A STUDY ON THE DEBRIS FOUND IN A
PERVIOUS CONCRETE SAMPLE

By
Charles Sanford

Tricia A. Thomas
Professor of Engineering
(Chair)

Mbakisya A. Onyango
Associate Professor of Engineering
(Committee Member)

Frank Jones
Associate Professor of Engineering
(Committee Member)

A STUDY ON THE DEBRIS FOUND IN A
PERVIOUS CONCRETE SAMPLE

By
Charles Sanford

A Thesis Submitted to the Faculty of the University of
Tennessee at Chattanooga in Partial Fulfillment
of the Requirements of the Degree of
Master of Science: Engineering

The University of Tennessee at Chattanooga
Chattanooga, Tennessee
May 2014

ii

ABSTRACT

In an effort to determine how and what debris clogs well-aged pervious concrete, a
fourteen-year-old pervious concrete parking lot was cored and the samples investigated. First, a
falling head test was performed to determine the infiltration rates on the samples, and the
distribution was such that the infiltration rates were inversely proportional with the areas of
greatest flow during a rainfall. The samples were then swept and the falling head test was
performed again; and then the samples were pressure washed and the tests were performed one
final time. Sweeping removed little debris from the surface, but did significantly increase the
infiltration. Pressure washing removed a relatively significant amount of debris from the samples,
and also significantly increased the infiltration rates. The samples were then broken to determine
if any remaining debris was in the samples. Pressure washing did not completely remove the
debris from the samples.
A separate set of samples was broken and the aggregate was separated from the debris.
The debris removed was compared to the surrounding soil via a sieve analysis, cohesion tests,
and organics analysis. When the samples were broken open, several of the samples happened to
split in half to reveal a cross-section of the clogging layer. When measured, it was revealed that
the depth of clogging on these pervious concrete samples was one inch or more in some areas,
which contradicts previous research of laboratory clogged samples, that says the maximum depth
of clogging on a pervious concrete can only get to one-quarter of an inch. The sieve analysis
revealed that the debris was of a similar gradation to the surrounding soils; however, there were
iii

some larger particles than the surrounding soils, which looked like the aggregate from the nearby
asphalt road. A cohesion test revealed that while there was clay in the surrounding soils, there
was not enough cohesion in the debris removed from the pervious concrete samples to suggest
that much clay was retained inside the pervious concrete. An organics analysis suggested that
little organic matter, typically less than five percent, was in the pervious concrete, which is less
organic matter than was in the surrounding soils.
One of the largest setbacks to pervious concrete’s more widespread use in the
construction industry is that it clogs. By understanding what debris clogs a pervious concrete
sample, it gives a better understanding of the clogging process. This can help in two main ways:
by modifying the design of pervious concrete so that it does not clog as easily, expanding its
lifetime or by determining a better method for removing debris from a pervious concrete sample
through routine maintenance.
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CHAPTER I
INTRODUCTION
1.1.0

PROBLEM

1.1.1

PERVIOUS CONCRETE
Pervious concrete is a pavement material that allows water from precipitation and other

sources to percolate through its interconnected voids, thus minimizing runoff. Whereas typical
impervious concrete is comprised of hydrated cement, fine aggregates, and coarse aggregates,
pervious concrete uses little to no fines in the mixture. Pervious concrete in its most basic form is
a coarse aggregate that is bound together by cement. Figure 1 shows a pervious concrete core
and its open void structure that allows water to percolate through the sample.

1

Figure 1 Pervious Concrete Core (1)

Pervious concrete pavement systems typically consist of a gravel sub base that lies either
directly on the underlying soil or has a geo-fabric that prevents the underlying soil from
mitigating into the gravel sub base. The sub base acts as a reservoir that can detain water due to
its 20% to 40% void content. Occasionally, a drain lies in the sub base material that can carry
any water detained in the sub base to an alternate location. The pervious concrete layer lies on
top of the sub base. This pervious concrete is typically between 15% and 25% voids and can also
store water (2). These interconnected voids allow typical infiltration rates of 140+ inches per
hour (3). Figure 2 shows a typical cross section of a pervious concrete pavement system.
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Figure 2 Typical Pervious Concrete Pavement System Cross Section (4)

1.1.2 PURPOSE
Pervious concrete was first used in 1852 in Europe but has recently become more
common due to recent environmental legislation, which varies from state to state (4). Although
pervious concrete can be used for many things, it is most predominantly seen in pavements.
There are four primary attributes that pervious concrete offers that make it appealing to use in
paving: environmentally friendly qualities, cost benefit, safety issues, and noise reduction.
From an environmental standpoint, pervious concrete is becoming more alluring as the
Environmental Protection Agency and other environmental and water agencies tighten legislation
on storm water runoff. In typical impervious pavement applications, when precipitation falls on
the concrete surface, a majority of this water flows into a storm water inlet.
While this water flows over the pavement surface, it picks up many contaminants. These
pollutants come from many sources. Trash from human litter on roads and parking lots can
pollute water sources if left untreated. Pet and wild animal feces is commonly found on
pavement surfaces and can not only carry diseases but can also spawn algal growth in watershed.
3

Grass and plant fertilizer accumulates in runoff from surrounding areas and can also cause ideal
conditions for algae. Cars cause pollution that can also taint runoff. Moving parts in a car’s
engine can cause heavy metals to litter a pavement’s surface. Because cars are not perfectly
sealed, oil and other chemicals inside the car’s engine often leak out.
The many contaminants picked up by the storm water can cause issues by polluting
surrounding bodies of water if left untreated. Thus, in many applications the runoff is treated by
means such as building detention ponds, retention ponds, and swales. In other locations, the
water is treated with methods like filtration or hydrodynamic separation. A few older cities have
combined sanitary and storm sewers. In many of these instances, storm water is mixed with
sewage water and flows or is pumped to wastewater treatment plants. This is a costly and energy
intensive process.
In pervious concrete applications, the water percolates into the surface and is then
allowed to drain into the soil layer. This soil layer naturally treats the water using chemical,
biological, and physical means before the water reaches the groundwater. Pervious concrete has
been shown to reduce pollutants such as suspended solids, biochemical oxygen demand,
chemical oxygen demand, and ammonia levels (5). Thus, the pervious concrete both allows
storm water to recharge the groundwater table and eliminates the need for additional water
treatment methods. Pervious concrete especially captures what is referred to as the “first flush”
of storm water. This is typically the first inch of rainwater that washes away a majority of the
contaminants in the surrounding areas. This means a majority of the contaminated water is
percolated in the pervious concrete system and filtered by the underlying soil. Less untreated
storm water reaches bodies of water, meaning less contamination of water sources. This also
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eradicates the need for building treatment methods such as detention or retention, meaning the
footprint of a construction project is smaller.
From a fiscal point of view, the cost of pervious concrete is slightly higher than that of
traditional impervious concrete. The price of pervious concrete is typically 20% more than
traditional concrete mixtures due to its high cement content (5). However, the lack of a need to
construct alternate water treatment projects can reduce overall construction costs significantly.
Local treatment options such as detention ponds can be eliminated altogether in most cases.
Cities that still have combined sanitary and storm sewers do not need to spend money pumping
storm water to a wastewater treatment plant and then spend money treating this runoff as though
it were sewage. Locations that charge higher taxes for impervious surfaces need not pay these
tolls for pervious pavement applications. Overall, while construction costs of pervious concrete
are slightly higher than that of impervious concrete, the money saved from not having to treat the
runoff saves on the overall cost of the project in most applications.
Individuals who have ever lived close to a highly-trafficked roadway can attest to how
bothersome the loud noise can be. Large trucks rushing by rattle the ground and cause property
values of houses near highways to plummet. The voids in pervious concrete absorb these sounds.
The pervious concrete acts as a muffler that eliminates these loud noises of traffic, allowing for
more development near busy roadways.
The safety of people is another major concern. Traffic related fatalities in the United
States in 2011 were estimated at 32,310 (6). In pervious concrete applications, the water
percolates into the concrete rather than flowing across the road. Thus, in pervious concrete
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applications, there is much less standing water on roadways, minimizing hydroplaning. Many
lives could be saved by limiting the amount of runoff on roadways making travel safer.
Aside from the traditional pavement applications, there are many other uses for pervious
concrete. Pervious concrete has been used in Japan on river banks due to its ability to grow grass
in the voids (7). It can also be used in roadside ditches and other hydraulic beds. In these
instances, the pervious concrete provides erosion control and ground stability, while still offering
a pervious bed or flood bank that can be used for growing plants.
Another common use is for sidewalks (4). When a sidewalk uses pervious concrete,
puddling is decreased. This minimizes human traffic from having to trek through puddles. It also
allows water to pass into the soil. Trees are often planted in sidewalk construction. The roots of
these trees will typically grow to the width of the tree. In normal impervious concrete
applications, much of the tree’s roots do not receive adequate water for the trees to grow to their
full potential. With a pervious concrete sidewalk, the trees receive an increased amount of water.
Pervious concrete can also be used on zoo floors, aquatic bases, and greenhouses (4).
Animal feces can litter the ground and contaminate storm runoff. By applying pervious concrete
to a zoo floor, the contaminated water can percolate and be filtered by the soil while maintaining
an easy surface for zoo keepers to clean and maintain. Similarly in greenhouses, a permeable
surface allows the water that is contaminated by fertilizers and pesticides to drain into the soil
rather than flow into the storm sewers.
Another application of pervious concrete is in walls (4). Air is an excellent insulator. By
placing pervious concrete as a wall, the voids in the concrete trap air. This makes for great
insulation in hot or cold locations. When used in walls, it also can utilize its ability to muffle
6

noise. Pervious concrete walls can be a great application for soundproof rooms or noise reducing
rooms.

1.1.3 TECHNICAL ASPECTS
While details of construction are outside of the scope of this study, there are some general
technical aspects of pervious concrete that make it unique from traditional impervious concrete.
The mixture requires a low mortar content. If too little mortar is used, it will not adequately bind
the coarse aggregate, and if too much is used, it can cause bleeding that will affect the pervious
concretes infiltration rate. The low mortar content along with the limited amount or exclusion of
fines leads to a mixture with a very low slump of generally less than ¾ inches (4).
From an aesthetic point of view, pervious concrete has a much more textured surface than
traditional concrete. Depending on the gradation, it can look like densely packed gravel if it is a
larger grade stone or like Rice Krispies® treats if it is a smaller grade stone (4, 8). Due to the
coarse aggregate having a limited gradation, there is greater aggregate interlock. This leads to
less shrinkage cracks and lessens the space required between joints.
The strength of pervious concrete is adequate for most low traffic placements. When
pervious concrete is placed properly, the system can, “achieve strengths in excess 3000 psi
(20.5MPa) and flexural strengths of more than 500 psi (3.5 MPa)” (4). Reinforcing steel cannot
be used in pervious concrete due to inadequate bonding with the concrete and rust forming on the
steel that is exposed to air. The unit weight of pervious concrete is also approximately 70% of
that of traditional mixtures (4). This lighter density causes pervious placements to have a lighter
load.
7

When placing pervious concrete, it is typically not more difficult to place; however,
certain parameters must be considered as it is not the same as traditional concrete placements.
Pervious concrete does not have as high of a workability as traditional concrete. It also does not
have a working time of as long from its open grade. A working time of less than one hour is
typical, although retarders and hydration stabilizers can extend this time by an hour and a half (4).
A vibrating screed should be used to place the pervious concrete.
After the pervious concrete is placed, a steel pipe roller is used to compact the concrete.
This can be seen in Figure 3. There are no other finishing processes necessary as these
techniques are for sealing a concrete surface, and permeability is typically what is desired from a
pervious concrete placement. Joints can be used and are typically placed directly after the
concrete is consolidated, but joints are not always used as cracks are not as noticeable in
pervious concrete placements (4). Finally, curing must be completed with plastic sheets or some
method to retain moisture. Otherwise the voids in the pervious concrete can cause a loss in
moisture and incomplete curing of the concrete.

