A testing infiltrometer was developed for existing pavements, but could

not be embedded into gravel sub-base.  The method did function with sandy sub soils.  Thus

the method could not predict systems with gravel reservoir layers.  The mass balance uses

three main simplifying assumptions: (1) that the soil is homogenous and isotropic to the

depth of the water table, (2) flow is one dimensional, and (3) rainfall excess occurs and is

removed immediately as infiltration or runoff.  The credit was assumed to be based on an

average annual percent of rainfall that infiltrates into the concrete and the soils.
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1.3 Approach

This document consists of six chapters.  Provided in this first chapter is an introduction

to the topic and also a description of the research objectives.  In chapter two, a review of the

current state of pervious concrete and existing research on the topic is presented.  The

theoretical approach to the problem is covered in chapter three, including development and

discussion of the aspects of the mass balance and the input data.  Chapter four lists the

processes for data collection.  Results of the field and laboratory testing are presented in

Chapter five along with the results of the mass balance simulations.  Chapter six concludes

with a discussion, summary, recommendations and conclusions.
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CHAPTER 2 - BACKGROUND

Humans alter the natural environment as they construct buildings and roadways.  One

of the most notable changes is the addition of impervious area in places that were previously

permeable surfaces.  Impervious areas prevent water from infiltrating into the soil

underneath.  Examples of impervious area include rooftops, parking lots, and roadways.

The addition of impervious areas to a location negatively impacts the environment by

altering the natural water cycle.  These areas block the natural process of infiltration through

the soil, and results in runoff from the impervious surfaces after storm events and

snowmelts.  This runoff results in three main problems:  (1) a decrease in groundwater

recharge due to lack of infiltration, (2) alteration in the natural flow patterns of a drainage

basin, and (3) transportation of contaminants, deposited on impervious surfaces, to receiving

water bodies
 
(Brattebo and Booth, 2003).  Thus, the introduction of impervious areas

interrupts both surface and subsurface water quantity and quality.

From these problems others may arise.  Changing natural flow patterns can cause

erosion and flooding of naturally occurring channels unaccustomed to handling larger flows

of water (Brattebo and Booth, 2003).  Furthermore, contaminants including heavy metals

(e.g. copper, lead and zinc), nutrients (e.g. phosphorous and nitrogen), and sediment material

can travel in runoff water and be deposited in receiving water bodies.  These materials

severely alter and destroy aquatic habitats, which results in the death of organisms

dependent upon that habitat.

Traditionally, runoff peak rates have been controlled and attenuated using storm sewer

systems with detention or retention basins (Schluter and Jeffries, 2002).  These systems

collect the runoff primarily from impervious areas and store the water where it can either
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infiltrate (retention basin) or be discharged at a controlled rate to a water body (detention

basin).  Design, operation, and maintenance of these basins are governed by regulations

established by state, regional or local government agencies.

There is always an interest in finding new ways to manage stormwater runoff

associated with new development or redevelopment.  Porous pavements, an alternative

method for stormwater control, represent an innovative method.  Types of porous pavements

include porous asphalt, pervious concrete, concrete paving blocks, gravel paving systems,

and grass paving systems, among others.  Pervious pavements reduce runoff volume by

allowing water to pass through them and to be stored and subsequently be released into the

ground.  Most pervious pavements contain large numbers of pore spaces and allow water to

pass through them at a rapid rate.

Pervious concrete is the focus of this research.  It is a material that consists of open-

graded coarse aggregate, Portland Cement, water and admixtures.  Generally the aggregate

is evenly graded to have a size of approximately 3/8 of an inch; sand is omitted from the

process leaving the space in between coarse aggregate empty.  Typical sections of pervious

concrete have 15 percent to 25 percent void space; some sections may have values as high as

35 percent (Brown, 2003).  Most void spaces are interconnected which allows water and air

to pass through the section.  Newly placed pervious concrete sections have been reported to

drain at rates ranging from two to 18 gallons per minute per square foot (Brown, 2003).

Pervious concrete is known to have the advantages of reducing runoff volume and may

improve water quality in ground water recharge (Legret et al, 1996).  By allowing

stormwater runoff to infiltrate, pervious concrete filters sediment and other contaminants

that would otherwise make their way to waterways.  Similarly, because water can infiltrate
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through the concrete layer, pervious concrete parking lots and other installations can serve

as recharge basins.  Other known advantages of pervious concrete include better road safety

because of increased skid resistance, road sound dampening, and dampening of the “heat

island” effect (Yang and Jian, 2003), (USEPA, 1999), (Brown, 2003).

Pervious concrete also has several potential disadvantages.  Those of most concern

include perceived cold weather problems, the potential of clogged void spaces, historical

high construction failure rates, and the potential to contaminate ground water (EPA, 1999).

High construction failure rates are often associated with poor design and contractors who

lack sufficient knowledge for proper installation of the product.  The two issues or problems

frequently expressed  to be of greatest concern are the potential of clogged void spaces and

credit as a stormwater management practice within stormwater regulations.  This research

provides data for both issues.  However, groundwater contamination is not addressed.

Pervious concrete has begun to receive greater attention as a viable stormwater

management practice.  The American Concrete Institute has established a committee (ACI

Committee 522, 2006) to determine guidelines for the proper use of pervious concrete.  To

enhance this document, the committee needs data on the long-term performance of pervious

concrete systems.  Data are needed on design characteristics, durability, maintenance plans,

and effective infiltration rates after years of service.

This information would also be valuable to water management districts in an effort to

provide a standard for use of pervious concrete in stormwater runoff control.  In Florida,

stormwater management criteria are largely developed and implemented by the Department

of Environmental Protection (DEP) and the regional water management districts.  Currently,

only the DEP provides credit for pervious concrete as a stormwater management practice.
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None of the State of Florida regional water management districts currently provide credit as

a stormwater treatment or flood control practice.  However, there is provision and national

standards that are used on a site-by-site basis using design guidelines to apply for credit

(Training Manual, 1998, NRMC, 2004, and FCPA in Pervious Pavement Manual, 2006).   It

is anticipated that the data of this report will facilitate the application for credit.

There are some tradeoffs between pervious concrete, the most notable of which is cost.

The initial cost of pervious concrete can be up to 1.5 times that of other conventional paving

methods.  This excess of cost is a function of two things.  First, pervious concrete is a

specialty product requiring experienced skilled labor to install the concrete properly.  This

specific experience requirement accompanied with low demand drives the price up.

Secondly, there is also an extra depth associated with pervious concrete.  The extra depth is

a function of a couple of factors including a need for extra rainfall storage within the

concrete layer and an increased necessary depth for strength reasons.

