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Chapter 1 Introduction

1.1 Problem Statement

Pervious concrete has been increasingly used as a powerful tool to mitigate watershed impacts due
to stormwater runoff. It also has positive effects on urban heat island mitigation and ground water
purification. Pervious concrete pavements have an open network of pores to allow infiltration through
the pavement with a subsequent reduction in the quantity of stormwater runoff and an improvement in
water quality (total suspended solids, total phosphorous, total nitrogen, and metals (McCain, 2010)).
This is achieved via mechanical and biological mechanisms. A typical pervious concrete mix design
used in the U.S. consists of cement, single-sized coarse aggregate (between 1” and the No. 4 sieve), and
a water/cement ratio between 0.27 and 0.43. The various mixes can feature a wide range of properties,
e.g., effective air voids of 14 to 31%, permeability of 35-800 in/hr, and compressive strength of 800-
3,000 psi (Schaefer, 2006).

However, there are some issues of concern which must be addressed when using pervious concrete.
Proper mixing and installation is necessary to ensure appropriate in-place material characteristics. Large
void spaces in pervious concrete significantly affect the mechanical properties of the material; as a
result, it is important to maintain a proper balance between infiltration capacity and the mechanical
properties of the materials. Furthermore, winter road maintenance can have a large influence on the
longevity and effectiveness of a pervious concrete installation. Heavy metal mobilization by deicers and
sedimentation of abrasives can lead to expensive maintenance or stormwater management issues.
Seasonal freeze-thaw cycling due to deicer use can also pose a significant risk to pervious concrete
durability. In addition, clogging can reduce the effectiveness of pervious concrete and special
maintenance techniques are generally needed to restore performance, such as sweeping and/or
vacuuming. Clogging can occur due to a variety of actions, including traction sand applied during winter
storms, sediments in stormwater from adjacent land that intersects the roadway configuration, and
collapsed pores from vehicle traffic (McCain, 2010).

The Nevada Department of Transportation (NDOT) needs effective tools to meet recently enacted
federal (EPA) regulations for reducing the amount of fine sediment generated from NDOT right-of-way
within the Lake Tahoe basin. Infiltration is the most effective method of reducing fine sediment. In place
of impervious surfaces, pervious concrete pavement reduces runoff and distributes infiltration. In the
summer of 2012, NDOT began constructing a pervious concrete pavement near Lake Tahoe.
Specifications for this installation included a 7" thick pervious concrete pavement surface over an 8”
thick aggregate drainage layer and 6” thick geotextile-encapsulated sand bed. This project provided an
opportunity to conduct laboratory tests and monitor field sites, so that NDOT could learn from these
applications and implement pervious concrete effectively in other areas. This project encompassed a
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case study of two pervious concrete installations at SR 431 and SR 28. The studies included pre- and
post-construction QA testing.

The research was part of an effort to identify tools that would help NDOT comply with state and
federal regulations to reduce the fine sediment load from State roadways. In addition, research was
needed to ensure pervious concrete installed by NDOT will be durable and effective under their normal
winter maintenance operations.

1.2 Research objectives

The research objectives of this study were to assess the efficacy of pervious concrete in areas
subject to snow plow operations and abrasive and salt application, in terms of managing quantity and
quality of stormwater runoff. It investigated the durability and performance of pervious concrete (e.g.,
in void content, strength and hydraulic conductivity). To this end, the research team documented the
laboratory and field performance of two pervious concrete pavement sections near Lake Tahoe in an
effort to better understand the functionality and durability of such assets.

Performance and durability aspects of pervious concrete pavement are unique for different mixes.
This project provided an opportunity to analyze NDOT installations of pervious concrete pavement to
ensure acceptable performance. The laboratory testing simulated many years of field service and
provided indications of performance and durability without waiting for the results from the field
installations. It leveraged existing research to address a key knowledge gap for deploying pervious
concrete pavements in cold regions where unique challenges exist.

1.3 Anticipated Benefits

This work is expected to produce substantial benefits for NDOT, county and city stakeholders, as well
as agencies with similar climate, by understanding the efficacy and appropriateness of pervious concrete
pavement, a Low Impact Development (LID) technology. Upon successful achievement of the project
objective, a number of benefits can be expected:

1) Pervious concrete enables the use of space that is already part of the highway system for stormwater
runoff control, thus reducing the need for additional land. Reducing the amount of impervious surfaces
may reduce or prevent the need for other stormwater management infrastructure (e.g., ponds, wetlands,
and vegetated swales and filter strips), by decreasing the volume, flow rate and contaminant loading in
stormwater runoff. Other potential benefits include: reducing heat-island effect and pavement noise;
reducing road salt application; reducing hydroplaning, glaring or other safety hazards due to water on
pavements; and minimizing impact to the local ecosystem.

2) This research will likely facilitate the shift from impermeable pavement surfaces to permeable
surfaces and promote the integration of eco-friendly pervious concrete design and construction into
highways, parking lots, sidewalks, local roads, etc.
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3) At this stage, the cost of implementation and ongoing operations and maintenance of pervious
concrete pavement in Nevada is yet to be determined. However, relative to impervious concrete,
pervious concrete pavement is anticipated to have similar cost, but larger savings in terms of increased
pavement safety and mobility, improved level of service, and improved environmental stewardship.
These benefits will be realized once pervious concrete pavement makes the transition from the First
Application (Contract) Field Pilot Stage to the Specification & Standards with Full Corporate
Deployment Stage and becomes widely adapted by NDOT for highway areas where stormwater runoff is
a significant concern.

1.4 Scope of Work and Report Organization

To accomplish the proposed objectives, this work was designed to include multiple tasks as
follows: (1) a comprehensive literature review to summarize the research of the current pervious
concrete constructions, including the construction and maintenance methods, property testing and
evaluation approaches, and unsolved problems; (2) a systematic laboratory investigation of the
performance, including the compressive and splitting tensile strengths, abrasion resistance, air voids
and water permeability, and freeze/thaw resistance in sodium chloride solution of the field pervious
concrete samples; (3) microstructure analysis of these cored samples to elucidate the potential
deterioration mechanisms. The following chapters present the NDOT case study on the pervious
concrete pavement.

Chapter 2 will outline the methodology of the research conducted, specific to both laboratory
testing and field investigations. It will describe the mechanic and forensic testing procedures and the
standard methods by which they were conducted. It will also describe the in-situ evaluation performed
on site. Chapter 3 will consist of a comprehensive assessment of the available literature pertaining to
pervious concrete construction and its implementation, as well as an assessment of what research
remains to be conducted in order to make accurate and informed decisions when choosing whether and
how to integrate pervious concrete into a construction project. In chapter 4, a summary of the field
investigations conducted by the Nevada Department of Transportation and Nichols Consulting
Engineers will be presented. This will include a location report detailing the characteristics of the site
and the results from the onsite performance evaluation. Chapter 5 will present the results of the
laboratory investigation with respect to the mechanical properties and forensic assessment of pervious
concrete samples from the two sites. An interpretation of those results will also be provided in order to
create a more comprehensive view of what is happening in the field. Finally, a concluding summary
will highlight the research findings in Chapter 6. Recommendations for the future implementation of
pervious concrete under these conditions will be provided based on a comprehensive assessment of all
the preceding information.
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Chapter 2 Methodology

2.1 Review of Previous Research

Prior to conducting testing, the research team reviewed and summarized existing knowledge related
to laboratory testing of pervious concrete.

Permeability tests are frequently conducted in the laboratory on pervious concrete samples. While
not yet standardized by ASTM or AASHTO, the most common type of laboratory test is a falling head
permeability test (McCain, 2010; Huang, 2010; Rizvi, 2010; Schaefer, 2006). In this type of test, a
sample is sealed on the sides; the researcher then records the amount of time for water applied to the
surface of the sample to drop in height. The time and beginning and ending pressure head are used to
compute hydraulic conductivity. Two options for testing the infiltration rate in the field include ASTM
C1701, or a method developed and refined over several years by Minnesota DOT personnel (personal
communication with Bernard Izevbekhai, MnDOT).

A demonstration project in Yakima, WA (YYakima County website) compared water samples
collected from sample vaults in pervious concrete pavement and impervious (traditional) asphalt
pavement. The pervious concrete water samples had significantly lower biochemical oxygen demand
(2.5 vs. 11 mg/l), total suspended solids (25 vs. 320 mg/l), copper (8 vs. 20 pg/l), lead (0 vs. 20 pg/l),
zinc (0 vs. 160 pg/l), #2 Diesel (0.4 vs. 1.4 mg/1), and motor oil (0.5 vs. 2.3 mg/l). Other examples of
improvements to water quality are documented (McCain, 2010; and Brown-presentation online).

Pervious concrete pavements are reported to have improved skid resistance (McCain, 2010; and
Izevbekhei, 2008), although little supporting data was found in a cursory search of literature. Tests in a
Pennsylvania parking lot with pervious concrete using a British pendulum tester (ASTM E303) showed
pervious concrete had similar skid resistance to traditional asphalt and porous asphalt (Houle, 2008).

The abrasion resistance of pervious concrete can be easily measured following ASTM C1747 using
a Los Angeles abrasion machine with parameters specifically developed for pervious concrete. Wu et al.
found adding styrene butadiene rubber (SBR) latex polymer to pervious concrete mixes significantly
improved abrasion resistance, and although it decreased, had adequate permeability (Wu, 2010).

Schaefer et al. (Schaefer, 2006) found saturated freeze-thaw performance (using ASTM C666)
could be improved by several different changes to the mix design: using a small amount of fine
aggregate (sand), adding polypropylene fibers, using a slightly higher water/cement ratio, increasing
compaction (lower porosity), including entrained air and increasing paste volume, replacing some
Portland cement with fly ash or silica fume, or using a latex admixture (Kevern, 2008). Yang (2011) also
found silica fume, polypropylene fibers, and/or increased cement content improved saturated freeze—
thaw durability, particularly for water-cured specimens. Unclogged, unsaturated pervious concrete
specimens tested for freeze—thaw resistance with ASTM C666 had significantly greater durability than
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either clogged and/or saturated specimens, with no significant differences in structural properties
(Guthrie, 2010).

McCain et al. in Vermont found during a laboratory study that a large application of a sand-salt 2:1
(by weight) mixture at 0.24 Ib/ft> (equivalent to 15,200 Ib/lane-mile) reduced the hydraulic conductivity
of laboratory-mixed pervious concrete specimens by about 15 percent. Adding sand to the surface and
shaking the samples simulated maximum clogging and reduced the hydraulic conductivity by about 35
percent. Vacuuming the samples restored the hydraulic conductivity to about 90 percent of their initial
values (McCain, 2010).

2.2 Methodologies

The samples for testing were cored from the sites SR431 and SR28. Table 2.1 gives the mixture
proportions of the pervious concrete studied in this work. The designed void content is 25%, and the
water-to-cement ratio is 0.29. The cement was Nevada type 11, the aggregate specific gravity is 2.64, and
the testing results and the NDOT specifications on the aggregates are shown in Table 2.2.

Table 2. 1 Mixture proportions of the pervious concrete in this work

Mixture Proportions - for 1 cubic yard

Mixture Component Weight, Ib | Volume (ft*) | volume (%)
Cement 463 2.36 8.7%
SCM 82 0.55 2.0%
Coarse Aggregate, SSD 2441 14.82 54.9%
Sand, SSD 0
Water 158 2.53 9.4%
Eucon DS, fl.oz.

Eucon X15, fl.oz.

