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Executive Summary

The infiltration potential oPortlandcenment 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, concetipout 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 tefitration performances of pervious concrete
parking lots and thestormwater management credit.

Before stormwater management creditild 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 examineddgiermine the infiltration rates of the pervious
concrete, as well as to verify the siililtration ratesbeneath pavement. A total of 30
concretecores were extracted and evaluated for infiltration rates. Three of the sites had a
pervious concrete sean that included a gravel reservoir. Infiltration rates were measured
the field sitesusing the application of an embedded siryhg infiltrometer. The water head
for testing the infiltration rates must be set at the head that is expected itioopeFar
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 infilation 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.



To provide an stimate ofstormwatercredit, the authaof this study created a mass
balance model to be used for simulation of the hydrologic and hydraulic function of pervious
concrete sectionsver a one year period of timdhe 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 maasit@operated within a spreadsheet. The
results can be used for assessing stormwater managemenusiggliiverage annual

efficiencies

Disclaimer

The opinions, findings, and conclusions expressed in this publication are those of the authors
and notnecessarily those of the State of Florida Department of Transportation.
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CHAPTER 17 INTRODUCTION

Stormwater management methods seek to decrease the negative effaatsisé
changedy reducing and attenuating surface runoff and by prmganfiltration. Pervious
concrete is a type of porous pavement that can be used as an infiltration practice for
stormwater management. It has an egeaded structure and consists of carefully
controlled portions of small stone aggregate, cenveaiter, 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 Agen@ySEPA, 1999),has the potential to become a popular
alternative for dealing with stormwater runoff.

However,alack of data, particularly with respect to the lelegm performance,
leads to hesitation in using pervious concrete as an acceptable stormwaigememta
practice alternative. The author of this study estadfishcontinuousmass balance flow
model that will predicthe hydrologic function of a pervious concrete system for a year long
rainfall simulation This modeilvasdesigned for applicatiomiareas such as pervious
concrete parking lots and lewlume roadways. An important part of thesearch
involveddetermining a method for measuring the infiltration rates through pervious concrete
sections. Testing includefield investigation of prviousconcrete prking lot sitesand
laboratory infiltration tests on sample cores gathered during field investigagitatal of
eight pervious concrete parking areas, all of which have been operational for at least several

years, were investigated duritite course of the study.



1.1 Objectives

The objectives of this research are threefold:

1) Develop an ossite testing method for measuring infiltration rates of pervious
concrete parking lots. The purposasto measure hydraulic operatarefficiency
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
concreteand soilsection 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, sgiorosity/permeabilityconcrete porosity/permeability, and

concretedepth.

1.2 Limitations

The results are constrained by several limitations. Most of the field recorded data
originated from sites withithe southeastern United States (five of the eight sites visited
were in Florida). A testing infiltrometer was develed for existing pavements, but could
not be embedded into gravel sbhiase. The method did functiarith sandy sulsoils Thus
the method could ngiredict systems with gravel reservoir layers. The mass balance uses
three mairsimplifying assumptiong:l) thatthe soil is homogenous and isotropic to the
depth of the water tahl€2) flow is one dimensionaénd (3) rainfall excess occuiand is
removed immediately as infiltration or runoffhe credit was assumed to be based on an

average annual percearttrainfall that infiltrates into the concrete and the soils.



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 objectivechapertwo, a reviewof the
current state of pervious concrete and existing research on théstppgsented The
theoretical approach to the problem is coverethapterthree, including development and
discussion of the aspects of the maaknceandthe input data Chapterfour lists the
processes for data collection. Resokshe field and laboratory testing are presented in
Chapter five along with the results of the mass balance simulat©@mapter siconcludes

with a discussion, summargecommendationasnd canclusions.



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 areasgmewater from infiltrating into the soil
underneath. Examples of impervious area include rooftops, parkingrotsoadways.

The addition of impervious areas to a location negatively impacts the environment by
altering the natural water cycle. Thkesreas 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 iftfation, (2) alteration in the natural flow patterns of a drainage
basin and (3) transportation of contaminants, deposited on impervious surfaces, to receiving
water bodie¢Brattebo and Booth, 2003 hus,the introduction of impervious area
interrugs 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 andddth, 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 #ier and destroy aquatic habitats, which results in the death of organisms
dependentipon that habitat.