Typical concrete is around 4000 psi or greater where pervious concrete is commonly

around 2,000 psi (Ferguson, 2005).  A lower compressive strength requires an additional

thickness of pavement to help distribute vehicular loading.   Normal depths for concrete

paving are about four inches and a normal depth for a pervious concrete paving is six or

more inches.

Though there is an expected increase of cost for pervious concrete, that cost can

potentially be recouped by the increase in developable area that comes with a decrease in the

area required for stormwater management.  Other benefits include better traction during wet

whether due to free draining pavement, reduction in road noise due to dampening effects in
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the concrete, glare reduction at night, and better growth environment for adjacent

landscaping (Ferguson, 2005), (ACI, 2006).

Pervious concrete has been in existence in the United States for nearly 50 years

(Brown, 2003).  Though not a widely used product, pervious concrete has been proven

effective as a porous pavement in applications such as parking lots, low-volume roadways,

and pedestrian walkways.  It is necessary to develop standard design, manufacturing, and

installation methodology that will establish pervious concrete as a reliable product capable

of performing adequately for these uses.  Currently there are no regulations or standard

design criteria for this technology, thus it is not validated as a presumptive stormwater

management method.  Pervious concrete has the potential to reduce the amount of, or

eliminate the area set aside for stormwater management practices, thus maximizing the

amount of land available for development.  If a compilation of data shows an agreeable

evaluation of long-term performance, this material may become more widely accepted for its

beneficial properties.  Such information could be used to develop statewide design,

construction, inspection, and maintenance requirements within stormwater regulations.
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CHAPTER 3 – APPROACH TO PROBLEM

3.1 Lab Experimentation

Prior to creation of a flow model sequence, it was necessary to develop a testing

method to assess the conditions of pervious concrete paved areas and apply that method at

the selected field sites.  Data collected from field testing was applied in the model and was

also used to assess the efficiency of pervious concrete as a stormwater management practice

after it had been in operation for several years.

The first step was to create a field lab for experimentation at the University of Central

Florida.  A site was chosen at the Stormwater Management Academy’s Laboratory and

plans were created for the test cells.  The test cells were designed as a self-contained box

that was impermeable on all sides except for the surface.  There were two “boxes” each six

feet square and four-and-one-half feet deep from the surface of the pavement.  The design

included an underdrain system for the removal of water.  The boxes were constructed side-

by-side into the face of an existing berm.

Fill material for these cells consisted of a clean, brown, fine sand common to the

University of Central Florida area.  The soil had a hydraulic conductivity of approximately

12 inches per hour as determined by permeability testing and corresponded to NRCS

hydrologic group A.  Fill was compacted inside the boxes in eight-inch lifts to

approximately 92 percent of the maximum dry density as determined by a standard proctor

test.  After compaction, the infiltration rate was approximately two inches per hour as

determined by application of a double-ring infiltrometers test (ASTM D 3385-94).

The test cells were used to conduct double-ring and single-ring infiltration studies.  In

one cell a six inch deep reservoir of poorly graded stone was used, while the other had no
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stone.  The cells could not be used for mass balance experimentation because of leakage but

the cells were used for developing infiltration measurements.

Initial testing was done using a standard double-ring infiltrometer (ASTM D3385-94)

on the surface of the concrete similar to the procedure used by Bean and others in 2004.  It

quickly became apparent that this was an ineffective approach for pervious concrete because

of the drastic difference in permeability between the concrete and the underlying soil (initial

testing was done on newly poured concrete).  Once the infiltrating water moved through the

pervious concrete zone and reached the interface between the concrete and the soil it began

to move laterally – See Figure 1.  This grossly exaggerated the infiltration rate for the

pervious system because it did not take into account the fact that water simply filled up the

free pore space adjacent to the double ring infiltrometer and water was not infiltrating into

the subsoil nearly as quickly as it appeared to be using the double ring.

  Figure 1 - Double Ring Test on Pervious Concrete
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After several of these tests with double-rings on the surface of the concrete, it was

decided that it was necessary to treat the pervious concrete – soil interface as a “system”.  It

was only when the two layers were isolated and one-dimensional flow encouraged, that a

more realistic measurement of performance was obtained.  See Figure 2.

Figure 2 - One Dimensional Flow at Soil-Concrete Interface

It was decided that the best way to approach this was to remove a circular section of

concrete using a concrete coring machine.  A 12-inch diameter bit was decided upon

because it was large enough to provide a “representative area” and small enough to be easily
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handled.  A 12-inch bit creates an 11 5/8-inch diameter core with a 3/16-inch space around

the outside (image).  A special order was placed with a steel design company to create a 20-

inch long rolled steel tube with an inner diameter of 11 5/8 inches and 10-gauge thickness.

The tube was designed to be inserted around the concrete core and embedded into the

underlying soil – a single-ring infiltrometer which encourages one-dimensional flow through

the interface of the pervious concrete and the soil.  Figure 3 shows the dimensions and

function of a single-ring infiltrometer.

Figure 3 - Single-Ring Infiltrometer

The testing procedure for the single-ring infiltrometer was much like that for the

double-ring test – a specific head (three inches) was maintained, water was added at
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specified time intervals, and the amount of water added at each time interval was recorded.

The tests were stopped after at least two consecutive time periods after which approximately

equal additions of water were added, provided that at least one inch of water over the area

was added.  One inch is equivalent to the 90% occurrence storm.

The head maintained for infiltration tests was found to be important as the greater the

head (up to 9 inches), the higher the infiltration rate relative to a head maintained near the

grade (top) of the pervious concrete.  From repeated tests on the same section of pervious

concrete, the infiltration rate using the embedded single ring varied from a low of about 2.5

inches per hour at a head measured at grade to 1 inch, to a maximum rate of about 7 inches

per hour at a head of 9 inches.  At the experimental head of 3 inches, the average limiting

rate was about 3.8 inches per hour.  This rate will also vary among the various field sites.

Embedment depth was determined by a several factors – the necessary depth to

maintain one-dimensional flow at the concrete soil interface and sufficient length of tube to

store at least the water equivalent to mean annual one day storm volume in Florida.  At least

three inches of pipe above the pavement was maintained to allow for a specific head and to

allow for removal of the tube after embedment.  The final design called for 14 inches

(beneath the surface of the concrete) and 6 inches of concrete to store at least 4 inches of

rainfall at porosities of 0.20 for the concrete and 0.35 for the soil.  The mean rainfall depth

of the maximum yearly one day storm volume in Florida is about 3.5 inches (Wanielista, et.

al. 1991).

Multiple single-ring infiltrometer trial tests were conducted on the test plot.  Results

from these trials showed approximately two inches of water were added during the course of

each testing run, thus exceeding the one inch 90% occurrence storm event.  Also, at this rate,



- 14 -

and considering the porosity of the soil (assumed 0.35), the wetting front of the infiltrated

water would not have passed the depth of the embedded tube during the course of the test.