Design Void Content, %

Total weight, lbs
Total volume, fit

27.00
Design Density, Ib/ft’

116.4
Theoretical density (void free), Ib/ft® 155.2
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Table 2. 2 The testing results and the NDOT specifications of the aggregates

"Sieve Size Analysis (ASTM C136/C117)
Percent By Weight Passing
U.S. Standard ASTM C33/NDOT
Sieve Size Paiute Pit Specification

% Inch 100 100
% Inch 100 85-100

No. 4 25 10-30

No. 8 2 0-10

No. 16 2 0-5
No. 200 0.9 0-1.0

2.2.1 Compressive Strength

Compressive strength performance was assessed based on the testing standard ASTM C39, adapted
as follows given that an official standard has not been established for pervious concrete. Cores were cut
to a height of eight inches for a diameter to height ratio of 0.5 and left to dry for 24 hours.

In order to ensure flat, parallel surfaces on the top and bottom of the sample, the cores were capped
with cement in accordance with the recommended standard ASTM C617. The water to cement ratio of
the neat cement paste was 0.3. A small quantity of water reducer was added such that the mixture was
1% reducer by mass. Using this cement mixture, a flat end of the core sample was pushed into the
cement such that the full sample surface was covered by approximately 4 mm of cement. Excess cement
paste was removed to avoid the cement capping extending beyond the circumference of the core. A set
of levels was used to ensure that the cap surface was perpendicular to the axis of the cylindrical sample.
The cement was left to harden for 6 hours before repeating the process for the opposite end of the
sample.

Once the cement caps had dried completely, six measurements were recorded for the height of each
sample. The cores were then compressed vertically at a rate of 440 Ibs/s until failure. The maximum
force applied to reach failure was recorded for each sample. Fig. 2.1 shows the images of the samples
for compressive strength testing.
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Fig. 2. 1 Samples for compressive strength test

2.2.2 Tensile Strength

Tensile strength performance was assessed based on the testing standard ASTM C496. The cores
were cut to a height of eight inches for a diameter to height ratio of 0.5 and left to dry for 24 hours.

In order to ensure flat, parallel and stable surfaces for tensile strength testing, a cement strip was
applied to opposite edges along the full length of each sample. This was done following the standard
ASTM 617 for capping cylinders for compression testing, but with the application of the neat cement
paste along the length of the samples in two diametrically opposite strips. The water to cement ratio of
the paste was 0.3. A small quantity of water reducer was added such that the mixture was 1% reducer
by mass. Using this cement mixture, one edge of the core sample was pushed into the cement such that
the full sample length was covered by a strip of cement that was approximately 4 mm deep. The cement
was left to harden for 6 hours before repeating the process for the opposite side of the sample. During
the process, a set of levels was used to ensure that the cement surfaces were parallel to each other and
perpendicular to the same diameter of the cylindrical core.

Once the cement strips had dried completely, six measurements were recorded for the height of
each sample. The cores were then compressed along their diameter at a rate of 132 Ibs/s until failure.
The maximum force applied to reach failure was recorded for each sample. Fig. 2.2 shows the images
of the samples for the splitting tensile strength test.
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Fig. 2. 2 Samples for splitting tensile strength test

2.2.3 Density, Voids and Absorption

Density and void percentage were measured based on the testing standard ASTM C1754. The
cores were prepared so that rough edges were shaved off with a saw to establish a more uniform height
among a given set of samples.

Multiple diameter and length measurements were taken for each sample using calipers for the
purpose of determining the density of the samples. The dry mass of each sample was determined using
the drying method as follows. The mass of the sample was recorded before the sample was placed in an
oven to dry for 24 hours at a constant temperature of 100 °C. After drying for 24 hours, the mass of the
sample was again measured until the change in recorded mass for each sample was below 0.5% of the
mass before that drying period. This condition was met after two drying periods.

The resulting mass for each sample was used with average length and diameter measurements to
determine the sample density using the following equation

K XA

Density = m

where:

A = the dry mass of the sample in grams
D = the average diameter of the sample in mm
L = the average length of the sample in mm

K = 1,273,240 is a correction factor with unit conversions to kg/m?
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The submerged mass of each sample was then determined by placing a water bath on a scale with a
sample suspended in the bath. The sample was suspended by resting a wooden dowel across the rim of
the bath and tying a string from the dowel to the center of the core. After leaving each sample in the
water bath for 30 minutes, the sample was struck with a rubber mallet to dislodge any air bubbles
remaining within the sample. Then the submerged mass and temperature of the water bath were
recorded. The void content, as a percentage, was calculated using the following equation

KX(A—B))

x 100
Pw X D? X L

Void Content = [1 — (

where:

B = the submerged mass of the sample in grams
pw = the density of water at the measured temperature of the water bath.

Water absorption was measured based on the testing standard ASTM C642. The dry mass of each
sample was recorded and the sample was submerged in water for 24 hours. The sample was then
removed from the water, allowed to drain, and patted dry on the exposed surfaces. The mass of the
sample was measured again before it was placed in the water for another 24 hour period. This was
repeated until the change in mass of the sample was less than 0.5% of the previous period. The water
absorption was then calculated using the following formula

. (B —4)
Absorption (%) = 1

X 100%

where:

A = the initial, dry mass of the sample
B = the final mass of the sample after immersion.

2.2.4 Abrasion Resistance

Resistance to abrasion was evaluated based on the testing standard ASTM C1747. Each sample
was cut to 4 inches in height and air dried for 36 hours. After drying, the sample masses were each
measured and recorded.

Three samples corresponding to the same location group SR28 were placed in a Los Angeles
Abrasion Testing Machine set to 500 revolutions at 30 revolutions per minute. All the resulting material
was sifted through a 1 inch sieve and the material retained was recorded. The same process was then
repeated for three samples from location SR431.
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2.2.5 Water Permeability

An established standard does not currently exist in order to best determine the permeability of
water in pervious concrete. However, previous research has had success adapting a falling head
permeameter to measure the infiltration rate of water through pervious concrete samples. The testing
method used here follows that used during previous research (McCain, 2010; Rizvi, 2010; and Schaefer,
2006).

A falling head test was performed on each of three samples from each sample location. Test
samples were cut to 4 inches in height. The samples were sealed with silicone along the full height of
the cylinder so that only the top and bottom faces of the sample were free to pass water though them.

A standpipe apparatus was fashioned from 4 inch nominal diameter PVC pipe. The standpipe
design was modeled after that used by Schaefer (2006). Three pieces of pipe were cut for each
standpipe: one piece 20 inches in length as the top standpipe tube and two pieces 4 inches in length.
One of the 4 inch pieces was used as the bottom drainage reservoir. The other 4 inch piece housed the
sample.

A 1.25 inch diameter hole was drilled in the bottom PVC piece as an outlet for the water. A thin
plastic plate was attached to the bottom of the pipe with watertight silicone sealer. A second square
plastic plate was fashioned with a 4 inch diameter hole in the center. Four holes were also drilled in the
second plate, one in each of the outer quadrants of the plate. The second plate was then attached to the
top of the bottom PVC piece so that the 4 inch hole matched that of the pipe.

The top PVC piece had a small hole drilled in it near the bottom. A small, clear plastic tube used to
measure the water level inside the standpipe was inserted into this hole and attached, straight and
vertical, to the outside of the standpipe. Intervals of one inch were then marked along the clear tube by
measuring upwards from the bottom of the PVC piece to a height of 15 inches. A plastic plate identical
to the plate fashioned for the top of the first 4 inch pipe was crafted and attached to the bottom of the top
PVC piece.

The second 4 inch pipe was cut from top to bottom along a single length of the pipe to allow
enough flexibility to insert the pervious concrete sample. After inserting the sample, the vertical
opening of the pipe and the pipe-sample boundaries at the top and bottom were sealed with silicone. Fig.
2.3 shows the images of the water permeability testing preparation before testing.

The sample was then placed between the top and bottom portions of the standpipe apparatus with
circular rubber spacers between. A nut and bolt was used for each of the four holes in the plastic plates.
The boundaries between the top and bottom of the sample and its respective portion of the apparatus
were sealed with silicone. Fig. 2.4 shows the water permeability testing apparatus.
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A rubber stopper was placed in the outlet at the bottom of the apparatus and the standpipe filled
with water to above the 15 inch mark. Using a stopwatch with repeatable lap capabilities, the rubber
stopper was removed and a lap time recorded as the water level dropped to each inch interval. This
process was performed three times for every sample.

Fig. 2. 3 Water permeability testing preparation

Fig. 2. 4 Water permeability testing apparatus
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2.2.6 Salt Scaling

A drained test method was used to test for salt scaling resistance. A solution of 3% sodium
chloride by mass was used for the experiment. The samples were slabs cut to 8.5 X 8.5 X 4 inches with
two slabs from each location.

Clear plastic containers of an appropriate size were selected to hold the samples during the
experiment. During the experiment, the container rested on top of another plastic container, which
served as a reservoir into which the salt solution drained. Spacers were placed in the container between
the sample and the container bottom to prevent the sample from lying in the pool of solution which
remained after draining. Two small holes were drilled in the bottom of the container to allow the salt
solution to drain out. These holes were sized so that the time it took for the sample to go from
completely submerged to not at all submerged in the solution was approximately 20 minutes. Fig. 2.5
shows the images of the salt scaling testing process.

Each cycle of freezing and thawing began by placing the sample in the container on top of the
spacers, filling the container with sodium chloride solution so that the sample was completely
submerged, and placing the setup in the freezer. The drainage progress had to be checked every few
minutes to make sure that the drainage holes were not clogged or frozen over.

Fig. 2. 5 Images of the salt scaling testing process

Samples remained in the freezer for 24 hours, at which time they were removed to thaw for another
24 hours. After thawing, the slabs were gently rubbed to remove any loose material and the mass of the
slabs was measured. All material that scaled during the cycle was collected, oven-dried for 24 hours
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and measured for mass. The process was repeated for seven cycles, at which time severe scaling
dictated the originally planned length of ten cycles be cut short.

2.2.7 Microstructure analysis

The low and high magnification fracture surfaces of the samples cored from sites SR431 and SR28,
which were both divided as limited, moderate, and severe, respectively, were observed by scanning
electron microscope (SEM) and X-ray tomography («CT). SEM was conducted under an accelerating
voltage of typically 20 kV. The resolution of the #CT analysis is 10 zm.
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Chapter 3 Pervious Concrete: State of the Knowledge

Pervious concrete has been increasingly used as a powerful tool to mitigate negative impact on the
environment (Tennis, 2004; Offenberg 2005; Scholz, 2007; Joung 2008; Volder, 2009; Schaefer, 2011).
It has many advantages to urban cities, including stormwater runoff management, traffic noise control,
groundwater recharge, and mitigation of the urban heat island (Cackler, 2006; Wanielista, 2007; Lee,
2009; Schwartz, 2010; Garber, 2011; Haselbach, 2011; Ullate, 2011, Li, 2014). Figure 3.1 illustrates
some of the main advantages of a pervious concrete pavement.