Traditionally, runoffpeak ratetiave been controlled and attenuated using storm sewer
systems with detention or retention bagi@shluter and Jeffeis, 2002). These systems

collect the runofprimarily fromimpervious areas argtore the watewhereit can either

-4-



infiltrate (retention basin) or be discharged at a controlled rate to a water body (detention
basin). Design, operatiorand maintenancef these basins are governed by regulations
established bgtate, regional or local government agencies
There is alwaysninterest in findingnewways to manage stormwater runoff
associated witihew development or redevelopmemorous pavements, an attative
method for stormwater control, represent an innovative metfigghes of porous pavements
include porous asphalt, pervious concrete, concrete paving blocks, gravel paving systems,
and grass paving systepasnong others. Pervious pavemengiducerunoff volumeby
allowing water to pass throughem 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 thiecus of this research. i& a material that consists open
graded coarse aggregate, Portlareh@nt,waterand admixtures. Generally the aggregate
is evenly graded to have a size of approximately 3/8 of an inch; sand is omitted from the
process leawg the space in between coarse aggregate empty. Typical sexftjpervious
concrete have 15 percent to 25 percantl space; some sections may haviees as high as
35 percen{Brown, 2003). Most void spaces are interconnected which allows watairand
to pass through the section. Newly placed pervious concrete sections have beenteeported
drain at rates ranging from two 18 gallons peminute persquare foot (Brown, 2003).
Pervious concrete is known tovegthe advantages of redng runoff volumeand may
improve water quality in ground water rechafbegret et al, 1996) By allowing
stormwater runoff to infiltrate, pervious concrete filters sediment and other contaminants

that would otherwise make their way to waterways. Simild¢gause ater can infiltrate



through the concrete layer, pervious concrete parking lots and other installations can serve

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

because of increased skid resistance, road soumgaani ng, and dampening
islando effect ,(UBEPAJ999) @Badwn)20GBN, 200 3)

Pervious concrete also has several potential disadvantages. Those of most concern
includeperceivedcold weather problems, theotential ofcloggedvoid spaces, historical
high construction failure rates, atite potential to contaminate ground water (EPA, 1999).
High construction failure rates are often associated vaitht gesign and contractors who
lack sufficient knowledge foproperinstallationof the product. The twoissues oproblems
frequently expressed to begreatest concerarethe potential ofcloggedvoid spaces and
credit as a stormwater management practice within stormwater regulafioissesearch
provides data for both issueblowever, groundwater contamination is not addressed.

Pervious concrete has begun to receive greater att@#iarviable stormwater
management practice.h& American Concrete Institute has established a committae (
Committees22, 2006 to determine gidelines for theproperuse of pervious concrete. To
enhance this document, thenemittee needs data on the letegm performance of pervious
concrete systems. Daaseneeded on design characteristics, durability, maintenance plans,
and effective infiltation 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 colmtielbrida,
stormwater management criteria are ldyggeveloped and implemented by the Department
of Environmental Protection (DEP) and the regiomaler management district€urrently,

only the DEP provides credit for pervious concrete as a stormwater management practice.



None of the State of Floridagional water management districts currently provide credit as
a stormwater treatment or flood control practie®wever, there is provision and national
standards that are used on a-b¥esite basisising 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 theretaproperly. 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 foraexdinfall 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 strengthagquiadditional
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 fmygbervious 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 pEwment, reduction in road noise due to dampening effects in



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 fgr5@gdars
(Brown, 2003). Though not a widelisedproduct, pervious concrete has bgeoven
effectiveas a porous pavement in applications such as parking lots/dlobnme roadways,
and pedestrian walkways. It is necessary to develop standard desmgriaaturing, 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 technologghus it is not vatiated as presumptive stormwater
management methodRervious oncrete hashe potential to reduce the amount of
eliminate the area set aside gdormwater management practicésis maximizing the
amount oflandavailable for developmentf a complation of data showan agreeable
evaluation of longerm performance, this material may become more widely accepted for its
beneficial propertiesSuch information could be used to develop statewide design,

construction, inspection, and maintenance requents within stormwater regulations.



CHAPTER 317 APPROACH TO PROBLEM

3.1 Lab Experimentation

Prior to creation of a flow model sequentavas necessary to developesting
method to assess thenditionsof pervious concrete paved areas and apay rtiethod at
the selectedield sites. Data collected from field testingisapplied in the model andas
alsoused to asseske efficiency of pervious concrete as a stormwater management practice
after it had been in operation for several years.

The frst step was to create a field lab for experimentation at the Univefditgntral
Florida A site was chosen at the StormwaéEmagemenAcademy kaboratory and
plans were created for the testls The testellswere designed as a selbntainedoox
thatwas mper meabl e on all sides except for t
feet square anfibur-andonehalf feet deep om the surface of the pavemefithe design
included an underdrain system for the removal of water. The boxeswesuctesdide
by-sideinto thefaceof an existing berm.