Figure 3 Steel Pipe Roller (1)
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1.1.4 PROBLEMS
While there are many aspects of pervious concrete that make it an ideal building material,
there are two major setbacks that have led to it not being as widely accepted: strength and
clogging. These issues limit the use of pervious concrete as a construction material. The many
advantages of pervious concrete should inspire further research on the material to help overcome
these problems.
From a structural point of view, pervious concrete has a range of compressive values of
between 500 psi and 4000 psi, although typical values are about 2500 psi (4). This strength is
much smaller than typical values of traditional concrete, which generally range between 2500 psi
and 5000 psi. This strength is applicable for low traffic pavement placements, such as parking
lots, sidewalks, and alley ways. However, this strength cannot handle the weight of a fully
loaded 18 wheel truck traveling 70 miles per hour on the interstate (9, 10, 11).
The second and more important reason pervious concrete has not been more widely used
as a construction material is that its voids eventually clog, decreasing its permeability. This is the
greater issue, because while a lack of strength limits the number of applications pervious
concrete can be used for, clogging affects its intended functionality. Thus, clogging has been
listed as, “the primary concern that has prevented wide acceptance of pervious concrete” (12). In
many pervious concrete structures, a decrease in permeability can be seen in as little as three
years, but typically around thirteen years of service (12).
This clogging can be a result of several factors. In colder locations, where sand is placed
on roadways to increase traction during freezing conditions, this sand can find its way into the
9

voids of the pervious concrete, inhibiting the water from percolating into the voids as quickly. In
fact, in most locations, soils from surrounding areas can wash their way into the voids of a
pervious concrete structure due to erosion. Debris from trees and other surrounding plant life,
such as leaves and grass clippings, can break down to contribute to the clogging. Litter from
humans and their automobiles can also contribute to this pollution (13).
Pervious concrete also creates ideal conditions for organic material to grow. Bacteria
within the pores of the pervious concrete can grow and secrete fluids that have cohesive
properties. This cohesion can bind the concrete to soil or other organic material, starting or
accelerating the clogging process. Larger organisms, such as grass, moss, and lichens, can also
grow on pervious concrete, contributing to a decrease in permeability.

1.2.0 BACKGROUND WORK IN FIELD
1.2.1 LOCATION AND DEPTH OF CLOGGING
The research on the clogging of pervious concrete primarily deals with laboratoryclogged pervious concrete samples (12, 14, 15, 16, 17). There is very little research on pervious
concrete samples that are naturally clogged throughout the years (7, 18, 19). This is due to the
amount of time it takes for a pervious concrete structure to clog and the availability of a pervious
concrete structure that is old enough to have become naturally clogged.
Laboratory-clogged pervious concrete samples are typically created by pouring a clayey
soil and water mixture through pervious concrete. The concrete is often then be oven dried for
the soil to dry and harden and the process may be repeated (12, 14, 15, 16, 17).
10

The depth of clogging in a pervious concrete structure is determined by Vancura to be
approximately one-quarter of an inch (19). This study is based off of three roads that had been in
operation from one month to two years. An image of this study can be seen in Figure 4. In this
figure, A represents the coarse aggregate in the structure, E represents the epoxy coat used to
minimize disturbance when the samples were extracted, C represents the cement, V is void space,
and O is the clogging agents.

Figure 4 Depth of Clogging of Pervious Concrete (19)

In a pervious concrete structure the location where the clogging takes place depends on
the substances clogging the system. While there are several studies on the clogging effects of
11

sandy soils on a pervious concrete structure (7, 17, 18, 19), according to Mata and Leming,
“published studies examining the sedimentation potential of pervious concrete pavements in
areas with silty or clayey soils are limited” (12). According to their studies in areas where sandy
soils are predominant, the clogging tends to take place in the pervious concrete layer (12, 18).
This is due to the fact that sand is too large to pass completely through the pervious concrete
layer and thus is retained in the pervious concrete. This can be seen in Figure 5.
Clay and silt are much smaller and tend to pass through the pervious concrete layer and
clog the system in the aggregate base. When a clayey-silty sand is present, the sand remains
trapped in the pervious concrete layer and the clayey silt tends to pass through to the aggregate
base. It should be noted that these results were determined by clogging the samples in a lab and
not through samples that were naturally clogged throughout the course of several years.

Figure 5 Location of Clogging of Pervious Concrete (12)
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Haselbach’s research (16) contradicts Mata and Lemings’ study (12) in that Haselbach
found clay to clog on the surface of a pervious concrete structure (16). In this study the pervious
concrete was also clogged in a lab, but it was then dried in an oven and more clayey water was
poured through the structure until it was clogged. This clogging was determined to be mostly on
the surface and could be removed by sweeping (16).

1.2.2 VISUAL INSPECTION TECHNIQUES
Vancura’s research showed a method to view the debris that was clogging a pervious
concrete sample (19). A clear non-viscous epoxy was injected onto the pervious concrete surface
until it took longer than one minute for the epoxy to infiltrate into pores. The pervious concrete
was then cored using a concrete core. The epoxy would eliminate the debris from being flushed
out of the pervious concrete. The samples could then be cut in half for inspection. This can be
seen in Figure 4. (19)
Hasslebach performed a similar method on some pervious concrete samples. In her
research, she used some pervious concrete samples that were clogged with three types of clay in
the lab. Some of the samples were dipped in a polyurethane coat and sliced lengthwise for
observation. This showed the clogging to take place only at the surface of the pervious concrete.
(16)
Kayhanian et al. also did research to remove the cores of a pervious concrete parking lot;
however, rather than using an epoxy coat and a water-cooled drill bit, an air-cooled drill bit was
used. In order to prevent the air from pushing the concrete out, a non-permeable paper patch was
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glued to the pavement surface over the cored area. This eliminated the slurry associated with
coring. X-ray imaging was then used on the cored samples to view the debris that causes
clogging (7).
Kayhanian et al. determined that a majority of the mass that clogs the voids is greater
than 38 microns, and comes from the debris from the surrounding trees and sometimes the
breakdown of the top layer (7). The majority of the debris is found to be around 38 microns. This
can be seen in Figure 6.

Figure 6 Debris Particle Size (7)
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This research tested the organics of the debris in the samples that is less than 38 microns
and determined that it all has a low organics composition of less than 25%. This low organics
suggests that the majority of what is clogging the voids will not degrade (7).

1.2.3 PERMEABILITY TECHNIQUES
A falling head test was performed on the pervious concrete samples in Mata and
Leming’s study (12). This falling head test attaches a vertically oriented cylinder to the pervious
concrete sample and allows water to flow through the sample. The time it takes for the water to
drop from one height in the cylinder to another height is used to determine the infiltration rate
through the pervious concrete.
In this study, the pervious concrete samples were wrapped in a waterproof tape so that
water did not flow through the sides and then inserted into a rubber sleeve that is directly
attached to a piece of PVC pipe. The water was allowed to fill the voids, then flow from a head
of eight inches to five inches. The falling head measurements were taken when the head dropped
from five inches to two inches to obtain an infiltration rate (12).
Deo et al. used a self-made falling head apparatus to determine the infiltration rates of
several pervious concrete samples (15). This used a graduated cylinder that was 95 millimeters
wide, the same width of the pervious concrete sample. The infiltration rates of different pervious
concrete mixtures were measured, and then the samples were clogged with a clay-sand mixture.
The infiltration rates of the different mixtures were re-measured to find which size aggregate
resisted clogging the best. The results were that the larger aggregate size had the faster
infiltration rate. However, when blended, when there was 25% smaller stone and 75% larger
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stone, the infiltration rate was initially higher than that of a blend of 25% larger stone and 75%
smaller stone (15).
When the same size pervious concrete mixtures were tested with sand clogging the voids,
the larger stone had the greatest decrease in infiltration. This dropped the larger stone to that of
the smaller stone. Thus, the final infiltration rates of all the clogged samples were nearly the
same. In the case of the aggregate blends, the blend of 25% large stone and 75% smaller stone
responded to clogging with little effect on infiltration. The blend of 25% smaller stone and 75%
large stone had a large decrease in permeability due to clogging (15).
Sriravindrarajah et al. also used a falling head test to perform a falling head test (17). This
pervious concrete was sealed inside of a tube with silica gel. This research compared compacted
and uncompacted pervious concretes. The experimentation determined that the infiltration rates
of the uncompacted pervious concrete were much higher than that of the compacted pervious
concrete. The compacted pervious concrete also had a more significant reduction in permeability
than the uncompacted pervious concrete when clogged. However, the strength of the
uncompacted concrete is roughly half of that of the compacted (17).
Coughlin et al. determined the infiltration rates of an entire pervious concrete system,
rather than just the pervious concrete layers (14). This experiment was performed by building a
pervious concrete system in a box and placing devices to measure the head pressures at each
layer. The head pressure measuring devices were located in the pervious concrete layer, the
course base layer, the sub-grade layer, and a geofabric at the bottom (14).
Chopra et al. used a constant head test to find the permeability rates of parking lots
between 6 and 18 years of age (18). The test involved drilling a 12 inch core in the parking lots,
16

and puttying a single-ring infiltrometer onto the sample. A constant head permeability test was
performed maintaining a head of 9 inches (18).
Haselbach and Freeman studied the infiltration rates of a pervious concrete core and
compared it to its infiltration rate in the field (20). The results showed that there are slightly
higher porosities on pervious concrete core samples than there are in the field. This is because
cutting the aggregate opens extra voids near the cutting surface. Models are used to show this
correlation; however, the models are only applicable to this particular mix design (20).

1.2.4 REJUVENATION TECHNIQUES
Vancura et al. studied the effects of three different types of vacuums on field clogged
pervious concrete (19). The pervious concrete surfaces had been in operation for between one
and five years. All three vacuums removed debris from the samples. However, the debris was
removed from only the first 1/8 of an inch into the pervious concrete, and the total depth of
clogging was ¼ of an inch (19).
Chopra et al. investigated three rejuvenation techniques: vacuum sweeping, pressure
washing, and vacuum sweeping then pressure washing (18). The vacuum sweeping alone did
little to rejuvenate the pervious concrete. Pressure washing increased the permeability
significantly. The combination of the two showed the greatest increase in permeability, but it was
not significantly greater than pressure washing alone (18)
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Sriravindrarajah et al. discovered that the effect of pressure washing a pervious concrete
sample that is compacted shows much less improvement than one that is not compacted (17).
This comes at the cost of a significant reduction in strength of approximately 50%. (17)
Coughlin et al. determined the infiltration rates of an entire pervious concrete system (14).
In this experiment sand was first added to the surface of the pervious concrete, and this did not
do much to limit the flow. Clay was then added, which significantly decreased the flow rate.
Much of this clay accumulated in the sub-grade. A pressure washing was performed, which
drastically increased the infiltration rate through the pervious concrete layer, but did little to
increase the flow through the sub-grade. The sub-grade ended up being the bottleneck in the
system (14).