Pervious concrete pavements have an open network of pores to allow infiltration through the
pavement with a subsequent reduction in the quantity of stormwater runoff and an improvement in water
quality with respect to total suspended solids, phosphorous, nitrogen, and metals (McCain, 2010). This
is achieved via mechanical and biological mechanisms. Specifications for a pervious concrete pavement
constructed near Lake Tahoe in the summer of 2012 included a 7" thick pervious concrete pavement
surface over an 8" thick aggregate drainage layer and 6" thick geotextile-encapsulated sand bed. A
typical pervious concrete mix design used in the U.S. consists of cement, single-sized coarse aggregate
(between 1” and the No. 4 sieve), and a water to cement ratio (W/C) between 0.27 and 0.43. The various
mixes can feature a wide range of properties, e.g., effective air voids of 14 to 31%, permeability of 35-
800 in/hr, and compressive strength of 800-3,000 psi (Schaefer, 2006). Clogging can reduce the
effectiveness of pervious concrete, and special maintenance techniques are generally needed to restore
performance, such as sweeping and/or vacuuming. Clogging can occur due to a variety of actions,
including traction sand applied during winter storms, sediments in stormwater from adjacent land that
intersects the roadway configuration, and collapsed pores from vehicle traffic (McCain, 2010).

& & & ¢ Less wet surface and

- less traffic noise Heat island effect
mitigation

Rainstorm runoff control
Sub base layer

Groundwater quality control

Fig. 3. 1 Schematic demonstration of the main advantages of pervious concrete pavements
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In this chapter, recent studies on pervious concrete pavements are extensively summarized. First,
the advantages of pervious concrete pavements are discussed from an environmental perspective, such
as water quality control, recycling waste materials applications, heat island effect mitigation, and driving
noise reduction; second, the design policies and implementation of the pervious concrete pavements are
briefly discussed; third, the overall properties of the pervious concrete pavements, including the
hydraulic and infiltration properties, mechanical properties, and abrasion resistance properties, are
systematically reviewed; after that, the durability problems of the pervious concrete pavements, i.e. the
freeze/thaw damages and clogging phenomenon are discussed, and in addition, the most widely applied
maintenance methods are introduced as well; finally, the microstructure characterization of the pervious
concrete through various advanced characterization approaches are reviewed. This information will help
to optimize the design policies and performance of the implemented pervious concrete pavements.
Figure 3.2 shows a flow diagram to illustrate the structure of this chapter.
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Fig. 3. 2 Pervious concrete considerations

3.1 Environmental Perspective

3.1.1 Stormwater runoff and water quality control

Two infiltrating low-impact development (LID) practices configured in-series, pervious concrete
and bioretention (PC-B), were monitored for 17 months to examine the hydrologic and water quality

25



response of this LID treatment train design (Brown RA, 2012). When compared with a single treatment
practice (bioretention) that was monitored at the same site, the two LID practices in-series treated an
additional 10% of annual runoff volume, discharged approximately one-half as much outflow volume,
and discharged significantly lower peak outflow rates. However, the water quality results were not as
promising because of the influx of groundwater in the bioretention cell and the lack of denitrifying
conditions in either the bioretention cell or pervious concrete system.

A demonstration project in Yakima, WA (Yakima County website) compared water samples
collected from sample vaults in pervious concrete pavement and impervious (traditional) asphalt
pavement. The pervious concrete water samples had significantly lower biochemical oxygen demand
(2.5 vs. 11 mg/l), total suspended solids (25 vs. 320 mg/l), copper (8 vs. 20 pg/l), lead (0 vs. 20 pg/l),
zinc (0 vs. 160 pg/l), #2 Diesel (0.4 vs. 1.4 mg/l), and motor oil (0.5 vs. 2.3 mg/l). Other examples of
improvements to water quality are documented (McCain, 2010 and Brown HJ).

The quality and quantity of residential stormwater runoff from a control, traditional and low impact
development (LID) watershed were compared in a paired watershed study (Bedan ES, 2009). During the
study, nitrate and nitrite-nitrogen (NO3 + NO2-N), ammonia-nitrogen (NH3-N), total Kjeldahl nitrogen
(TKN), total phosphorus (TP), and total suspended solids (TSS) were analyzed weekly using flow-
weighted and composites of stormwater. Total copper, lead, and zinc were analyzed monthly. Mean
weekly storm flow increased 600 times from the traditional watershed in the post-construction period.
Increased exports of TKN, NO3 + NO2-N, NH3-N, TP, Cu, Zn, and TSS in runoff were associated with
the increased storm flow. Post-construction storm flow in the LID watershed was reduced by 42%, while
peak discharge did not change from preconstruction conditions. Exports were reduced from the LID
watershed for NH3-N, TKN, Pb, and Zn, while TSS and TP exports increased. Similar results indicated
that the typical stormwater concentration of dissolved Cu and Zn can be removed effectively through a
pervious concrete layer (Haselbach, 2014).

Best management practices (BMP) were studied on the campus of Villanova University
(Kwiatkowski, 2007). It was found that copper and chloride were the two constituents of concern at this
site. Copper was introduced to the system from a roof, while chloride was introduced from deicing
practices. Copper was not found in pore water beneath 0.3 m and the chloride was not significant
enough to impact the ground water. This research indicates that with proper sitting, an infiltration BMP
will not adversely impact the ground water.

A similar project monitored infiltration-based stormwater best management practices (BMP) for a
commercial development site in Aurora, Colorado (Earles TA, 2008). Total precipitation for the year of
2007 was relatively close to historical averages; however, during certain months the totals were much
greater than historical average conditions. Water quality inflow into BS-IN appears to have higher
concentrations of most analyzed pollutants than BS-IS. There was little surface runoff that left the
monitored portion of the site, indicating that most runoff was infiltrated onsite by the “experimental”
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BMPs monitored. Concentrations from the one sample event where all of the samplers triggered indicate
a large percent removal of pollutants from the influent verses the effluent for all the parameters
monitored.

The impact of glyphosate-containing herbicide (GCH) on pollution attenuation and biodegradation
in pervious paving systems was studied most recently (Mbanaso 2013). It was concluded that the GCH
stimulated high numbers of oil degrading bacteria and fungi. The protists could be immediately killed by
GCH but recovered within a week. The taxonomic richness could be reduced and the responses of the
protists may allow the development of a bio-indicator system for GCH. The GCH negated the trapping
and retention of hydrocarbons by the geotextile, and the herbicide reduced the capacity of the geotextile
to trap metals in the pervious pavement system.

The soil moisture and chemical properties of pavements were analyzed by Morgenroth (2007,
2013). It was demonstrated that the soil moisture and aeration dynamics differ greatly beneath paved and
unpaved surfaces; differences are usually insignificant between pervious and impervious paving. If
urban trees do benefit from overlying pervious paving relative to impervious paving it is probably not a
consequence of soil moisture or aeration. The pavement style changed the pH value of the soil from 5.75
to 6.3. The effect on pH was higher beneath porous pavements when a gravel base was included.
Concentrations of Al, Fe, and Mg decreased, while Na increased beneath pavements. Soil moisture was
consistently higher beneath pavements than control plots, except following periods of heavy rainfall
where high soil moisture muted all treatment effects.

Some studies of pervious concrete pavement working as a photocatalyst by mixing TiO, with the
cementitious material have been performed (Shen, 2011, 2012). High pollutant reductions can be
obtained by using a driveway protector mix, a commercial water-based TiO2 preparation, TiO2 in water,
a water/cement slurry with low cement concentration, and the commercial PURETI coating. It was
found that nitrogen oxide was efficiently removed with each of these treatments, while volatile organic
compounds displayed more variability in removal efficiency. The infiltration rate reduction was largely
influenced by different coating methods while none of the application methods decreased the infiltration
rates below levels applicable for standard hydrological designs. Relative to traditional concrete, pervious
concrete showed higher NO reductions.

3.1.2 Waste materials applications

Fly ash, as one of the most abundant waste materials in the world, has been introduced into general
purpose Portland cement as a cementitious agent in pervious concrete samples. The properties of various
pervious concretes containing fly ash (including density, porosity, compressive strength, water
permeability and drying shrinkage ) have been carefully measured (Aoki, 2012). Fly ash pervious
concrete has the same trend of property variations as traditional pervious concrete. High porosity
samples demonstrated higher permeability, whereas their compressive strength was reduced. It was
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found that there was no significant difference between properties of pervious concrete samples
containing fly ash and those samples comprising only cement as a cementitious agent. Apart from the fly
ash, the rice husk ash and fibers were used as cement replacement to prepare the pervious concrete. The
mechanical properties testing results indicated that the rice husk ash has positive effects on the
mechanical performance of the pervious concrete when combining with some fibers (Hesami, 2014).
Another study compared five types of pozzolanic materials as cement replacement. It was found that
replacement of 5% of the cement will lead to an enhancement of the compressive strengths and
permeability of the high permeable concrete (Mohammed, 2013).

Li (2009) also claimed that a mixing design method for no-fines pervious recycled concrete or
conventional pervious concrete is practical and feasible by using recycled aggregates. Some other
wasted material, such as Washed municipal solid waste incinerator bottom ash (MSWIBA), was also
used as substitute for natural aggregates in pervious concrete (Kuo, 2013). The mixture proportions,
permeability, compressive strength, bending and split tensile strength were tested in this study. In
specimens with the same water to cement ratio (W/C), the compressive, bending and split tensile
strengths all increased with the ratio of filling paste. The connected porosity and permeability
coefficients both decreased with increasing filling ratio.

Pervious concrete made with recycled concrete aggregate (RCA), which was obtained from
decommissioned curbs and gutters, sidewalks, and parking lots, was prepared by substituting the coarse
aggregate in the pervious concrete with 15%, 30%, 50%, and 100% RCA. The cylinders were cast in the
laboratory for each percentage of RCA and a control mix containing only virgin aggregate. The
compressive strength, permeability, and void content were tested (Rizvi 2010). It was found that the
pervious concrete containing 15% RCA had similar strength, permeability, and void content to those of
the control mix. Samples that contained 30% RCA or greater had a significant loss in strength and
increase in permeability and void content. Similar results were demonstrated by Aamer Rafique Bhutta
(2013). It was found that, if combined with Styrene butadiene rubber, the performance of the pervious
concrete prepared with RCA will be acceptable.

Apart from the hard materials, soft materials were also used as aggregates to prepare the pervious
concrete. Recently, rubber from waste tires was used as the aggregate to prepare the pervious concrete
(Shen, 2013; and Gesoglu, 2014). The mechanical properties were investigated and the corresponding
hydraulic performance was tested as well. The results show that the use of waste tire rubber can
significantly aggravate the mechanical properties and permeability; however, the toughness, damping
capacitance, and ductility can be considerably increased (Gesoglu, 2014).

Similarly, Gaedicke (2014) investigated the properties of cores and compacted cylinders with
various types of aggregates and different percentages of cement replacement by slag. In this study, the
cores were comprised of pea gravel, limestone, and recycled aggregates. Relative to the compacted
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cylinders with a same porosity and same unit weight, the cores have 20% less permeability and 17%
lower compressive strength.

Geopolymer has been studied as a binding material for pervious concrete (Tawatchai, 2012). It was
found that the mechanical properties of the pervious concrete can be satisfied by using geopolymer as
the binder material. The relationships of the density-void content, compressive strength-density, and
compressive strength-void content were derived and found to be similar to those of conventional
pervious concrete.

3.1.3 Heat island effects mitigation

The heat island phenomenon has already become a large concern due a global urbanization trend.
Recently, pervious concrete pavement has been studied as a solution to this problem. In Haselbach’s
study, temperature data from a site in lowa and heat storage phenomena for various weather patterns
were presented (Haselbach, 2010). The site contained both pervious concrete pavement with a solar
reflectance index (SRI) of 14 and traditional concrete pavement with an SRI of 37. A high SRI (>29) has
been accepted by LEED as one method to characterize a surface as a cool surface. Combined with the
high internal surface area, rainfall will result in significantly more removal of stored heat from the
pervious concrete system and reduce the thermal shock from impervious surface runoff.