This gave reasonable assurance that 1-D flow was approximated at the soil-concrete

interface.  It was assumed that other sites visited would have similar soil characteristics and

that this same embedment depth would be sufficient for those cases.

Removal of the embedment ring was a difficult task with which to deal.  The ring was

embedded using compaction force – once embedded, it was lodged so securely that it could

not be removed by simply pulling up on the apparatus.  To resolve this issue, _-inch holes

were drilled in the steel, approximately one inch from the top of the tube.  The holes were

then threaded with a u-bolt attached to a chain; the chain was wrapped around a two foot

long, two-inch by two-inch hollow-body steel section.  The steel section was laid across two

hydraulic jacks, which were then used to hoist the infiltrometer out of the ground.

3.2 Field Testing

Upon arrival at a site, the first action was to walk the parking lot to identify potential

coring sites.  Locations to be cored were marked with a with a red construction crayon – a

line was drawn bisecting where the core should go so that the core could be aligned

appropriately after it was cut.  If the site contained sections that were noticeably clogged in

appearance, one core was extracted from such an area.  The remaining two cores were

removed in areas that appeared to be in fair operating condition.

The next step was to drill the cores into the concrete.  The drilling process took

between 10 and 30 minutes per hole depending on the type of aggregate used in the concrete

mix and depth of the concrete slab.  After the drilling was completed, the cores were

removed from the holes.  It was sometimes necessary to grind the sides of the cores to
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smooth irregularities formed during the coring process and allow for easy passage of the

infiltrometer over the core.  A four-inch angle grinder with a masonry disk was utilized for

this task.

After grinding the cores, two of the three are returned into their respective holes

(four if this is conducted at a site with six cores).  The infiltrometer was inserted around the

core and was embedded into the subsoil by application of downward force.  In the case of

these field investigations, force was applied utilizing a hand-tamper.  A two-foot long

section of four-inch by four-inch lumber was placed across the top of the infiltrometer to

distribute the load and protect the edges of the tube.  It was important to mark the

infiltrometer prior to embedment to ensure insertion to the appropriate depth (14 inches).

After embedment, a bead of plumber’s putty was placed around the edge of the core to

prevent side-wall leakage, and the tests were conducted on the two cores using the methods

described above.  After completion of the infiltration tests, the infiltrometers were removed

and one of the infiltrometers is inserted into the remaining hole without the core in place.

The infiltration test was repeated on the subsoil, the depth of embedment remains 14 inches;

however, the head used in this test is three inches in addition to the average depth of the

concrete cores.  This was done to provide comparison between the rates provided with the

concrete in place and the rates of the soil alone.

After the final test, the infiltrometer was removed and all of the cores are taken for

additional lab analysis.  A soil sample was taken from the site using a hand auger.  Samples

were at intervals down to the water table or to a depth of six feet, whichever came first.  If

the water table were encountered, the water was allowed to normalize in the hole for 30
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minutes, or until no noticeable water level change, and then the depth was measured from

the bottom of the concrete.

Upon completion of testing at a site, the cores from that site were collected and

labeled appropriately.  Holes in the concrete created by the coring process were patched

using Portland Cement pervious concrete.  All Florida sampling was done during the rainy

season (June-October) of 2005.  The out-of-state sites were sampled during December 2005.

 Upon return from the field, soil samples were sieved, categorized and selectively

tested for permeability.  The cores were individually tested for permeability.  Permeability

tests on cores were conducted by wrapping the cores tightly in six millimeter plastic and

securing the plastic along the entire length of the core with duct tape. The wrapped core is

elevated on wooden blocks and the infiltrometer is fitted over it.  The gaps between the core

and the infiltrometer are filled with plumber’s putty.  The infiltrometer is filled to a specific

head of water and the setup is checked for leaks prior to the beginning of the test.  After

checking for leaks the test is continued, utilizing the same techniques as described above for

the embedded test.  See Figure 4 for laboratory test set up.  The test protocol calls for a nine

inch head, so comparisons to the field infiltration rate data are not valid.  However,

comparisons among the laboratory data are possible.

The field and laboratory results are show for each site in Appendix A.  Graphs of the

cumulative infiltration during field tests are also shown in Appendix A.
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 Figure 4 - Laboratory Core Test
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CHAPTER 4 - MODEL

Pervious concrete and the subsoil can be modeled using either event based or

continuous simulations.  The storage of rainfall within the concrete and soil matrix (system)

is important because the storage and the amount of rainfall entering into the system along

with the infiltration, porosity, and percolation from the system determine the amount of

rainfall excess.   Rainfall excess is defined as the volume of water that has not infiltrated

within the time period of the model and thus is available for runoff.  This is a conservative

assumption for estimating runoff because some of the rainfall excess may infiltrate over time

or pond on the pavement and evaporate before it reaches the discharge as runoff from the

pavement.

If an event based model is used, assumptions on the pre storage conditions have to be

made.  If a continuous model is used, the pre event storage conditions will be determined

from rainfall and water storage conditions of the soil and the pavement resulting from the

previous rainfall.  The continuous accounting for storage and rainfall excess can be

described by a continuous time based model.  Thus, given the amount of rainfall on a

continuous basis, the storage and rainfall excess can be predicted.   A Continuous Model

such as VS2DH (USGS) was examined but the data requirements exceeded the data

available from existing field observations.   Thus a one-dimensional continuous simulation

model was developed.

The model was designed as one-dimensional simulation of flow through a pervious

pavement slab and subsoil.  This simulation model used a mass balance approach to simulate

the overall results of “average” annual rainfall data.  The mass balance was constructed
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using the spreadsheet program “Microsoft Excel”.  Figure 5 presents a logic diagram that

governs the approach and calculations used in the mass balance for the concrete and for the

subsoil, respectively.  Inputs for this simple model included time-stamped incremental

rainfall data, three basic flow rates, concrete porosity and depth, and soil porosity and depth

to the water table.  Outputs are rainfall excess and recharge to the water table.

4.1 Precipitation

Rainfall data were collected and provided by Orange County Stormwater Division,

and were measured at the Michael’s Dam gauging station near the University of Central

Florida.  The year of data selected was 2003 because during that year approximately 53.43

inches of rain occurred.  The average annual rainfall for Central Florida is approximately

49.09 inches (City of Orlando Public Works).   Thus, rainfall for 2003 was approximately an

average year of rainfall.   The same data based was used for comparison model regardless of

where the filed sites were located.  In the Tallahassee region, the average rainfall volume per

year exceeds 64 inches.  Whereas in the Georgia and South Carolina sites had rainfall

volumes closure to that of central Florida.