Fill material for theseells consisted of a clean, browiine sand common to the
University of Central Florida area. The soil had a hydraulic conductivity of approximately
12 inches per hoursadetermined by permeability testing and corresponded to NRCS
hydrologic group A. Fill wasompacted inside the boxes in eigith lifts to
approximately 92 percenf the maximum dry density as determined by a standard proctor
test. After compactionhe infiltration rate was approximately tvimches per hour as
determined by application of a doubsiag infiltrometers tes(ASTM D 338594).

The testcells were used to conduct doubleg and singleing infiltration studies.In

one cell a six inch dgereservoir of poorly graded stone was used, while the other had no

-9-

he

rn



stone. Theells 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 standard doubleing infiltrometer (ASTM D338594)
on the surface of the concredienilar to the procedure used by Bean and others in.2204
quickly became apparent that this was an ineffective approach for pervious concrete because
of the drastic di#rence in permeability between the concrete and the underlyingngdl
testing was done on newly poured concre@ce the infiltrating water moved through the
pervious concrete zone and reached the interface between the concrete and theyaail it be
to move laterally See Figure 1This grossly exaggerated the infiltration rate for the
pervious system because it did not take into account théhttevater simplyfilled up the
free pore spacadjacent to the double ring infiltrometard waterwasnot infiltrating into

the subsoil nearly as quickly as it appeared tadaeg the double ring

Figurel - Double Ring Test on Pervious Concrete
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After several of these tests witloublerings on the surface of the concrateyas
decided that it was necessary to treat the pervious coficsetei | interface as a
was only when the two layevgere isolated and or#imensional flow encouraged, that a

more realistic measurement of performan@sobtained. See Figre 2.

One Dimensional
Flow

Figure2 - One Dimensional Flow at Se@oncrete Interface

It was decided that the best way to approach this was to remove a circular gection
concrete using a concrete corimgichine. A 1Znch diameter bit was deted upon

because it was | arge enough to proveasie a #dar e
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handled. A 1Znch bit createsrall 5/8-inch diameter core with a 3/diich space around
the outside (image)A special order was placed with &stdesign company to create a20
inch long rolled steel tube witlin inner diametesf 11 5/8 inches and igauge thtkness.
The tube was designed to be inserted arabhedoncrete core and embedded thio
underlying soili a singlering infiltrometer whch encouragesnedimensional flow through
the interface of the pervious concrete and the $ogure 3 shows the dimensions and

function of a singleing infiltrometer.

Figure3 - SingleRing Infiltrometer

The testing procade for the singleging infiltrometer was much like that for the

doublering testi a specific head (three inches) was maintaingdter was added at

-12-



specified time intervaJsand the amunt of water added at each time interval was recorded
The tests wex stopped aftest leastwo consecutive time perio@dter whichapproximately
equal additions of watevere 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 maintaimkfor 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 itiches/erage 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 facthesnecessary depth to
maintain onedimensional flow at theoncrete soiinterface andufficient length of tubéo
store at least the water equivalent to mean annual one day storm volume in Florida. At least
three inches of pipe above thavementvas maintainedo allow for a specific heaandto
allow for remowal of the tube after embedmt. The final design called fa# inches
(beneath the surface of the concretie)l 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 $b& mean rainfall depth
of the maximum yearlyme day storm volume in Florida is about 3.5 inches (Wanielista, et.
al. 1991).

Multiple singlering infiltrometer trial tests were conducted on the test gResults
from these trials showed approximately two inches of water were added during tée @bu

each testing rurthus exceeding the one inch 90% occurrence storm.eddsd, & this rate
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and considering the porosity of the q@issumed 0.35}he wetting front of the infiltrated

water would not have passed the depth of the embeddedutibg the course of the test

This gave reasonable assurance 1HBtflow was approximatedt the soilconcrete

interface. It was assumed that other sites visited would have similar soil characteristics and
that this same embedment depth would be sefftdor those cases.

Removal of the embedment ring was a difficult task with which to deal. The ring was
embedded using compaction foiicence embedded, it was lodged so securely that it could
not be removed by simply pulling up on the apparatusre3alve thisissue, %4nchholes
were drilled in the steel, appximately one inch from the top of the tubEhe holes were
then threaded with abolt attached to a chain; the chain was wrapped arotwd ot
long, two-inch by twainch hollow-body steekection. The steel section was laid across two
hydraulic jackswhich were then used twistthe infiltrometer out of the ground.