Herb (2008) developed a simple model to predict the surface heat transfer processes on impervious
and pervious land surfaces for both dry and wet weather periods. In this study, equations were developed
to predict the magnitude of the irradiative, convective, conductive and evaporative heat fluxes on a dry
or wet surface using standard climate data as inputs.

Recently, a study demonstrated that wet pervious pavements have relatively lower surface
temperatures than the impermeable pavements. It was found that the peak cooling temperatures was
about 15-35°C of the pavement surface in the early afternoon of the summer season in California (Li,
2013a).

3.1.4 Noise reduction

U.S. and European concrete pavement noise reduction methods were evaluated by Cackler (2006).
Sound absorption levels for pervious concrete pavements have been shown to increase with higher
porosity levels. Quieter pervious concrete also results from smaller aggregate sizes.

Schaefer (2011) also reported the noise reduction effects of pervious concrete overlay in MNROAD
Low Volume Road and reveal a remarkably quiet pavement. In this report, it was found that the
traditional concrete noise levels range from around 100 to 110 decibels adjusted (dBA), while the
pervious concrete range was between 96 and 98 in 2009 and 2010.
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Tian (2014) investigated the noise reduction effect of the pervious concrete pavement from both
laboratory and field tests. It was found that the aggregate sizes and the thickness of the pervious concrete
have considerable effects on noise reduction. The 9.5 mm aggregates size had the highest acoustical
absorption coefficient, and the 80 mm thickness had the optimum noise absorption. The field testing
results showed that the noise can reduce by 4-8 dB after application of pervious concrete pavement.

3.2 Designing and Preparation

3.2.1 Mix design and preparation

Zaldo (2006) claimed that the durability of pervious concrete depends on three primary factors: mix
design, placement, and proper maintenance. Wang (2006) and Putman (2011) studied mix proportion
design and preparation techniques of pervious concrete and Schaefer el.al. (Schaefer, 2006) found
saturated freeze-thaw performance (using ASTM C666) could be improved by several different changes
to the mix design: using a small amount of fine aggregate (sand), adding polypropylene fibers, using a
slightly higher water/cement ratio, increasing compaction (lower porosity), including entrained air and
increasing paste volume, replacing some Portland cement with fly ash or silica fume, or using a latex
admixture (Kevern, 2008b; Wu, 2010).

Kevern et.al.(2006, 2008a, 2008c, 2009a, 2009b, 2010b) also published many works on mixture
proportion design and methods development, especially in cold weather climates (Kevern, 2005, 20083,
2008b, 2008d, 2010a ).

Deo (2011) developed a methodology to proportion pervious concrete mixtures of desired porosity
using high or low cement paste contents. A consistent trend of decreasing peak stresses and strains at
peak stress with increasing porosity was obtained. A reduction in strains at peak stresses with decreasing
paste contents and a rapid drop in the post-peak response with decreasing porosity was also observed.
The compressive energy absorbed by the pervious concrete specimens was found to scale linearly with
compressive strength and was related to the porosity and critical pore sizes in the material.

3.2.2 Modeling and simulation

Deo (2010) used a statistical model to build a relationship between the compressive strength and
the relevant pore structure features. This model was then used as a base model in a Monte-Carlo
simulation to evaluate the sensitivity of the predicted compressive strength to the model terms. Lian also
presented a discrete element numerical method by using particle flow code to evaluate the structural
properties of porous concrete (Lian, 2011a, 2011b).

The condition index and performance models were developed to simulate the application of
pervious concrete pavement under different conditions, especially in winter seasons, and were modeled
by soft computing techniques (Fuzzy sets, Latin Hypercube Simulation technique, and Markov Chain

30



process), Bayesian Statistical technique, and specific panel rating method and regression analysis
techniques (Golroo, 2009, 2010, 2011, 2012a, 2012b, 2012c, 2012d).

Cofer et.al developed a finite element modeling procedure for pervious concrete pavement systems
(Alam A, 2012). With an assumption of perfect bond between the interfaces of the different material
layers, a simplified vertical porosity distribution in the previous concrete layer was used for the
modeling procedure. All the modeling analyses were for static loading conditions and linear material
properties. It was found that, if the pavement condition index data is defined to represent cyclic loading,
the required thickness needs a factor of safety of approximately two relative to the static loading
analysis. In addition, expanded finite element models for typical material properties and tire pressures
indicate that pervious concrete might be appropriate for high volume traffic applications such as
highway shoulders.

A statistical model was developed to investigate the effects of W/C, cement content and coarse
aggregate content on the density, void ratio, infiltration rate, and compressive strength of Portland
cement pervious concrete (Sonebi, 2013). It was found that the W/C, cement content, coarse aggregate
content and their interactions are key parameters that significantly affect the characteristic performance
of pervious concrete. The developed statistical models can facilitate optimizing the mixture proportions
of pervious concrete for the final performance.

3.3 Properties Evaluation

3.3.1 Hydraulic and infiltration properties

Permeability tests are frequently conducted in the laboratory on pervious concrete samples. While
not yet standardized by ASTM or AASHTO, the most common type of laboratory test is a falling head
permeability test (McCain, 2010; Huang, 2010, Rizivi, 2010; and Schaefer, 2006). In this test type of
test, a sample is sealed on the sides and the amount of time for water applied to the surface of the sample
to drop in height is recorded. The time and beginning and ending pressure head are used to compute
hydraulic conductivity. Two options for testing the infiltration rate in the field include ASTM C1701
and a method developed and refined over several years by Minnesota DOT personnel (personal
communication with Bernard Izevbekhai, MnDOT).

Luck et.al. tested the hydraulic properties of pervious concrete in detail (Luck, 2006, 2008, 2009)
and found pervious concrete has a great potential for mitigating negative impacts on the natural
environment. In addition to the runoff reduction properties, it also provides obvious benefits relative to
typical impervious concrete.

In a study by Chai, the hydraulic performance of fully permeable highway shoulder retrofits was
designed to capture all the rainfall runoff falling onto conventional highway surface pavements (Chai,
2012). The authors claimed that an aggregate depth of about 1.5 m was adequate for most California
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areas with two-lane highways. Sensitivity analyses also revealed that the saturated hydraulic
conductivity (Ks) of the subgrade soil is the most important parameter to be considered in the design of
fully permeable pavements with a minimum effective allowable value of approximately 10 cm/s.

The hydraulic performance of pervious concrete pavements from field and laboratory settings was
investigated to evaluate the infiltration capacities of pervious concrete cores, the underlying soils and the
usefulness of rejuvenation methods in restoring their hydraulic performance (Chopra M, 2010). In this
study, a new field test device called an embedded ring infiltrometer was developed for evaluating the
infiltration rates of newly installed pervious concrete pavements. It was demonstrated that the
rejuvenation methods can substantially restore the performance of pervious concrete pavements for
better management of stormwater.

In fact, there is a strong relationship between the porosity and the hydraulic properties of pervious
concrete (Montes, 2006). Increasing porosity has a positive influence on the hydraulic properties while it
has a negative influence on the strengths. Huang (2010) and Shu (2011) studied the influence of porosity
on the hydraulic properties and strengths. Latex polymer, sand, and fiber were used to improve the
strength of pervious concretes of the same porosity without sacrifice to the hydraulic properties. They
found that it was possible to produce a pervious concrete mixture with acceptable permeability and
strength through the combination of latex and sand (Huang, 2010).

More recently, it has been recognized that the vertical porosity distribution is playing a key role on
the hydraulic properties of pervious concrete (Martin 111, 2014). However, the real impact of the vertical
distribution on the hydraulic performance of the pervious concrete pavement is still not very clear,
especially in a quantitative way. How to accurately characterize the vertical porosity is an important
research topic that needs to be further investigated in future studies.

Of particular note, recent research has found that the hydraulic properties of pervious concrete are
largely determined by the testing methods (Brown, 2014). By comparing the two most widely used
methods, the National Center for Asphalt Technology (NCAT) permeameter and the ASTM C1701, it
was found that the permeability measured by ASTM 1701 is about 50% to 90% lower than those
measured by the NCAT approach (Li, 2013b).

3.3.2 Mechanical properties

The effects of aggregate gradation, amount and size on the static modulus of elasticity of pervious
Portland cement concrete were evaluated using four different mixtures (Crouch, 2007). It was reported
that for a uniform gradation, the compressive strength and static elastic moduli appeared to be higher
within an optimal range of voids. An increased aggregate amount resulted in a statistically significant
decrease in both compressive strength and static elastic moduli. While the compressive strengths were
higher for mixtures containing smaller aggregate sizes, there was no significant difference between the

static elastic moduli when different aggregate sizes were used.
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Deo (2010) studied the material structure-compressive response relationships in pervious concretes.
They found that compressive strengths increased with increasing aggregate size and paste volume
fractions. Meanwhile, the compressive response was influenced by the size, distribution and spacing of
pores.

Structural performance of pervious pavements was investigated by Geode et.al. Distress surveys
were performed on two field installations of pervious concrete which were subjected to equivalent traffic
stresses as some collector streets that had been in use for 20 years (Geode, 2012). The high pavement
condition index ratings of the thicker pervious concrete sections indicate that pervious concrete, when
properly designed, is capable of being used for many collector streets and most residential streets for 20-
30 years while exhibiting structural performance similar to traditional pavements. Even though the
pervious concrete analyzed was subjected to an equivalent amount of stress from loading as a collector
street in use for between 8 and 80 years, it was only subjected to weathering stresses during its actual
life. In addition, the mechanical performance and structural integrity of the pervious concrete pavements
were evaluated most recently. It was claimed that the deflection of the pervious concrete pavements is
largely affected by the subbase materials and the compaction of the layers. The deflection of the
pervious concrete pavement with a loading application was about 1.7 to 4 times higher than the
impervious concrete pavement which is determined by the subbase characterization (Gogo-Abite, 2013).

In Chen’s study (Chen, 2012), pervious cement concrete samples modified with either polymers or
supplementary cementitious materials (SCM) were analyzed for fatigue properties, fracture energies and
compressive and flexural strengths. It was found that the strength development of SCM modified
pervious concrete was different from the polymer-modified pervious concrete. Polymer modified
pervious concrete has higher flexural strength and remarkably higher flexural-to-compressive strength
ratio than SCM modified pervious concrete at the same porosity level. Polymer modified pervious
concrete displays far longer fatigue life than SCM modified pervious concrete for any given failure
probability and at any stress level. Porosity had little effect on the strength development of either
modified concrete.

The damping properties of pervious concrete with water, glycerol, and glycerol/water blends
constituting the pore fluid at loading frequencies ranging from 0.01-25 Hz was studied by Leung (2012).
It was claimed that a significant poromechanical damping can be generated and that the frequency at
which the damping is maximized can be controlled by changing material properties. It was also
discovered that poromechanical modeling underpredicts the measured damping increase resulting from
the saturation status.

Stiffness and fatigue were analyzed by means of Westergaard’s theory of a medium-thick plate on a
Winkler foundation (Vancura 2011b). The stiffness evaluation compared the responses of pervious and
conventional concrete pavements to falling weight deflectometer stresses and to models created in
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ISLAB2005. Additionally, a fatigue analysis of pervious concrete was completed through use of the
StreetPave fatigue model.

The fracture toughness of pervious concrete was studied by Rehder (2014). It was found that the
fracture toughness was largely determined by the porosity of the pervious concrete. However, if the
porosity is similar, the fracture toughness will be governed by the pore sizes. Increasing the pore size
will considerably reduce the fracture toughness of the pervious concrete.