As the data were collected by a tipping bucket, readings only existed for periods of

time during which there was precipitation.  Additionally, the tipping bucket recorded 0.01

inches of rain at times to the nearest minute.  Thus, during heavy storms, multiple rainfall

records could be tabulated for one minute, which becomes input to the continuous

simulation model.  As a result of this type of recordkeeping, the data input to the model was

such that one minute time steps could be used when it was raining, and then other time steps

could be used for non rainfall conditions.
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Input Parameters:

Fconc, Fsoil, Faq

Nconc, Dconc

Nsoil, Dwt

Rainfall Data

If P > Fconc

I1 = Fconc (in/hr)

R1= P – Fconc

Else I1 = P (in/hr)

_t = ti – ti-1 (hr)

P = incr. rainfall/ _t (in/hr)

If (Q1, Q2, Q3) =

(No, No, No)

(Yes, No, No)

If (Q1, Q2, Q3) =

(No, Yes, Yes)

(No, No, Yes)

(Yes, No, Yes)

(Yes, Yes, Yes)

If (Q1, Q2, Q3) =

(No, Yes, No)

(Yes, Yes, No)

Question 1:   Ssi-1 = TSS?

Question: 2:   I1i(_t) > (TS – Sci-1+Ssi-1)+Faq_t?

If Question 1 = Yes

Question 3:  I1i(_t) > (TSc – Sci-1 + Minimum ( Fsoil, Faq)* _t)?

If Question 1 = No

Question 3:  I1i(_t) > (TSc - Sci-1 + Fsoil(_t))?

I2i = I1i

I2i = TSc – Sci-1 + x_t

If Question 1 = No, x = Faq

If Question 1 = Yes, x = Fsoil

I2i = TS – (Sci-1+Ssi-1) + Faq_t

RE2i = I1i – I2i

Vci = Sci-1 + I2i

Continued Next Page

Figure 5.   Mass Balance Logic Diagram
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Figure 5 – Mass Balance Logic Diagram (continued)

Isi = Oi

Vsi = Ssi-1 + Isi

If (Vsi ≥ (Faq_t)), Osi = Faq_t

Else,

Osi = Vsi

Ssi = Vsi - Osi

Variable Definitions

P = incremental rainfall rate (in/hr)

I = incremental rate into concrete (in/hr)

RE = rainfall excess (in/hr)

O = incremental rate out of the concrete (in/hr)

Is = incremental rate into soil (in/hr)

Os = incremental rate out of soil

TS = total storage available in concrete and soil (in)

TSs = total storage in soil (in)

TSc = total storage in soil (in)

Ss = water stored in soil (in)

Sc = water stored in concrete (in)

Is = incremental rate into soil (in/hr)

Os = incremental rate out of soil

Vs = Ssi-1 + Isi (in)

Vc = Sci-1 + Ii (in)

RETi = RE1i + RE2i

Sci = Vci – Oi

If ((TSs – Ssi-1 + Faq_t) ≥ Fsoil_t) and (Vci ≥ Fsoil_t)

Oi = Fsoil _t

Else,

If (TSs = Ssi-1)

Oi = Minimum (Faq_t, Vci)

Else

Oi = Minimum (Fsoil_t, Vci)

Input Parameters

Fconc = Concrete Conductivity Rate (in/hr)

Fsoil = Soil Conductivity Rate (in/hr)

Faq = Aquifer Conductivity Rate (in/hr)

Dconc = Depth of Concrete (in)

Dwt = Depth to Water Table (in)

Nconc = Concrete Porosity

Nsoil = Soil Porosity
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The rainfall data were sorted in such a way that if consecutive rainfall increment

readings had a time stamp and values were more than one hour apart that they would be

considered to belong to different rainfall events.  The data were amended by inserting

additional time stamps with zero incremental rainfall values into the precipitation data series

such that the computational time step was less than or equal to one hour.  The time step prior

to the start of a storm event was placed at the nearest half hour prior to the time stamp of the

first rain record for an event.  Average incremental rainfall rates were calculated by dividing

the current rainfall increment by the time difference between the current and previous

recorded time.  See Figure 6 for an example of how the rainfall data was amended.

  Figure 6 - Sample Rainfall Data Amendment

After the rainfall data were separated into individual rainfall events, rainfall events

totaling less than 0.03 inches were deleted from the record used in the mass balance.  These

records were considered to be inconsequential and lost primarily to evaporation.

2/9/2003 11:39 0.01

2/9/2003 11:49 0.01

2/9/2003 13:27 0.01

2/9/2003 13:33 0.01

Consecutive records

greater than one

hour apart

/9/2003 11:39 0.01

2/9/2003 11:49 0.01

2/9/2003 12:00 0

2/9/2003 13:00 0

2/9/2003 13:27 0.01

2/9/2003 13:33 0.01

The record is split

and additional time

stamps with null

rainfall values are

inserted such that

_t ≤ 1 hour.

Event A

Event B
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4.2 Mass Balance Parameters

The three basic flow parameters are defined as concrete flow rate, soil flow rate, and

the rate at which the water moved away from the water table.  Concrete and soil flow rates

used in the simulations were gathered during the field and lab investigations.  As stated

previously, a number of cores were taken at each site; the value used for calculations in the

mass balance model was an average value for each site.  The soil rate used was determined

by field tests as described previously.  A cross section representation of the mass balance, as

shown in Figure 2, illustrates the important parameters.

The assumed concrete porosity was taken to be 0.20.  Pervious concrete has typical

porosity values ranging from 0.18 to 0.35 (ACI 522R-06), thus 0.20 was used as a

representative value.  The depth of concrete used was the average for depth of the cores

taken at a specific site.

All of the soils sampled during field testing were fine, sandy soils except for Site 4.

A typical range of porosity for sandy soil is 0.25 – 0.55 (Charbeneau, 2000).  A value of

0.35 for soil porosity was utilized in the mass balance modeling.  Field measurement of the

water table was only possible at two of the Central Florida sites.  For the other two sites,

water table depth was taken as the normal high water table depth as specified by NRCS soil

survey maps for the respective areas. For Site 4, the clay layer was assumed to be at the

bottom of the backfill sandy soil and the water table an additional 25 inches below the fill

materials.
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Input Parameters

Osi

Rti Rti

P =Precipitation

Ii = Pi - Rti

Oi = Isi

Dc
Fconc

Nconc

Dc

Fsoil

Nsoil

Faq

Dwt

Ssi = Ssi-1 +Isi - Osi = Vsi - Osi

Sci = Sci-1 +Ii - Oi = Vci - Oi

Dwt

Faq                                    Faq

Figure 7 – Model Cross Section
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CHAPTER 5 – RESULTS AND DISCUSSION

5.1 Field Testing

The Florida sites were selected based upon proximity to the University, accessibility

and age.  A total of eight field sites were chosen for field investigation, four of which were

located in the Central Florida area: Sunray Storaway, Strang Communication, Murphy Vet

Clinic, and the Florida Concrete and Products Association (FCPA) Office.  These sites range

in age from six to 20 years with an average age of about 12 years.