3.2 Field Testing

Upon arrival ata site, the first actiomnvas to walk the parking lot to identifyotential
coring sites.Locations to be cored we marked with a with a red construction crayaa
line was drawn bisecting where the core should go sothigacore could be aligned
appropriately aftertiwas cut. If the site containséctions thatverenoticeably cloggedn
appearance, one core was exwddrom such an area. The remaining two cosese
removed in areas that appeatede infair operating condition.

The next stepvas to drill the cores to the concrete. The drilling procesmk
between 10 and 30 mites per hole depending on the type of aggregate used in the concrete
mix and depth of the conceeslab. After the drillingvas completedthe coresvere

removed from the holes. Was sometimes necessary to grind the sides of the cores to
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smooth irreglarities formed during the coring process and allow for easy passage of the
infiltrometer over the core. A fotinchangle grinder with a masonry diskas utilized for
this task.

After grinding the coregwo of the three are return@uto their respecte holes
(four if this is conducted at a site with six cores). The infiltromete inserted around the
core andvasembedded into the subsoil by application of downward force. In the case of
these field investigations, foreeasapplied utilizing a had-tamper A two-foot long
section of fowinch by fourinch lumber waplacel across the top of the infiltrometer to
distribute the load anplrotect the edges of the tubk.wasimportant to mark the
infiltrometer prior to embedment to ensure ingartd the appropriate depth (14 inches
Afterembedmenta bead of plumberdés putty was placed
prevent sidewvall leakage, anthe testsvere conducted on the two cores using the methods
described above. After completion oéthfiltration teststhe infiltrometersvere removed
and one of the infiltrometers is inserted into the remaining hole without the core in place.
The infiltration testvas repeated on the subsoil, the depth of embedment remains 14 inches;
howeverthe had used in this test is three inclesddition to the average depth oéth
concrete cores. This was daoneprovide comparison between the rates provided with the
concrete in place and the rates of $bi¢é alone

After the final test, the infiltrometavas removed and all of the cores takenfor
additional lab analysis. A soil samplastaken from the site using a hand auger. Samples
were at intervals down to the water table or to a depth déstx whichevecamefirst. If

the water tablevere encountered, the waterasallowed to normalize in the hole for 30
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minutes or until no noticeable water level changad then the depthasmeasured from
the bottom of the concrete.

Uponcompletion of testing at a site, the cores froat site werecollected and
labeled appropriately. Holes in the concrete coklhyethe coring processerepatched
using Portland Cement pervious concred.Florida sampling was done during the rainy
season (Jun@®ctober) of 2005. The owif-state sites were sged during December 2005.

Upon return from the field, soil samplegresieved categorized and selectively
tested for permeability. The coregreindividually tested for permeability. Permeability
tests on corewereconducted byvrapping the coresightly in six millimeter plastic and
securingthe plasticalong the entire length of the core with duct tape. The wrappedscore
elevated on wooden blocks and the infiltromesditted over it. The gaps between the core
and the infiltrometearefiled wi t h pl umber 6 s [fileédttoya.specifit h e
head of water and the setischecked for leaks prior to the beginning of the test. After
checking for leaks the testcontinued utilizing the same techniques as described above for
the embedded test. See Figdrer laboratory test satp. 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 laboraty 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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CHAPTER 4 - MODEL

Pervious concrete and thebsoil 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 storatjigons 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 farage 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 datairements exceeded the data
available from existing field observations. Thus a-dimeensional continuous simulation
model was developed.

The model was designed as alimensional simulation of flow through a pervious
pavement slab and subkoThis smulation model used a mabalance approach tinsulate

the overall results i a v e rarangakanfall data. The mass balance was constructed
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using the spreadsheet progréticrosoft Ex ¢ e Figure 5 presents logic diagram that
governs the approa@nd calculations used in the mass balance for the concrete and for the
subsoi respectively. Inputs for this simple model included tst@mped incremental
rainfall data, three basic flow rates, concrete porosity and depth, and soil porosity and depth
to thewater table. Outputs are rainfall excess and rechiartiee water table
4.1 Precipitation

Rainfall data werecollected angrovided by Orange County Stowater Division,
andwereneasured at the Michael BniverddyinCergralugi ng st
Florida. The year of data selected was 2003 because during that year approximately 53.43
inchesof rain occurred The average annual rainfall for Central Florida is approximately
49.09 inchegCity of Orlando Public Works).Thus, rainfalfor 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. Inthe Tallahassee region, the average rainfall volume per
year exceeds 64 inches. Whereas inGhergia and South Carolina sites had rainfall
volumes closure to that of central Florida.