3.3.3 Abrasion resistance and skid resistance

The abrasion resistance of pervious concrete can be easily measured following ASTM C1747 using
a Los Angeles abrasion machine with parameters specifically developed for pervious concrete. Wu
(2010) found adding styrene butadiene rubber (SBR) latex polymer to pervious concrete mixes
significantly improved abrasion resistance, and, although it decreased, had adequate permeability.

Pervious concrete pavements are reported to have improved skid resistance (McCain, 2010;
Izevbekhei, 2008; Schaefer, 2011), although little supporting data was found in a cursory search of
literature. Tests in a Pennsylvania parking lot with pervious concrete using a British pendulum tester
(ASTM E303) showed pervious concrete had similar skid resistance to traditional asphalt and porous
asphalt (Houle, 2008). The properties of pervious concrete and porous asphalt were also compared side-
by-side (Welker, 2012).

3.4 Durability and Maintenance

3.4.1 Freeze-thaw in cold weather

Yang (2011) found silica fume, polypropylene fibers, and/or increased cement content also
improved saturated freeze-thaw durability, particularly for water-cured specimens. Unclogged,
unsaturated pervious concrete specimens tested for freeze-thaw resistance with ASTM C666 had
significantly greater durability than either clogged and/or saturated specimens with no significant
differences in structural properties (Guthrie, 2010).

McCain et.al. (2006) in Vermont found during a laboratory study that a large application of a sand-
salt mixture (2:1 by weight) at 0.24 Ib/ft® (equivalent to 15,200 Ib/lane'mile) reduced the hydraulic
conductivity of laboratory-mixed pervious concrete specimens by about 15 percent. Adding sand to the
surface and shaking the samples simulated maximum clogging and reduced the hydraulic conductivity
by about 35 percent. Vacuuming the samples restored the hydraulic conductivity to approximately 90
percent of their initial values.

According to the EPA, traction sand should not be applied to pervious concrete pavements. Also,
because pervious concrete does not treat chloride or other deicers, reduced application rates of deicers
are needed (Environmental Protection Agency). Several pervious concrete sections were constructed at
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MnROAD (a Minnesota DOT pavement research facility) between 2006 and 2008 and have not been
impacted by any sanding, salting, or plowing operations (personal communication with Bernard
Izevbekhai, MnDOT). Thus, research is needed to ensure pervious concrete installed by NDOT will be
durable and effective under their normal winter maintenance operations.

Pervious concrete pavement cores removed from the field were investigated in the laboratory.
(Delatte N, 2009, Henderson, 2009). Generally speaking, the pervious concrete pavement performed
well in freeze-thaw environments with little maintenance required after installation. No visual indicators
of freeze-thaw damage were observed. With the exception of some installations in which the pore
structure was sealed during construction with wet mixtures or over compaction, nearly all sites showed
fair to good infiltration capability based on drain-time measurements.

Culter et.al. developed two concrete mixes (with and without latex modification) and subjected
them to three deicing chemicals (sodium chloride, calcium chloride, and calcium-magnesium acetate),
under a freezing—thawing or drying-wetting condition. Meanwhile, two deicing chemical application
methods (saturated and drained) were employed (Culter 2010). It was observed that the calcium chloride
solution caused the most damage, while the calcium magnesium acetate caused the least. The saturated
scaling test method, followed according to ASTM C672, provided much higher mass loss of tested
concrete samples when compared with a modified, more realistic drained test method. Both the saturated
and drained test results indicated that wet cured pervious concrete with latex polymer had much higher
mass loss than the one without latex polymer, regardless of the type of deicing chemicals.

Guthrie (2010) evaluated the resistance of pervious concrete to degradation during freeze—thaw
cycling under different soil clogging and water saturation conditions. In this study, both soil clogging
and water saturation reduced the freeze—thaw durability of pervious concrete. Specimens that remained
unclogged and unsaturated were damaged at a significantly faster rate than those specimens that were
clogged with soil, completely submerged in water, or both. A comparison of in situ modulus values, core
modulus values and core compressive strengths associated with clogged and unclogged locations in the
experimental pervious concrete slab indicated no significant differences in structural properties in the
clogged and unclogged locations. Only the upper 1 to 2 inches of pervious concrete in clogged locations
were filled with soil; the remaining depth of the slab appeared to be free draining.

The pervious concrete performance and the maintenance methods of five field sites in Canada have
been studied (Henderson, 2011 and 2012). The testing involved surface distress evaluations,
permeability monitoring and evaluation of cast and cored samples. Winter and rehabilitative
maintenance options were performed and evaluated. The results indicate that the freeze—thaw cycles
were not the main reason for distress development or failure. The factors of greater concern are the site
design, mix design and construction stages. The maintenance methods used were broom or street
sweeping, rinsing the surface with a garden hose or large hose, vacuuming and power washing.
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3.4.2 Clogging

Recently, clogging problems have piqued the interests of many researchers (Sriravindrarajah 2011;
Sansalone 2012; Wang, 2012; Vancura, 2012). A “clogging potential” was defined (Deo, 2010) as either
a ratio of the porosity reduction because of clogging to the initial porosity, or as a ratio of the
permeability reduction to the permeability in the unclogged state. The influence of pore structure
features on particle retention and the consequent permeability reduction were systematically investigated
using several pervious concrete mixture proportions with different size aggregates (Deo, 2010).
Significant permeability reductions were observed when finer sand was used as the clogging material.
Pervious concrete specimens of similar porosity having very large (5-6 mm) or very small (1-2 mm)
pore sizes were found to be less susceptible to clogging.

Pervious concrete facing a series of catastrophic clogging cycles with clay laden runoff was
presented in a laboratory procedure (Haselbach, 2010). In this study, the clay materials were assumed to
remain near the surface of pervious concrete systems, since most placements have a vertical porosity
distribution with the smaller pores near the top. By testing core samples from actual field placement, the
experimental results show that substantial deposition of clay on a pervious concrete pavement will
largely reduce its service capability, even when fully “clogging” the pavement only temporarily. Despite
the clay remains at the surface, the infiltration capacity of the pervious concrete was acceptable with
simple maintenance such as surface sweeping and subsequent rinsing similar to rainfall events.
Sriravindrarajah has done similar research on the influence of clay on the clogging phenomena of
pervious concrete (Sriravindrarajah, 2011).

In addition to the clay clogging testing, by combining with experimental results, a theoretical
relation was also developed to predict the relationship between the effective permeability of a sand-
clogged pervious concrete block, the permeability of sand, and the porosity of the unclogged block
(Haselbach, 2006). The experimental results agreed well with the theoretical calculated permeability of
the pervious concrete system for pervious concrete systems fully covered on the surface with sand. In
this study, a typical pervious concrete block will allow water to pass through at flow rates greater than
0.2 cm/s and a typical extra fine sand will have a permeability of approximately 0.02 cm/s. The limit of
the system with complete sand coverage resulted in an effective system permeability of approximately
0.004 cm/s, which is similar to the rainfall intensity of 30 min duration.

The clogging dynamics of pervious concrete were assessed with time domain reflectometers in
Edison, New Jersey, and Louisville, Kentucky (Brown, 2013). In this study, the paired time domain
reflectrometers were installed at two locations at the depth of 0.4 meter below the driving surface. The
placement strategy of the time domain reflectometers was used to evaluate the spatial infiltration of
runoff and to record the clogging and infiltration dynamics. It was found that the clogging was
developed from the upgradient edge, and the Lousiville case study can support the potential surface
clogging mechanism.
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Based on the clogging problem, some maintenance methods were developed to clean the pervious
concrete pavements, including power blowing, pressure washing, and vacuuming, or the combination of
these methods. It was found that pressure washing and vacuuming are both effective to clean the
clogging. They can increase the infiltration rate by over 90%. The cleaning effect will be considerably
increased by combining use of these methods (Hein, 2013).

A quick surface infiltration test was presented for assessment of pervious concrete maintenance
needs (Dougherty, 2011). Pressure washing and pressure washing with power blowing were applied.
Both maintenance practices improved the pervious concrete sidewalk infiltration rates by 20-fold on
average. If combined with pressure washing and power blowing, an almost 200-fold increase can be
observed on sites.

A laboratory study was performed to measure clogging by sand and clay in a saturated pervious
concrete pavement system and the subsequent effect of surface cleaning by pressure washing (Coughlin,
2012). Researchers found that measurable clogging caused by both sand and clay could not be reversed
by pressure washing. However, even after clogging, the infiltration and exfiltration rates were well
above the average intensity for the 100-year 1-h design storm, but its performance for storm-water
infiltration will be limited by the rate of exfiltration to the subgrade.

The stormwater management, infiltration rates, rejuvenation techniques, sustainable storage of the
components and complete systems, water quality and strength properties of pervious concrete pavements
were investigated in Chopra’s study (Chopra, 2007 and 2011). The use of a vacuum sweeper truck was
ineffective at removal of deep penetrating clogging, although it can successfully remove surface
sediments. The reduction in infiltration rates is only observed when significant amounts of sediments
enter the system and migrate into deeper locations.

3.5 Characterization

The internal structure, including the size, shape and distribution of the pores and aggregates, is the
key factor in determining the final properties of pervious concrete. By using 3D CT images (shown as
Figure 3.3), the relationship between the internal structures and the final properties of the pervious
concrete was analyzed (Kayhanian 2012). It was found that the scanned image analysis showed that
most clogging occurs near the surface of the pavement. While lower porosity generally appeared to be
limited to the upper 25 mm, in some core samples evidence of lower porosity was found up to 100 mm
below the surface. A recent study by Manahiloh found similar results (Manahiloh, 2012).
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Fig. 3. 3 X-ray 2D and 3D flash CT images of pervious concrete materials (Kayhanian 2012)

The entrained air voids in pervious concrete were characterized according to ASTM C457 using a
RapidAir system. The compressive strength, tensile strength, and freeze-thaw durability (ASTM C666A)
of the pervious concrete were tested (Kevern, 2008d). Figure 3.4 shows the images of typical pervious
concrete samples prepared with limestone with no air entraining agent and limestone with double
synthetic air entraining agent. According to the microstructure analysis, by using an air entrainment
agent the workability of pervious concrete will be improved and thus reduces the overall porosity and
increases the unit weight of the pervious concrete. The strength and freeze-thaw durability also increases
with the level of entrained air in pervious concrete.

Fig. 3. 4 Images of typical pervious concrete samples. (a) Limestone with no air entraining agent, (b)
Limestone with double synthetic air entraining agent, (c) Area A in (a). (d) Area B in (b). (Kevern,
2008d)
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The porosity and physical features of the pore network were characterized (Neithalath 2007) by
using Electrical Impedance Spectroscopy (EIS) incorporating a modified version of Archie's law. The
pore volume, sizes, and connectivity in pervious concretes were characterized for permeability testing
(Neithalath 2010). The Weibull probability distribution function was found to describe the pore size
distribution in pervious concretes. By using an electrical conductivity ratio along with the pore phase
connectivity, the values of porosity and pore sizes that were determined by morphologies (shown as
Figure 3.5) were used in a Katz-Thompson type relationship to predict the permeability of pervious
concretes.