The four other sites included locations in Tallahassee, Florida, Florida Department of

Environmental Protection (FDEP) Office; Atlanta, Georgia, Southface Institute; Guyton,

Georgia, Effingham County Landfill; and, finally, Greenville, South Carolina, Cleveland

Park.  See Table 1 for a summary of the sites visited and the order of visitation.

Table 1 - Field Sites in Florida, Georgia, and South Carolina

Site Site Name Description
Number

of Cores

Age

(years)

1 Sunray Storaway Paved Areas at Storage Facility 6 14

2
Strang

Communication
Paved Parking Area 3 13

3 Murphy Vet Clinic Paved Parking Area 3 18

4
Florida Department

of Env. Protection
Paved Loading Area 6 20

5
Florida Concrete &

Products Assoc.
Paved Parking Area 3 6

6* Southface Institute Paved Parking Area/Driveway 3 10

7** Cleveland Park Paved Parking Area 3 10

8*
Effingham County

Landfill
Paved Dumpster Pad 3 7

* Sites in Georgia ** Site in South Carolina
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Depending on the size of the pervious area at the site, either three or six cores were

extracted.  A total of 30 cores were taken from all of the sites.  The single-ring infiltrometer

method was successfully used at only three of the five Florida sites tested – Sunray

Storaway (four cores tested), Strang Communication (two cores tested), and the FDEP

Office (four cores tested).  Access to power was a limitation at the remaining two Florida

sites.

The single-ring infiltration test at existing sites was not applicable for three of the

sites that had gravel reservoirs with crushed granite.  The reservoir prevented the insertion of

the single-ring infiltrometer passed the depth of the concrete layer, thus the test could not be

run.

Upon returning the cores to the University of Central Florida Stormwater

Management Academy’s Laboratory, all of the cores were individually tested for infiltration

rate using the technique mentioned before as illustrated in Figure 4.  Field and laboratory

test rates are comparatively presented in Table 2.  It is noted that the field site test also

included infiltration through the sub-soils, which may have been the limiting rate. Though

there is not sufficient field data for an accurate comparison, available field-obtained

infiltration data does not correlate with data obtained through laboratory experimentation.

Instances where the field rates are less than those obtained in the laboratory may perhaps be

explained as the subsoil slowing down the movement of water thus producing lower

infiltration rates.  However, a possible explanation for the instances where reported field

rates are greater than infiltration rates in the laboratory experimentation may be due to

leakage around the edge of the core.
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Table 2 – Core Pervious Concrete Infiltration Rate Data

Site # Core# Field Results (in/hr)* Lab Results (in/hr)* Core Depth (in)

1 -- 627 ** 5.1

2 17.8 34.5 5.1

3 17.7 20.2 5.5

4 10.5 3.7 6.9

5 -- 4.8 5.8

Site 1

6 10.4 3 6.0

1 -- 1.4 7.1

2 17.3 5.6 7.0Site 2

3 10.6 7.1 7.1

1 -- 2.3 6.0

2 -- 19.7 6.1Site 3

3 -- 24 5.9

1 -- 0 5.6

2 -- 4.4 5.0

3 0.17 1.3 6.1

4 0.29 4.8 8.9

5 -- 1 5.9

Site 4

6 1.8 5.2 8.1

1 -- 4.3 7.6

2 -- 5.8 7.0Site 5

3 -- 1.8 6.8

1 -- 188 8.4

2 -- 2.3 7.9Site 6

3 -- 0 8.5

1 -- 86.2 6.8

2 -- 3.2 7.5Site 7

3 -- 84.7 8.9

1 -- 30.8 6.1

2 -- 11 5.8Site 8

3 -- 187 6.3

-- Denotes sites where field data are not available

* Field rates at 3 inch head, laboratory at 9 inch head.

** Site had no indication of traffic flow or deposition.
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In addition to single-ring infiltration tests on the concrete cores, one single-ring

infiltration test was conducted with the core removed to measure a comparative infiltration

rate for the soil.  This single-ring infiltrometer field test was conducted on the soil at each of

the sites in Florida.   Soil samples were collected at each Florida site for lab analysis.

Geotechnical analyses were conducted on the soil in the laboratory including sieve analysis

and constant-head hydraulic conductivity test.  A summary of information pertaining to the

soils collected at each site, including results from the geotechnical analyses and the in-situ

single-ring infiltrometer field test, are shown in Table 3.  Only two of the available field test

infiltration rates fall within the range of conductivities obtained from constant-head

permeability tests in the laboratory.  The remaining field infiltration rates are greater than

the hydraulic conductivities predicted from laboratory testing.  Discrepancies could be the

result of two factors: the infiltration rates determined by the single-ring test do not take into

account the head of water used during the test and the soil samples tested in the lab were

disturbed samples and may not reflect exactly the same attributes as the soil would in its in

situ state.

Visual observations and conversations with individuals with personal knowledge at

each site indicated rare occurrence of runoff.  Also, frequent vehicle traffic was noted at

each site and at the landfill site, routine front-end loader traffic was noted.

Pitt (2002) reported for modified compacted sandy soils similar to that at sites 1-3, a

limiting soil infiltration rate of about 5 inches per hour.  He used a 4.5 inch head for the test.

His result is close to the minimum rate of 5.4 inches per hour reported within this work.

Soil compaction and site variability are believed to control the rate more than the small (3-9

inch) head difference between the field and the laboratory testing.
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Table 3 – Soils Infiltration Data

Field Results Hydraulic Conductivity Lab
Site # Soil Type (Sieve Analysis)

(in/hr) (in/hr)

Site 1 Fine Sand 14.8, 34.5 17 – 21

Site 2 Fine Sand with Silt 5.4 11.3 – 24

Site 3 Fine Sand 21.5 3.4 - 7.9

Site 4 Well Graded Sand Over Clay 15.6 10.85, 0.009**

Site 5 Fine Sand 8.8 1.9 - 7.3

Site 6 Gravel Reservoir Clay* -- --

Site 7 Gravel Reservoir Clay* -- --

Site 8 Gravel Reservoir Clay* -- --

*   Field observation only. No lab results taken.