As the data were collected by a tipping bucket, readindy existed for periods of
time during which there was precipitation. Additionally, the tipping bucketrded 0.01
inches of rain at times to the nearest minute. Thus, during heavy shouitiple rainfall
records could betabulatedior one minutewhich becomes input to the continuous
simulation model As a result of this type of recordkeepitige datanput 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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If Question 1 = Yes
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(No, No, No)
(Yes, No, No)

I2 = Iy
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Continued Next Page

Figure 5. Mass Balance Logic Diagram
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!

If (TSsT Ss.q + Fagpt ) Sou(ﬁt F ail(f)dsolch(t \
O = Fsoi oot

Else,

If (TSs = Ssg;)
O = Minimum (Rgpt ,)) Vc
Else
O; = Minimum (Fiopt ,)) V C

4
REri = RE; + RE;

Sc=Veg 1 G
Isi=0O
L 4
Vs = Ssi+ Is

A 4

If(VsiO Ao ) )= Fagts

Else,
Os=Vs
A 4
Ss=Vs-0s
Variable Definitions Input Parameters
P = incremental rainfall rate (in/hr) Feonc= Concrete Conductivity Rate (in/hr
| = incrementatate into concrete (in/hr) Fsoi = Soil Conductivity Rate (in/hr)
RE = rainfall excess (in/hr) Faq = Aquifer Conductivity Rate (in/hr)
O = incremental rate out of the concrete (in/hr) Dconc= Depth of Concrete (in)
Is = incremental rate into soil (in/hr) D = Depth to Water Table (in)
Os = incremental rate out of soil Ncone= Concrete Porosity

TS = total storage available in concrete and soil (i Nsoy = Soil Porosity
TSs = total storagaisail (in)

TSc = total storage in soil (in)

Ss = water stored in sail (in)

Sc = water stored in concrete (in)

Is = incremental rate into soil (in/hr)

Os = incremental rate out of soil

Vs = Sg; + Is (in)

Ve = Sgq + | (in)

Figure51 Mass Balance Logic Diagrafmontinued)
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The rainfalldatawere sotedin such a wayhat if consecutive rainfaihcrement

readings had a time stamp and valwese more than one hour aptrattheywould be

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

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

suchthat the computational time step was less than or ¢gjoale hour.The time step prior

to the start of a storm event was placed at the nearest half hour prietioelstamp 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 howe tfainfall data was amended.

Consecutive records
greater than one
hour apart

2/9/2003 11:3¢
<2/9/2003 11:4€
2/9/2003 13:27

2/9/2003 13:32

The record is split
and additional time
stamps with null
rainfall values are
inserted such that
t O 1 ho

/9/2003 1.:39
2/9/2003 11:4¢

2/9/2003 12:0C
<2/9/2003 13:0C

2/9/2003 13:27

2/9/2003 13:32

Figure6 - Sample Rainfall

Data Amendment

0.01
0.01
0.01
0.01

0.01
0.01
0
0
0.01
0.01

i Event A
T Event B

After the rainfalldata wereseparated into individual rainfall events, rainfalents

totaling less than 0.03 inche®re eleted from the record used in the mass balance. These

records were considered to be inconsequential and lost primarily to evaporation.
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4.2 Mass Balance Parameters

The three basiftow parameters are defined esncrete 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 &ettllabinvestigations. As stated
previously, a number of cores were taken at each site; the value uselddtatioas in the
mass blance model was an average valoleeach site. The soil rate used was determined
by field tests as described previoushy.cross section representation of the mass balasce
shown in Figure 2Zjlustrates the important paranees.

The assumed concrete porosity was taken to be 0.20. Pervious concrete has typical
porosity values ranging from @10 035 (ACI 522R-06), thus 0.20 was used as a
representative value. The depth of concrete used was the average for depthrefthe co
taken at a specific site.

All of the soils sampled during field testing were fisandy soilexcept for Site 4
A typical range oporosity forsandy soil i€.257 0.55(Charbeneau, 2000 A value of
0.35for soil porositywas utilized in thanass balancemodeling 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 spedifRGBsoll
survey maps for theepectiveareasFor 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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CHAPTER 51 RESULTS AND DISCUSSION

5.1 Field Testing
The Florida sites wergelectedbased upon proximity to the University, assibility

and age. A total of eigliield sites were chosen for field investigatifour of which were
located in the Central Florida area: Sunray Storaway, Strang Communication, Murphy Vet
Clinic, and theFlorida Concrete and Products Association (FCPA) OffiCieese sites range
in age from six to 20 years with an average age ofitab® years.