Fig. 3. 5 Two-dimensional images of planar sections from pervious concrete mixture proportions with (a)
2.36 mm, (b) 4.75 mm, and (c) 9.5mm maximum size aggregates (Neithalath 2010a and 2010b)

Sumanasooriya (2009, 2011, 2012) also characterized the pore structure reconstruction of three-
dimensional material structures of pervious concretes using two-dimensional digital images obtained
from actual specimens. She also used computational permeability predictions using these reconstructed
three-dimensional material structures to predict the final properties of the pervious concrete, as shown in
Figure 3.6.
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Fig. 3. 6 Steps involved in 3D reconstruction and permeability prediction

The paste and aggregate distresses and the crack propagation in pervious concrete in a wet, hard
freeze climate were investigated by microscopic analysis (Vancura 2011a). Figure 3.7 shows the
morphologies of the pervious concrete demonstrating the crack propagation and the interfacial transition

zone (ITZ) areas.

Fig. 3. 7 The morphologies of pervious concrete demonstrating the cracks propagation and the ITZ areas

(Vancura 2011a).
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3.6 Concluding remarks and future study trends

® Pervious concrete has been increasingly used as a powerful tool for low impact development. It has
many environmental advantages for urban cities, including stormwater runoff management, traffic
noise control, groundwater recharge, and mitigation of the urban heat island.

® The various mixes proportions can produce a wide range of properties in pervious concrete
pavement, and various additives are helpful to enhance the overall performance of pervious concrete
materials.

® In general, it is hard to optimize the mechanical properties and the infiltration performance of
pervious concrete at the same time. New technologies need to be developed to help increase the
mechanical properties without significantly sacrificing the infiltration properties.

® Freeze/thaw damage, deicer impacts, and clogging phenomenon still create bottleneck problems for
the implementation of pervious concrete pavements.

® Ongoing challenges include quantitatively characterizing pervious concrete materials and
establishing the quantitative relationship between the pore structure and the performance of
pervious concrete.
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Chapter 4 Field Performance of Pervious Concrete Sections

The field testing consisted of 1) an infiltration rate test by using ASTM C1701 “Standard Test
Method for Infiltration Rate of in Place Pervious Concrete” at five or more locations within each case
study, and 2) a pavement condition survey performed by an FHWA-certified technician. A lab
simulation study by Haselbach (2006) revealed that “extreme events with substantial deposition of clay
(in runoff) on a pervious concrete pavement will substantially reduce its service capability, even
temporarily fully clogging the pavement.” However, sweeping and rinsing (e.g., subsequent rainfall)
restored permeability to acceptable levels. As such, infiltration will be measured after winter
maintenance operations and before and after sweeping or vacuum maintenance.

Two sections of pervious concrete were installed as part of the construction of the Mt Rose
Highway Water Quality Improvement Project (NDOT Project #MS-0431 [006] Contract #3501 on SR
431) and the Hwy 28 Improvement Project (NDOT Project # SI-0028 [007] Contract #3471 on SR28),
both in Incline Village, Nevada (Lake Tahoe). In addition, prior to the project construction, a test panel
was installed in Reno, Nevada. The Mt Rose section (Area A) is approximately 20 ft wide by 625 ft long
and was installed along the southern edge of Mt Rose highway northeast of College Drive. Secondly, an
approximately 20 ft wide by 350 ft long section was installed along the northern edge of State Route 28
west of Ponderosa Ave (Area B). NCE observed construction of the pervious concrete test panel and
construction of the two pervious concrete infiltration structures in the summer of 2012. After the
concrete had cured, NCE performed baseline distress surveys and infiltration testing of the pervious
concrete.

The slump, density, air void content, compressive and tensile strengths of the freshly mixed
pervious concrete were tested according to ASTM C143, C1688, C39, and C496, respectively. The
results are shown in Table 4.1. As displayed in the table, the slump of the freshly mixed pervious
concrete was 1/4 inch, the unit weight was 123.2 PCF, the total air voids was 22.8%, the average 7d and
28d compressive strengths were 2770 and 3330 psi, respectively, and the average 7d and 28d tensile
strengths were 300 and 315 psi, respectively.

The drainage of soil and roadway configuration (e.g., steep slope) were examined and documented
in the field testing of pervious concrete pavement. The infiltration was calculated according to the
following equation:

KM
[=—— 4.1
(DI (“4.1)
where | is the infiltration rate (in/hr), M is the mass of the infiltrated water (Ib), D is the infiltration ring
inside diameter (in), t is the time required for water to infiltrate concrete (sec), and K is a constant

(126.870 in-pounds)
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Table 4.2 gives the infiltration field testing results in two areas. The freshly mixed pervious
concrete has an average infiltration rate of 0.3-0.4 in/sec; however, after one year of service, the
infiltration rate was reduced to 0.1-0.01 in/sec.

Table 4. 1 The properties of the freshly mixed pervious concrete
(Report from Construction Materials Engineers, INC.)

TEST RESULTS
Slump (ASTM C143) %a Inch
Unit Weight (ASTM C1688) 123.2 PCF
Target Unit Weight (ASTM C1688) 118.2 PCF — 128.2 PCF
Total Voids (ASTM C1688) 22.8%
Average Compressive Strength (ASTM C39)*
7 Day 2770 PSI
28 Day 3330 PSI
Average Tensile Strength (ASTM C496)*
.______,__m 7 Day 300 PSI o
28 Day 315 PSI

*Note:  The test cylinders were molded with the same compaction hammer and similar effort as outlined in
ASTM C1688.
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Table 4. 2 Infiltration field testing results

NDOT - Mt Rose Hwy WQIP

Incline Village, NV

. Offset . Infiltration Infiltration Infiltration Infiltration
Area | Station from CL Material Date Rate (in/s) Date Rate (in/s) Date Rate (in/s) Date Rate (in/s)
A 0+75 25 PCC 2012/10/18 0.432 25%‘3/ 0.095 NA 201131/11/ 0.036
A 3+13 39 sand 2012/9/17 0.027 NA NA NA NA NA
A 3+13 39 3/4mglr(a'” 2012/9/17 0.656 NA NA NA NA NA
2013/ 2013/ 2013/11/
A 3+13 39 PCC 2012/10/18 0.366 e 0.064 521 0.204 1 0.144
A 3+13 31 PCC 2012/10/18 0.400 25(;3/ 0.017 NA NA 201131/11/ 0.099
2013/ 2013/ 2013/11/
A 3+13 22 PCC 2012/10/18 0.307 v 0.014 521 0.150 1 0.039
A | 5450 235 PCC 2012/10/18 0.330 250/2/ 0.007 NA NA 201131’11/ 0.018
B 0+50 18 PCC 2012/10/18 0.391 250/2/ 0.082 NA NA 201131’11/ 0.009
0450 29 PCC 2012/10/18 0.424 25%?/ 0.229 NA NA 201131/11/ 0.265
1+20 295 sand 2012/9/20 0.041 NA NA NA NA NA NA
1+20 295 3/4:02{(&'” 2012/9/20 1.015 NA NA NA NA NA NA
2013/ 2013/ 2013/11/
B 1+76 17 PCC 2012/10/18 0.450 e 0.016 ye 0.237 1 0.017
2013/ 2013/ 2013/11/
B 1+76 28 PCC 2012/10/18 0.411 e 0.220 ye 0.208 1 0.190
B 3400 17 PCC 2012/10/18 0.377 25%? 0.002 NA NA 201131/11/ 0.007
B 3+00 28 PCC 2012/10/18 0.353 250/2/ 0.009 NA NA 201131/11/ 0.004
pervious PCC test result
location was swept with vacuum sweeper and immediately re-tested
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4.1 Maintenance Activities

Maintenance Activities

The details of the maintenance activities will be provided by NCE. At the time of NCE’s initial
infiltration testing in mid-October, 2012, no maintenance activities such as brooming, sweeping, or
vacuum sweeping had been performed on the concrete sections. Because the winter snow season had not
yet started, no traction sand had yet been applied to the highways.

During the winter months, the traction sand was applied to the asphalt highway surfaces at both
locations. The quantity and timing of traction sand application was dependent upon the duration and
severity of winter storm events. Traction sand application rates and timing cannot be predicted at this
time. The de-icing compounds such as salt was applied to the asphalt highway surfaces at both locations.
Maintenance activities such as street sweeping and vacuuming were performed by NDOT maintenance
crews within the project area. Snow plows and snow removal equipment with tire chains were subjected
the slabs to greater load weights as well as cracking.

Key findings:

® The slump of the freshly mixed pervious concrete was 1/4 inch, the unit weight was 123.2 PCF, the
total air voids was 22.8%, the average 7d and 28d compressive strengths were 2770 and 3330 psi,
respectively, and the average 7d and 28d tensile strengths were 300 and 315 psi, respectively.

® The freshly mixed pervious concrete has an average infiltration rate of 0.3-0.4 in/sec; however, after
one year of service, the infiltration rate was reduced to 0.1-0.01 in/sec.
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Chapter 5 Laboratory Investigation

5.1 Introduction

Cores from the field sites were collected by NDOT and NCE and shipped to WTI for laboratory
testing. Locations for the coring were situated throughout the length of the test sites at various distances
from the pavement edge. The cores were also collected from areas identified as having various levels of
distress (limited, moderate or severe). A total of 18 cores from the SR28 site and 22 cores from the
SR431 site were collected, as shown in Table 5.1. Cores from SR431 were collected on May 20, 2013,
cores from SR28 were collected on May 21, 2013, and slabs were harvested on May 23, 2013 for both
sites. Tests to evaluate engineering properties of the constructed test sections used the limited distress
cores, in addition to two slabs from each site. A secondary investigation looking at the concrete
microstructure used the distressed cores as well.

The typical engineering properties of interest for traditional concrete and pervious concrete were
tested in general accordance to ASTM standards. Since pervious concrete features interconnected voids
between aggregates (and thus high porosity and permeability), its strength and durability are of
significant concern. Compressive and tensile strength are important with respect to cracking, shear
capacity, anchorage capacity, and durability. The tensile strength of the concrete samples was
determined by testing the splitting tensile strength of cylinders (ASTM 496). The compressive strength
of concrete cylinders was determined according to ASTM C39 (Test Method for Compressive Strength
of Cylindrical Concrete Specimens).

Durability of the pervious concrete samples was assessed by abrasion resistance, and freeze—thaw
and salt-scaling resistance tests. The abrasion resistance of the cores was determined following ASTM
C1747 (Test Method for Determining Potential Resistance to Degradation of Pervious Concrete by
Impact and Abrasion), which uses the Los Angeles abrasion machine without the steel charge used for
aggregate durability. The freeze-thaw and salt scaling of concrete slabs was evaluated following the
BNQ NQ 2621-9010 (2002 standard of the Province of Quebec, Canada), as this is a laboratory test
method better representative of the field conditions than the ASTM C672.

Absorption capacity is an indicator of a concrete's resistance to degradation from various
environmental exposures, as much of this degradation is associated with the ingress of moisture into the
hardened concrete. As such, absorption properties of the concrete cores were determined using the test
methods outlined in ASTM C642 (Test Method for Density, Absorption, and Voids in Hardened
Concrete), which involves submerging dry test specimens and monitoring their weight change over
time. Alternatively, the total porosity of cored pervious concrete samples was measured following the
water displacement method developed by Montes (2005).

Performance tests consisted of drainage testing to assess infiltration rate. A falling head

permeability test was designed based on examples identified during the literature review (McCain, 2010;
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Huang, 2010; Rizvi, 2010, and Schaefer, 2006). The field cores were trimmed and initially tested with
clean water to provide baseline infiltration rates, reported in drain-down time and hydraulic
conductivity. Then, tests were conducted using simulated storm water runoff with fine particulates and
applications of traction sand. Any reduction in infiltration rate was recorded, as well as any reduction in
the total solids content of the effluent water.