** Clay conductivity rate

--  No data available

Table 4: Laboratory Concrete Compared to Field Concrete and Soil Infiltration Rates

Test Location

Laboratory Concrete

Limiting Infiltration Rate

Data

Field Derived Concrete

Average Limiting Infiltration

Rate

Field

Soil

Rate

 (in/hr) (in/hr) (in/hr)

Site 1 – Area 1  20.2, 34.5, 627 17.8 34.5

Site 1 – Area 2  3.0, 3.7, 4.8 10.5 14.8

Site 2  1.4, 5.6, 7.1 14.0 5.4

Site 3  2.3, 19.7, 24 -- 21.5

Site 4 – Area 1  0, 4.4 0.17 15.6

Site 4 – Area 2  1.0, 4.8, 5.2 1.05 15.6

Site 5  1.8, 4.3, 5.8 -- 8.8

Site 6  0, 2.3, 188 -- --

Site 7 3.2, 84.7, 86.2 -- --

Site 8 10.3, 30.8, 187 -- --
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The average concrete infiltration rates with average soil infiltration rates are

compared in Table 4 for the respective sites visited.  Presented are the range of and average

concrete infiltration rates for each site as they were measured using the laboratory

infiltration test.  Average soil rate is based upon the single-ring infiltrometer test conducted

on the soil.  Soil rates could not be obtained for the non-Florida locations because each site

was constructed with a gravel reservoir layer that prevented application of the single-ring

infiltration test or the collection of soil samples.

From Table 4 most of the infiltration rates indicate that at the sandy soil sites the

concrete rate is generally the control factor for the overall rate at which the system infiltrates

stormwater.  However, the concrete and soil infiltration rates at sites 1-3 are all greater than

1.4 inch per hour which is sufficient to capture a large percentage of rain (80% or more)

over the course of a year (see Figure 8, Faq = 0.16 in/hr).

5.2 Mass balance

5.2.1 Simulation

Table 5 summarizes the input values and results for an annual mass balance

simulation.  From the table, it is clear that the mass balance predicts that the majority of the

parking lots perform with excellent efficiency, even after years of operation.  The one

exception, Site 4, performed poorly for a number of reasons.  The most significant of which

is poor construction techniques.  Improper mix design and poor placement techniques

created a pervious concrete with low infiltrative ability, clogging notwithstanding.

Realistically, the porosity shown at Site 4 should probably be less than 0.2 because of poor

mix quality.  However, porosity tests were not conducted on the cylinders, so an average

value was used for all cases.
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Additionally, Site 4 was built on top of clayey subsoil with about one foot or less of

sand reservoir beneath the concrete.  The shallow reservoir constructed over such a low

permeability stratum provided some storage for infiltrate.  All of the other Florida sites were

constructed on top of a natural fine sand material without any reservoir.

Manipulation of the model through various simulations provided important insight

into the operation of the system.  The two most sensitive factors for % of yearly retention

and runoff on an annual basis are the conductivity rates for the concrete and for the water

table (aquifer) decline.  The rate for concrete (Fconc) limits the rate at which water enters the

system and produces an initial amount of runoff based upon the difference between the rate

of rainfall and the limiting rate of infiltration through the concrete.  The water table rate (Faq)

can influence runoff in addition to that caused by impeding the movement of water through

the system, thereby reducing the amount of available storage between rain events within the

concrete and the subsoil.  Sensitivity results are shown in Figure 8.

Figure 8 – Faq Sensitivity for Yearly Volume Retention
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Table 5 - Mass Balance Results
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5.2.2 Yearly Retention

The spreadsheet calculation matrix was developed to simulate the hydrologic

performance (retention) of pervious concrete.  Using a range of pervious concrete infiltration

rates and one year of precipitation data from central Florida, nearly 100 percent infiltration

can be expected for a limiting pervious concrete infiltration rate for 3.5 inches per hour.

This retention assumes a sandy soil with a soil infiltration rate of 5.4 in/hr (Figure 9).

A stormwater management credit of 80 percent (yearly infiltration volume) can be

applied to pervious concrete areas using central Florida rainfall provided the site data are as

listed in Figure 9, and so long as the limiting pervious concrete infiltration rate exceeds 1.5

inches per hour.  A similar efficiency graph results when the soil infiltration rate (Fsoil) is as

low as 1.0 inches per hour, and a depth to water table of only 12 inches.
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Figure 9 - Percent Yearly Volume Retention as a Function of Concrete Infiltration Rate
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CHAPTER 6 – CONCLUSION AND RECOMMENDATIONS

Data collected and presented over the course of this study provided evidence that

pervious concrete retains an infiltrative capacity, provided proper installation, even after

years of use.  No maintenance was performed at any of the sites.  Sites 1, 2, 3 and 5, the four

located in Central Florida, had an average of 12.8 years of operation and produced cores

with infiltration rates ranging from 1.4 – 627 inches per hour.  Excluding the infiltration rate

of 627 inches per hour, the average infiltration rate for those sites was 9.87 inches per hour

and the median value was 5.2 inches per hour.   Considering all of the cores, the laboratory

infiltration rates ranged from 0 – 627 inches per hour.  It is important to note that the two

cores that produced infiltration rates of zero did so as a result of poor installation or a mix

that actually clogged pores at the surface.

Excluding the three values greater than 100 and those that were zero, the average

infiltration rate for the cores is 8.1 inches per hour and the median value is 4.4 inches per

hour.   These rates indicate that properly installed pervious concrete can continue to infiltrate

even without routine maintenance.   For new construction, the infiltration rates of the

pervious concrete exceeded that of the parent earth sub-soils, as found at the Stormwater

Lab.  Thus at first, the limitation to infiltration rate and storage of rain was the sub-soils.

After years of operation, however, the system limiting infiltration rate was the pervious

concrete in most cases.

Recommendation #1

The single-ring infiltrometer for existing site testing was used.  The test was applied

for pervious concrete infiltration estimates, while opening of the sub-soil for infiltration
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estimates, and facilitating the extraction of 30 pervious concrete cores.  Infiltration data

collected in the field was not highly correlated with laboratory data produced as evidenced

in Table 2.  The differences in the infiltration measures could have been caused by leakage

in the field seal around the embedded ring or a number of other conditions when samples are

extracted from the field site to a laboratory setting.  Additionally, the field test of existing

concrete is labor intensive and destructive as it requires drilling cores through the pervious

concrete in the system being tested.  Another limitation of this testing method is that it only

functions well when the pervious concrete system is constructed on a sandy soil.   The

single-ring infiltrometer could not be embedded in the gravel reservoirs on Sites 6 – 8. Also,

testing at Site 4 was difficult due to the proximity of the clay layer to the bottom of the

concrete in some places.  Nevertheless the concept of testing the pervious concrete and the

soil as one system proved valuable and lead to the recommendation that a single ring

infiltrometer should be placed in the pervious concrete and about 8 inches into the sub-

soil during the construction phase and used for testing infiltration rates in the future.

Embedding the infiltrometer and filling it with concrete will prevent side wall effects that

may cause leakage if the ring were embedded after construction.