1.3.0 SCOPE OF CURRENT STUDY
This report focuses on investigating a pervious concrete parking lot that has been in
operation for 14 years. The parking lot has recently shown signs of a significant reduction in
infiltration rate. Experimentation is performed by removing several cores from the parking lot.
The investigation relates the decrease in infiltration rate with the samples orientation in the
parking lot to determine if location has any effect on infiltration rate. The samples should also be
cleaned by simulating sweeping and followed by pressure washing to determine the increase in
infiltration rate. The increase in infiltration can be compared with the debris that is removed from
these processes. Finally, investigations of the debris that clogs the sample can be compared with
that of the surrounding soils to determine the origin of the debris in the pervious concrete
samples.
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CHAPTER II
STUDY SITE

2.1.0 SITE DESCRIPTION
The site chosen to evaluate is the rear parking lot for Finley Stadium, which can be seen
in Figure 7. The parking lot is located on the coordinates 35.04o N, 85.32o E, which is on Main
Street between side streets Carter Street and Chestnut Street in Chattanooga, Tennessee (Google
Maps). The average annual precipitation of the area is 52.5 inches with an average of 58.3 days
below freezing (21). The site is located approximately 2500 feet from the Tennessee River
(Google Maps) and lies in the Colbert-Talbott soil region, which is described as “moderately
well drained and well drained loamy soils that have clayey sub soils and depth of 5 feet or less
over limestone” (22).
The parking lot is primarily daily use parking for the surrounding local businesses and
occasional weekend parking for Finley Stadium’s and the First Tennessee Pavilion’s events.
Some of the weekend events held at Finley Stadium include the University of Tennessee at
Chattanooga’s football games and Chattanooga Football Club’s soccer matches. When the
parking lot is used on the weekends, it gets heavy use due to college students and sports fans
“tailgating” on the site. The First Tennessee Pavilion also holds weekend markets that cause
heavy traffic on the parking lot.
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Figure 7 Satellite Image of Finley Stadium's North Parking Lot (Google Maps)

2.2.0 SITE TECHNICAL ASPECTS
The parking lot was constructed in 1997 and is primarily asphalt with the pervious
concrete located in the designated parking spots as can be seen in Figure 8. The lot is sloped so
that any flow from the asphalt will go onto the pervious concrete. The pervious concrete is

20

sloped so that any overflow that is not percolated into the concrete flows into drainage inlets
located at the ends of the parking lot.

Asphalt

Pervious Concrete

Figure 8 Photo of Finley Stadium Parking Lot (23)

The concrete parking website describes the mix design (24). The pervious concrete
mixture is a #67 stone, which has an average gradation of between ½ and 1 inch. The thickness
of the mixture is 4 inches and has a total volume of 2000 cubic yards. The mix has 2700 pounds
of the aggregate with 400 pounds of cement and a water:cement ratio of 0.43. Twenty-eight
ounces per cubic yard of a retarder was added to the mixture during its construction. The
pervious concrete lies on a #57 gravel base with a typical average gradation of between ½ and 1
½ inches. The gravel lies on top of an impervious geo-textile base (24).
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In the lot’s original design, water from the parking lot was drained through the pervious
concrete and stored in the sub-basin where it was detained by the impervious geo-textile. Inside
of the gravel base are perforated PVC pipes that divert the water captured to storage to be used
in watering the football field (24). If the water in the sub-basin got below a certain level, water
from the city would be pumped in so the fields could still be watered. One month, however,
Finley stadium received a rather large water bill from the city. After investigating the cause,
engineers determined that there was a rip in the geo-textile causing the water to leak. Thus, the
system was no longer used to water the field (Eckstein).

2.3.0 ADVANTAGES OF LOCATION
There are many positive attributes that the site has to offer for the purposes of this
research. The first is the age of the pervious concrete. During the time of study, the pervious
concrete was over 14 years old and was only just beginning to show signs of clogging. This is
much later than many studies, which have shown significant signs of clogging in as little as 4
years (18).
The surrounding environment also adds several advantages to the location. Chattanooga’s
average of 58.3 days below freezing gives some freeze-thaw weathering to the concrete. The
clayey soils that surround the site also are advantageous because, while there have been several
studies on intentionally clogging pervious concrete with clay (12, 14, 15, 16, 17), little research
has been performed on pervious concrete structures that have been naturally clogged with clay
(18).
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Parking lots typically have numerous contaminants that can be brought in by the traffic.
Some of these include the metals that come from a car’s engine from the natural wear of the
gears. Oil and other chemicals often leak out of many cars and can potentially clog the voids of a
pervious concrete system. Other common debris brought in by traffic are foreign soils that are
often transported in from the car’s tires.
The parking lots additional potential clogging agents also make it an interesting location
to study. The trees that grow around the pervious concrete provide foliage that could potentially
break down and clog the concrete. Also, the occasional weekend traffic could bring in several
unusual forms of debris. Football fans that attend the University of Tennessee at Chattanooga’s
football games choose to “tailgate” in the parking lot. During this event, several things are
discarded on the pervious concrete such as broken glass, cigarette butts and ash, discarded food,
and charcoal ash.

2.4.0 TEST LOCATIONS
The Finley Stadium parking lot is set up such that there are six islands in the main section
of the parking lot as can be seen at the top of Figure 9. Below these six islands is a cross-road
followed by another island of parking spaces. This last island is asphalt only. The island
encircled in Figure 9 is the section chosen to evaluate. This single island was selected due to cost
constraints and ease of accessibility due to minimal use during business hours.
The test location is ideal because it is available during business hours; however, during
events at the stadium or pavilion, it is heavily used because of its proximity to the two locations.
Thus, the agents that cause clogging of the pervious concrete should be abundant due to its heavy
23

use during weekend activities at the stadium and pavilion. Visual observation during a rainstorm
showed that this location was indeed not performing as it should. During a rainstorm of average
intensity on October 12, 2012, the water was flowing over the pervious concrete at a depth of
approximately one inch.

Figure 9 Test Location Outline (Google Maps)

Each row is designed with a crown in the middle. Figure 10 is the east end of the test
location. Any water should flow from this crown towards the parking spaces and towards the
parking lot ends. In Figure 10 the water would flow in the direction of the arrow and towards the
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parking spaces. The 5 foot wide pervious concrete area allows the water to percolate into the
surface and direct any overflow towards the ends. The distance from the crown to the pervious
concrete ends is approximately 250 feet. There is an inlet on either parking lot end as can be seen
in Figure 10.

Figure 10 Planar View of East Half of Test Location (Google Maps)

ASTM C1701 was used to determine the test locations. For more details on ASTM
C1701 see section3.2.1. This ASTM protocol is used to determine the infiltration rates at several
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locations in the parking lot. Once this was applied at several locations the results are as shown in
Figure 11.
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B

D

South Crown

F

East Inlet

Figure 11 Test Locations

The six test locations are denoted in Figure 11 and Figure 12 by the letters in ascending
order from A to F. The two locations on either end near the inlets were selected because they are
the most clogged areas. They are denoted as impervious because it took over one hour to drain
the eight pounds of water. In these areas the clogging agents are visible and are approximately
one-half inch above the concrete surface. The two locations at the point of the crown are selected
because on one side of the median the flow rate is greater than three times the flow rate of the
other side. Thus, this seemed like an appropriate location to perform the testing. The final two
locations were selected because they are representative of two locations where the flow of water
goes from the crown towards the inlets at either end. These final locations had the greatest
infiltration rates.
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Figure 12 Test Locations (Google Maps)
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CHAPTER III
METHODOLOGY

3.1.0 SOIL ANALYSIS
Before investigating the pervious concrete samples, it is necessary to get a general idea of
the type of soils that surround the area. This way, the type of debris that is clogging the pervious
concrete samples can be compared with the surrounding soils to get a general idea of the source
of materials clogging the pavement. The two primary things that will be determined are the grain
size distribution of the soils and, if there is clay in the soil, the cohesiveness. Soil analyses
involving durability and in-place density are not necessary, because any soil that washes into the
pervious concrete will not be compacted. Due to the uncertainty of the degree of the compaction
of any soil in the samples, permeability tests with the individual soil samples will not be
conducted.

3.1.1 SIEVE ANALYSIS
ASTM C136 (25), a standard sieve analysis, is the simplest way to determine the grain
size distribution of the soil. The sieve numbers and their corresponding sizes are shown in Table
1. A number 4 sieve was not used, as aggregate that is larger than 4.75 millimeters would be too
large to fit inside of the voids of pervious concrete. It would be difficult for aggregate that is
larger than 1.680 millimeters to fit in the voids of pervious concrete. So everything that did not
pass through the number 12 sieve was not incorporated into the sieve analysis plot.
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Table 1 Sieve Sizes Used for Analysis
Sieve Number Opening Size (mm)
12
1.680
16
1.180
20
0.850
30
0.600
40
0.425
50
0.300
60
0.250
80
0.180
100
0.150
140
0.106
200
0.075

The sieve analysis is performed by placing a sample of soil in a 105 ˚C oven overnight to
remove any water that may be trapped in the sample. The sample is then hit with a rubber
hammer to break apart any conglomerated clay. The sieves are arranged in descending order of
size from the bottom up as listed in Table 1 with a pan on the bottom. A photo of the sieve
shaker is shown in Figure 13.
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Figure 13 Sieve Shaker

A 500 gram soil sample is placed in the top sieve, and a cap is placed on top of this sieve
to prevent soil from coming out of the top, and the sieve stack can be placed on a shaking device.
The sieves are secured onto the shaking device and run for at least 10 minutes. When the soil is
placed in the largest sieve at the top, it continues to pass through, until it is retained on a sieve,
whose openings are smaller than the soil. Thus, the sieve separates the soil from its largest size to
its smallest size. Any soil that passes the number 200 sieve is retained in the pan at the bottom,
and is considered to be either a silt or a clay.
Once the cycle is completed and each sieve is weighed the mass of the soil retained on
each sieve, Msoil, can be calculated using Equation 1. In this equation the Msieve is the mass of the
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sieve before the test is run in grams. The Mss is the mass of the sieve and the soil after the test
has been run.
    



Equation 1. Soil Mass
Once the mass of the soil has been found, the total mass of the sample is simply the sum
of the mass of soil retained on all of the sieves, and the mass passing each sieve is the difference
between this sum and what is retained on each layer above. Thus, the percent passing, PP, can be
determined using Equation 2. In this equation, the Mpassing is the mass passing each sieve and the
Mtotal is the total mass of the soil sample.


  
 

Equation 2. Percent Passing
The results can then be plotted on a grain size distribution graph as shown in Figure 14.
The percent that is passing a certain sieve size is on the vertical axis with the corresponding sieve
size on the horizontal. This is typically graphed on a semi-log plot.
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Figure 14 Grain Size Distribution Graph

3.1.2 ATTERBERG LIMITS
If the soil has cohesive properties, the Atterberg limits, ASTM D4318 (26), are an
excellent means of determining the cohesiveness of the clayey soil. The test is performed on soil
samples passing the number 40 sieve, or soil that is smaller than 0.425 millimeters.
The first test that was performed is the plastic limit test, which is the limit that the clay
begins to exhibit plastic properties. In order to determine this limit, a sufficient amount of water
is added to the clay so that it can form a ball. The ball is then rolled out with the fingers on a
glass plate, into a “snake-like” cylinder, until the cylinder begins to crumble. More water is
added and the ball is rolled out, until the moisture content that allows the cylinder to crumble at
1/8 of an inch is achieved. The sample can then be weighed and dried in an oven. The plastic
limit, PL, is determined by Equation 3. In this equation, Mws is the mass of the moist sample at
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the plastic limit and Mods is the mass of the oven dry sample once it has dried in a 105 ˚C oven
for eighteen hours or more.