The four other sites included locationsTallahasseeFlorida, Florida Department of
Environmental Protection (FDEP) OfficAtlanta, Georgia, Southface Institute; Guyton,
Georgia, Effingham County Landfill; and, finallgreenville, SouttCarolina, Cleveland

Park See Table for a summaey of the sites visitedndthe order of visitation.

Tablel - Field Sitesn Florida, Georgia, and South Carolina

Site Site Name Description Number | Age
of Cores || (years)

1 | Sunry Storaway | Paved Areas at Storage Facilit| 6 14

2 Strang . Paved Parking Area 3 13

Communication
3 | Murphy Vet Clinic | Paved Parking Area 3 18
4 Florida Department Paved Loading Area 6 20
of Env. Protection
Florida Concrete & :

5 Products ASSoc. Paved Parkig Area 3 6
6* | Southface Institute | Paved Parking Area/Driveway 3 10
7** | Cleveland Park Paved Parking Area 3 10
8* Efflng.ham County Paved Dumpster Pad 3 7

Landfill

* Sites in Georgia

** Sjte in South Carolina
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Depending on the size of the pemvgoaea at the site, either three or sores were
extracted A total of 30 cores were taken from all of the sit€ke singlering infiltrometer
method was successfully usedaty three of the five Florida sites teste&unray
Storaway(four cores test), Strang Communicatioftwo cores testedpand the FDEP
Office (four cores tested)Access to power was a limitati@ theremainingtwo Florida
sites.

Thesinglering infiltration testat existing sitesvas not applicablér three of the
sites thahad gravel reservoimsith crushed granite. The reservoir prevented the insertion of
thesinglering infiltrometer passed the depth of the concrete layer, thus the test could not be
run.

Upon returimg the corego the University of Central Floridaa@mwater
Ma nage ment Laboratatyeathgfths cores were individually testedinfiltration
rateusingthetechnique mentioned before as illustrated in Figure 4. Field and laboratory
test rates are comparatively presented in Table 2. It isl o the field site test also
included infiltration through the stdoils, which may have been the limiting rafbough
there is not sufficient field data for an accurate comparison, availableofédéhed
infiltration data does not correlate with datbtained 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, aggsible 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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Table2i CorePervious Concrete Infiltragn RateData

Site # | Core# | Field Results (in/hr)* || Lab Results (in/hr)* | Core Depth (in)
1 -- 627 ** 51
2 17.8 34.5 51
. 3 17.7 20.2 5.5
Stel 10.5 3.7 6.9
5 -- 4.8 5.8
6 10.4 3 6.0
1 -- 1.4 7.1
Site 2 2 17.3 5.6 7.0
3 10.6 7.1 7.1
1 - 2.3 6.0
Site 3 2 -- 19.7 6.1
3 -- 24 5.9
1 - 0 5.6
2 -- 4.4 5.0
. 3 0.17 1.3 6.1
Sited 0.29 48 8.9
5 -- 1 5.9
6 1.8 5.2 8.1
1 -- 4.3 7.6
Site 5 2 - 5.8 7.0
3 -- 1.8 6.8
1 -- 188 8.4
Site 6 2 - 2.3 7.9
3 -- 0 8.5
1 -- 86.2 6.8
Site 7 2 - 3.2 7.5
3 -- 84.7 8.9
1 -- 30.8 6.1
Site 8 2 - 11 5.8
3 -- 187 6.3

-- Denotes sites herefield dataarenot available

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

** Site had no indication of traffic flow or depositio
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In addition to singleing infiltration tests on the concrete cores, one singig
infiltration test was conducted with the core removed to measure a comparative infiltration
rate for the soil. This singleng infiltrometer field test was conduct®n the soil at each of
the sites in Florida. &l samplesvere collected at eadHoridasite for lab analysis
Geotechnical analyses were conducted on the solil in the laboratory including sieve analysis
and constarhead hydraulic condueity test. A summary ofinformation pertaining to the
soils collected at each site, including results from the geotechnical analyses mrsitthe
singlering infiltrometerfield test, are shown in Table ®nly two of the available field test
infiltration ratesfall within the range of conductivities obtained from constaedd
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 sirigéetest 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 sl 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, routinent-end loader traffic was noted.