Recommendation #2

Mass balance modeling shows that the pervious concrete section of this research can

significantly reduce yearly runoff volume based on an average year of precipitation data.  A

performance of nearly 100 percent retention can be expected with concrete infiltration rates

as little as 3.5 inches per hour with sandy conditions found at test sites.  Based on the

modeling parameters of a level surface, curbing, and the mix of pervious concrete, it is

recommended that the pervious concrete section include a sandy sub base material
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with at least a two foot depth to the seasonal high water table.  When the system

infiltration rate is measured by the embedded infiltrometer and the rate is below 1.5

inches per hour, it is recommended that the pervious concrete must be cleaned.

Recommendation #3

Based on the modeling using the data collected, it is recommended that credit for

infiltration of rainwater on pervious concrete systems be given for stormwater

treatment.

6.1 Future Research

The conclusions of this research have provided several aspects that could be further

investigated.  These relate to the testing methodology and the mass balance simulation.

6.1.1 Recommendations for Testing

To understand and determine yearly volume retention credit for existing pervious

concrete with gravel reservoirs for stormwater treatment, it is essential to develop an

alternative testing method to address structures that are built with gravel reservoirs. The

method of testing existing sites during the course of this study proved unsuccessful with

such systems where a gravel reservoir layer was installed.  However, when the infiltrometer

ring is embedded during construction and penetrates through the gravel and into the soil

layer, the field derived infiltration rates can be used in the modeling.

It will be necessary to expand upon the testing method utilized in this study in order

to provide a variety of perspectives on the topic.  One recommendation is to perform a

comparative analysis of infiltration rates using different heads in the single-ring embedded
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versus a double ring embedded infiltrometer.  Standard depths were used in the testing, such

as, three inches for field tests and nine inches for laboratory tests.  However, in reality,

pervious concrete would rarely experience a water depth of nine inches in parking lots.

Most likely it would only endure ponding as great as three inches, and then only during

extreme rainfall events.  It would be of interest to note how head affects the readings

produced from these tests and if it in some way needs to be accounted for in calculations.

Again, it is important to note that the single ring infiltrometer test as used to measure

rates at existing sites can also be done by permanently embedded the ring in the concrete

during construction.  Thus eliminating the effort needed after construction and destruction of

the sampling technique.  With the addition of an in-situ infiltrometer during the construction

phase, a longitudinal study to examine changes in rates over time or with seasonal changes

can be done.  Specifically, does the pervious concrete experience a greater build up of debris

during drier periods and experience a “washing” effect during periods of high precipitation?

This could result in a seasonal variation of performance efficiency.

6.1.2 Recommendations for the Mass Balance

The model can also be used to simulate a flood condition from a single event rainfall

event.   It is recommended that this single event be used in series with previous rainfall

events to determine the storage within the system prior to the flood producing rainfall.

Some model improvements may be helpful to create more realistic simulations. The

first of which is to allow for the simulation to consider unsaturated flow within the soil.

This would include the movement of wetting in fronts from the initial point of infiltration

until contact with the water table.  In the current approach, the water moves through the soil
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layer at a constant rate and there is no lag time between water entering and exiting the layer

or water that moves into a layer is immediately available to leave as outflow.  Unsaturated

flow conditions would allow for a greater detention time of the infiltrate within the soil

layer.  This may be important for slow infiltrating sub soils.

Another improvement is to consider a depth of additional surface storage that could

be provided should raised curbs be incorporated into the pervious concrete system.  This

amendment would have to consider the effects of surface storage on the system behavior and

would also have to incorporate an additional “mass out” term that would account for weir

flow when overtopping of the curb occurred.  In conjunction with curbing improvement

would be a function for evaluation of the excess rainfall as a function of slope, time, and

evaporation.  Another recommendation for additions to the model would be an additional

sink term for evaporation losses.  Accounting for evaporation would yet again refine the

simulation to perform more closely to real world operation.
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APPENDIX A:

Field Data and Results
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  Sun Ray Store-Away, Lake Mary, Florida
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  Strange Communications Parking Lot, Lake Mary, Florida
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 Murphy Vet Clinic Parking Lot, Sanford, Florida
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  FDEP Office Parking Lot, Tallahassee, Florida
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 FPCA Office Parking Lot, Orlando, Florida
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APPENDIX B:

Laboratory Data and Results
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Area 106.1 in
2

Site 1

Core 1

Initial

Amount 10 Liters

Time 33 Seconds

Rate 303 mL/s

18182 mL/min

1110 in
3
/min

Infil Rate 627 in/hr

Site 1

Core 2

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 590 2000 1410 1410 Average

2 0 2000 2000 3410 1000 mL/min

4 0 2000 2000 5410 61 in
3
/min

6 0 2000 2000 7410

8 0 2000 2000 9410 Infil. Rate 34.5 in/hr

Site 1

Core 3

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 200 1000 800 800 Average

3 360 2000 1640 2440 586 mL/min

5 560 2000 1440 3880 36 in
3
/min

7 610 2000 1390 5270

9 480 2000 1520 6790 Infil. Rate 20.2 in/hr

11 900 2000 1100 7890

13 750 2000 1250 9140

15 800 2000 1200 10340

17 860 2000 1140 11480
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Site 1

Core 4

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 955 1000 45 45 Average

3 915 1000 85 130 107.5 mL/min

5 860 1000 140 270 7 in
3
/min

7 900 1000 100 370

9 920 1000 80 450 Infil. Rate 3.7 in/hr

11 890 1000 110 560

Site 1

Core 5

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 900 1000 100 100 Average

3 710 1000 290 390 138 mL/min

5 700 1000 300 690 8 in
3
/min

7 750 1000 250 940

9 730 1000 270 1210 Infil. Rate 4.8 in/hr

11 730 1000 270 1480

Site 1

Core 6

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 980 1000 20 20 Average

3 825 1000 175 195 86.25 mL/min

5 825 1000 175 370 5 in
3
/min

7 810 1000 190 560

9 850 1000 150 710 Infil. Rate 3.0 in/hr
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Site 2

Core 1

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 1000 1000 0 0

3 870 1000 130 130 Average

5 1000 1000 0 130 40 mL/min

7 910 1000 90 220 2 in
3
/min

9 1000 1000 0 220

11 930 1000 70 290 Infil. Rate 1.4 in/hr

13 910 1000 90 380

15 920 1000 80 460

Site 2

Core 2

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 760 1000 240 240

3 350 1000 650 890 Average

5 600 1000 400 1290 163 mL/min

7 840 1000 160 1450 10 in
3
/min

9 730 1000 270 1720

11 670 1000 330 2050 Infil. Rate 5.6 in/hr

13 710 1000 290 2340

15 790 1000 210 2550

17 700 1000 300 2850

Site 1

Core 3

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 790 1000 210 210

3 610 1000 390 600 Average

5 580 1000 420 1020 205 mL/min

7 570 1000 430 1450 13 in
3
/min

9 590 1000 410 1860

11 600 1000 400 2260 Infil. Rate 7.1 in/hr
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Site 3