  


Equation 3. Plastic Limit Equation
The liquid limit is the limit that the clay transitions from exhibiting more plastic qualities
to liquid qualities. This test requires two special pieces of equipment, a standard Casagrande cup
and a graveling tool that can be seen in Figure 15. The Casagrande cup is turned at a speed so
that the cup drops twice per second. The liquid limit is the water content that a 13.5 millimeter
partition in the soil is closed up in 25 blows of the cup.

Figure 15 Casagrande Cup and Graveling Tool (Humboldt)
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A quantity of soil is placed in the Casagrande cup and a partition is made in the soil 13.5
millimeters across using the graveling tool. The cup is repeatedly dropped ten millimeters onto a
rubber base at a rate of 120 blows per minute. The water content at which the 13.5 millimeter
partition closes in 25 blows is known as the liquid limit. This test is performed three times with
results staggering on either side of 25 blows, and the liquid limit can be interpolated. The liquid
limit, LL, is determined using Equation 4. As before, Mws is the mass of the wet soil and Mods is
the mass of the corresponding oven dried soil.
 

  


Equation 4. Liquid Limit Equation

3.1.3 ORGANICS TEST
Another method of distinguishing between the different types of soils in the area is by
using an oven to determine the percent organic material in the sample. The idea of the test is
simple. By weighing an initial amount of soil and then allowing the sample to dry in a 105 ˚C
oven overnight, the water is removed. The sample can be reweighed to determine how much
water is in the sample. This second weighing should be done after the sample has sufficiently
cooled without waiting too long that the sample rehydrates. This is typically within five to ten
minutes of extraction from the oven. After this, the sample can be placed in a 250 ˚C oven
overnight to burn off any organic material in the soil. This second weighing should also be
completed within five to ten minutes from when the sample is extracted. The sample can then be
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reweighed to determine the percent organics or what is lost on ignition, LOI, using Equation 5,
where Mods is the mass of the oven dried soil and Mbs is the mass of the burned soil (27).
 

  


Equation 5. Loss on Ignition

3.2.0 SAMPLING
3.2.1 TESTING LOCATION
In order to determine the best sample locations in the parking lot, ASTM 1701C (28) was
used to determine the infiltration rates at certain areas of the parking lot. ASTM 1701C is
performed by using a 12 inch diameter infiltration ring. This ring seen in Figure 16 can be
puttied using a non-hardening plumbers putty to the pervious concrete.
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Figure 16 ASTM 1701C (29)
After wetting the concrete with approximately 8 pounds of water in the infiltration ring,
the test can be performed. Another 8 pounds of water is poured inside the infiltration ring
maintaining a constant head of between 10 and 15 mm and the time for the water to infiltrate the
pervious concrete is measured. From these measurements Equation 6 can be applied. In this


equation, I is the infiltration rate in inches per hour, K is a conversion constant of 126870 ,
M is mass of water in pounds, T is time in seconds, and D is the diameter of the infiltration ring
in inches.
I


!"#

Equation 6: Infiltration Rate Equation for ASTM C1701 (28)
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3.2.2 CORING SAMPLES
In order to obtain the concrete cores from the six locations, Terracon Consulting
Engineers and Scientists was contracted while Brent Rollins and I observed to ensure the
samples disturbance were limited. A drill similar to the one in Figure 17 with a four inch wetted
concrete core bit was used. In typical operation, water is pumped inside the drill bit to cool the
bit and create a slurry for continuous drilling; however, after the first attempt, this technique
appeared to rinse the samples and remove some of the clogging agents. Therefore, the water was
pumped on the outside of the bit when retrieving the samples to minimize contamination and
flushing of the clogging agents.

Figure 17 Concrete Core Drill (30)

In each location specified in Figure 11, four samples were sought to be obtained. The
samples were taken approximately twelve inches from each other. Thus, the samples would be
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close enough that the debris that clogs the samples would be similar, yet far enough that the
drilling of one sample would not disturb the area where the next sample would be obtained.
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Figure 18 Test Locations

Once extracted, the samples and some of the underlying gravel from the sub-basin were
placed in a one-gallon sealable bag and as much air was squeezed out of the bag as possible
before they were sealed. Each bag was marked with the location letter, A through F, and a
number corresponding with the order that the sample was obtained, 1 through 4. The samples
were all obtained within an eight hour time frame, and once all of the samples were obtained,
they were refrigerated for storage until they were ready to be tested. The refrigeration was
necessary to minimize microbial growth or decay during the storage period.
Due to the fact that the drill was water based, the first inch or so of the pervious concrete
was easy to drill through. After this point it became more difficult, presumably due to the water
draining through the pervious concrete once the drill hit this depth because this was below the
clogged layer. At location D, not only was this found to be the most pervious location in the
38

parking lot with the initial infiltration test, ASTM 1701C, but it was also over four inches thick
at this location. So after drilling one sample from this location, which took over one and a half
hours, it was determined that it was not cost effective to drill more samples from this location.
Thus, in the remainder of the experimentation, only samples A, B, C, E, and F are tested.

3.3.0 CLOGGING AGENTS SAMPLE #1
3.3.1 PURPOSE
The purpose of this sample is to determine what agents are clogging the samples, their
origins, and whether they are organic or not. This was performed by comparing the clogging
agents in the voids of the pervious concrete with the surrounding soils. This helps to determine if
the clogging agents have similar properties of the surrounding soil or if it is brought in by other
means. These other means could be from things like debris from surrounding shrubbery, such as
the leaves of surrounding trees, grass clippings from the surrounding grass, or the mulch brought
in as ground cover around the trees. The other means could also include foreign objects brought
in by cars. These could be debris such as dirt, grime, metal, and oil on a cars tire, body, or engine
that either fall off, are washed off during a rainstorm, or leak. Humans also contribute to things
that can clog the voids. After large events at the stadium, ashes from grills can be seen as a result
of “tailgating” in the parking lot. These sports fans can also bring in trash that litters the lot.
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3.3.2 BREAKING OF SAMPLES
To get to the material that is clogging the sample, the sample need to be broken. To do
this a paper is laid out under the sample to catch any debris that is removed. With the pervious
concrete samples the aggregate is large as can be seen by the 3.8 inch diameter sample in Figure
19.

Figure 19 Voids in Pervious Concrete Sample

A flathead screwdriver can be inserted into the voids and used to pry out the aggregate
one at a time. The aggregate must be removed carefully to avoid pieces from becoming
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projectiles and losing pieces of the sample. For safety, a thick glove should be used on the nonprying hand.
For aggregate that is removed in clusters, a mortar and pestle can be used to separate the
aggregate into its individual pieces, while being careful not to use enough force to crush the
aggregate. Once the pervious concrete cylinder is broken apart, it can be placed in a 105 ˚C oven
until the debris can be sieved from the aggregate. A 105 ˚C oven is selected, because it will not
destroy the organics in the sample, nor will it melt the polypropylene concrete fibers in the
samples, but it will drive off any excess moisture in the concrete.

3.3.3 GRADATION TEST
The first test to be performed on the removed material is a gradation test. Using a method
similar to ASTM C 136 (25), each sample needs to be weighed. Each empty sieve in the analyzer
will also be weighed. The sieves will be arranged in order so that the top sieve has the largest
sieve opening and the bottom has the smallest sieve opening. The sample is oven dried at 105 ˚C
overnight and then loaded into the top of the device and it is turned on so that the mechanism
vibrates for 20 minutes to ensure any soil trapped on the aggregate is removed. Once the allotted
amount of time has passed, the sieves can be re-weighed, and the difference between the weight
of the sieves containing the sample and the pre-sample weight of the sieves will give the
distribution of the masses of the sample. This can be plotted and compared with the gradation of
the surrounding soil. The sieves used are the same as were used with the surrounding soils as can
be seen in
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Table 2. Anything retained on the number 12 sieve is primarily the aggregate and is neglected in
the analysis.

Table 2 Sieve Sizes Used for Analysis
Sieve Number Opening Size (mm)
12
1.680
16
1.180
20
0.850
30
0.600
40
0.425
50
0.300
60
0.250
80
0.180
100
0.150
140
0.106
200
0.075

3.3.4 COHESION TEST
The second idea to compare the clogging agents that have been removed from the
samples with the surrounding soil is to test the cohesion. This will help to understand if the
clogging agents are more clayey. This can be determined by finding the Atterberg limits of the
debris in the pervious concrete as was done with the surrounding soils.
The plastic limit and liquid limit of the samples can be determined. The plastic limit test
is defined in ASTM D 4318 (26), and is the test that finds the water content where the clay
crumbles at 1/8 inch. The liquid limit shows the water content where the 13.5 millimeter
partition closes in 25 blows.
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3.3.5 ORGANICS
The purpose of this test is to determine how much of the clogging agents are organic.
This will give a realistic idea if the clogging agents are mostly the siltey-clayey soil from the
area or other materials.
This test requires an oven to dry and burn the organics in the sample. In this test, the
pervious concrete debris can be tested in a similar way that a soil would be tested for loss on
ignition. First, the ambient weight of the debris passing the #40 sieve should be taken. The debris
passing the #40 sieve is what will be measured for two reasons: it will neglect the influence of
any polypropylene concrete fibers that pass through the samples and it will also neglect the
effects of much of the asphalt that is retained on the larger sieves.
The samples should be placed in a 105 ˚C oven for at least 12 hours to remove the
moisture. Before the temperature of the samples drops below 100 degree Celsius for too long,
greater than five to ten minutes, and the samples begin to re-adsorb moisture from the air, the
samples need to be weighed. Finally, the samples should be placed in a 250 ˚C oven overnight
and allowed for the temperature to drop below 150 ˚C and the samples are weighed one final
time (27). A temperature of 250 ˚C should be used because if the sample is heated too high, it
will lose cohesion due to the calcium hydroxide turning to steam in the reaction below:
Ca(OH)2→CaO+H2O
To determine the ambient water content of the samples Equation 7 is used.

Water Content -%/ 

0122 34 1056789 210:;7  0122 34 210:;7 19 105
? 100
0122 34 210:;7 19 105
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Equation 7. Equation to Determine Water Content
To determine the loss-on-ignition (LOI) percent of the samples Equation 8 is used.
 