Pitt (2002) reported for modified compacted sandy soils similar to that at <3tes 1
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 mimum 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 sgall (3

inch) head difference between the field and the laboratory testing.
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Table3 1 SoilsiInfiltration Data

Site # Soil Type Gieve Analysis) Field Results| Hydraulic Conductivity Lab

(in/hr) (in/hr)

Site 1 Fine Sand 14.8, 34.5 177 21

Site 2 | Fine Sand with Silt 5.4 11.31 24

Site 3 | Fine Sand 21.5 3.4-7.9

Site 4 | Well GradedSand 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

Table4: LaboratoryConcreteCompared to Field Concrete a8dil Infiltration Rates

Laboratory Concrete Field Derived Concrete Field
Limiting Infiltration Rate | Average Limiting Infiltraton Soill
Test Location Data Rate Rate
(in/hr) (in/hr) (in/hr)
Site 17 Area 1l 20.2 34.5,627 17.8 34.5
Site 11 Area 2 3.0,3.7,4.8 10.5 14.8
Site 2 1.4,56,7.1 14.0 5.4
Site 3 2.3,19.7, 24 -- 21.5
Site 471 Area 1 0,44 0.17 15.6
Site 41 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 aates
compared in Table for the respective sites visite®Presented are the range of and average
concretdnfiltration ratesfor each site as thayeremeasured usinthe laboratory
infiltration test. Average soil rate is based upondinglering infiltrometer test conducted
onthe soil Soilratescould not be obtained for tlmon-Floridalocations because each site
was constructed with a gravel reservoir layer that prevented applicétiba singlering
infiltration test or the collection of soil samples.

From Table4 most of the infiltration rates indicatbat at thesandy soikites the
concrete rate is generallygttontrolfactor for the overall rate at which the system infiltrates
stormwater.However, the concrete and soil infiltration rates at sit8sate all geater 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 Figure8=M0.16 in/hr).

5.2 Mass balance
5.2.1 Simulation

Table 5 summarizes theput values and results for an annomalss balance
simulation. From the table, it is clear that the mass balance predicts that the majority of the
parking lots perform with excellent efficienogven after years of operation. The one
exception, Site 4, performed poorly for a number of reasd he most significant of which
is poor construction techniquebnproper mix design and poor placement techniques
created a pervious concrete with low infiltrative abjltkpggingnotwithstanding
Realistically, the porosity showat Site 4 shoulgrobably be less than 0.2 because of poor
mix quality. However, porosity tests were not conducted on the cylirsteen average

value was used for all cases.

-30-



Additionally, Site 4 was hili on top of clayey subsoil with about one fawotless of
sand rservoir beneath the concrete. The shallow resecemistructedver such a low
permeability stratm provided somestorage 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 facto?s @dryearly retention
and runoff on an annual basis are tbaductivityrates for the concrete and for thater
table(aquifer) decline The rate for concrete {f) limits the rate at which watenters the
system and produces an initial amount of runoff based upon the difference between the rate
of rainfall and the limiting rate of infiltration throughetltoncrete. Téwater table rate {§
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. Senti results are shown in Figure 8.
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Figure8i FiqSensitivity for Yearly Volume Retention
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5.2.2 Yearly Retention

The spreadsheet calculation matrix was developed to simulate the hydrologic
performancégretention)of pervious concreteUsinga range opervious concrete infiltration
ratesand one year of precipitation ddtam central Florida, nearly 100 percent infiltration
can be expected for a limiting pervious concrete infiltration rat8.®winches per hour.

This retention assumes a sandy soil widoa 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 dong as the limiting pervious concrete infiltration rate exceeds 1.5
inches per hour. A similar efficiency graph results when the soll infiltration raj¢ i-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

-33-



CHAPTER 6 1 CONCLUSION AND RECOMMENDATIONS

Data collected and presented over the course of this study provided evidence that
pervious concrete retaiminfiltrative 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 14627 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. Consideringtladl obres, the laboratory
infiltration rates ranged from0627 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 soefa

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 concreterganue to infiltrate
even without routine maintenance. For new construction, the infiltration rates of the
pervious concrete exceeded that of the parent eartbaslish as found at the Stormwater
Lab. Thus at first, the limitation to infiltration raséad storage of rain was the ssuls.
After years of operation, however, the system limiting infiltration rate was the pervious
concrete in most cases.
Recommendation #1

The singlering infiltrometer for existing site testing was used. The test waltedp

for pervious concrete infiltration estimates, while opening of thessilldor 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 laborattata 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 laboratsetting. 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 wdél when the pervious concrete system is constructed on a sandy soil. The
singlering infiltrometer could not be embedded in the gravel reservoirs on Sit8s Also,
testing at Site 4 was difficult due to the proximity of the clay layer to the bottdhe o
concrete in some places. Nevertheless the concept of testing the pervious concrete and the
soil as one system proved valuable and lead teet@nmendation that a single ring
infiltrometer should be placed in the pervious concrete and about 8 inclsanto 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 constru
Recommendation #2