An investigation of the microstructure of the cores of various distress levels was conducted to help
explain the differences between SR28 and SR431. This investigation used a scanning electron
microscope and micro computed X-ray tomography device.

Table 5. 1 Location of cores within each test site

SR 28 SR431
Offset Offset
Station from from
Location” | Pavement | Level of Station Pavement | Level of
Core No. o Edge Distress | Core No. | Location Edge Distress
SR28-1 0+21.5 11' Limited SR431-1 0+62 3 Severe
SR28-2 0+39.5 4' Limited SR431-2 | 0+81 6' Limited
SR28-3 0+57 7.5 Limited SR431-3 | 1+08.5 5.5' Moderate
SR28-4 0+75 13.5 Limited SR431-4 | 1+26 5.5' Severe
SR28-5 0+94.5 9.5' Limited SR431-5 | 1+66 3 Severe
SR28-6 1+14.5 2.5' Moderate | SR431-6 | 1+84 11.5' Limited
SR28-7 1+33.5 5.5' Limited SR431-7 | 2+14.5 9.5' Limited
SR28-8 1+52.5 15' Limited SR431-8 | 2+46 7.5' Limited
SR28-9 1+71.5 6.5' Limited SR431-9 | 2+62.5 15.5' Limited
SR28-10 1+84.5 45 Severe SR431-10 | 2+75 171 Limited
SR28-11 | 2+11.5 2' Severe SR431-11 | 2+90 4 Limited
SR28-12 | 2+30.5 9.5' Limited SR431-12 | 3+15 14' Limited
SR28-13 | 2+47.5 13’ Limited SR431-13 | 3+42 9 Limited
SR28-14 | 2+66.5 45 Moderate | SR431-14 | 3+49 1 Severe
SR28-15 | 2+85 1.5 Limited SR431-15 | 3+69 12.5' Limited
SR28-16 | 3+00 10' Limited SR431-16 | 3+93 9 Limited
SR28-17 | 3+18.5 5' Limited SR431-17 | 4+20 11 Moderate
SR28-18 | 3+42.5 45 Limited SR431-18 | 4+46 3.5 Moderate
SR431-19 | 4+67 5.5' Moderate
SR431-20 | 4+85 8' Moderate
SR431-21 | 5+10 2 Limited
SR431-22 | 5+45 3 Severe
Slab # Slab #
SR28-1 1+04 14.5' Limited SR431-1 2+36.5 15 Limited
SR28-2 2+53.5 7.5 Limited SR431-2 | 3+52 16' Limited

“I“Stations start from the East end (0+00) heading west
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5.2 Engineering Properties

5.2.1 Overview of results

A summary of the results of the strength, durability, and performance testing is provided in Table 5.2.
In general the strength and durability of SR28 was better than SR431, which is consistent with field
observations. The hydraulic conductivity of SR431 was greater than SR28, but both were sufficient to

promote drainage.

Table 5. 2 Summary of Durability, Strength and Hydraulic Performance

SR28 SR431
Standard Property Average | Std Dev | Average | Std Dev
ASTM C39 Compressive Strength (psi) 908 95 762 62
ASTM C496 Splitting Tensile Strength (psi) 276 19.2 183 47
ASTM C1747 Abrasion Resistance (% mass 10ss) 48.3 59.2
Density (Ib/ft°) 104.2 4.6 102 12.6
ASTM C642 Air Voids/Porosity (%) 34.5 3.1 36.2 7.9
Water Absorption (%) 3.3 0.25 4 0.13
N/A Hydraulic Conductivity (in/sec) 0.44 0.06 0.53 0.03
BNQ NQ 2621- | Salt Scaling Resistance * * * *
9010 (% mass loss) 27.24 81.1 90.35 89.8

*These values are results from individual samples, not an average and standard deviation.

5.2.2 Compressive strength

The results of the compressive strength tests are shown in Fig. 5.1. The samples cored from site
SR28 exhibited a higher compressive strength than the samples from site SR431 (908 + 95 psi and 762 +

62 psi, respectively).
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Fig. 5. 1 Average compressive strength (ASTM C39) of the samples cored from SR28 and SR431 with
error bars showing + one standard deviation

5.2.3 Splitting tensile strength

Splitting tensile strength (ASTM C496) results are shown in Fig. 5.2. Similar to the compressive
strength testing results, higher strength was seen in the samples from SR28 than SR431 (276 + 19.2 psi
and 183 + 47 psi, respectively).
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Fig. 5. 2 Splitting tensile strength of the samples cored from SR28 and SR431
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5.2.4 Abrasion resistance

As might be expected based on the strength testing results, the stronger SR28 samples had less
mass loss during the impact and abrasion resistance test than the SR431 samples (only 48% vs. 59%).
This translates into an abrasion resistance for site SR28 that is more than 20% greater than site SR431.
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Fig. 5. 3 Abrasion resistance of the samples cored from SR28 and SR431

Note: Three samples from each site were tested. As per the testing standard, all three samples from a
given site were tested simultaneously to determine a cumulative mass loss. The samples tested from site
SR28 were 9, 13 and 17. The samples tested from site SR431 were 7 and two separate pieces of sample
8.

5.2.5 Density and air voids

The density testing results are shown in Fig. 5.4. As shown in this figure, the density difference
between the two sites is not very obvious. The density of the samples from site SR28 has an average
value of 104 + 4.6 Ibs/ft>, while those from site SR431 have an average value of 102 + 12.6 Ibs/ft’.
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Fig. 5. 4 Density of the samples cored from SR28 and SR431
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Similarly, the air void values of the samples cored from site SR28 and SR431 are very close, as
shown in Fig. 5.4. The air voids of the samples from site SR28 had an average value of 34.5+3.1 %,
while those from site SR431 had an average value of 36.2+7.9%.
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Fig. 5. 5 Void content of the samples cored from SR28 and SR431
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Large deviations from the average in void content and density for samples from site SR431 indicate
an issue with placement and compaction of the pervious concrete installation at that site. Both sites
demonstrate a porosity much higher than required by the mix design. This is consistent with a lower than
expected compressive strength for both sites. The higher porosity and lower density of site SR431
relative to site SR28 is also consistent with a lower compressive strength for site SR431 relative to site
SR28.

5.2.6 Water Permeability

Although the values of the density and air voids are not remarkably different from these two sites, the
SR28 samples still shows a higher density and lower air void content. As a result, it is not surprising that
the hydraulic conductivity for samples from site SR431 is higher than for samples from site SR28, with
values of 0.44 + 0.06 in/sec and 0.53 £ 0.03 in/sec, respectively. This is consistent with the proportional
relationship between the porosity and the permeability.
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Fig. 5. 6 Hydraulic conductivity of the samples cored from SR28 and SR431

5.2.7 Water absorption

However, the water absorption difference of the samples cored from site SR28 and SR431 is
relatively higher than the density and the air voids, as shown in Fig. 5.7. The water absorption of the
samples from site SR28 has an average value of 3.3% + 0.25%, while those from site SR431 have an
average value of 4.0% * 0.13%, which is over 20% higher than the SR28 samples.

Unlike the density and the air voids, which are largely governed by the macro pores (with size of
centimeters to millimeters) of the samples, the value of the water absorption is largely determined by the
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micro pores (with size of micrometers to nanometers) of the samples. By combining the absorption
testing results with the compressive strength and splitting tensile strength testing results, which have
20% and 50% variation rate between the SR28 and SR431, respectively, it can be concluded that the loss
of the mechanical properties mostly resulted from the microstructure changes of the samples even
without obvious macrostructure changes. This can be further demonstrated by the variation rates of the

density and air voids, which have only 5% variations, while the water absorption and water permeability
rates have variations greater than 20%.
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Fig. 5. 7 Water absorption of the samples cored from SR28 and SR431

5.2.8 Salt scaling

Fig. 5.8 shows the external dimensions of the samples experienced seven freeze/thaw cycles in 3%
sodium chloride solution. As demonstrated in this figure, the external dimension of the SR28 sample is
relatively well maintained, while the SR431 sample has more evident salt scaling than the SR28
samples. Fig. 5.9 demonstrates the mass loss of the samples extracted from site SR28 and site SR431 as
a function of freeze/thaw cycles in a 3% sodium chloride solution. As illustrated in this figure, the mass
loss of the samples from site SR28 is more stable than the samples from site SR431. After seven
freeze/thaw cycles in the 3% sodium chloride solution, the mass losses of SR28 samples are 27.24% and
81.07%, as compared with 90.35% and 89.77% for the SR431 samples.
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Fig. 5. 8 External dimension of the samples from SR28 and SR431, after experiencing 7 freeze/thaw
cycles in 3% sodium solution.

64



100

90

80

70
£ 60 |
S Y A AN I SR28-1
S 50 -
" SR28-2
§ 40 - -

: SR431-1
=051 s SR431-2
20
10 W .

O al— L 1 =SS = 1

0 1 2 3 < 5 6 7
Number of Freeze/Thaw Cycles Completed

Fig. 5. 9 Mass loss of the samples harvested from site SR28 and site SR431 as a function of
freeze/thaw cycles in a 3% sodium chloride solution

5.3 Microstructure investigation

As demonstrated above, the overall performance of the pervious concrete is largely determined by
the microstructures. Therefore, the microstructure has to be analyzed to elucidate the real mechanisms of
the performance degradation. In this section, scanning electron microscopy (SEM) and X-ray
tomography («CT) were used to analyze the microstructures and the 3D tomography of the samples
cored from SR28 and SR431. The SEM was mainly applied to demonstrate the morphology of the
cement paste at the interfaces between two aggregates, and the #CT was applied to show the porosity
with a resolution of 10 #m and the 3D images of the samples.

5.3.1 SEM

The samples from both sites were divided into three categories, limited, moderate, and severe.
Therefore, the samples were numbered as SR28-lim, SR28-mod, SR28-sev, SR431-lim, SR431-mod,
and SR431-sev, respectively. The six types of samples from SR28 and SR431 were all observed by
SEM.

Fig. 5.10 shows the low magnification fracture surface SEM morphologies of the samples cored
from the SR431 site. In this figure, part a), b) and c) represent the limited, moderate, and severe
conditions, respectively. In part a), the limited sample shows relatively good amorphous binder phase,
although a few areas have become porous. In part b), however, some needle shape precipitates can be
observed, and the quantity of the amorphous binder phase has been considerably reduced. Furthermore,

65



as visible in part ¢), most of the amorphous cement paste binder phase has become porous structure, and
a large number of small sized crystals were observed in the pores.

To illustrate more details of the microstructures, the high magnification fracture surface SEM
morphologies of the samples cored from SR431 site are shown in Fig. 5.11. Again, part a), b) and c)
represent the limited, moderate, and severe conditions, respectively. In part a), a small number of crystal
sized particles were embedded in the binder phase, and some of the homogenous amorphous binder
phase has become stripped in randomly orientated directions. In part b), a considerable number of needle
shaped precipitates can be observed, although the content mainly consists of the homogenous
amorphous binder phase. In part c), most of the amorphous cement paste binder phase has disappeared,
and the needle shaped precipitates have grown to large sized crystals, and has become the main phase.