0122 34 210:;7 19 105  0122 34 210:;7 19 360
? 100
0122 34 210:;7 19 105
Equation 8. Equation to Determine Loss on Ignition

3.4.0 FLOW RATE SAMPLE #3
3.4.1 PURPOSE
The second set of samples will give an alternate measurement of the infiltration rate of
the pervious concrete samples. ASTM C 1701 (28) tested the infiltration rate of the pervious
concrete pavement system on the field. However, the infiltration rate in several of the locations
was very low. The infiltration ring was also sealed to the concrete surface by plumber’s putty.
The plumber’s putty tended to leak from time to time giving inaccurate results. In locations
where the water infiltrated the pervious pavement quickly, this did not create a large error.
However, in the locations where it took longer than an hour for the water to infiltrate the
pervious concrete, this could have created a larger error. Thus, by using a flow rate test, the idea
is to get a more accurate reading of the flow rate of the pervious concrete samples.
The second thing this sample will determine is how well the samples will respond to
cleaning. This will be done by first simulating a street sweeper and checking how the infiltration
rate improves. Also, the percent organics that are removed can be viewed. Then, the samples will
undergo pressure washing, and how well the infiltration rate improves will again be observed.
What organics were removed in the pressure washing and remain in the sample after pressure
washing can also be determined.
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3.4.2 APPARATUS
The apparatus used is shown in Figure 20. In this apparatus, potable water is pumped into
the top of the 1.5 inch diameter tube that is oriented vertically. The water fills this tube to a
desired height. This height can be measured using the ruler on the side of the tube. The sample
can be attached to the bottom of the valve as described in section 3.4.3. The distance from the
top of the valve to the stand is 15.5 inches.
Once the sample is successfully attached, the valve can be opened. Once the valve is
opened, there will be an initial drop in head where the water flows from the valve to the sample.
Once this initial drop of 15.5 inches of height takes place, the sample becomes the bottleneck in
the flow. The time it takes for the water to drop from one height to another can be used to
calculate the infiltration rate.
Once the falling head tests are performed the infiltration rates can be calculated by
Equation 9. In this equation K is the infiltration rate in inches per second, Astand is the cross
sectional area of the standpipe in square inches, Asample is the cross sectional area of the sample in
square inches, L is the length of the sample, ∆t is the change in time in seconds, hu is the height
of the water above the sample when the clock is started, and hl is the height of the water above
the sample when the test is complete.
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Equation 9. Falling Head Infiltration Rate Equation (31)

Figure 20 Falling Head Apparatus
46

The precision of this machine was determined using six freshly made pervious concrete
samples. Three of the samples had no sand and three had some sand in the mix. The details of
this precision analysis can be seen in APPENDIX A.

3.4.3 PREPARING THE SAMPLES
In order for the infiltration apparatus to function accurately, the samples must be properly
prepared. This preparation must be done so that no water leaks around the side of the sample,
yielding inaccurate results. It must also ensure that no water leaks out at the joint of the latex
membrane and the valve. This process begins with the sample as seen in Figure 21.
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Figure 21 Pervious Concrete Sample Ready To Be Prepared

48

Because voids in the sample are oriented such that any water could leak out of the sides,
the sides need to be sealed. This can be done using a waterproof tape such as duct tape. A sealed
sample is shown in Figure 22.

Figure 22 Duct Tape Wrapped Sample
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Once the sample is sealed a latex membrane similar to what is used in soils permeability
tests can be fitted to the cover as shown in Figure 23. The latex membrane used is a Humbolt 2.8
inch diameter membrane that is 0.025 inches thick. The thin membrane will stretch out over the
sample giving a snug fit, and the thicker membrane was selected to minimize tearing of the
membrane.

Figure 23 Latex Membrane Being Fitted To Sample
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At higher head pressures, it is possible for the water to leak between the waterproof tape
and the latex membrane. In order to avoid this, a piece of waterproof tape was folded in half so
that it would adhere to both the sample and the latex membrane. This can be seen in Figure 24.

Figure 24 Taping Membrane To Sample
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Next, zip ties were placed on the bottom of the sample as can be seen in Figure 25. This
served two purposes. First, it helped to adhere the waterproof tape to the membrane and the
sample to avoid leaking. The stand that the sample sits on has a 4 inch diameter while the sample
has less than a 3.8 inch diameter. The zip ties allowed a surface for the sample to sit on the stand.

Figure 25 Zip Ties to Secure Tape and Hold Sample
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The next series of steps involves attaching the sample so that no water leaks around the
joint of the latex membrane and the valve. The latex membrane is stretched, folded over, and
tightly secured to the valve with waterproof tape. This must be done tightly enough that no water
can force its way up through the latex membrane, but not so tight as to rip the membrane. This
attachment can be seen in Figure 26.

Figure 26 Attaching Latex Membrane to Valve
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To reinforce the seal so that no water finds its way up through the joint, the joint is taped
to the valve using waterproof tape. Then, a zip tie is tightened around the joint to seal it. Figure
27 shows this.

Figure 27 Securing Membrane to Valve
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The final step in securing the valve is preventing the gap from the valve to the top of the
sample from stretching out. When the valve is opened, high head pressure can result in the water
flowing into this gap causing it to stretch out like a water balloon. This can be averted by sealing
it with tape at a 1.5 inch diameter all of the way down to the top of the sample. Figure 28 shows
a sealed sample.

Figure 28 Eliminating Membrane From Ballooning
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3.4.4 ORIGINAL FLOW RATE
To determine the original flow rate of the samples, the samples were prepared as
explained in section 3.4.3. The apparatus was filled to a head pressure of approximately 52
inches above the sample. When the valve is opened, water floods the void space in the latex
membrane between the bottom of the valve and the top of the sample. This resulted in an applied
head pressure of approximately 36 inches on top of the sample. This is much more head pressure
than would be experienced in a typical rainstorm, but, because some of the samples were so
clogged that they were considered “impervious” in the field, a high head pressure was necessary
to observe flow through the sample.
The time taken for the head pressure to fill the latex membrane was neglected. The
change in head pressure chosen to be measured for the samples was a 14 inches. This would
allow enough time to prepare the stopwatch after the valve has been opened, and enough time
that human error is minimal. The height from the top of the valve and the bottom of the sample is
15.5 inches. Thus, in order to achieve a 14 inch change in head pressure the flow of water is
timed between 29.5 inches and 15.5 inches.
With soils this test is intended to be performed until there is less than a 10% error in the
infiltration rates (32). However, because some of the voids in the samples would fill slower than
others, the pervious concrete sometimes went through a “wetting” phase on the first few trials.
The tests were performed until five consecutive trials yielded a deviation of no more than 0.5
seconds from the average, and the series data from each trial was neither increasing nor
decreasing.
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The samples can then be carefully removed from the apparatus, the zip ties cut off and
the latex membranes carefully removed. Care must be taken when removing tape from samples
so as to not remove debris or aggregate from the sample.
After each sample was completed, the water that had passed through the samples was
roughly 10 gallons. This water was then poured through a filter to capture any debris that passed
through the samples. This filter containing the debris was air dried, weighed, and then the debris
poured into a crucible for observation and analysis. An organics analysis was performed on this
debris, as there was generally less than 0.5 grams of material, which is too little to perform many
other tests.

3.4.5 SWEEPING
Next, the first phase of cleaning was performed. After placing a sample on paper, a brush
was used to simulate a street sweeper. The sample was swept with the brush on the top end of the
sample. The sweeping was done in a back and forth motion on all directions on top of the sample.
Rather than sweeping until the sample is completely clean, to mimic a street cleaner it is more
realistic to sweep a set number of times. After twenty strokes on a sample, the material removed
was placed in a crucible for analysis. As with the debris collected from the first trial, there was
not enough material to perform a sieve analysis, so only an organics test was used.
After the sweeping of the samples, they were prepared as before using the procedure
from section 3.4.3 and the falling head test can be performed. As before the drop in head was
from 29.5 to 15.5 inches in head pressure to record a drop of 14 inches of head pressure. The test
was performed multiple times until five consecutive results yielded a deviation of less than 0.5
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seconds from the average. The water from this second round of testing was also filtered for
analysis, and the tape and latex membranes removed.

3.4.6 PRESSURE WASHING
The second cleaning method used was a pressure washer. The pressure washer used was
a 2000 pound per square inch pressure washer with a circular nozzle attachment. This circular
nozzle gave a true pressure of 2000 pounds per square inch rather than dissipating the pressure
with a flat attachment. Pressure washing was performed at a height of 3 inches from the sample
at a slow but constant rate of approximately 10 seconds per sample.
Once the pressure washing was performed on each sample, the material removed was
again sent through a filter. This debris was analyzed using ASTM C136, the sieve analysis test as
was performed in section 3.1.1. This cohesion of this debris was then tested using ASTM D4318,
the Atterberg limit test used in section 3.1.2. And finally, an organics test was performed with
the debris as in section 3.1.3.
The samples were then prepared again following the procedure in section 3.4.3 and a
permeability test was performed one final time again using a change in head pressure of 14
inches. This was repeated until five consecutive trials yielded a deviation of less than 0.5 seconds
of the average. The debris that passed through this final permeability test is again collected on a
filter for its weight and an organics analysis.
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3.4.7 BREAKING CLEANED SAMPLES
After the samples were cleaned using sweeping followed by pressure washing, what
debris remains in the samples was determined. The samples were broken apart using a
screwdriver as in section 3.3.2 removing the aggregate one piece at a time. Once the samples are
broken and dried in an oven at 105 ˚C, three tests were performed on the samples: the gradation
test as described in section 3.3.3, the cohesion test as described in section 3.3.4, and the organics
test as described in section 3.3.5.
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CHAPTER IV
RESULTS

4.1.0 SOIL ANALYSIS
Soils were collected from five locations at the site. These locations corresponded such
that they were near to where the concrete samples were collected. The initial soil was taken from
the westernmost location and labeled A, and each soil sample was taken within five feet of the
concrete sample location. Figure 29 shows the map of the location. In the parking lot, there are
two types of locations where soil could be removed: one from the grassy strip that runs between
the rows of parking spaces, and the other is the circular basins where the trees grow. The tree
basins are marked with an “O” in Figure 29. Soils denoted A and F were removed from these
tree basins, and were taken near the locations that concrete samples A and F were removed.
These basins were lined with a landscape fabric and covered in mulch; however, much of this
mulch had broken down leaving a peaty soil. Soils from locations B, C, and E were taken from
the grassy strip between the parking rows and denoted with an “X” in Figure 29 and labeled B, C,
and E with the corresponding letter of the nearby site from which they were removed. These
contained a reddish, clayey soil.
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Figure 29 Soil Locations (GoogleMaps)

4.1.1 SIEVE ANALYSIS
Soils A and F
The soils from the tree basins near locations A and F contain a peaty soil from the
broken-down mulch. This dark-colored soil resembled the soil covering the pervious concrete
near the areas where samples A and F are removed; however, these tree basins are located
throughout the parking lot, and could be clogging the voids of any of the samples. The grain size
distribution can be seen in Figure 30.
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Figure 30 Grain Size Distribution of Soil A and F

Soils B, C, and E
The soils removed from locations B, C, and E are from the grassy island between the
northern and southern parking spaces. This red clay contained roots from the surrounding trees
when it was extracted. These roots were carefully removed before the grain size distribution and
organics testing was performed. Figure 31 shows the grain size distribution of this soil.
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Figure 31 Grain Size Distribution of Soil B, C, and E

Soils B and C contain a very similar color soil, but soil E is much more pale in color.
Also, soil C had fewer roots in it. The locations of soils B and C were surrounded by living trees.
Soil C was removed from a tree stump that appeared to have been dead for some time, thus the
reason for having fewer roots.