Mass balancenodelingshowsthat thepervious concretsection of this researaan
significantly reduceyearly runoff volumebasedon an average yeaf precipitation dataA
performance of nearly 100 percent retention can bea&d with concrete infiltration rates
as little as 3.5 inches per hour with sandy conditions found at testBa&sed on the
modeling parameters of a level surface, curbing, and the mix of pervious concrete, it is

recommended that the pervious concretsection include a sandy sub base material
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with at least a two foot depth to the seasonal high water tablaVhen 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 @rvious concrete must be cleaned.
Recommendation #3

Based on the modeling using the data collectedyétagesmmended that credit for
infiltration of rainwater on pervious concrete systems be given for stormwater

treatment.

6.1 Future Research
The corlusions 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 retentieditcfor 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 cewsthis 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 infiltrabn 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

comparativeanalysis of infiltration ras using different heads in thmglering embedded
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versus a double ringmbedded 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 concretevould 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

producedrom 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 infitrometer test as used to measure

rates at existing sites can also be done by permanently embedded the ringpimctbée

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

the sampling technique. With the addition of assitu infiltrometer during the construction

phasea longitudinal study to examirehanges in ratesver 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 Awashi

This could result in a seasonanation 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 previouk rainfal
events to determine the storage within the system prior to the flood producing rainfall.

Somemodel improvementmay be helpfuto create more realistic simulat®The
first of which is to allow for the simulation to consider unsaturated flow witharsthl.

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 betweten grdering and exiting the layer
or waterthatmoves intoa layer s 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 slowfiltrating sub soils.

Another mprovemenis to consider a depth of additioralrfacestorage that could
be provided should raised curbs be incorporated into the pervious concrete system. This
amendment would have to consider the effecsudice strageon the system behavior and
would also have to incorporate an additiofiah a aits 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 excemsfall as a function of slope, time, and
evaporation. Aotherrecommendation 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 teal world operation.
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APPENDIX A:

Field Data and Results
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Sun Ray Storéway, Lake Mary, Florida

Infiltration Rate:

m/'hr

Site 1
Core 1 (without Core)
Volume Volume Cum Vol
Time Remaining of Added Added
(min) (mL) (mL) (mL) (mL) Diameter
1 0 2000 2000 2000 Area
5 210 3000 2790 4790 Vol Rate
7 460 2000 1540 6330
9 0 2000 2000 8330
11 0 2000 2000 10330
13 0 2000 2000 12330
15 0 2000 2000 14330
Cumulative infiltration Core 1
__ 16000
14000
£ 12000 _
® 10000 el
= 8000 el
@ 6000 1 e
5 4000 ——
§ 2000 ~—
0
0 2 4 6 8 10 12 14 16
Time (min)
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Site 1

Core 2 (with Concrete Core) 515 1065
Volume Volume Cum Vol
Time Remaining of Added Added
(min) (mL) (mL) (mL) (mL) Diameter 11.63 n
1 270 2000 1730 1730 Area 106.14 in’
5 460 2000 1540 3270 VolRate  515.00 cm’/min
7 570 2000 1430 4700 3143 1'113.-"'111i11
9 0 1000 1000 5700
11 0 1000 1000 6700 Infiltration Rate:  17.77  in/lr
13 0 1000 1000 7700
15 0 1150 1150 8850
Cumulative Infiltration Core A-2
10000
£ o0 —
S o +
g 6000 "
£ 5000 "
£ =
o 4000
>
= 3000
£ 2000 |t
E 1000
© 9
0 2 4 ) 8 10 12 14 16

Time (min)
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Site 1

Core 3 (with Concrete Core)

Time Volume Remaining Of  Volume Added Cum Vol Added
(min) (mL) (mL) (mL) (mL)
1 370 1000 630 630
3 10 1000 990 1620
5 20 1000 980 2600
7 0 1000 1000 3600
9 0 1000 1000 4600
11 785 2000 1215 5815
13 0 1000 1000 6815
15 10 1000 990 7805
20 380 3000 2620 10425
25 550 3000 2450 12875
30 420 3000 2580 15455
Cumulative Infiltration Core A-3
18000
g 16000
E 14000
.§ 12000 ~~
£ 10000 W~
£ s000
£ 6000 &
Z 4000 o
el
3 2000 4
0 . . . .
5 10 15 2 3%
Time (min)
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513.702  75.9535

Diameter 11.63

Area 106.14
Vol Rate 513.70
31.35

n

. 2

m

3,
cm’/nin

L3,
i’ /min

Infiltration Rate:

n/hr
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