Core 1

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 890 1000 110 110

3 870 1000 130 240 Average

5 750 870 120 360 66 mL/min

7 850 1000 150 510 4 in
3
/min

9 720 850 130 640

11 870 1000 130 770 Infil. Rate 2.3 in/hr

Site 3

Core 2

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 50 1000 950 950

3 400 2000 1600 2550 Average

5 450 2000 1550 4100 570 mL/min

7 860 2000 1140 5240 35 in
3
/min

9 700 2000 1300 6540

11 860 2000 1140 7680 Infil. Rate 19.7 in/hr

13 870 2000 1130 8810

15 850 2000 1150 9960

Site 3

Core 3

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 100 1000 900 900

3 480 2000 1520 2420 Average

5 600 2000 1400 3820 695 mL/min

7 600 2000 1400 5220 42 in
3
/min

9 630 2000 1370 6590

11 610 2000 1390 7980 Infil. Rate 24.0 in/hr
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Site 4

Core 1

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL) Average

1 1000 1000 0 0 0 mL/min

3 1000 1000 0 0 0 in
3
/min

5 1000 1000 0 0

Infil. Rate 0.0 in/hr

Site 4

Core 2

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 970 1000 30 30

3 830 1000 170 200 Average

5 730 1000 270 470 129 mL/min

7 740 1000 260 730 8 in
3
/min

9 750 1000 250 980

11 750 1000 250 1230 Infil. Rate 4.4 in/hr

Site 4

Core 3

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 980 1000 20 20

3 960 1000 40 60 Average

5 938 1000 62 122 38 mL/min

7 890 1000 110 232 2 in
3
/min

9 860 1000 140 372

11 930 1000 70 442 Infil. Rate 1.3 in/hr

13 920 1000 80 522
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Site 4

Core 4

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 915 1000 85 85

3 710 1000 290 375 Average

5 790 1000 210 585 139 mL/min

7.5 690 1000 310 895 8 in
3
/min

10 660 1000 340 1235

12.5 750 1000 250 1485 Infil. Rate 4.8 in/hr

Site 4

Core 5

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 1000 1000 0 0

3 940 1000 60 60 Average

5 920 1000 80 140 28 mL/min

7 940 1000 60 200 2 in
3
/min

9 940 1000 60 260

11 950 1000 50 310 Infil. Rate 1.0 in/hr

Site 4

Core 6

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 580 1000 420 420

3 220 1000 780 1200 Average

5 500 1000 500 1700 152 mL/min

7 675 1000 325 2025 9 in
3
/min

9 740 1000 260 2285

11 700 1000 300 2585 Infil. Rate 5.2 in/hr

13 660 1000 340 2925

15 710 1000 290 3215

17 470 710 240 3455
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Site 5

Core 1

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 860 1000 140 140

3 700 1000 300 440 Average

5 750 1000 250 690 125 mL/min

7 740 1000 260 950 8 in
3
/min

9 760 1000 240 1190

11 750 1000 250 1440 Infil. Rate 4.3 in/hr

Site 5

Core 2

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 800 1000 200 200

3 600 1000 400 600 Average

5 650 1000 350 950 168 mL/min

7 700 1000 300 1250 10 in
3
/min

9 660 1000 340 1590

11 670 1000 330 1920 Infil. Rate 5.8 in/hr

13 660 1000 340 2260

Site 5

Core 3

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

1 0 1000 1000 1000

3 850 1000 150 1150 Average

5 880 1000 120 1270 52 mL/min

7 860 1000 140 1410 3 in
3
/min

9 900 1000 100 1510

11 900 1000 100 1610 Infil. Rate 1.8 in/hr

13 890 1000 110 1720
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Site 6

Core 1

Initial

2.33 mins for 8 inches of water to drain through

Vol water 849.1 in^3

Rate 3.1 in/min

188 in/hr

Site 6

Core 1

Initial

Time Reading of

Volume

Added Volume/min

Cum

Added

(min) (mL) (mL) (mL) (mL/min) (mL)

2 780 1000 220 110 220

5 600 1000 400 133 400 Average

6 850 1000 150 150 150 68 mL/min

8 770 1000 230 115 230 4 in
3
/min

10 740 1000 260 130 260

12 880 1000 120 60 120 Infil. Rate 2.3 in/hr

14 850 1000 150 75 150

16 820 1000 180 90 180

18 910 1000 90 45 90

20 860 1000 140 70 140

22 830 1000 170 85 170

24 900 1000 100 50 100

Site 6

Core 3

Initial

Infil Rate 0 in/hr
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Site 7

Core 1

Initial

Time Reading of Volume Added Cum Added Average

(min) (mL) (mL) (mL) (mL) 2500 mL/min

2 0 5000 5000 5000 153 in
3
/min

4 0 4000 4000 9000

6 0 6000 6000 15000 Infil. Rate 86.2 in/hr

8 0 5000 5000 20000

10 0 5000 5000 25000

Site 7

Core 2

Initial

Time Reading of Volume Added Cum Added Average

(min) (mL) (mL) (mL) (mL) 92 mL/min

2 820 1000 180 180 6 in
3
/min

4 810 1000 190 370

6 820 1000 180 550 Infil. Rate 3.2 in/hr

Site 7

Core 3

Initial

Time Reading of Volume Added Cum Added

(min) (mL) (mL) (mL) (mL)

2 440 6000 5560 5560

4 0 5000 5000 10560 Average

6 300 5000 4700 15260 2456 mL/min

8 300 5000 4700 19960 150 in
3
/min

10 400 5000 4600 24560

Infil. Rate 84.7 in/hr
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Site 1

Core 1

Initial

Time Reading of Volume Added Cum Added Average

(min) (mL) (mL) (mL) (mL) 894 mL/min

2 160 2000 1840 1840 55 in
3
/min

4 130 2000 1870 3710

6 310 2000 1690 5400 Infil. Rate 30.8 in/hr

8 200 2000 1800 7200

10 260 2000 1740 8940

Site 1

Core 2

Initial

Time Reading of Volume Added Cum Added Average

(min) (mL) (mL) (mL) (mL) 318 mL/min

2 320 1000 680 680 19 in
3
/min

4 380 1000 620 1300

6 370 1000 630 1930 Infil. Rate 11.0 in/hr

8 390 1000 610 2540

Site 1

Core 3

Initial

drained 8" in 2:34 minutes

Vol water 849.1 in^3

Rate 3.1 in/min

187 in/hr
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