Soil Comparison
When the soils are compared as shown in Figure 32, it becomes apparent that soils A and
F are nearly identical. The clays at locations B and E contain larger particles and fewer fines than
the clay at location C.
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Figure 32 Grain Size Distribution of Surrounding Soils

4.1.2 ATTERBERG LIMITS
The Atterberg Limits of the surrounding soils was taken to classify the soils. Soils A and
F were not cohesive enough to perform the tests; thus, they contained little to no clays. Soils B,
C, and E have a plastic limit, a liquid limit, and a plasticity index as shown in

Table 3. Soils B and C are a low plasticity clay, while soil E is a low plasticity silt/organic soil.
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Table 3 Atterberg Limits of Surrounding Clays
Surrounding Soil
Location
B
C
Plastic Limit
23.7% 24.1%
Liquid Limit
31.8% 32.0%
Plasticity Index
8.1%
7.9%

E
43.5%
45.1%
1.6%

4.1.3 ORGANICS TEST
Once the loss on ignition test was performed on the soils, it is apparent that both soils A
and F are highly organic, as seen in Figure 33. Soils B and C both have low organics, and were
also similar in their cohesiveness as was noted in the previous section. The soil in location E,
however, had a higher organic count. This is also in line with the results of the Atterberg Limits
test, which found a higher plasticity index of this soil.
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Figure 33. Loss on Ignition in Surrounding Soils

4.2.0 CLOGGING AGENTS SAMPLE #1
4.2.1 SAMPLE OBSERVATION
SAMPLE A
Sample A has very visible clogging. This can be seen in Figure 34. By observation, this
sample appears to be covered in the organic soil from the tree basins and some asphalt. The
location that this sample was removed from is covered in approximately ½ inch of this debris.
This location was originally deemed impervious in the primary testing.
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Figure 34 Photo of Cut Sample A

SAMPLE B
Figure 35 shows a photo of sample B. This sample does not appear to have as much of
the peaty soil from the tree basins. The soil appears to be a pale gray color with a finer grain. The
sample also contains some asphalt. This was determined to be an impervious area upon the initial
testing.
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Figure 35 Photo of Cut Sample B

68

SAMPLE C
Sample C can be seen in Figure 36. This sample does not have as much visible debris in
the voids. There is some loose asphalt. This location had the highest infiltration rate of 26 inches
per hour.

Figure 36 Photo of Cut Sample C
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SAMPLE E
Figure 37 shows a photo of sample E. The voids in this sample appeared to be clogged
with a very pale, fine aggregate. It almost appeared on first observation as if it were sealed. This
location had a low infiltration rate of approximately 12 inches per hour.

Figure 37 Photo of Cut Sample E
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SAMPLE F
Sample F, like sample A, was in a location that was covered by what appeared to be the
peat soils of the tree basins; however, the depth of the soil above the concrete layer was not as
great. This sample, shown inFigure 38, was taken from a location that was determined to be
impervious by ASTM C1701. Some moss can be viewed covering the sample.

Figure 38 Photo of Cut Sample F
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SPLIT SAMPLE
When breaking apart the samples with the screwdriver, there was three times where the
samples happened to split apart in such a manner that revealed a cross-sectional view of some of
the clogged voids. While the splitting of the concrete was unintentional, it did reveal some
interesting results about the layout of the clogging agents. This gave a better insight into the
orientation of the soils that clog the voids and the depth of clogging.
Figure 39 shows a cross section of one of the samples. From this visual inspection it can
be noted that near the surface, which is the upper end of the photo, the voids are nearly
completely clogged with the darker soil. The color of this resembles that of the highly organic
soil, like A and F, found in the tree basins. Below this initial layer, there are some other soils in
the voids that more closely resemble the color of the clays in the surrounding region, like B, C,
and E. This soil is more isolated in certain regions and does not fill the voids.
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Figure 39 Cross Section View of Clogged Voids

Another major breakthrough when the samples happened to split is the depth of clogging
of the surface soils. As can be seen in Figure 40, Figure 41, and Figure 42 the depth of fully
clogged voids is one inch. This finding contradicts Vancura’s research (19) that suggests that the
depth of clogging would only be one-quarter of an inch. This could be a result of the length of
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operation of the Finley parking lot being over fourteen years, resulting in greater clogging than
the parking lots that Vancura tested that were much younger in age (19).

Figure 40 Depth of Clogged Voids (a)
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Figure 41 Depth of Clogged Voids (b)
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Figure 42 Depth of Clogged Voids (c)

4.2.1 SIEVE ANALYSIS
The samples were broken apart with the screwdriver and separated into their individual
aggregate pieces. In order to determine what was lost in the comparison between the whole
samples and the broken samples, the mass of the pre-broken sample and the post-broken samples
were compared. These results are in
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Table 4. The main cause of this loss in mass is because occasionally an aggregate piece
would be lost while being pried off of the rest of the sample. The results from E are notably
higher than the others. This is partially due to the fact that the post-broken mass was taken after
the broken sample was dried in a 105 ˚C oven overnight.

Table 4 Percent Loss in Breaking of The Whole Samples
Sample
A
B
C
E
F

Percent Lost in Breaking
0.82%
0.52%
0.96%
3.77%*
1.55%

The grain size distributions of the whole samples can be seen in Figure 43. This
distribution only included that which passed the #12 sieve as anything that was retained on this
top sieve was assumed to be aggregate. Some of the aggregate is known to not be from the
surrounding soil from visual inspection. Some of the material retained on the sieves is aggregate
from the asphalt that constructs the roadway. Some of the material that passed through to the pan
is assumed to be cement that is broken down by the aggregate clinging together in the shaker.
This means that there are some slight deviations in the grain size distribution plots; however,
these deviations will be considered insignificant for analysis.
It is interesting to note that concrete samples A and B are downhill and in the flow path
of soils from where samples B and C were taken, while concrete sample C is at the crown and
more closely resembles the grain size distribution concrete samples of E and F, which is
77

downhill and in the flow path of soils C and D. A more concise comparison of the surrounding
soils and the soils clogging the samples will be performed in section 5.1
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Figure 43 Grain Size Distribution of Uncleaned Broken Samples
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Figure 44 shows the soils in the samples that pass the #40 sieve. This shows a clearer
distinguishing of A and B as compared to E and F. C more closely resembles E and F, but can
more easily be distinguished from the two and lies between the two groupings.
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Figure 44 Grain Size Distribution of Particles Passing #40 Sieve of Uncleaned Broken Samples

The cumulative mass passing the #40 sieve is shown in Figure 45. The location where
concrete sample C was taken is the crown of the parking lot; thus, there will be less flow over
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this area during a rainstorm, and it should be clogged the least. The ends of the parking lot at
locations A and F should have the most contaminants, because these locations handle the greatest
flow during a rainstorm.

Mass In Whole Broken Sample
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Figure 45 Mass Passing #40 Sieve In Uncleaned Broken Sample

4.2.2 COHESION TEST
When attempting to determine the Atterberg limits of all of the soils, while the soil did
have a very slight cohesion to it, the soil did not provide enough cohesiveness to perform the
tests. There was no amount of water that could be added to the soil that allowed adequate
cohesion to form the samples into a “snake-like” mass. One explanation for that is that there is
no clay that is retained in the pervious concrete. Another explanation is that some clay does exist
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in the sample; however, the clay is not in adequate quantities to provide enough cohesion to
perform the tests.

4.2.3 ORGANICS TEST
The organics contained in the sample are shown in Figure 46. Samples A, B, C, and E
have between 4% and 4.5% organics, while F contains approximately 2.8% organics. These
results will be compared with the surrounding soils and the soils removed from sweeping and
pressure washing in chapter 5.
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Figure 46 Organic Materials in Whole Broken Sample
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F

4.3.0 FLOW RATE SAMPLE #2
4.3.1 ORIGINAL FLOW RATE
Once the flow rate of the three samples was taken, each result was plotted consecutively
by trial number, as can be seen in Figure 47. In every sample, except for A, the infiltration rate
on the first sample is higher at first, and then lowers eventually leveling off at a set flow rate.
This is a result of the pores in the sample filling with water. As the pores fill, the pervious
concrete is temporarily storing the water. This transitional phase represents the flow of water to
fill these voids and the flow through the sample, and not solely the flow rate through the sample,
resulting in a higher representation of the flow rate. This is referred to as the “wetting” phase of
the pervious concrete. These voids are eventually filled and the flow rates stabilize to a more
consistent rate.
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Figure 47 Original Falling Head Test Results
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The averages of the last five trials were taken of each sample, once the voids had filled
and the deviations between trials had been minimized. This is shown in Figure 48. The error bars
represent one standard deviation of the last five trials.
Sample C has the highest infiltration rate, which is most likely because it is located at the
crown of the parking lot. Less water will flow over this location in a heavy rainstorm due to this
location, washing less debris in its voids. However, location B has the lowest infiltration rate,
while A and F are at the ends of the parking lot and handle the greatest flow.
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Figure 48 Average Infiltration Rates of Original Samples

While performing the test, some debris was flushed through the samples. The results of
this are shown in Figure 49. The debris removed was less than a gram, which was too little to
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perform a sieve analysis. A photo of this debris from sample A is shown in Figure 50. The debris
from the other samples is shown in APPENDIX C.

Debris Removed From Original Flow
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Figure 49 Debris Removed From Original Flow
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F

Figure 50 Debris Removed From Sample A From Original Flow

An organics analysis was performed on the debris removed from these samples. The
results of this are shown in Figure 51. This shows that there is some organic material in this
debris; however, due to the small quantities of material being analyzed, there is large error
associated. This is particularly true in sample F, where there were only 0.2 grams that were
analyzed.
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Figure 51 Organics Analysis from Debris Removed From Original Flow

4.3.2 SWEEPING FLOW RATE
Sweeping was simulated on the surface of the samples. The quantity of debris removed
are shown in Figure 52. Location A and F appeared to have the most material on the surface,
resulting in these two samples having the most removed by sweeping. Location C had the least,
and as mentioned earlier also handles the least flow on its surface during a rainstorm.
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Figure 52 Debris Removed From Sweeping Samples

Figure 53 shows a photo of the debris removed from sweeping in concrete sample A.
From visual observation, a majority of the mass that was removed was asphalt. Visual inspection
of the samples after sweeping did not show significant improvement in the quantity of debris in
the voids. This is due to the fact that on average only one gram of material was removed from
each sample due to sweeping. This equates to approximately 0.3 pounds of material per square
foot.
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Figure 53 Material Removed From A from Sweeping

An organics analysis was performed on what was removed from sweeping, as shown in
Figure 54. This does prove that there is some organic material in the soil; however, these
percentages may not be accurate due to the small quantities measured.
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Figure 54 Organics Analysis on Debris Removed From Sweeping
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After sweeping, infiltration rates were again measured as is shown in Figure 55. The
voids were again filled initially representing an initially higher flow rate, but typically the
difference between the initial and final representations of the infiltration rates were not as drastic
as before.
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Figure 55 Post Sweep Falling Head Test Results
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Once the averages were taken of the last five trials in each sample, the infiltration rates
were significantly increased, as can be seen in Figure 56. As before, the error bars represent one
standard deviation in the positive and negative directions. A comparison between the original
flow rates and the post sweep flow rates will be discussed in section 5.2.
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Figure 56 Post Sweep Infiltration Rates

The amount of debris removed by filtering the water from the falling head test after
sweeping is shown in Figure 57. No organics test was performed on this debris, because of the
small amount of debris yielding inaccurate results. A further comparison of this debris removed
is in section 5.2.
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Figure 57 Debris Removed From Post Sweep Flow

4.3.3 PRESSURE WASHING FLOW RATE
The samples were pressure washed, and the fouled water was filtered. The mass of the air
dried debris removed is shown in Figure 58. As was noted before with the debris removed from
sweeping, there is the most clogging material on the ends of the parking lot where the flow is the
greatest. These would be samples A and F. Sample C, which is on the crown of the parking lot
and handles the least amount of flow, has the least debris that was able to be removed by
pressure washing.
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Figure 58 Debris Removed From Pressure Washing

There was a relatively significant amount of soil that was removed from the samples
during pressure washing. On average 8.6 grams of material was removed per sample, which
equates to approximately 2.5 pounds of debris removed per square foot. This quantity of debris
allowed for a sieve analysis to be performed. The results are shown in Figure 59. The material in
sample A is the most different from the other samples, which are clustered. A comparison
between this material and the surrounding soils will be performed in 5.1.2.
It should also be noted that in an attempt to determine the plastic limit of the debris
removed from pressure washing, there was insufficient cohesion to perform the test. Again, there
was not enough cohesion for the samples to “ball-up” to perform the test. Thus, it is assumed that
there is little to no clay in the debris that was removed from pressure washing.
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Figure 59 Grain Size Distribution of Material Removed from Pressure Wash

Figure 60 shows an organics analysis of the debris removed from pressure washing.
Samples A and C contained some organic material, while the other samples contained none.