Fig. 5.12 demonstrates the high magnification SEM morphologies of the needle shaped
precipitates, shown as part a), and the rod shaped crystals, shown as part b), from the moderate and
severe conditions of samples from the SR28 site, respectively. In part a), the diameters of the needle
shaped precipitates are about 100 nm, and the surfaces of some needles are smooth while others are not.
A small amount of the binder phases, which mainly contributes the strength of the samples, are can still
be observed in the needle agglomerates. However, as shown in part b), little binder phase can be
observed, and large amount of crystals were observed instead of needle shaped precipitates. The size of
the crystals were about 1 #m in diameter and 10 #m in length, and the axial direction of these small
sized crystals are all perpendicular to the fracture surfaces. This is the reason why these samples show
the lowest mechanical properties.
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Fig. 5. 10 Low magnification fracture surface SEM morphologies of the samples cored from
SR431 site a) limited, b) moderate, and c) severe.
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Fig. 5. 11 High magnification fracture surface SEM morphologies of the samples cored from
SR431 site a) limited, b) moderate, and c) severe.
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Fig. 5. 12 High magnification fracture surface SEM morphologies of the samples cored from
SR431 site, a) moderate, and b) severe.

Similar to the samples from site SR431, the samples cored from site SR28 were also observed by
SEM to demonstrate their microstructures. Fig. 5.13 shows the low magnification fracture surface SEM
morphologies of the samples cored from the SR28 site. In this figure, part a), b) and c) represent the
limited, moderate, and severe conditions, respectively. In the limited sample, shown as part a), the
fracture surface shows a typical amorphous cement binder phase structure. The microstructures are
almost in a dense condition without observable pores. The fracture surface is relatively smooth and no
precipitates can be observed. In moderate samples; however, the surface is not as smooth as the limited
one. Some homogeneously distributed precipitates can be observed, although the main binder phase is
still the predominant phase. Similar to the samples from site SR431, the severe samples show very rough
surfaces with a large number of crystals precipitates, shown as part c).

The high magnification fracture surface SEM morphologies of the samples cored from SR28 site
are shown in Fig. 5.14. Again, part a), b) and c) represent the limited, moderate, and severe conditions,
respectively. In part a), the amorphous cement phase are in a very good condition, and few precipitates
can be observed in the binder phase. In part b), a small number of crystal sized particles embedded in the
binder phase can be observed, and the quantity of the homogenous amorphous binder phase has reduced.
In part ¢), most of the amorphous cement paste binder phase has disappeared, and the precipitated
isometric crystals are the main phase of the samples, which is different from the samples cored from
SR431. The average size of the isotropic crystals is about 1 xm. One thing to be noted here is that the
microstructure of the samples from SR431-lim is very similar to the samples from SR28-mod, which has
some nano sized precipitates embedded in the cement binder phase.
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Fig. 5.15 demonstrates the enlarged high magnification SEM morphologies of the SR28-mod
samples, shown as part a), and the isotropic precipitated crystals, shown as part b), from the moderate
and severe conditions of samples from the SR28 site, respectively. In part a), a small number of isotropic
crystals are embedded in the amorphous binder phase. However, as shown in part b), a large number of
isotropic crystals were observed as the main phase, and little amorphous cement binder phase can be
detected. The average size of the crystals was about 1 zm.

It is well established that the C-S-H cement phase is the main binder material that accounts for the
strength of the concrete. In these pervious concrete samples, the differences in the overall performance
are determined by their content of the C-S-H binder phase. As shown in the above figures, when the
samples were changed from limited to severe, their microstructure has been changed from dense C-S-H
phase to porous structure that was composed of small sized crystals, which largely reduce the bonding
strength of the cement and resulted in the increasing of the air voids content, water absorption and
permeability, and consequently, the splitting tensile strength, compressive strength, and the abrasion
resistance were all decreased.
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Fig. 5. 13 Low magnification fracture surface SEM morphologies of the samples cored from
SR28 site, a) limited, b) moderate, and c) severe

72



73



Fig. 5. 14 High magnification fracture surface SEM morphologies of the samples cored from site
SR28, a) limited, b) moderate, and c) severe
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Fig. 5. 15 High magnification fracture surface SEM morphologies of the samples cored from site
SR28, a) moderate, and b) severe

5.3.2 u.CT

The 3D uCT results provide further proof of the microstructure changes with the samples cored
from sites of SR28 and SR431. Different from the air voids content and water permeability testing, the
resolution of the uCT is 10 um; therefore, the porosities tested by the #CT include multiscale pores,
which is the key parameter that can determine the final properties of the concrete samples.

Fig. 5.16 and Fig. 5.17 show the typical 2D microstructures of the samples cored from SR28 and
SR431. As shown in these figures, the content of the pores is evidently lower in the samples from SR28
than those from the SR431.
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Fig. 5. 16 Typical £CT images of the sample cored from SR28

Fig. 5. 17 Typical uCT images of the sample cored from SR431

The porosity results calculated from the 3D uCT testing results are listed in Table 5.3. The findings
show that the porosity of the sample from site SR28 is lower than the porosity of the sample from site
SR431, with values of 31.4% and 47.2%, respectively.

By comparing with the air voids content data, the 3D uCT testing results show similar results,
specifically that the SR28 samples have a lower porosity than the SR431 samples. However, by testing
the pore size in multiscale, the porosity difference between them evidently increased from 5% to 50%. It
means that the SR431 samples have 45% more micropores than the SR28 samples. This is the main
reason that the mechanical properties of the samples cored from site SR431 are lower than the samples
cored from site SR28.
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Table 5. 3 Porosity tested from 3D uCT of the samples cored from SR28 and SR431

Sample No. Porosity
SR28 31.4%
SR431 47.2%

There are several possible factors that will result in the considerable microstructure variations. First,
the maintenance activities such as deicer impact had a strong chemical effect on the cement binder phase
morphologies. The more deicer exposure, the higher chemical reaction degree will occur between the
deicers and the cement binder phase. Second, the freeze/thaw damages during the winter season will
lead to a serious physical damages of the cement binder phase. This can also be detected by SEM
images and the #CT results. Third, the implementation process also had a straight influence on the final
microstructures of the cement binder phase. The water/cement ratio is a key factor that affects the final
properties of the concrete. Pervious concrete has a relatively high porosity, so it is very hard to precisely
control a homogeneous water/cement ratio in all areas. As a result, the water/cement ratio might be
considerably different in samples from various locations. In addition, the surface condition of the
aggregates is another important factor that determines the final performance of pervious concrete
pavements.

5.5 Key findings

® The compressive strength of the samples cored from SR28 is about 20% higher than the samples
cored from SR431, while the splitting tensile strength is about 50% higher.

® The abrasion resistance of the samples cored from SR28 is about 20% higher than those from
SR431.

® The samples cored from SR28 show slightly higher density and lower air voids content than the
samples cored from SR431.

® The samples cored from SR28 have about 20% hydraulic conductivity than those from SR431.

® The samples cored from SR28 have about 50% lower water absorption than those from SR431. The
water absorption results in conjunction with the hydraulic conductivity results suggest that the
microstructure and micro-porosity of the samples cored from these two sites are largely different.

® The samples cored from SR28 show a better resistance to salt scaling than the samples cored from
SR431. After seven freeze/thaw cycles in the 3% sodium chloride solution, the mass losses of SR28
samples are 27.24% and 81.07%, while the losses from the SR431 samples are 90.35% and 89.77%.
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® The 4CT analysis shows that the micrometer-scale porosity of the samples cored from SR28 is
much lower than those from SR431.

® The observed SEM images of the fracture surfaces of the samples cored from SR28 and SR431
demonstrate that the limited distress samples show a well-maintained cement binder phase. In
contrast, the moderate distress samples show some needle-shaped precipitates embedded in the
cement binder phase. The predominant phase of the severe distress samples consists of a large
number of micro-sized crystalline precipitates, instead of cement binder phase.

® The specific mechanism responsible for the premature failure of pervious concrete remains unclear
and merits further investigation. One hypothesis to test is that the distresses observed in pervious
concrete originated from the construction practice, e.g., insufficient compaction at some locations,
and later aggravated by the exposure to freeze/thaw cycles, deicers, and mechanical loading in the
service environment. Enhanced understanding of the failure mechanisms would help guide better
design, construction, and maintenance practices for pervious concrete.
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Chapter 6 Conclusions

Pervious concrete has been increasingly used as a powerful tool to mitigate negative impact on the
environment. It has many advantages for urban cities, including stormwater runoff management, traffic
noise control, groundwater recharge, and mitigation of the urban heat island. The various mixes
proportions can produce a wide range of properties in pervious concrete pavement, and various additives
are helpful to enhance the overall performance of pervious concrete materials. In general, it is hard to
optimize both the mechanical properties and the infiltration performance of the pervious concrete at the
same time; therefore, new technologies need to be developed to help increase the mechanical properties
without largely sacrificing the infiltration properties. In addition, the freeze/thaw damages, deicer
impacts, and clogging phenomenon still create bottleneck problems for pervious concrete pavements.
Besides the practical problems, the ongoing designing challenges include quantitative characterization of
the pervious concrete materials and the quantitative relationship between the pore structures and the
performance of the pervious concrete.

In the summer of 2012, NDOT constructed a pervious concrete pavement near Lake Tahoe.
Specifications for this installation included a 7" thick pervious concrete pavement surface over an 8”
thick aggregate drainage layer and 6" thick geotextile-encapsulated sand bed. Two pervious concrete
were installed at SR 431 and SR 28. The field testing results show that the slump of the freshly mixed
pervious concrete was 1/4 inch, the unit weight was 123.2 PCF, the total air voids was 22.8%, the
average 7d and 28d compressive strengths were 2770 and 3330 psi, respectively, and the average 7d and
28d tensile strengths were 300 and 315 psi, respectively. The freshly mixed pervious concrete has an
average infiltration rate of 0.3-0.4 in/sec; however, after one year service, the infiltration rate was
reduced to 0.1-0.01 in/sec.

The engineering performance and microstructure analysis of the samples cored from the fields were
tested in the laboratory. The compressive strength of the samples cored from SR28 is about 20% higher
than the samples cored from SR431, while the splitting tensile strength is about 50% higher. The
abrasion resistance of the samples cored from SR28 is about 20% higher than the samples cored from
SR431. The density and air voids testing results show that the samples cored from SR431 and SR28
have similar values. The samples cored from SR28 shows slightly higher density and lower air voids
content and the samples cored from SR431. The hydraulic conductivity testing results show that the
samples cored from SR28 has about 20% lower value than those from SR431. The water absorption
testing results demonstrated that the samples cored from SR28 have about 50% lower value than those
from SR431. The water absorption results in conjunction with the hydraulic conductivity results suggest
that the microstructure and micro-porosity of the samples cored from these two sites are largely different.
The samples cored from SR28 shows a better freeze/thaw resistance than the samples cored from
SR431. After 7 freeze/thaw cycles in the 3% sodium chloride solution, the mass loss of SR28 samples

are 27.24% and 81.07%, while the SR431 samples are 90.35% and 89.77%. The [ICT analysis shows
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that the micrometer-scale porosity of the samples cored from SR28 is much lower than those from
SR431.

A forensic investigation was conducted to shed light on the premature raveling of some pervious
concrete segments. The observed SEM images of the fracture surfaces of the samples cored from SR28
and SR431 demonstrate that the limited distress samples show a well-maintained cement binder phase.
In contrast, the moderate distress samples show some needle-shaped precipitates embedded in the
cement binder phase. The predominant phase of the severe distress samples consists of a large number
of micro-sized crystalline precipitates, instead of cement binder phase. One hypothesis to test is that the
distresses observed in pervious concrete originated from the construction practice, e.g., insufficient
compaction at some locations, and later aggravated by the exposure to freeze/thaw cycles, deicers, and
mechanical loading in the service environment. Enhanced understanding of the failure mechanisms
would help guide better design, construction, and maintenance practices for pervious concrete.
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