95

Organics In Pressure Washing Debris
6%

Loss on Ignition

5%
4%
3%
2%
1%
0%
A

B

C

E

F

Sample

Figure 60 Analysis of Organic Materials on Pressure Washed Debris

After pressure washing, the samples appeared to be free of debris from visual inspection.
Figure 61 shows the cleaned samples, before the falling head test was performed. The samples
are in order: A, B, C, E, and F.
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Figure 61 Samples After Pressure Washing

The results of the falling head test are shown in Figure 62. Due to the voids not being as
clogged, there was not a noticeable “wetting phase.”
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Figure 62 Post Pressure Wash Falling Head Test Results
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The averages of the last five trials of each sample are shown in Figure 63 with the error
bars again representing one standard deviation. Sample B has the highest infiltration rate, and the
rest of the samples do not follow a noticeable pattern. Further comparison between the original
infiltration rates and these infiltration rates will be evaluated in section 5.2.1.
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Figure 63 Post Pressure Wash Infiltration Rate

The debris from the falling head test was again collected and filtered from the falling
head test of the pressure washed samples, and the quantity removed follow in Figure 64. The fact
that there is still debris coming out of the sample after pressure washing suggests that there is
still material trapped in the voids of the pervious concrete. There is no noticeable pattern in the
debris removed from operating the falling head apparatus on this series of trials; however, further
analysis on the comparison of the debris removed from all operations will be evaluated in section
5.1.3.
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Figure 64 Debris Removed From Post Pressure Washing Flow

4.3.4 BROKEN CLEAN SAMPLE
The pressure washed samples were pried apart using a screwdriver as before. The
cumulative mass passing the #40 sieve is shown in Figure 65. There is the least material clogging
sample A, and the most in F. This pattern is slightly different than that from the whole broken
sample. Some of this could be methodical, as the mortar was used on some of these samples
more readily and could have caused some of the aggregate to have broken and more of the
cement to have chipped off.
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Figure 65 Mass In Cleaned Broken Sample Passing #40 Sieve

The remaining clogging agents removed by breaking the pressure washed samples is
analyzed in a sieve analysis and the results are plotted in Figure 66. The debris in samples A and
B follow similar patterns as they are in the same path of flow as one another. Samples C, E, and
F are also similar.
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Figure 66 Grain Size Distribution of Broken Cleaned Sample

To zoom in on the fines in the sample, this same sample can be evaluated for only the
material that passes the #40 sieve. The results are shown in Figure 67. This analysis shows
samples A and F being the most different, while samples B, C and E lie between and are more
similar.
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Figure 67 Grain Size Distribution of Broken Cleaned Sample Passing #40 Sieve

Upon the evaluation of an organics test on the material passing the #40 sieve, it becomes
apparent that sample C at the crown of the parking lot has the least organic matter. This is shown
in Figure 68. The amount of organic material increases in each direction as it approaches the
endpoints of the parking lot.
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Figure 68 Loss on Ignition of Cleaned Broken Sample
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CHAPTER V
DISCUSSION

5.1.0 GRAIN SIZE DISTRIBUTION AND ORGANICS COMPARISON
5.1.1 SURROUNDING SOILS VS. WHOLE SAMPLES
After obtaining all of the data from the testing, potential correlations between the results
were analyzed. First, the soil from the surrounding areas can be compared with the sieve analysis
of the broken samples.
When compared with the surrounding soils, concrete sample A seems to be a blend of the
clayey soil and the broken down mulch. However, because it has no cohesiveness, it is assumed
that the clay is not found in the concrete. This could be a result of some of the larger sand and silt
that is in the soil being lodged in the voids of the concrete, while the smaller clay particles pass
through.
There is a slight deviation in the larger particles as can be seen by the grain size
distribution charts of the clogging debris that is compared with that of the surrounding soil. This
suggests that larger particles such as the surrounding asphalt may be clogging the voids. The
organics analysis shows that the organics in the whole broken sample A is 4.3%. This value is
between the range of soils B and C (2.8% and 2.2% respectively) and the broken down mulch
(around 30%). Thus, it could easily be a blend of these soils.
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Figure 69 GSD: Surrounding Soil Vs. Whole Sample A

Concrete sample B, seen in Figure 70, shows similar results to that of sample A in that it
appears to be a blend of the soils. The organics analysis backs this up by showing it contains 4.1%
organics. This is between the range of soils B and C (2.8% and 2.2% respectively) and the
broken down mulch (around 30%).
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Figure 70 GSD: Surrounding Soils VS. Whole Sample B

Concrete sample C appears to have a more coarse material than the surrounding soils.
This is shown by the percent passing the sieves greater than 0.3 millimeters being less than that
of the surrounding soils. The smaller particles do appear to be in the range of a blend of soils, but
the sample contains more large particles than the surrounding soils. This could suggest that some
of the debris clogging this sample is from outside sources. In the vicinity of this sample, there
was some visual evidence that “tailgaters” had dumped their grill ashes onto the pervious
concrete in this section of the parking lot. But, this could also merely suggest that some of the
asphalt from the road washed its way into the voids. The organics test shows that this location
had 4.3% organics. This could be a blend of the soil from location C that contained 2.2%
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organics (the soil from location B is downhill so it is not considered here) and a surrounding tree
basin that contains approximately 30% organics.
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Figure 71 GSD: Surrounding Soil VS. Whole Sample C

Concrete sample E is similar to sample C in that it contains more coarse-grained material
than the surrounding soils, suggesting that some of the material that is clogging it may not be
solely soil and that asphalt washed into the pores of the sample. The organics test showed that it
contained 4.1% organics. This could have been a blend of soil C that contains 2.2% organics, soil
E that contains 5.9% organics, and the soil from the tree basins that contains approximately 30%
organics. The gradation can be seen in Figure 72.
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Figure 72 GSD: Surrounding Soil VS. Whole Sample E

Sample F also consists of a more coarse-grained mixture than the surrounding soils.
However, its organics composition is quite low in that it only contains 2.8% organics. Although
it is possible that soils from location C that contain 2.2% organics could have flushed into this
location, the nearby soil E and the tree basin soils contain 5.9% and approximately 30%
respectively. This suggests that much of what is clogging the samples is not local soils, but other
debris that has been brought in. Also, the low organics could possibly be further decomposition
of the little organic material from the soils trapped in the voids.
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Figure 73 GSD: Surrounding Soil VS. Whole Sample F

5.1.2 SURROUNDING SOILS VS. PRESSURE WASHING DEBRIS
When the surrounding soils are compared to the material which was removed by pressure
washing, the results are slightly different from the results found from breaking the whole
samples. The debris removed from sample A, unlike any of the other samples, has a smaller
gradation than any of the surrounding soils. This could be a result of the alternate materials
clogging the sample such as charcoal ash, or it could be that only the smaller particles from the
soils are being flushed into the voids of the samples. This can be seen in Figure 74. An organics
test shows that it contains 5.0% organics. This could suggest a blend of the 30% organics from
the tree basins and the 2.8% and 2.8% organics from soils B and C.
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Figure 74 GSD: Surrounding Soil VS. Pressure Wash A

Figure 75 shows that gradation of the soil in sample B that was removed from pressure
washing nearly resembles that of soil C. However, the soil did not have the cohesion of soil C, so
there was little to no clay in the sample. From an organics analysis, sample B contained no
organics, unlike any of the surrounding soils.
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Figure 75 GSD: Surrounding Soil VS. Pressure Wash B

Sample C is also well within the range that could make it a blend of some of the
surrounding soils. This can be seen in Figure 76. The organics analysis of this sample showed
that it contained 2.5% organics. This could have made it a blend of soil C and soil from the tree
basins that contain 2.2% and around 30% organics respectively.
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Figure 76 GSD: Surrounding Soil VS. Pressure Wash C

Figure 77 shows that sample E could be a blend of the surrounding soils. It contains some
heavier particles on the large end of the spectrum, but this could be some asphalt in the voids.
There are no organics found in this sample, unlike any of the surrounding soils. This could be
because less of the organic material in the soil was removed from pressure washing. There was
only 4% organics found in the debris from the whole broken sample E, so this is a definite
possibility.
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Figure 77 GSD: Surrounding Soil VS. Pressure Wash E

Sample F is well within the region that it could be a blend of soils as can be seen by
Figure 78. There are no organics found in this sample, so like sample E, it may be that some of
the organic material found in this soil was not flushed out by pressure washing. There was less
than 4% organics found in the whole broken sample F, so this could be the case.
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Figure 78 GSD: Surrounding Soil VS. Pressure Wash F

5.1.3 DEBRIS REMOVED
As the falling head test was performed, some debris was flushed through the sample. On
the original test when the sample was fully clogged, the most debris was removed as was
expected. This can be seen in Figure 79. However, after pressure washing more debris passed
through than after sweeping. Sweeping removed little mass when compared to that of pressure
washing. This suggests that sweeping knocks less mass loose to pass through than pressure
washing does.
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Figure 79 Debris Removed From Operating Falling Head Apparatus

5.2.0 FLOW COMPARISON
5.2.1 FLOW RATES IMPROVEMENT
Figure 80 shows a comparison of the improved flow rate of each sample. On average
sweeping improved the infiltration rate by 144%. On sample C, the flow rate was actually
decreased; however, the difference is well within one standard deviation of our error, suggesting
that the infiltration rate was unchanged by sweeping. Samples E and F experienced little increase
in infiltration, while A and B experienced the most dramatic increases.
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Figure 80 Flow Rates Improvement

From a t-test: assuming unequal variances, the p-values of the original flow to the post
sweep flow are as shown in Table 5. The hypothesized mean difference was assumed to be zero,
and the alpha to be 0.05. Statistically, A, B, E, and F showed improvement with F just barely
showing improvement. C was not statistically different, and thus showed no improvement.
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Table 5 t-Test comparison for Uncleaned Infiltration to Post Sweep Infiltration
Uncleaned:Post Sweep
Sample p-Value
Statistically Different?
A
7.7E-07 Yes
B
3.2E-07 Yes
C
1.4E-01 No
E
3.3E-07 Yes
F
4.9E-02 Yes

From pressure washing, all of the samples experienced significant increases in infiltration
rates. On average there was a 288% increase in infiltration from post sweeping to post pressure
washing. However the average increase in infiltration from the original infiltration rate and the
post pressure wash infiltration rate was 414%. Concrete sample B experienced the greatest
increase in infiltration with a 1424% increase in infiltration. This can be seen in Figure 81.
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Figure 81 Percent Increase in Flow From Cleaning

From a t-test: assuming unequal variances, the p-values of the original flow to the
post sweep flow are as shown in Table 6. The hypothesized mean difference was assumed to be
zero, and the alpha to be 0.05. All of the samples showed improvement in their infiltration rates.
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Table 6 t-test Comparison for Post Sweep Infiltration to Post Pressure Wash Infiltration
Post Sweep: Post Pressure Wash
Sample p-Value
Statistically Different?
A
4.5E-05 Yes
B
1.4E-06 Yes
C
1.3E-05 Yes
E
2.3E-08 Yes
F
8.4E-07 Yes

5.2.2 FLOW RATE VS. MASS REMOVED
Figure 82 shows how much debris was removed from the samples compared with how
much remained in the samples. Pressure washing removed significantly more than sweeping did.
However, there still was a significant amount of material lodged in the samples.
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Figure 82 Debris Removed From Cleaning Samples

By summing up how much debris is lodged in the sample, it is apparent from the data that
there is no correlation between the amount of debris trapped in the sample and its infiltration rate.
This is shown in Figure 83.
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Figure 83 Total Debris in Sample To Original Flow

When evaluating how much mass was removed from the sample to the percent increase
in flow, a pattern starts to form. This can be seen in Figure 84. Although the initial low
infiltration rates of sample B deviate from this trend, it fits well within a pattern. In theory, it is
logical that the more debris removed from the sample, the higher the increase in infiltration rate
will be. It can also be assumed that when there is zero mass removed, there is no increase in
infiltration rate, thus any correlation must cross the axis.
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Figure 84 Mass Removed Compared To Improved Flow

When a correlation is attempted to be fit a power series appears to be the best fit;
however, there is not enough data to know for sure. Also, the low permeability of sample B does
not seem to fit the schematic. A power series would make sense, due to the fact that it would
cross through the origin. In other words, when no mass is removed, there is no increase in
infiltration rate. More data should be collected to determine if a power series is in fact the best
fitting model, and the data correlating with sample B is just an extreme on the distribution, or if
the pattern is more complex.
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Figure 85 Finding Potential Correlation of Mass Removed from Sample and Improvement in
Flow (a)
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CHAPTER VI
CONCLUSIONS

6.1.0 TENDANCY OF PERVIOUS CONCRETE TO CLOG
6.1.1 WHERE CLOGGING ORIGINATES
In a pavement surface, there is typically a crown in the middle of the paved area,
allowing storm water to flow away from the center towards the ends, where it typically drains
out. This causes greater flows at the ends of a paved surface than there is in the center. With a
greater flow, there tends to be more debris washed in with this flow. In a pervious pavement
application, such as pervious concrete, this will mean that the ends will tend to be more clogged
than near the crown. This was shown in this report three ways:
•

Visual inspection: there was more clogging at the end points than there was in the middle.

•

Infiltration rate: the original infiltration rates as proved by the falling-head test and
through ASTM C1701 showed much lower infiltration at the ends than in the middle.
This was not necessarily a decreasing order, for the falling head test, because B had such
a low flow rate. But, overall, there was a greater infiltration in the middle than at the ends.

•

Debris removed from the whole broken samples (contradicts that of cleaned broken
sample): there was much more debris at the endpoints that passed the #40 sieve in the
whole broken samples than near the crowns.
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6.2.0 DEBRIS IN SAMPLE
6.2.1 PRESENCE OF CLAYS
There have been studies, such as Hasslebach’s research where clay was used in a
laboratory to clog a pervious concrete sample. However, these methods do not accurately
represent how pervious concrete is clogged in the field over the course of several years. When
the debris was removed from the Finley pervious concrete by three methods, pressure washing,
breaking the pressure washed samples, and breaking a whole sample, the debris removed had no
cohesiveness. Thus, it is assumed that the clay passed through the pervious concrete layer as is
suggested in Mata and Lemings’ research (12), contradicting Hasslebach’s research that suggests
clay can clog pervious concrete (16). Clay is small and as the voids clog in the pervious concrete
structure, the clay more than likely passes through to the underlying aggregate.
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6.2.2 DEPTH OF CLOGGING
Vancura determined the depth of clogging in a pervious concrete structure to be
approximately one-quarter of an inch (19). However, upon visual inspection of the Finley
pervious concrete, the depth of clogged voids extended a full inch in all three samples measured.
Furthermore, beyond this initial inch of clogging, there is other debris that clogged some of the
voids. While the debris in the pervious concrete that was deeper than one inch did not clog many
of the voids, it is present.

6.2.3 NOT ALL SURROUNDING SOILS
In the pervious concrete, much of what was discovered in the voids resembles the
surrounding soils. This was determined by the grain size distribution and the organics. However,
by studying the grain size distribution and the organics, it is apparent that not all of what is in the
voids is soil. Thus, some debris was brought in by alternate means.

6.3.0 FLOW AND MASS OF CLOGGING
6.3.1 FLOW AND MASS IN SAMPLE
The relationship between the amount of debris clogging a pervious concrete sample, and
its initial flow rate shows no direct correlation from the data obtained, as can be seen in Figure
83. This is not to say there is no correlation, but that one cannot be determined from this study.
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6.3.2 FLOW AND MASS REMOVED FROM SAMPLE
There is a correlation between the mass removed from a sample and its percent increase
in flow rate. This can be tested by several means, but the two that were studied in this
experimentation are sweeping and pressure washing.

6.4.0 REJUVENATION
6.4.1 SWEEPING EFFECTIVENESS AND LONGEVITY OF SOLUTION
Sweeping did effectively increase the permeability of the pervious concrete. On average
this was a 144% increase; however, on average only 1 gram of debris was removed per sample.
This means that only 0.3 pounds of material is removed per square foot. Thus, much material
would be removed if the entire parking lot were swept; however, this would not be removing a
significant amount of clogged materials from the voids of the sample. Therefore, if little material
is removed from sweeping, it will more than likely take little time for the soils to re-clog the
sample. Furthermore, the duration of time that this this cleaning method is effective for is
uncertain, but is more than likely not a long-term solution.

6.4.2 PRESSURE WASHING EFFECTIVENESS AND LONGEVITY OF SOLUTION
Pressure washing not only increased the permeability of the pervious concrete by 288%,
but it also removed 8.6 grams of debris per sample. This equates to approximately 2.5 pounds
per square foot. Sweeping removed 10% of the debris that pressure washing the samples did, and
most of the debris removed from sweeping was asphalt. While the pressure washing was done
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after the sweeping, such little material was removed from sweeping in comparison that it had
little effect on that which was removed from pressure washing. Having more material removed
would more than likely equate to a longer time period before the voids of the pervious concrete
were reclogged, but further testing should validate this theory.
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CHAPTER VII
RECOMMENDATIONS

7.1.0 SUGGESTIONS FOR FINLEY
7.1.1 PRESSURE WASH
Finley Stadium should pressure wash the pervious concrete sections of their parking lot.
This should be performed using at least a 2000 psi pressure washer, being sprayed at a height of
three inches above the surface. While sweeping was performed first in this investigation, such an
insignificant amount of debris was removed from sweeping as compared to pressure washing
that this would be an unnecessary expense. This is backed up by Chopra’s study that followed
sweeping with pressure washing (18).

7.2.0 SUGGESTIONS FOR FURTHER RESEARCH
7.2.1 COMPARE FIELD FLOW TO THAT OF SOILS
One interesting thing to study would be the field permeability of the surrounding soils.
By determining the in-place permeability equated with the field density, the clogged
permeability of the pervious concrete could be compared with that of the surrounding soils. This
could determine if the permeability of the clogged pervious concrete is ever less than that of the
surrounding soils. Additionally, the permeability of the surrounding soils and the permeability of
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different blends of surrounding soils should be taken to determine the density of the soils in the
voids.

7.2.2 DETERMINE LONGEVITY OF SOLUTION FOR PRESSURE WASHING VS.
SWEEPING
It is assumed that because pressure washing removed over eight times more material than
sweeping, it would be a solution that would provide increased permeability in the parking lot for
a longer period of time. The validity of this assumption should be determined.

7.2.3 DETERMINE CHEMICAL MAKEUP AND ORIENTATION OF DEBRIS TO
DETERMINE ORIGINS
The upper inch of soil that clogs the pervious concrete appears to be comprised of a large
amount of the organic soil by volume. This can be seen by visual inspection. However, the
sporadic debris that clogs some of the voids in the lower section of the pervious concrete appears
to resemble that of the clayey soil. Due to the fact that there is no cohesiveness in this clayey soil,
it appears as though only the larger, non-clay particles were clogged in the specimens. This
suggests that the clogging in the samples is distributed throughout according to the density of the
clogged samples, although this cannot be said for sure. Further research should be conducted to
determine if the debris that clogs the voids of pervious concrete truly does layer itself by density.
Another interesting point to investigate is what the chemical makeup of the surrounding
soils and the debris in the pervious concrete samples. This can be determined by a test such as a
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gas chromatography. This would determine if the material in the concrete samples is in fact that
of the surrounding soils.
Further investigation on whether the organics is living is unnecessary as none of the
samples were found to have more than 5% organics. Thus, the only way to remove the debris is
by cleaning as was found in Kayhanian et al. (7).
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APPENDIX A
FALLING HEAD MACHINE PRECISION DETERMINATION
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These first three distributions are 30 trials of the three separate unclogged pervious concrete
samples, using the same mix design. The mix was compacted using a Proctor Hammer dropped
25 times. The distributions can be seen in the following figures.
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The next three distributions are 30 trials of three separate samples that were mixed with
250 pounds per cubic yard of sand in the mixture, using otherwise the same mix design. The mix
was compacted using a Proctor Hammer as before. This can be seen in the following 3 figures.
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After the tests were performed, the standard deviations could be performed. The standard
deviations of the trials for each sample containing no sand in the mixture are shown in the tables
below.

No Sand
Sample 1
Sample 2
Sample 3

Infiltration (in/hr)
STDV of Tests
889.97
1117.84
983.41

93.10
58.71
55.90

In this example, the standard deviation between samples is 20.7. This shows that there is
a greater deviation between trials than between samples. However, between samples there is a
statistical difference. Thus, in the tests, there will be some deviation between the samples that is
not a result of clogging, but of the deviation in infiltration rates of the samples.

Samples
T1:T2
T2:T3
T1:T3

p-value

Statistically Different
2.6E-15 Yes
9.7E-13 Yes
2.1E-05 Yes

Next, the standard deviations between trials of the mixture containing some sand was
used. The standard deviation between samples is 10.13. Again there is a greater deviation
between samples than there is between trials.
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With
Sand
Sample 1
Sample 2
Sample 3

Infiltration (in/hr)
STDV of Tests
756.14
617.99
660.84

40.39
24.87
21.34

The t-test, below, confirms that the samples are not statistically the same.

Samples
T4:T5
T5:T6
T4:T6

p-value

Statistically Different
8.0E-21 Yes
1.7E-09 Yes
9.3E-15 Yes

After evaluating the data, it appears that the error in the falling head apparatus is based
off of a percent, not an actual deviation. This is noticed because the deviation between the first
samples that contained no sand was higher than the standard deviation between the second set of
samples that contained sand. This suggests that as infiltration decreases, so does the standard
deviation.
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APPENDIX B
ADDITIONAL PHOTOS
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That removed from original flow: A-F in order
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That removed from sweeping: A-F in order:
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